

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88963-990-8
DOI 10.3389/978-2-88963-990-8

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: researchtopics@frontiersin.org





PHENOMENA BEYOND THE STANDARD MODEL: WHAT DO WE EXPECT FOR NEW PHYSICS TO LOOK LIKE?

Topic Editors: 

Roman Pasechnik, Lund University, Sweden

António Pestana Morais, University of Aveiro, Portugal 

Stefano Moretti, University of Southampton, United Kingdom

Citation: Pasechnik, R., Morais, A. P., Moretti, S., eds. (2020). Phenomena Beyond the Standard Model: What Do We Expect for New Physics to Look Like?. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88963-990-8





Table of Contents




Editorial: Phenomena Beyond the Standard Model: What Do We Expect for New Physics to Look Like?

António P. Morais, Stefano Moretti and Roman Pasechnik

A UV Picture of a Loop Induced Neutrino Mass Model and Its Phenomenological Consequences

Tetsuo Shindou

Direct and Indirect Probes for Composite Dark Matter

Maxim Y. Khlopov

Light Scalars in Composite Higgs Models

Giacomo Cacciapaglia, Gabriele Ferretti, Thomas Flacke and Hugo Serôdio

Dark Matter With Stückelberg Axions

Claudio Corianò, Paul H. Frampton, Nikos Irges and Alessandro Tatullo

New Physics Suggested by Atomki Anomaly

Luigi Delle Rose, Shaaban Khalil, Simon J. D. King and Stefano Moretti

Mini Review on Vector-Like Leptonic Dark Matter, Neutrino Mass, and Collider Signatures

Subhaditya Bhattacharya, Purusottam Ghosh, Nirakar Sahoo and Narendra Sahu

GUT Physics in the Era of the LHC

Djuna Croon, Tomás E. Gonzalo, Lukas Graf, Nejc Košnik and Graham White

Decoding the Nature of Dark Matter at Current and Future Experiments

Alexander Belyaev

The Multiple Point Principle and Extended Higgs Sectors

John McDowall and David J. Miller

A Guidebook to Hunting Charged Higgs Bosons at the LHC

Abdesslam Arhrib, Rachid Benbrik, Hicham Harouiz, Stefano Moretti and Abdessamad Rouchad












	
	EDITORIAL
published: 21 July 2020
doi: 10.3389/fphy.2020.00209






[image: image2]

Editorial: Phenomena Beyond the Standard Model: What Do We Expect for New Physics to Look Like?

António P. Morais1, Stefano Moretti2* and Roman Pasechnik3


1Departamento de Física, Universidade de Aveiro and CIDMA - Center for Research and Development in Mathematics and Applications, Aveiro, Portugal

2School of Physics and Astronomy, University of Southampton, Southampton, United Kingdom

3Department of Astronomy and Theoretical Physics, Lund University, Lund, Sweden

Edited and reviewed by:
J. W. F. Valle, Consejo Superior de Investigaciones Científicas (CSIC), Spain

*Correspondence: Stefano Moretti, s.moretti@soton.ac.uk

Specialty section: This article was submitted to High-Energy and Astroparticle Physics, a section of the journal Frontiers in Physics

Received: 10 May 2020
 Accepted: 18 May 2020
 Published: 21 July 2020

Citation: Morais AP, Moretti S and Pasechnik R (2020) Editorial: Phenomena Beyond the Standard Model: What Do We Expect for New Physics to Look Like? Front. Phys. 8:209. doi: 10.3389/fphy.2020.00209



Keywords: Higgs physics, grand unified theories, dark matter, baryogenesis, cosmic inflation


Editorial on the Research Topic
 Phenomena Beyond the Standard Model: What Do We Expect for New Physics to Look Like?



Particle physics (PP) is a vast and active research field of contemporary theoretical and experimental physics. Measurements made at microscopic distances have started to confront the most fundamental principles of nature encoded in the structure of the Standard Model (SM) of PP. With recent observations of accelerated expansion of the universe, massive dark halos filled with invisible matter, and persistent flavour physics anomalies, the SM is entering a period of most severe phenomenological tests that could eventually lead to a revision of our current understanding of the fundamental properties of matter, interactions, and even spacetime.

While Large Hadron Collider (LHC) experiments have accessed fundamental interactions at the energy and intensity frontiers without notable discoveries so far, the demand for precision measurements is increasing. Already we are familiar with persistent inconsistencies within the SM framework, such as the absence of a viable dark matter (DM) candidate, the failure to describe the origin of dark energy, the inability to account for sufficient CP violation required for generation of the baryon asymmetry, the yet-to-be resolved hierarchy problem in the Higgs sector, and the lack of a dynamical mechanism for the natural generation of very specific observed patterns in fermion mass and mixing parameters. For instance, there is a substantial lack of first-principles understanding of the Higgs sector properties and origin of the electroweak scale, of the three quark/lepton families, of the unique neutrino features, and of the strong unexplained hierarchies in the lepton and quark sectors of the SM. The non-observation of New Physics (NP) in collider measurements remains puzzling and raises questions as to their discovery potential, methodology, precision, and sensitivity to weak signals. Conversely, with a wealth of new phenomenological information emerging from neutrino oscillation studies, astroparticle physics measurements, low-energy analyses, and, more recently, gravitational waves, can we expect the SM to remain the baseline framework of PP, or should it be replaced eventually by a more accurate and complete theory of the building blocks and symmetries of nature? What kind of NP can we expect to show up and in what particular way?

This Research Topic “Phenomena Beyond the Standard Model: What Do We Expect for New Physics to Look Like?” is devoted to highlighting selected topics in state-of-the-art theoretical research at the forefront of PP that explores these most fundamental questions of nature, in the quest for some Beyond the Standard Model (BSM) phenomena. A total of ten papers were submitted, covering exciting developments in the direction of uncovering some NP from both the theoretical and the experimental sides. On the one hand, two paradigms for solving the hierarchy problem of the SM, Supersymmetry and Compositeness, are considered. On the other hand, experiments from low to high energy scales are discussed, in settings ranging from colliders to ground as well as space apparatus. Delle Rose et al. address the case of potential NP signals at energies as low as 17 MeV, while Croon et al. discuss the properties of a prototypical Grand Unified Theory (GUT) at 1016 GeV. As two major flaws of the SM are that, therein, neutrinos are massless and there is no viable candidate for DM, it is no surprise that Shindou considers the first case while a number of other authors (Bhattacharya et al.; Belyaev; Corianò et al.; Khlopov) address the second one, including discussing the key phenomenological consequences of the corresponding BSM constructs in the aforementioned experimental settings. Finally, given the importance of the Higgs boson discovery at CERN in 2012 for the whole of PP, it is natural to also see several submissions addressing the possibility of a BSM origin of this crucial particle, within extended Higgs sectors whose motivation (as explained by Miller et al.) builds upon the Multiple Point Principle (MPP), indicating their plausibility, including both the cases of Supersymmetry (Arhrib et al.) and Compositeness (Cacciapaglia et al.). Altogether, this special issue of Frontiers serves to inform the reader that even though NP is currently unknown to us, we are well-equipped on both the theoretical and the experimental fronts to extract its possible manifestations, whatever these might look like.
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In this article, we review several models where tiny neutrino masses are radiatively generated via loop diagrams. In such models, additional scalar fields are often introduced so that the Standard Model Higgs sector is extended.Such an extension results in a rich phenomenology of the model. We briefly discuss such a model and its UV completion to highlight some of its phenomenological consequences.
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1. INTRODUCTION

Precise measurement of the Higgs boson property at the LHC experiments [1–6] suggests that the Standard Model (SM) provides quite a good explanation of the physics of elementary particles. However, there still are several unsolved problems in the SM. For example, there is no dark matter (DM) candidate, no successful baryogenesis scenario works, gauge hierarchy problems should be solved by some additional mechanism, and so on. An origin of tiny neutrino mass has been one of such problems for more than two decades. The neutrino oscillation data [7–12] requires that there are tiny mass squared differences among three neutrino mass eigenvalues, and the absolute value of the neutrino masses have quite a severe upper bound of [image: image] eV [13, 14].

In many models, the tiny neutrino masses are originated from the dimension five operator [image: image] [15] after the electroweak symmetry breaking. The question is how to provide the suppressed coefficient of the operator. There are essentially three possibilities to get such a suppression factor naturally. One idea is using a suppression by a mass scale. Since the operator is dimension five, the coefficient is suppressed by some mass scale. If such a mass scale is significantly larger than the electroweak scale, the coefficient of the dimension five operator gets a strong suppression. The necessary mass scale M in this case is naively estimated by the relation [image: image], so that mν ~ 0.1 eV suggests M ~ 1015 GeV. The most famous mechanism of this possibility is so-called type I seesaw model [16–20], where heavy right handed neutrinos (RHNs) are introduced to the SM and the dimension five operator is suppressed by this heavy mass scale after decoupling of the RHNs. The second mechanism is that the smallness of the coefficient is naturally explained as a result of slightly broken symmetry. This idea is realized e.g., in inverse seesaw mechanism [21, 22]. The third possibility is that the operator is generated through quantum loop effect [23–34]. In this case, the suppression comes from the loop factor. For example, in a one-loop model, the coefficient gets a suppression factor of 1/(4π)2 in addition to a suppression by a particle mass in the loop. In Figure 1, examples of relevant diagrams for neutrino masses are shown in several models. A recent comprehensive review on the third possibility can be found, for example, in Cai et al. [35].


[image: image]

FIGURE 1. Relevant diagrams for neutrino mass in (A) the Ma model [29], (B) the KNT model [28], and (C) the AKS model [32–34].



Comparing to the first cases (e.g., type-I seesaw mechanism), one can find that the mass scale of new particles should be much lower in the second cases. In a case that the neutrino mass is induced via n-loop diagram, the neutrino mass can be roughly estimated as

[image: image]

where λ is some coupling constant, and M is a mass scale of new particle running in the loop. For example, in a 3-loop model with λ ~ 0.1, a new particle with a mass [image: image] is necessary. Such a new particle can be discovered by future collider experiments such as LHC.

In models where colored new particles run in the loop diagrams for the neutrino masses, these particles can also contribute to several processes in B physics [36–40]. By these new contributions, one can give an explanation of B anomalies reported by the BaBar experiment and the LHCb experiment [41–47]. From this viewpoint, models with loop induced neutrino masses have been attracting a lot of attention.

However, in many cases, such models are constructed as a phenomenological model. We strongly expect that there is a UV complete theory above a cutoff scale as a more fundamental picture of such a phenomenological model. There are a few attempts to construct such a UV picture. For example, in Doršner et al. [48], a grand unified model which leads to loop induced neutrino masses at a low energy scale is proposed. In this article, we introduce another possibility based on SUSY gauge theory with confinement [49–52]. In the low energy effective theory of this theory, the Higgs sector is extended to include necessary fields to draw loop diagrams which leads to the dimension five operator. In the model, DM candidates are included, and the electroweak phase transition is enhanced strongly enough for successful electroweak baryogenesis [53–61].

This review is organized as follows. In section 2, we introduce typical concrete examples of models with loop induced neutrino masses. In section 3, we discuss an example UV picture of such a phenomenological model. We there also discuss phenomenological consequences of the UV theory. A summary is presented in section 4.



2. RADIATIVE NEUTRINO MASS MODELS

In this section, we review typical examples of models with loop induced neutrino mass. The models are classified into two groups. In a class of models with RHNs, there should be an additional symmetry, which is a discrete symmetry in many cases, and the RHNs have a charge under that symmetry. For example, in a model with Z2 parity, odd parity is assigned to the RHNs, since the tree level Yukawa coupling of RHNs with the lepton doublets should be forbidden. In another class of models, no RHNs are introduced.

In this review, we focus on models with RHNs [28–34], because such models has a big advantage, which is that there is a DM candidate. In order to generate the dimension five operator, the lepton number should be broken in the loop. In a model with RHNs, the Majorana mass of each RHN breaks the lepton number. As already described, a new symmetry is necessary to forbid the tree level Yukawa couplings of RHNs. To realize this with keeping the Majorana mass term of RHNs, the simplest symmetry is a Z2 parity and the odd parity is assigned to the RHNs. In this setup, the lightest neutral Z2-odd particle in the model can be a DM candidate, unless the Z2 is broken.

A very well-known example of such models with one-loop induced neutrino mass is the Ma model [29], where the Z2 odd inert doublet scalar η and three Z2 odd RHNs Ni are introduced to the SM. The dimension five operator is generated via the one-loop diagram shown in Figure 1A. In this model, the lighter one among Ni and the neutral component of η can be a DM candidate.

Two-loop models with RHNs are also discussed e.g., in Aoki et al. [62], Kajiyama et al. [63]. In the model proposed in Aoki et al. [62], the vertex corresponding to the ηηHH coupling in the Ma model is induced by one-loop. On the other hand, In the model proposed in Kajiyama et al. [63], the Majorana mass terms of Ni in the Ma-model are induced by one-loop.

There are examples of three loop models. Let us here introduce two examples. One is called Kraus-Nasri-Trodden model (KNT model) [28], and the other is called Aoki-Kanemura-Seto model (AKS model) [32–34]. In the KNT model, in addition to three Z2 odd RHNs, a Z2 even singly (electric) charged singlet scalar [image: image] and a Z2 odd singly charged singlet scalar [image: image] are introduced. The three loop diagram for the dimension five operator is shown in Figure 1B.

In the AKS model, the discrete symmetry [image: image] is imposed. The Z2 parity is assumed to be unbroken, while the [image: image] symmetry is softly broken in the Lagrangian. For the particle content, an extra scalar doublet H′, three RHNs Ni, a neutral singlet scalar ζ, and a charged singlet scalar Ω− are introduced to the SM. Under the [image: image], the SM particles and the new particles are charged as q(+, +), uR(+, −), dR(+, −), ℓ(+, +), eR(+, +), H(+, +), H′(+, −), Ω−(−, +), ζ(−, −), and Ni(−, +). With this parity assignment, the Higgs sector of the model is nothing but the Type-X two Higgs doublet model [64]. The neutrino masses are generated by the three loop diagram shown in Figure 1C. In this model, the unbroken Z2 symmetry guarantees the stability of the DM, so that the lightest neutral particle among Ni and ζ can be a DM candidate. In addition, it is nice that the electroweak phase transition is enhanced by loop contributions of Z2-odd particles in this model. As mentioned later, such enhancement of electroweak phase transition is required for successful electroweak baryogenesis. Therefore, the AKS models has a potential to solve three big problems in the SM, neutrino mass, DM, and baryogenesis.

SUSY extension of these models are also discussed in literature. For example, the SUSY version of the Ma model is studied in e.g., [30, 31]. The SUSY version of the AKS model is provided as a low energy effective theory of a SUSY SU(2)H gauge theory with confinement, which is briefly introduced in section 3.



3. A UV PICTURE

The models discussed in the previous section are interesting as phenomenological models, since several new particles are introduced at around the TeV scale so that many new phenomena are predicted and will be tested in future experiments. However, they seem to be artificial from a view point of a fundamental theory. Here we would like to consider a example UV picture of such a phenomenological model. In Kanemura et al. [49–52], an concrete example of UV theory of a loop induced neutrino mass model is proposed. The theory is based on a SUSY gauge theory with confinement.

In SUSY SU(Nc) gauge theory with Nc + 1 flavor fields, it is known that confinement occurs at some scale [65]. We use this setup and we consider a model with SU(2)H symmetry with three flavor fields. These three flavor fields are fundamental representations of SU(2)H. Note that each of three fields has their anti-matter partner so that there are six flavor fields in total. We describe these fields as Ti(i = 1, ···, 6). After confinement, we have fifteen mesonic fields Hij ~ TiTj. The setup of this model is almost the same as in the minimal SUSY fat Higgs model [66]. In this model, additional fields are introduced in order to make only two doublets and one singlet mesonic fields light. In the model considered here, in contrast, all the mesonic fields appears in the low energy effective theory.

We here additionally introduce a RHN which is singlet under both SU(2)H and the SM gauge symmetries. We assume that the model has an unbroken discrete symmetry Z2 which forbids tree level contributions to neutrino masses. The RHN is considered as an Z2 odd field. Table 1I shows the charge assignments of Ti and the RHN [image: image] under the SM gauge symmetry, SU(2)H, and the Z2 parity, and Table 1II shows the fifteen mesonic fields below the confinement scale ΛH which are canonically normalized as [image: image].



Table 1. (I) The charge assignment of the SU(2)H doublets Ti and the RHN [image: image] under the electroweak gauge group (SU(2)L × U(1)Y) and the Z2 parity. (II) The field content of the extended Higgs sector in the low energy effective theory below the scale ΛH.

[image: image]




The superpotential of the Higgs sector below ΛH is given by

[image: image]

By the naive dimensional analysis, one expects λ ≃ 4π at the confinement scale ΛH. We here assume that the mass parameters μ = λ〈N〉, μΦ = λ〈NΦ 〉 and μΩ = λ〈NΩ〉 are induced by the vacuum expectation values (vev's) of Z2-even singlet fields N, NΦ and NΩ. The Yukawa couplings and the Majorana mass term of the RHNs are given by

[image: image]

In the low energy effective theory of this model, the dimension five operator is generated via loop contributions shown in Figure 1 of Kanemura et al. [52] (one of the diagrams is shown in Figure 1C in this paper). There are both one-loop and three-loop contributions. The one-loop and three-loop diagrams correspond to the SUSY versions of the Ma model [29] and AKS model [32–34], respectively. It is worthwhile pointing out that the one-loop diagrams and three-loop diagrams are controlled by different coupling constants, i.e., one-loop diagrams are driven by the coupling yN and the three-loop diagrams are controlled by another coupling hN. Both one-loop and three-loop contributions can be significant if these coupling constants are hierarchical as hN [image: image] yN. Therefore, two different mass squared differences can be generated even if only one RHN is introduced1.

In the SU(2)H model, not only the tiny neutrino masses but also other unsolved problems in the SM such as DM and baryogenesis may be solved. For the DM, the model contains the unbroken Z2 symmetry as well as the unbroken R-parity. These discrete symmetries guarantee the stability of DM candidates. Since there are two different unbroken parities, there are potentially three kinds of DM candidates, i.e., the lightest particles with the parity assignments of (−, +), (+, −), and (−, −). If we consider the case that one of them is heavier than the sum of the masses of the others, the heaviest one decays into the other two DM particles so that the heaviest particle cannot be a DM.

Also, electroweak baryogenesis may work in the SU(2)H model. It is known that for successful electroweak baryogenesis, the 1st order phase transition (1stOPT) should be strong enough. This condition can be described by the inequality φc/Tc > 1. In addition, new CP violation phases are required in order to reproduce the correct amount of baryon asymmetry of the Universe. In this model, the 1stOPT can be enhanced by loop contributions of extra Z2-odd scalar particles strongly enough. Though the analysis on CP phases in this model has not been done yet, it is naively expected that we can introduce several CP phases relevant to baryogenesis as in the case of MSSM [67, 68].

In Kanemura et al. [52], a benchmark scenario is provided. It reproduces the appropriate neutrino mass matrix, explains the DM relic abundance, and satisfies the 1stOPT condition as well as the constraints from the experimental data such as from lepton flavor violating processes searches. In Figure 3 of Kanemura et al. [52], the mass spectrum of the relevant particles in this benchmark scenario is shown.

The benchmark parameter point discussed above is already excluded by the direct detection experiment of the DM [69]. However, the predicted spin independent cross section can be significantly smaller, if we take into account the CP phases [70]. It is because the pseudo-scalar interaction with DM fermions are not relevant to the spin-independent cross section. Such CP phases can affect the BAU. Therefore, it may be interesting to discuss the correlation among BAU, spin-independent cross section, and other CP violating phenomena such as electric dipole moments of electron, neutron, and so on. This kind of analysis remains as a future task.

We here discuss phenomenological consequences of the benchmark scenario. The Z2-even part of the spectrum is similar to the one in the nMSSM. In order to reproduce the relic abundance of the DM, a large mixing between doublet fields and singlet scalars are required. As a consequence, large mass splitting between the charged Higgs boson and the heavy Higgs bosons is predicted. The Z2-even part of this scenario can be distinguished from the MSSM by looking at such a specific mass spectrum.

The condition φc/Tc > 1 is satisfied by loop effects of Φu and Ω−. The same scalars also significantly affect the SM-like Higgs boson couplings, especially, the h-γ-γ coupling and the triple Higgs boson coupling. The prediction on the deviation of the SM-like Higgs couplings in this benchmark scenario is given by

[image: image]

where the κ's denote the ratios between coupling constants predicted in this benchmark point and ones predicted in the SM, i.e.,

[image: image]

Here, in particular, the deviations in h → γγ and the self coupling constant of the Higgs boson are as significant as 10-20%. By precise measurements of the SM-like Higgs boson couplings at future collider experiment such as the ILC [71, 72], the model can be distinguished from the nMSSM too.

Let us consider the Z2-odd sector. By direct search for inert doublet particles [73] and inert charged singlet searches [74] at a lepton collider, we expect to get a strong hint on the Z2-odd sector of the scenario.



4. SUMMARY

We have reviewed some models with loop induced neutrino masses. Although such models are phenomenologically quite interesting, they seems to be artificial. We have discussed an example based on SUSY SU(2)H gauge theory with confinement as a UV picture of such a phenomenological model. In the low energy effective theory, three problems in the SM namely baryogenesis, DM, and tiny neutrino mass can be solved. The 1stOPT is enhanced strongly enough for successful electroweak baryogenesis [53–61], multi-components DM scenario is realized, and tiny neutrino masses [23–34] are generated via one-loop and three-loop diagrams. This model has a big advantage over the canonical type-I seesaw model. It is that new particles are required at a few TeV range so that the model will be tested at future experiments.

In models where tiny neutrino masses are radiatively generated via loop diagrams, the Higgs sector is often extended by introducing additional scalar fields. These additional scalar fields can contribute to various phenomenology. Some models can be distinguished with use of patterns of various phenomenological signals which are expected to be measured in future experiments. Then, it is expected that a UV theory which leads to a model with loop induced neutrino masses can be explored by investigating a pattern of various experimental signals. This situation is very different from a case of a grand unified theory with a grand desert such as SUSY SU(5) GUT.
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FOOTNOTES

1In the ordinary type-I seesaw model, at least two RHNs are necessary for generating two different mass squared differences.
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Dark matter candidates are one of the profound signatures of new physics, reflecting existence of new stable particles. If such particles are charged they can bind with ordinary electrons, forming anomalous isotopes. Severe constraints on the anomalous hydrogen exclude new stable single charged particles, but the case of stable double charged particles is not excluded so easily. Similar to ordinary baryonic matter dark matter candidates can be in the form of neutral dark atoms in which new stable or sufficiently long living double charged particles are bound by ordinary Coulomb interaction. In the most simple case only negative double charged particles are bound in O-helium (OHe) dark atoms with primordial helium. OHe hypothesis can provide the solution for puzzles of direct dark matter searches by specifics of OHe interaction in the matter of underground detectors. OHe interaction in the matter can lead to formation of various exotic forms of O-nuclearities. Provided that the mass of the double charged particle is around 1.25 TeV OHe hypothesis can explain the observed positron annihilation line excess in the galactic bulge by pair production in de-excitation of OHe atoms colliding in this region. In the model of Walking Technicolor generation of primordial excess of negatively charged techniparticles (over their antiparticles) can be related to the baryon asymmetry of the Universe, giving proper relationship of baryonic and non-baryonic matter densities. Such primordial excess may be accompanied by a subdominant excess of longliving positively double charged techniparticles, whose decay to same sign pair of leptons can explain the high energy cosmic positron anomaly, detected by PAMELA and AMS02. This explanation should be confronted with the cosmic gamma ray background measured by FERMI/LAT, what put upper limit on the mass of a decaying double charged particle. It makes search for stable double charged particles at the LHC a direct probe for composite dark matter hypothesis.
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1. INTRODUCTION

The nature of cosmological dark matter, dominating in the matter content of the modern Universe, is related to new physics. If it consists of particles these new particles are predicted beyond the Standard model (BSM). Such particles (see [1] for review and reference) should be stable, provide the measured dark matter density and be decoupled from plasma and radiation at least before the beginning of matter dominated stage. The easiest way to satisfy these conditions is to involve neutral elementary weakly interacting massive particles (WIMPs). However negative results of WIMP searches appeal to other possible BSM solutions for the dark matter problem.

In the list of such BSM candidates the existence of heavy stable charged particles bound in neutral dark atoms is of special interest. Such atoms can be bound by various new forces, but it turns out that even stable electrically charged particles can exist hidden in such atoms and bound by ordinary Coulomb interactions (see [1] and references therein).

Stable particles with a single charge ± 1 are excluded due to overproduction of anomalous isotopes. Even very small fraction of free +1 charged particles bound with electrons leads to overproduction of anomalous hydrogen isotopes that are severely constrained by the experimental data. Frozen out free -1 charged particles are captured by primordial helium nuclei, as soon as they are produced in the Big Bang Nucleosynthesis, and the formed +1 charged ions play the same dangerous role of “nuclei” of anomalous hydrogen isotopes.

However, there doesn't appear such an evident contradiction for negatively doubly charged particles.

There exist several types of BSM particle models where heavy stable –2 charged species, O−−, are predicted:

(a) AC-leptons, predicted as an extension of the Standard Model, based on the approach of almost-commutative (AC) geometry [2–4].

(b) Technileptons and anti-technibaryons in the framework of Walking Technicolor (WTC) [5–11].

(c) stable “heavy quark clusters” ŪŪŪ formed by anti-U quark of 4th generation [12]

(d) and, finally, stable charged clusters ū5ū5ū5 of (anti)quarks ū5 of 5th family can follow from the approach, unifying spins and charges[13].

It should be noted that the discovery and precise measurements of Higgs boson properties that appear to be very close to the predictions of the Standard model put severe constraints on the models (a)-(d). These constraints lead to more sophisticated WTC scenarios (see [14] for recent review) or imply strong suppression of heavy quarks to 125 GeV Higgs boson [15]. All these models also predict corresponding +2 charge particles. If these positively charged particles remain free in the early Universe, they can recombine with ordinary electrons in anomalous helium, which is not as much as hydrogen but still strongly constrained in terrestrial matter. Therefore, a cosmological scenario should provide a mechanism which suppresses anomalous helium. There are two possible mechanisms that can provide a suppression:

(i) The abundance of anomalous helium in the Galaxy may be significant, but in terrestrial matter a recombination mechanism could suppress this abundance below experimental upper limits [3]. The existence of a new U(1) gauge symmetry, causing new Coulomb-like long range interactions between charged dark matter particles, is crucial for this mechanism. This leads inevitably to the existence of dark radiation in the form of hidden photons.

(ii) Free positively charged particles are already suppressed in the early Universe and the abundance of anomalous helium in the Galaxy is negligible [12]. Such a charge asymmetric solution appeals to possible relationship between asymmetric dark matter and baryon asymmetry of the ordinary matter.

These two possibilities correspond to two different cosmological scenarios of dark atoms.

The first one is realized in the scenario with AC leptons, forming neutral AC atoms [3].

The second assumes a charge asymmetry of the O−− which forms the atom-like states with primordial helium [12]. If new stable species belong to non-trivial representations of the SU(2) electroweak group, sphaleron transitions at high temperatures can provide the relation between baryon asymmetry and excess of -2 charge stable species, as it was demonstrated in the case of WTC [5, 16].

After it is formed in the Standard Big Bang Nucleosynthesis (BBN), 4He screens the O−− charged particles in composite (4He++O−−) OHe “atoms” [12]. In all the models of OHe, O−− behaves either as a lepton or as a specific “heavy quark cluster" with strongly suppressed hadronic interactions.

Dark atoms offer an interesting possibility to solve the puzzles of direct and indirect dark matter searches. Here following Khlopov [1], Bulekov et al. [17], Gani et al. [18], and Khlopov [19] we review main features of dark atom cosmology and possible direct and indirect probes for its physical basis.



2. DARK ATOM COSMOLOGY

The cosmological scenario of the OHe Universe involves only one parameter of new physics−the mass of O−−. Such a scenario is insensitive to the properties of O−− (except for its mass), since the main features of the OHe dark atoms are determined by their nuclear interacting helium shell. In the scenario of OHe Universe, presented below it is assumed that elastic processes dominate in OHe-nucleus interactions.

Due to elastic nuclear interactions of its helium constituent with nuclei in the cosmic plasma, the O-helium gas is in thermal equilibrium with plasma and radiation on the Radiation Dominance (RD) stage, while the energy and momentum transfer from plasma is effective. The radiation pressure acting on the plasma is then transferred to density fluctuations of the O-helium gas and transforms them in acoustic waves at scales up to the size of the horizon.

At temperature
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the energy and momentum transfer from baryons to O-helium is not effective [5, 12] because
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where mo is the mass of the OHe atom and
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Here
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and [image: image] is the baryon thermal velocity. Then O-helium gas decouples from plasma. It starts to dominate in the Universe after t~1012s at T ≤ TRM≈1eV, where TRM is the temperature at the transition from Radiation to Matter dominated stage. At Matter dominated stage O-helium “atoms" play the main dynamical role in the development of gravitational instability, triggering the large scale structure formation. The composite nature of O-helium determines the specifics of the corresponding dark matter scenario [1].

At Radiation dominated stage, corresponding to T>TRM, the total mass M of the OHe gas with density
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is equal within the cosmological horizon lh = t to
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In the period of decoupling T = Tod, this mass depends strongly on the O-helium mass S3 and is given by Khlopov and Kouvaris [5]
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where M⊙ is the solar mass. O-helium is formed only at To and its total mass within the cosmological horizon in the period of its creation is
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On the RD stage before decoupling, the Jeans length λJ of the OHe gas was restricted from below by the propagation of sound waves in plasma with a relativistic equation of state p = ϵ/3, being of the order of the cosmological horizon and equal to
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After decoupling at T = Tod, it falls down to λJ~vot, where [image: image] Though after decoupling the Jeans mass in the OHe gas correspondingly falls down
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one should expect a strong suppression of fluctuations on scales M<Mo, as well as adiabatic damping of sound waves in the RD plasma for scales Mo<M<Mod. It can provide some suppression of small scale structure in the considered model for all reasonable masses of O-helium. The significance of this suppression and its effect on the structure formation needs a special study in detailed numerical simulations. In any case, it can not be as strong as the free streaming suppression in ordinary Warm Dark Matter (WDM) scenarios, but one can expect that qualitatively we deal with Warmer Than Cold Dark Matter model.

Being decoupled from baryonic matter, the OHe gas does not follow the formation of baryonic astrophysical objects (stars, planets, molecular clouds…) and forms dark matter halos of galaxies. It can be easily seen that O-helium gas is collisionless for its number density, saturating galactic dark matter. Taking the average density of baryonic matter one can also find that the Galaxy as a whole is transparent for O-helium in spite of its nuclear interaction. Only individual baryonic objects like stars and planets are opaque for it.



3. DARK ATOMS AND PUZZLES OF DIRECT DARK MATTER SEARCHES

In terrestrial matter O-helium atoms are slowed down and cannot cause significant nuclear recoil in the underground detectors, making them elusive in direct WIMP search experiments (where detection is based on nuclear recoil) such as CDMS, XENON100, LUX etc. The positive results of DAMA experiments (see [20] for review and references) can find in this scenario a nontrivial explanation due to a low energy radiative capture of OHe by intermediate mass nuclei [1].

At each underground level of the terrestrial matter local OHe concentration is determined by the equilibrium between incoming cosmic flux and OHe diffusion toward the center of Earth. Rapid adjustment (within an hour at the level of underground detectors) leads to its annual modulation due to the Earth's motion around the Sun, reflecting the annual modulation of the incoming cosmic flux, therefore the positive result of DAMA/NaI and DAMA/LIBRA experiments is explained by annual modulation in reaction of radiative capture of OHe
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by nuclei in DAMA detector.

The crucial point in this explanation is the existence of a low lying energy level of OHe-nucleus bound state and annual modulation of energy release in OHe-nucleus capture to this level. This point needs proper quantum mechanical treatment, which appears to be not so simple due to complication of self-consistent treatment of interaction of helium shell of O-helium with the nucleus. However, in the square well and wall approximation it was shown [1] that there exists a few keV level for intermediate mass nuclei and such level doesn't exist for light and heavy nuclei. The positive result of DAMA/NaI and DAMA/LIBRA experiments follows then from annual modulation of the rate of Na capture by OHe to the 3 keV bound state of OHe-Na system.

This explains the negative results of the XENON100 and LUX experiments, since there is no such level in OHe-Xe system.

The rate of OHe capture by intermediate mass nuclei is determined by isospin violating electric dipole transition and thus proportional to the temperature. It leads to suppression of this effect in cryogenic detectors.


3.1. Inelastic Processes and O-Nuclearites

One should note that the nuclear physics of OHe is still in the course of development and its basic element for a successful and self-consistent OHe dark matter scenario is related to the existence of a dipole Coulomb barrier, arising in the process of OHe-nucleus interaction and providing the dominance of elastic collisions of OHe with nuclei.

Though OHe scenario seems to involve dominantly known atomic and nuclear physics, there is no small parameter in OHe-nucleus interaction. It makes the problem very complicated as compared with ordinary atoms that have electroweakly interacting electronic shells and strongly interacting nuclei of much smaller size. These two features proved small parameters in the ordinary atomic physics, which are not the case for OHe. Indeed, the size of the He shell is equal to the size of He nucleus and creation of barrier in OHe-nucleus interaction should be the result of a simultaneous action of nuclear attraction and Coulomb repulsion between He and approaching nucleus. Qualitatively, a possibility for such a solution can be illustrated by the following picture. At large distances Coulomb field of nucleus polarizes OHe so that Stark-effect attraction takes place. At some distance nuclear attraction changes the sign of polarization, but Coulomb repulsion moves it back, and then nuclear attraction moves He again toward nucleus and so on. Such oscillatory behavior can provide creation of potential barrier and this approach is now under quantitative investigation.

This problem, which implies correct quantum mechanical treatment, is the main open question of the composite dark matter [21]. The lack of such a barrier and essential contribution of inelastic OHe-nucleus processes seem to lead to inevitable overproduction of anomalous isotopes [22]. In that case one may need more sophisticated models retaining the ideas of dark atom scenario, which involve more elements of new physics, as e.g., proposed in Wallemacq [23].

On the other hand, even strongly suppressed inelastic processes inevitably lead to formation of anomalous isotopes due to O−− capture by nuclei. Capture by nucleus of multiple O−− particles can lead to existence of exotic superheavy nuclear states of O-nuclearites [18].

In the difference from early studies of bound systems of stable heavy negatively charged particles with nuclei [24–26] the approach of Gani et al. [18] is concentrated on effect of multiple O-particles capture by nuclei.

According Gani et al. [18] the most energetically favorable multi-O-particle distribution inside the nucleus with a density nO(r) is that follows the proton one, fully compensating the Coulomb field. Thereby O-particles, if their number were NO≥A, would be re-distributed to minimize the energy, and finally the density of O inside the atomic nucleus with radius R becomes
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with

[image: image]

for O-nuclearite, that corresponds to V = const for r < R. Here np is proton density in the nucleus that is assumed constant inside the nucleaus. Excessive O-particles are pushed out. Thus, constructed O-nuclearite, has the energy
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and thereby for arbitrary A it proves to be absolutely stable (if O is considered as a stable particle), till gravity is yet unimportant. The key point here is that it is profitable to have nO(r) = 2np(r), if there is a sufficient amount of O-particles.

Note that the value
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and thereby the matter of the nuclearite is self-bound provided mo > 2.3mN, where mN is the mass of nucleon.

O-nuclearites can hardly be formed in the early Universe but their formation is possible in stars due to O-helium capture and the produced O-nuclearites can be released in the interstellar space after supernova explosions. If the amount of O-particles captured by star is sufficiently large, it can trigger collapse to black hole and according to de Lavallaz and Fairbairn [27] provide additional constraints on O−− particles. Such amount cannot be captured by neutron star owing to its small size, but can be stored at earlier stages of stellar evolution, when the star had the size of giant or supergiant [18].




4. INDIRECT EFFECTS OF COMPOSITE DARK MATTER

The existence of such form of matter as O-helium should lead to a number of astrophysical signatures, which can constrain or prove this hypothesis. One of the signatures of O-helium can be a presence of an anomalous low Z/A component in the cosmic ray flux. O-helium atoms that are present in the Galaxy in the form of the dark matter can be destroyed in astrophysical processes and free double charged particles can be accelerated as ordinary charged particles. O-helium atoms can be ionized due to nuclear interaction with cosmic rays or in the front of a shock wave in the Supernova explosions, where they were effectively accumulated during star evolution [12]. If the mechanisms of X acceleration are effective, they might be observed in AMS02 cosmic ray experiments.


4.1. Excess of Positron Annihilation Line in the Galactic Bulge

OHe collisions in the central part of the Galaxy lead to OHe excitations, and de-excitations with pair production in E0 transitions can explain the excess of the positron-annihilation line, observed by INTEGRAL in the galactic bulge [1, 16, 28].

If 2S level of O-helium is excited, its direct one-photon transition to the 1S ground state is forbidden and the de-excitation mainly goes through direct pair production. In principle this mechanism of positron production can explain the excess in positron annihilation line from the galactic bulge, measured by the INTEGRAL experiment. Due to the large uncertainty of DM distribution in the galactic bulge this interpretation of the INTEGRAL data is possible in a wide range of masses of O-helium with the minimal required central density of O-helium dark matter at [29, 30] mo = 1.25TeV For the smaller values of mo on needs larger central density to provide effective excitation of O-helium in collisions Current analysis favors lowest values of central dark matter density, making possible O-helium explanation for this excess only for a narrow window around this minimal value (see Figure 1).
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FIGURE 1. Dark matter is subdominant in the central part of Galaxy. It strongly suppresses it dynamical effect and causes large uncertainty in dark matter density and velocity distribution. At this uncertainty one can explain the positron line excess, observed by INTERGRAL, for a wide range of mo given by the curve with minimum at mo = 1.25TeV. However, recent analysis of possible dark matter distribution in the galactic bulge favor minimal value of its central density. The picture is taken with the according permission from Bulekov et al. [17].





4.2. Dark Atom Solution for High Energy Positron Excess

In a two-component dark atom model, based on Walking Technicolor, atom-like states, made of positive and negative doubly charged techniparticles, is present together with the dominant component of OHe dark atom. These techniparticle atoms weakly interact with matter and the upper limits from direct dark matter searches put constraints on this sparse WIMP-like dark atom component. In WTC models positively double charged particles may be very long living, but metastable and their decays to pairs of same-sign leptons can explain the excess of high-energy cosmic-ray positrons [31], found in PAMELA and AMS02 experiments [32–35]. This explanation is possible for the mass of decaying +2 charged particle below 1 TeV and depends on the branching ratios of leptonic channels (see Figure 2).
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FIGURE 2. Best fit high energy positron fluxes from decaying composite dark matter in confrontation with the results of AMS02 experiment. The picture is taken with the according permission from Bulekov et al. [17].



Since even pure lepton decay channels are inevitably accompanied by gamma radiation the important constraint on this model follows from the measurement of cosmic gamma ray background in FERMI/LAT experiment [36] (see Figure 3). The multi-parameter analysis of decaying dark atom constituent model determines the maximal model independent value of the mass of decaying +2 charge particle, at which this explanation is possible

[image: image]

One should take into account that according to Belotsky et al. [37] even in this range hypothesis on decaying composite dark matter, distributed in the galactic halo, can lead to gamma ray flux exceeding the measured by FERMI/LAT. It may favor local source of the positron component e.g., from the decays in clumps of dark matter in vicinity of the Solar system. One should also note an alternative non-dark-matter nature of such a local source as a local supernova explosion two million years ago [38].
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FIGURE 3. Gamma ray flux accompanying the best fit high energy positron fluxes from decaying composite dark matter reproducing the results of AMS02 experiment, in confrontation with FERMI/LAT measurement of gamma ray background. The picture is taken with the according permission from Bulekov et al. [17].





4.3. Sensitivity of Indirect Effect of Composite Dark Matter to the Mass of Their Double Charged Constituents

We see that indirect effects of composite dark matter strongly depend on the mass of its double charged constituents.

To explain the excess of positron annihilation line in the galactic bulge mass of double charged constituent of O-helium should be in a narrow window around
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To explain the excess of high energy cosmic ray positrons by decays of constituents of composite dark matter with charge +2 and to avoid overproduction of gamma background, accompanying such decays, the mass of such constituent should be in the range

[image: image]

These predictions should be confronted with the experimental data on the accelerator search for stable double charged particles.




5. SEARCHES FOR STABLE DOUBLE CHARGED PARTICLES

Production of pairs of elementary stable doubly charged heavy leptons is characterized by a number of distinct experimental signatures that would provide effective search for them at the experiments at the LHC and test the atom-like structure of the cosmological dark matter. Moreover, astrophysical consequences of composite dark matter model can reproduce experimentally detected excess in positron annihilation line and high energy positron fraction in cosmic rays only if the mass of double charged O−− particles is in the 1 TeV range. Here we discuss following Bulekov et al. [17] confrontation of these predictions and experimental data, as well as the current status and expected progress in experimental searches for stable double charged particles as constituents of composite dark matter.

A new charged massive particle with electric charge ≠1e would represent a dramatic deviation from the predictions of the Standard Model, and such a spectacular discovery would lead to fundamental insights and critical theoretical developments. Searches for such kind of particles were carried out in many cosmic ray and collider experiments (see for instance review in [39]).

In a tree approximation, such particles cannot decay to pair of quarks due to electric charge conservation and only decays to the same sign leptons are possible. The latter implies lepton number nonconservation, being a profound signature of new physics. In general, it makes such states sufficiently long-living in a cosmological scale.

Obviously, such experiments are limited to look only for the “long-lived” particles, which do not decay within a detector, as opposed to truly stable particles, which do not decay at all. Since the kinematics and cross sections for double charged particle production processes cannot be reliably predicted, search results at collider experiments are usually quoted as cross section limits for a range of charges and masses for well-defined kinematic models. In these early experiments, the mass limit was set at the level of up to 100 GeV (see for review [39]).


5.1. Searches at Large Hadron Collider

Significant increase of beam energy at the Large Hadron Collider (LHC) opens a new era in the high energy physics and allows accessing uncharted territories of particle masses. In this subsection the results of searches for the multi-charged particles, performed by the ATLAS and the CMS collaborations at LHC, will be described following Bulekov et al. [17].

Calculations of the cross sections assume that these particles are generated as new massive spin-1/2 ones, neutral under SU(3)C and SU(2)L.

5.1.1. ATLAS Experiment at LHC

In Run 1 (2010–2012), the ATLAS [40] collaboration at LHC performed two searches for long-lived multi-charged particles, including the double charged particles: one search with 4.4 fb−1 of data collected in pp collisions at [image: image] TeV [41], and another one with 20.3 fb−1 collected at [image: image] TeV [42].

Both these searches feature particles with large transverse momentum values, traversing the entire ATLAS detector. An energy loss of a double charged particle is by a factor of q2 = 4 higher than that of single charged particle. Such particles will leave a very characteristic signature of high ionization in the detector. More specifically, the searches look for particles with anomalously high ionization on their tracks in three independent detector subsystems: silicon pixel detector (Pixel) and transition radiation tracker (TRT) in the ATLAS inner detector, and monitoring drift tubes (MDT) in the muon system.

The estimate of the expected background originating from the SM processes and providing input into the signal region D was calculated to be 0.013±0.002(stat.)±0.003(syst.) events.

No events with double charged particles were found in neither 2011 or 2012 experimental data sets, setting the lower mass limits to 430 and 660 GeV, respectively, at 95% CL. The comparison of observed cross-section upper limits and theoretically predicted cross-sections is shown in Figure 4.
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FIGURE 4. Observed 95% CL cross-section upper limits and theoretical cross-sections as functions of the multi-charged particles mass. Again, the double charged particles are denoted as “z = 2” (red points and lines). The picture is taken with the according permission from Bulekov et al. [17].



5.1.2. CMS Experiment at LHC

In parallel to the ATLAS experiment, the CMS [43] collaboration at LHC performed a search for double charged particles, using 5.0 fb−1 of data collected in pp collisions at [image: image] TeV and 18.8 fb−1 collected at [image: image] TeV [44].

Comparison between observed upper cross section limits and theoretically predicted cross section values for the 8 TeV is shown in Figure 5.
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FIGURE 5. Observed 95% CL cross-section upper limits and theoretical cross-sections as functions of the multi-charged particles mass in CMS search at the [image: image] TeV. The double charged particles are denoted as “|Q| = 2e”. The picture is taken with the according permission from Bulekov et al. [17].



For the 8 TeV search, the mass limit of 665 GeV was obtained. This result (within uncertainties) is very close to the ATLAS limit of 660 GeV for the 8 TeV data set. Also, CMS treated the results obtained at 7 and 8 TeV as combined. This allowed to push the lower mass limit to 685 GeV at 95% CL. A combination of the results of two experiments for 8 TeV would mean an increase of statistics by a factor of 2. Having said that, one can conclude that the mass limit based on the results of both experiment for double charged particles can be set at the level of about 730 GeV.



5.2. What One Expects From LHC Run 2

Following the discussion of the prospects of searches for multi-charged particles in ATLAS and CMS experiments in Bulekov et al. [17], it may be concluded that each of these two experiments will be able to set a lower mass limit on the double charged particles at m = 1000±50 GeV. Going further and considering the data taking periods of ATLAS and CMS until the end of Run 2 (end of 2018), one can estimate according to Bulekov et al. [17] a low limit on the double charged particles mass corresponding to the Run 2 data set. Several assumptions were made in these speculations [17]:

• by the end of 2018, ATLAS and CMS will each record about 120 fb−1 of [image: image] TeV data;

• signal efficiency will remain at a present level in both experiments, without being compromised by high detector occupancy or any other effects;

• no double charged particle candidates will be in observed in the first place.

Considering all of the above, the ATLAS and CMS collaborations may each be expected to set the lower mass limits at the level of 1.2 TeV based on their analyses of the entire 13 TeV data set. If these two experiments combined their independently gathered statistics together for this kind of search, the limits would go as high as up to 1.3 TeV [17].




6. CONCLUSIONS

Dark Matter that is considered to be electrically neutral, potentially can be formed by stable heavy charged particles bound in neutral atom-like states by Coulomb attraction. Analysis of the cosmological data and atomic composition of the Universe gives the constrains on the particle charge showing that only -2 charged constituents, being trapped by primordial helium in neutral O-helium states, can avoid the problem of overproduction of the anomalous isotopes of chemical elements, which are severely constrained by observations.

Cosmological model of O-helium dark matter can even explain puzzles of direct dark matter searches. This explanation involves minimal number of parameters of new physics, being based on known laws of quantum mechanics and atomic and nuclear physics. However, we have seen that the nontrivial features of OHe-nucleus interaction still leave open the crucial question on the existence and effect of dipole potential barrier in this interaction. Such barrier provides dominance of elastic processes in OHe interaction with matter and existence of shallow potential well in OHe interaction with intermediate mass nuclei. Existence of a 3 keV level in such a well in OHe-Na interaction and annual modulation of energy release due to capture to this level can explain positive result of DAMA/NaI and DAMA/LIBRA experiments, as well as absence of such signal in other detectors.

O-helium hypothesis inevitably leads to existence of anomalous nuclear isotopes, in which single O−− is captured, or to exotic states of O-nuclearites with multiple O-particles in nuclei. Search for such anomalous form of nuclear matter extends the set of probes for dark-atom hypothesis.

The crucial problem of OHe scenario is the nuclear physics of OHe. Though it involves only known atomic and nuclear physics the proper quantum mechanical treatment is very complicated in the lack of small parameters in the problem of OHe-nucleus interaction. Such treatment should also take into proper account simultaneous action of Coulomb and nuclear forces on He from the approaching nucleus. There is a hint to solve this problem and the development of the quantitative analysis is under way. As soon as this problem is solved all the richness of the astrophysical features of OHe scenario will find proper physical basis (see e.g., [45]).

OHe hypothesis can also explain observed excess of positron annihilation line in the galactic bulge and high energy positron fraction of cosmic rays. Such explanation implies upper limits on the mass of a double charged constituents within 1 TeV range, challenging their searches at the LHC.

Stable charge -2 states (O−−) can be elementary like AC-leptons or technileptons, or look like technibaryons. The latter, composed of techniquarks, reveal their structure at much higher energy scale and should be produced at colliders and accelerators as elementary species. They can also be composite like “heavy quark clusters” ŪŪŪ formed by anti-U quark in one of the models of fourth generation [12] or ū5ū5ū5 of (anti)quarks ū5 of stable 5th family in the approach [13].

In the context of composite dark matter scenario accelerator search for stable doubly charged leptons acquires the meaning of direct critical test for existence of charged constituents of cosmological dark matter.

The signature for AC leptons and techniparticles is unique and distinctive what allows to separate them from other hypothetical exotic particles. Composite dark matter models can explain observed excess of high energy positrons and gamma radiation in positron annihilation line at the masses of O−− in the range of 1 TeV, it makes search for double charged particles in this range direct experimental test for these predictions of composite dark matter models.

Test for composite O−− can be only indirect: through the search for heavy hadrons, composed of single U or Ū and light quarks (similar to R-hadrons).

The ATLAS and CMS collaborations at the Large Hadron Collider are searching for the double charged particles since 2011. The most stringent results achieved so far exclude the existence of such particles up to their mass of 680 GeV. This value was obtained by both ATLAS and CMS collaborations independently. It is expected that if these two collaborations combine their independently gathered statistics of LHC Run 2 (2015–2018), the lower mass limit of double charged particles could reach the level of about 1.3 TeV. It can provide severe test for composite dark matter origin of possible indirect effects of dark matter.

One can conclude that signatures of composite dark matter provide an extensive set of direct and indirect probes challenging their physical and astrophysical test.
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A composite Higgs boson is likely to be accompanied by additional light states generated by the same dynamics. This expectation is substantiated when realizing the composite Higgs mechanism by an underlying gauge theory. We review the dynamics of such objects, which may well be the first sign of compositeness at colliders. We also update our previous analysis of the bounds from LHC searches to the latest results and discuss the projected reach of the High-Luminosity run.
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1. INTRODUCTION

Models of composite Higgs are a valid option for describing new physics beyond the Standard Model (SM). In this approach, the Higgs sector is replaced by confining dynamics, with the merit of solving the problem of hierarchy, as the only mass scale in the sector is dynamically generated, like in quantum chromo-dynamics (QCD). Furthermore, the breaking of the electroweak (EW) symmetry also arises dynamically, in contrast to the SM where it is merely described by a wrong-sign mass term.

The idea of dynamical EW symmetry breaking is as old as the SM itself [1], however in its first form lacked the presence of a light scalar degree of freedom, the Higgs boson. Later, it was proposed that the Higgs may arise as a pseudo-Nambu Goldstone boson (pNGB) of a global symmetry breaking [2]. This latter class of models saw a revival in the 2000's, following the development of holography in warped extra dimensions [3]. A minimal model of composite pNGB Higgs was thus proposed in Agashe et al. [4], and it has since been extensively studied in the literature (see [5–7], and references therein). The Higgs thus arises as a pNGB from the symmetry breaking pattern SO(5)/SO(4), together with the three Goldstones eaten by the W and Z bosons.

A key ingredient is the concept of partial compositeness [8] for the SM fermions, as a means to generate their masses and the SM flavor structures. The generation of a sizeable top-quark mass is particularly challenging and partial compositeness provides a possible solution by mixing the elementary fermions with a composite operator that has a large scaling dimension. This feature, again, follows from the constructions in warped space [9, 10], where the SM fermions mix with bulk ones. We want to stress here that the main motivation behind the introduction of partial compositeness was to address the mass and flavor problems while avoiding the generic appearance of large flavor changing neutral currents among SM fermions. Only later, inspired by the holographic principle [11], did the role of the composite top partners extended to the role of regulators of the loop divergences of the Higgs mass, by assuming the finiteness of the full one loop expression via sum rules [11, 12]. This, in turn, implies the necessity for light and weakly coupled spin-1/2 resonances [12, 13]. Nevertheless, alternatives to regulate the top loops exist, and the potential generated by such loops can be stabilized by, for instance, the introduction of masses for the underlying fermions [14, 15].

Another approach to composite dynamics, closer in spirit to the origin of the dynamical EW symmetry breaking of Technicolor, consists in defining an underlying theory in terms of gauge and fermion degrees of freedom, that confine at low energies [15]. In this approach, it is not possible to naturally obtain the minimal coset.1 In turn, once the underlying dynamics is specified, only three kinds of patterns are allowed [19, 20]: SU(N)/Sp(N), SU(N)/SO(N) and SU(N) × SU(N)/SU(N). The minimal model is thus based on SU(4)/Sp(4), which can be obtained with an underlying SU(2) gauge theory [14, 21] and features only 5 pNGBs: the Higgs doublet plus a CP-odd singlet [14, 15]. Other minimal cosets are SU(5)/SO(5) [22] and SU(4) × SU(4)/SU(4) [23].

The inclusion of partial compositeness poses additional constraints in building the model, in primis the fact that many additional underlying fermions are needed, therefore loss of asymptotic freedom follows. In Ferretti and Karateev [24], a systematic construction of underling models, with partial compositeness for the top, was done. The main new ingredient was the sequestering of QCD color charges, which need to be carried by the underlying fermions in order to give color to the spin-1/2 resonances, to a new species of fermions, χ, that transforms under a different representation of the confining group than that of the fermions, ψ, giving rise to the composite Higgs. Thus, no dangerous mixing between the EW symmetry breaking and potential color breaking arises. The spin-1/2 bound states, therefore, arise as “chimera baryons” [25] made of ψψχ or ψχχ, depending on the model. There are few other cases where partial compositeness can be achieved with a single species of fermions: a confining SU(3) gauge symmetry with fermions in the fundamental, à la QCD, as proposed in Vecchi [26]; SU(6) with fermions in the two-index anti-symmetric representation and E6 with the 27. The QCD colored fermions, in the latter cases, act as “heavy flavors”, in order to avoid light QCD colored pNGBs.

Phenomenologically, the most interesting feature of this class of underlying theories is the fact that global symmetries in the effective low-energy model are determined. In particular, one realizes that a symmetry comprising of QCD is unavoidable. Furthermore, there is always a non-anomalous U(1) charge, acting on both species of fermions, which is broken by (at least) the chiral condensate in the EW (Higgs) sector of the theory. This results in one light pNGB singlet under all the SM gauge symmetries. This state may be the lightest of the pNGB spectra, as it typically does not receive any mass contribution from top and gauge loops [27]. The properties of this state have been studied in Cai et al. [28], Belyaev et al. [29], Belyaev et al. [27], DeGrand et al. [30], and Cacciapaglia et al. [31]. At the LHC, it can be copiously produced via gluon fusion with the coupling to gluons being generated by the Wess-Zumino-Witten anomaly term [32, 33] via the presence of the χ-fermions in the pNGB wave function. Couplings to other pNGBs and tops can also be predicted, once the underlying theory is specified. Furthermore, they can be produced via the decays of the top partner resonances [34]. The fact that the properties of this state can be predicted in terms of the underlying theory, and their potential lightness, is the most attractive feature. As a historical note, they were perfect candidates to explain the WW/WZ resonance at 2 TeV Cai et al. [28] and the γγ resonance at 750 GeV [29] hinted at by the LHC data, which later appeared to have been statistical fluctuations. Other light states comprise of additional EW-charged pNGBs arising from the Higgs sector, and QCD-colored states coming from the condensation of the χ's.

In this work, we will mainly focus on the singlet pNGB associated to the global U(1) symmetry. If both fermion species condense, it is accompanied by a second pseudo-scalar singlet associated to the anomalous U(1) charges. The latter will receive a mass term from the anomaly, in a similar fashion to the η′ in QCD. Nevertheless, it may be relatively light, as expected at large-Nc for instance. We will therefore consider the phenomenology at the LHC to come from the presence of both states. This work follows Belyaev et al. [27] closely, and our main new contribution is the update of the bounds to the latest LHC searches, and the addition of projections at the High-Luminosity-LHC (HL-LHC) run. We will see that the bounds on the compositeness scale derived from the non-discovery of such a state can be much stronger than the typical bounds from electroweak-precision tests. The latter are usually considered the main constraints on models of Composite Higgs. Conversely, they appear to have the best prospects for being discovered at the LHC. The HL-LHC run will be crucial in this case, due to the lightness of such states and the paucity of current searches focusing on the low mass region between 14 and 65 GeV.

Before presenting our results, we should stress that these theories are not full Ultra-Violet (UV) completions of composite Higgs models with partial compositeness. One point is that the number of fermions we can introduce before loosing confinement (asymptotic freedom) is limited, thus one can only have enough to give mass to the top quark in this way. Furthermore, the theory needs to lie outside the conformal Infra-Red (IR) window [35]. It was shown that only 12 models are consistent with these requirements, while having the minimal Higgs cosets [36]. The second point is that the origin of the four-fermion interactions giving rise to the mixing between the SM tops and the composite fermions is not explained. Finally, the consistency of flavor bounds usually requires the theory to enjoy an IR conformal phase right above the condensation scale. This allows to split the scale where the masses of light quarks and leptons are generated from the confinement scale [37, 38], which should not be far from the TeV. In the underlying theory under study, this can be achieved by adding a few additional fermions at a mass close to the condensation scale, such that the theory above this scale is right inside the conformal window. Being just above the lower edge of the conformal window is crucial if one needs the composite fermions to have large anomalous dimensions, as the theory is expected to be strongly interacting around the IR fixed point near the lower edge of the conformal window. A first step toward the construction of truly UV complete theories can be found in Cacciapaglia et al. [39], based on the potential presence of a UV safe fixed point, due to large multiplicities of fermions.

As a final introductory word, we should also mention one main benefit of this approach: once an underlying theory is defined, it can be studied on the lattice. Thus, spectra and various properties of the theory in the strong sector can, in principle, be computed. This includes low-energy constants, which are crucial for the generation of the Higgs misalignment potential and the Higgs boson mass [40]. So far, theories based on confining SU(4) [25, 41] and Sp(4) [42–45] are being studied. For SU(4), preliminary results on the spectra [25] show that the chimera baryons tend to be heavy and beyond the reach of the LHC, while first calculations of the relevant form factors Ayyar et al. (Unpublished) show a suppressed mixing to the top. This would disqualify them as “light” top partners that regulate the Higgs mass loop [12, 13], however they would still play a role in generating the top mass and help with the flavor issue. It should be mentioned however that current lattice results do not yet include a realistic multiplicity of fermions, which may be crucial as the realistic models are close to the conformal window. Finally, we mention the possibility that spin-1/2 resonances may arise as a bound state between a fermion and a scalar, both carrying underlying color charges [46] (see also [17]). The price to pay, in this case, is the presence of fundamental scalars in the theory (unless the underlying scalars arise themselves as bound states of a theory that confines at higher energies or are protected by supersymmetry at high scales).

The paper is organized as follows: in section 2 we recap the main properties of the 12 underlying models. In section 3 we summarize the main properties of the pseudo-scalars associated with the two spontaneously broken U(1) global symmetries and present the updated bounds on the singlet pNGBs in section 4. We offer our conclusions in section 5.



2. UNDERLYING MODELS FOR A COMPOSITE HIGGS WITH TOP PARTIAL COMPOSITENESS

In this work we are interested in the underlying models for composite Higgs with top partial compositeness defined in Ferretti and Karateev [24]. These models characterize the underlying dynamics below the condensation scale Λ ≈ 4πf, f being the decay constant of the pNGBs. As such, the need to be outside of the conformal window leaves only 12 models [36], listed in Table 1. They are defined in terms of a confining gauge interaction, that we call hypercolor (HC), and two species of fermions in two different irreducible representations of the HC. The two species of fermions play different roles: the EW charged ψ's generate the Higgs and the EW symmetry breaks upon condensation, and their multiplicity is chosen to match the minimal cosets; the QCD charged χ's consist of a triplet and an anti-triplet of QCD color, thus always amounting to 6 Weyl spinors. We will also assume that both fermions condense and thus the chiral symmetry in each sector is broken. In principle, the χ's may not condense and the 't Hooft anomaly matching condition may lead to the presence of light composite fermions, that may play the role of top partners [47]. However, assuming the persistent mass condition, it is possible to show that chiral symmetry breaking must occur in both cosets [36]: the argument goes that by giving a common mass to one class of fermions at a time, the chimera baryons that saturate the global 't Hooft anomaly would become massive and thus ineffective. The final answer can only be found on the lattice. The phenomenology of two of the models have been studied in detail, M8 in Barnard et al. [48] and M6 in Ferretti [49]. Lattice studies for the two models are also underway based on SU(4)HC [25] (which also applies to M11), and Sp(4)HC [44, 45] (which also applies to M5). Note that a study based on a Nambu Jona-Lasinio effective model of M8 can be found in Bizot et al. [50]. As shown in Table 1, the baryons that enter partial compositeness for the top arise either as ψψχ or ψχχ bound states, depending on the representations under HC.



Table 1. Model details.
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It is expected that the lightest states in these models are the pNGBs, that arise from the breaking of the chiral symmetries in the two sectors, while the fermionic and spin-1 resonances are expected to be heavier. The quantum numbers of the pNGBs in the 12 models are listed in Table 2. They can be organized in three classes:



Table 2. Light pNGBs in each of the 12 models.

[image: image]




A) The ones arising from the EW coset, i.e., the chiral symmetry breaking in the ψ sector, only carry EW quantum numbers. All cosets contain at least one singlet, thus being non-minimal compared to the holographic SO(5)/SO(4) model. The production rate of these states at the LHC is typically very small, as it is due to EW interactions, and thus are very difficult to observe at the LHC. The neutral components may also couple to two gluons via loops of tops, however still give rise to small production rates. The case of the singlet in the SU(4)/Sp(4) coset has been studied in detail in Galloway et al. [14] and Arbey et al. [51], note however that the same considerations apply to singlets in the other cosets. The SU(5)/SO(5) case can be found in Ferretti [49, 52]. Finally, the SU(4)2/SU(4) case is special compared to the other two, as it allows for a stable pNGB that may play the role of Dark Matter [53].

B) The ones arising from the chiral breaking in the χ sector, i.e., QCD coset, always carry QCD charges. A ubiquitous member of this class is a neutral color octet [27, 54]. For all those pNGBs, pair production via QCD interactions can be substantial at the LHC [55] for masses below or around 1 TeV. The phenomenology of the color sextet in the context of model M8 has been studied in Cacciapaglia et al. [54]. After Run-I at the LHC, the bound on their masses can be estimated around the 1 TeV scale. This bound is still compatible with the fact that one-loop self-energy diagrams, involving a gluon, put their masses roughly in that range.

C) The U(1) singlets are ubiquitous to all models. Their phenomenology has been studied in detail in Belyaev et al. [27]. They will be the main focus of this work. While they are singlets under the gauge symmetries of the SM, couplings arise via the topological WZW anomalies, which include coupling to gluons. In this, they differ from the EW cosets, where couplings to gluons can only arise via top loops. We can therefore expect larger production rates for them.

All models in M1-M12 preserve custodial symmetry. Indeed, this requirement is central in their construction and determines the minimum amount of fermionic matter present in each model. For custodial symmetry to be preserved one needs to be able to embed a SU(2)L × SU(2)R group into the unbroken group H of the electroweak cosets G/H. This requirement is satisfied by choosing H = SO(No) with No ≥ 4, H = Sp(2Np) with Np ≥ 2 or H = SU(Nu) with Nu ≥ 4. However, the further requirement that there be a Higgs field in the bi-fundamental of SU(2)L × SU(2)R, requires to take No ≥ 5. Thus, ρ = 1 at tree level in these constructions, as long as the triplet pNGBs (when present), do not acquire a vacuum expectation value.



3. LIGHT U(1) PSEUDO-SCALARS

In this section we summarize the main properties of the two U(1) pseudo-scalars, one of which associated with non-anomalous global symmetry. Most of the results shown in this section can be found in Belyaev et al. [27], where a more detailed analysis can be found. We refer to other results in the literature when necessary. This section can be considered a handbook for anybody who is interested in studying the phenomenology of such states, as we will provide all the relevant couplings and formulas necessary to compute cross-sections and branching ratios.

Following the notation in Belyaev et al. [27], we call two mass eigenstates {a, η′}, with a being the lighter one, which is also closer to the anomaly-free U(1) boson. The masses, which also determine the mixing angle between the two states, receive three contributions: two from the masses of the underlying fermions ψ and χ, and one from the anomalous U(1) combination. Assuming that mχ ≫ mψ, and neglecting the latter, the mixing angle can be determined in terms of the mass eigenvalues. We define the mixing angle α between the mass eigenstates and the pseudo-scalars associated to the U(1)ψ and U(1)χ charges. Thus, in the decoupling limit [image: image], the mixing angle is given by

[image: image]

where qψ and qχ are the charges of the anomaly-free U(1) (see Table 1), fψ, χ are the decay constants in the two sectors, and Nψ, χ their multiplicity. Note that only the ratio fψ/fχ is not fixed but depends on the strong dynamics (thus calculable on the lattice [25]). However, we can fix it by applying the Maximal Attractive Channel (MAC) hypothesis [56], see Table 3 in Appendix A. Once this is fixed, all the couplings of the pseudo-scalars to SM states are fixed in terms of the properties of the underlying dynamics, as we will show below.

The relevant effective Lagrangian for both pseudo-scalars, i.e., ϕ = {a, η′}, can be generically parameterized as
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with [image: image] for F = {Ga, Wi, B}. Note that we have normalized the couplings with the decay constant in the Higgs sector, fψ, which is directly related to the tuning in the misalignment potential as v = fψsinθ [27]. We could also have defined a U(1)-singlet decay constant
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as in Cacciapaglia et al. [31]. The relation between the two decay constants is given in Table 3.

The Lagrangian in Equation (2) matches with a generic Axion-Like Particle (ALP) Lagrangian [57–59], except that the various coefficients can be computed. The couplings in the last two lines are generated by loops of tops and gauge bosons (dominantly), but differ from the results from a generic ALP Lagrangian [59, 60] due to non-linear couplings of the pNGBs in the composite models [31]. In the following, we shall review how each of the terms in the effective Lagrangian can be calculated. All the numerical coefficients, in the decoupling limit and in the minimal mass splitting limit, are given in Tables 3, 4 in Appendix A. The numbers we provide here assume the MAC relation between the decay constants, as used in Cacciapaglia et al. [31], while the values in Belyaev et al. [27] assume fψ = fχ.

The computability of all the coefficients is one of the main appeals of these models, having an underlying gauge theory construction. For each model that has a fixed gauge group and representation for the underlying fermions, once a discrete choice of the representation of the top partners under the global symmetry is done, the phenomenology of the pseudo-scalars is determined in terms of only three independent continuous parameters (the masses mϕ with ϕ = a, η′ and a common decay constant fψ). All the couplings and ratios of the decay constants for the various cosets can be computed as shown in Tables 3, 4 in Appendix A. The only assumption we make is that the tops couple dominantly to only one composite operator.


3.1. Couplings to Gauge Bosons

The general couplings of the singlet pseudo-scalars to gauge bosons are almost entirely dictated by the quantum numbers of the underlying dynamics, i.e.,
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with [image: image] obtained from the above expression with the replacement α → α+π/2. In the above expression, [image: image] for models with SU(5)/SO(5) breaking and 1 otherwise, [image: image] are the anomaly coefficients of the singlets associated with U(1)χ, ψ groups which are fully determined by the SM charges of the underlying fermions2. Thus, the only dependence on the mixing angle α remains, which is determined by the masses of the two states. In the Tables in Appendix A we give values in the two limiting cases of minimal mass splitting and decoupling.

One can rewrite the WZW interactions in terms of the physical gauge bosons, i.e.,
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with
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The couplings of a and η′ to gauge bosons are thus determined purely from the underlying dynamics with one assumption, i.e., the validity of the MAC hypothesis. The only external dependence arises from the masses via the mixing angle α. Table 3 in Appendix A shows the resulting couplings of a and η′ for all 12 underlying models. Typically, in a generic mixing angle, the couplings vary between the two limits shown.

The couplings to two-gauge bosons also receive contributions at loop-level, in particular from top-loops, which are particularly relevant at low masses and can affect the production rate via gluon fusion and the decays. These contributions were fully computed in Belyaev et al. [27], and their effect expressed in terms of the Branching Ratio formulas:
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with [image: image] and [image: image] the Passarino-Veltman functions with the normalization given in Package-X [61]. We have used the short-hand notation [image: image] and analytical expression for some of the simplest loop function can be found in Belyaev et al. [27]. [image: image] is the coupling to tops, which is discussed in the following subsection.



3.2. Coupling to Tops, Light Quarks, and Leptons

The coupling to tops only depends on the charges under the two U(1)'s of the composite operators that mix to the left-handed and right-handed tops. If we assume that the two top chiralities mix dominantly to one operator, there are only six possible charges that enter the coupling to tops via the top mass operator:
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where nψ and nχ are the net numbers of ψ and χ fields, respectively in the two operators coupling to the two top chiralities (see Belyaev et al. [27] for more details). Thus, the [image: image] coefficient reads
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Like above, [image: image] is given by α → α + π/2.

For the light quarks and leptons, we will assume, for simplicity, that their mass is coming from a direct coupling to a bilinear of ψ's, i.e., via an effective Yukawa coupling. This corresponds to the top case, but with fixed {nψ, nχ} = {2, 0}.

The coupling to tops above has been computed by writing the effective operators generating the top mass, as in Golterman and Shamir [40] and Golterman and Shamir [62]. However, in Bizot et al. [34] it was noted that computing the coupling of the pseudo-scalars starting from the mixing to the top partners would lead to a different expression, differing by the presence of the mixing angles in the partial compositeness. For the top this has a minor impact on the numerical results, and we therefore chose to remain using the operator case.



3.3. Loop-induced Couplings to the Higgs and to Zh

Models with a pseudo-scalar state generically contain a coupling to Zh [60], which is generated at loop level. In our models, the leading contributions to the effective coupling between the singlet pseudo-scalars, Z and Higgs bosons are given by the diagrams in Figure 1 [31]. Explicit calculation for the coupling [image: image] defined in Equation (2) gives:
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with [image: image], see Belyaev et al. [27] for the analytic expression. In the formula, the κt and κZ are the corrections to the Higgs coupling to tops and Z, respectively, normalized by the SM value. The loop function B0 is UV-divergent and we have parameterized it in terms of a cutoff, i.e., [image: image]. Note that the UV-sensitivity is only present in the term proportional to (κt − κZ), which reflects the non-linearities in the Higgs couplings, a common feature in all composite Higgs models. The partial width for the pseudo-scalar decay gives
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with λ(x, y, z) the Källén function. For very light pseudo-scalars the decay h → ϕZ is allowed, with a partial width given by the formula above, with the replacement of mϕ ↔ mh.
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FIGURE 1. Leading contributions to the decay ϕ → Zh.



At loop level, a coupling hϕ2 is also generated. This is relevant for mϕ < mh/2, for which Higgs decays into two pseudo-scalars are open. Explicit calculation of the leading diagrams, shown in Figure 2, gives
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The Higgs decay to two pseudo-scalars is then given by3
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FIGURE 2. Leading contributions to the decay h → ϕϕ.






4. LHC BOUNDS AND HIGH-LUMINOSITY PROJECTIONS

The presence of the light composite pseudo-scalars can be tested at the LHC via the single production via gluon fusion, which is the dominant production mode, and further decays into a resonant pair of SM states. In this work we include both the effect from the WZW direct coupling to gluons, and the contribution of top and bottom loops. The cross-section calculation is performed at NLO in QCD by use of the HIGLU [63] code. For the tops, as shown above, we have six possible top partner assignment choices: following Belyaev et al. [27] and Cacciapaglia et al. [31], in the numerical results we chose the case {nψ, nχ} = {2, 0}. A discussion of the effect of other choices can be found in Appendix B.

The strategy for applying bounds follows Belyaev et al. [27]. We collected all available searches, looking for resonant final states that may come from the pseudo-scalars, and extract a bound from the production cross section times branching ratio, assuming that the efficiencies of the experimental searches are the same on our model. This is a reasonable assumption, as the searches are mainly sensitive to the resonant nature of the signal, and much less on the possible kinematical differences in the production. Furthermore, we do not attempt to do a statistical combination of various searches, as we cannot take into account correlations of the systematic uncertainties in the experiments. Thus, we simply consider the most constraining search or signal region to extract a bound from for each final state. The final result is shown in Figure 3 for two representative models, M8 and M9. What connects the two is the fact that the global symmetries are the same, thus they can be characterized by the same low energy effective action based on the minimal SU(4)/Sp(4) EW coset and SU(6)/SO(6) QCD coset. However, as shown in the plot, the properties of the two pseudo-scalars are very different, hence leading to very different bounds. Note that we have re-expressed the bound on the cross sections into a bound on the decay constant of the Higgs. This is possible because all the coefficients of the couplings are calculable, as detailed in the previous section.


[image: image]

FIGURE 3. Heat-plots showing the lower bounds on the Higgs decay constant fψ in the mass plane of the two pseudo-scalars. The white triangle is not accessible by the masses in each model. The side-bands show the limits from each individual final state. On the left column, we show the current Run-I and Run-II bounds; on the right column, we show the projections at the High-Luminosity LHC run (the solid gray band summarizes the current bounds for comparison). More details in the text. Here we show model M8 (top row) and model M9 (bottom row).



Before commenting on the numerical results, we will list here all the searches we implemented.

i) The [image: image] final state is only relevant for large masses and indicated in orange (Run-II at 13 TeV) and green (Run-I at 8 TeV) on the side-bands of the plots. We implemented a fully hadronic Run-II search by CMS [64], and two Run-I searches by CMS [65] (fully reconstructed tops) and ATLAS [66] (semi-leptonic).

ii) Di-jet searches (black line) can tag the di-gluon decay, however they are only sensitive at relatively large masses because of trigger limitations. We implemented Run-II searches by CMS [67, 68] and ATLAS [69].

iii) Di-boson final states, i.e., WW (dark blue line) and ZZ (light blue line), are mostly relevant above ≈160 GeV, when resonant decays are kinematically allowed. Many different final states are searched for at the LHC. We include the following Run-II searches by CMS [70– 77] and ATLAS [78–81].

iv) Di-photon resonances in this model are as important at low mass as at high mass, because they are generated at the same level as the decays to massive gauge bosons. We show in green the results at Run-I at 8 TeV, and in violet the ones at Run-II at 13 TeV. The implemented searches for ATLAS are at Run-I [82] and at Run-II [83]. For CMS, we use the combined Run-I + Run-II results for high mass [84, 85] and low mass [86, 87] ranges.

v) Similarly, γZ resonant search (cyan line) has an impact at high mass. We implemented the Run-II searches from CMS [88, 89] and ATLAS [90].

vi) A new channel we include in this work, which was previously missed in Belyaev et al. [27], is Zh. The limit, shown by the red line, corresponds to the ATLAS search [91]. This channel is always significantly above he threshold, but usually loses significance at the [image: image] threshold.

vii) At the LHC, resonant di-tau searches have been performed for invariant masses above 90 GeV. The limit, shown by the gray line, however, typically plays a limited role because the branching ratio in taus is small at such mass values. We implemented the following Run-II searches by CMS [92, 93] and ATLAS [94, 95]. They are typically designed to tag supersymmetric heavy Higgses.

viii) At low mass, the di-muon final state becomes relevant. While the branching ratio is very small, suppressed by the muon mass, the cleanness of the final state makes this channel attractive, as long as it can pass the trigger requirements. The only two applicable bounds are a 7 TeV search (lime green light) at low mass done by CMS [96], which tags the mass range between 10 and 15 GeV thanks to a dedicated trigger, and a 8 TeV search (dark green) done by LHCb [97] in the same mass range.

ix) For masses below mh/2 ≈ 65 GeV, the decays of the Higgs into two pseudo-scalars starts playing a significant role. We implemented various searches dedicated to this channel, with final states including [image: image] (blue line), 4τ's and 4γ's [98– 100], with the two last channels too small to enter in the plots. We also estimated the bound coming from the indirect measurement of undetected decays of the Higgs into new physics, which is currently BRBSM < 30% [101], shown by the dot-dashed blue line. In our specific models, this is stronger than the direct searches, mainly because at the final states the searches focused on have small branching ratios.

x) Finally, we checked that constraints coming from associated production of the pseudo-scalars with [image: image] [102, 103] and [image: image] [104] are not competitive with production via Z decays [105] (Z→aγ).

The plots on the left column of Figure 3 show the limit on the Higgs decay constant fψ in the plane of the two pseudo-scalar masses and for models M8 and M9. For each point in the ma–[image: image] plane we compute independently the bounds on fψ coming from the a and η′ resonances and then show the most stringent one. In the two side-bands we show the strongest bound coming from a (top band) and η′ (right band), split into the various channel we considered. One important observation is that the limit often passes the 1 TeV mark. This is significant as typical electroweak precision bounds on this class of models give a lower limit on f around this scale [106–108]. Cases where the limit can be relaxed have been discussed in Contino and Salvarezza [109], Ghosh et al. [110], and Buarque Franzosi et al. (Unpublished). We note, therefore, that searches for these light pseudo-scalars can be the most constraining probe for these class of models. Also note the presence of a poorly constrained region for the 14 < ma < 65 GeV window of the lightest pseudo-scalar (most evident for M9). This is mainly due to the paucity of direct searches that are significant in this low mass window, the strongest bound being on the new physics Higgs decay rate. Note that the latter will not significantly improve at the end of the HL-LHC [111]. It is therefore crucial to close this gap with searches dedicated to this region, which is present for all models. Note also that the constraints on M8 are always rather mild: this is due to the coupling to gluons, which is particularly low in this specific model. The plots, therefore, show how the constraints are particularly sensitive to the details of the underlying models, as the twin models M8 and M9 dramatically show. For comparison, in Figure 4 we show the bounds for another model, M7, based on the SU(5)/SO(5) coset, which shows an intermediate situation. Similar plots for all the other models are shown in Figures 7–9 in Appendix C. They all show a similar pattern of constraints.


[image: image]

FIGURE 4. Same as Figure 3, for the model M7, based on the EW coset SU(5)/SO(5).



A new result we show in this paper is the inclusion of projections for the HL-LHC run. First, we would like to attack the low mass window, which is left open after the Run-II searches, as shown in all plots. In this window, the main decay channels are in two jets (either gluons or b quarks), followed by taus. Di-photon final states are also present, however current searches [83, 86, 87] cannot reach this low mass region due to trigger limitations.

In Cacciapaglia et al. [31] we proposed a new search based on the di-tau final state. To be able to pass the trigger requirements, we proposed to aim at the production of a single a that recoils against a high-pT jet. This also allows to reduce the background level, while the reduction in the cross section still leaves a large signal rate. We analyzed in detail the case of leptonic decays of the two taus into different flavor leptons. Due to the high boost, the angular separation between the two leptons is typically very small. Thus, imposing an upper cut on the angular separation, ΔReμ < 1, allows to efficiently reduce the main background, coming from [image: image] and Drell-Yan di-tau production. Fakes in this channel should have a limited impact, thus allowing us to derive reliable estimates for the reach. A key ingredient to improve the reach in the case of a small mass below 30−40 GeV is the reduction of the lower cut on the separation angle between the two leptons. The current minimal separation used at the LHC, see Khachatryan et al. [112] for instance, is ΔReμ>0.1÷0.2, as such it would lead to a degradation of the sensitivity for low invariant masses where the boost produces very low angles [31]. It would be necessary, therefore, to relax the isolation criteria and remove the minimal separation in order to optimize the reach. Furthermore, due to the low statistics, it is crucial to reduce at the maximum the systematic errors on the lepton reconstructions. For this reason, we focused on the fully leptonic case. The main systematics in boosted di-tau searches [113] come from hadronic tau decays and from the invariant mass reconstruction, which are not required in our study. We optimistically assume, therefore, that systematic uncertainties below the % level can be achieved. In the right plots of Figures 3, 4 and Figures 7–9 in Appendix C, we show the projected reach of this proposed search in black. The plots show that in most models it can effectively cover the low mass open window, with enhanced sensitivity to the low mass end. Note also that we only use the opposite-flavor fully leptonic channel. Nevertheless, semi-leptonic decays may also be used, by implementing advanced techniques, like the “mini-isolation” proposed in Rehermann and Tweedie [114], while tests of fully-hadronic di-tau tagging can be found in Katz et al. [115] and Conte et al. [116].

Another method that would allow to cover the low mass window is extracting indirect bounds from the di-photon differential cross section measurements, as proposed in Mariotti et al. [117]. We added a projection of this bound at High-Luminosity in red. Figure 3 effectively shows the complementarity between the two searches: for M8, the di-tau search gives stronger bounds in the full mass range, while for M9 the di-photon bound is more stringent while di-tau can only compete at the low mass end of the window. In Figure 4 we show another case, M7, where the complementarity between the two methods at the low and high ends of the open mass window is more evident. To complete the High-Luminosity projections, we also include projections for [image: image] [118–120] (in blue), di-jet [119, 121, 122] (in green), Zh [123] (in orange), WW [124] (in cyan), ττ [125] (in violet), and [image: image] [119, 122] (in red).

The plots on the right side of the Figures 3, 4 and Figures 7–9 in Appendix C show that the High-Luminosity run of the LHC will allow to effectively cover the full parameter space of the pseudo-scalar masses for nearly all models, provided that the searches addressing the low mass window are implemented. This is a last chance situation, as the sensitivity of high-energy future colliders to such low masses will be much lower.

Before concluding the section, we would like to comment on another search that can be potentially useful to cover the low-mass open window, i.e., the LHCb search for dark photons in the di-muon final state [126]. The main strength of this search relies on the cancellation of all systematic uncertainties. A recast of this search in the context of a two Higgs doublet model can be found in Haisch et al. [127]. While the systematics associated to the detector effects are reasonably similar between the pseudo-scalar resonance and the dark photon, the production channel (gluon fusion vs. Drell–Yann) remains different, thus a more detailed determination of the acceptances and systematics is needed for a recast in our case. The results of ongoing work will be presented in a separate publication.



5. CONCLUSIONS AND OUTLOOK

We have updated the bounds from various experimental searches on two potentially light pseudo-scalar mesons, which arise in models of composite Higgs with top partial compositeness, with an underlying gauge-fermion description. We have provided a handbook containing all the relevant information necessary to study the phenomenology in any of the variations of the 12 possible basic models. In each model, the couplings of the two states can be computed in terms of the properties of the underlying gauge theory and of the two decay constants in the two sectors, one related to the EW symmetry breaking and the other to QCD carrying states.

We found that, in most models, scanning for masses up to 10 TeV, the non-observation of a resonance allows to set a bound on the compositeness scale, that surpasses the typical bound from electroweak precision tests. This result shows how the observation of these states can be a smoking gun for these class of theories, while also carrying precious information on the details of the underlying models. In all cases, there is a poorly constrained region for masses between 10 and 65 GeV, where the “standard” channels relying on Higgs decays or di-muon searches, give very weak bounds in these models.

We thus reviewed two proposals to cover this window: one based on the search for boosted di-tau systems, and the other on indirect bounds from the di-photon differential cross section measurements. At the High-Luminosity LHC, these two strategies would allow to close the gap. In fact, they are complementary in two aspects: the di-tau is more sensitive to small masses while the photon is more sensitive to larger masses; in models where the photon coupling is suppressed, the tau channel is most constraining, and vice versa. Finally, we included the projected sensitivity of Zh, WW, γγ, [image: image], [image: image], ττ and di-jet searches at High-Luminosity, to push the bounds higher. Our results also show the necessity to keep looking for [image: image] resonances down to the mass threshold, as this is the most sensitive channel, in these models, above 350 GeV.
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FOOTNOTES

1Constructions based on Nambu Jona-Lasinio models with four-fermion interactions [16] or based on Seiberg dualities [17] have been proposed in the literature. See also the attempt in Setford [18].

2See Table 3 in Appendix A of Belyaev et al. [27] for a list of coefficients in all models.

3There is also an additional contribution coming from the diagrams in Figure 2 that is proportional to [image: image]. This signals the presence of an effective term of the form ϕ2□h, however, such contribution is always negligible.
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Here, we review a class of models which generalize the traditional Peccei-Quinn (PQ) axion solution by a Stückelberg pseudoscalar. Such axion models represent a significant variant with respect to earlier scenarios, where axion fields were associated with global anomalies, because of the Stückelberg field, which is essential for the cancellation of gauge anomalies in the presence of extra U(1) symmetries. The extra neutral currents associated to these models have been investigated in the past, in orientifold models with intersecting branes, under the assumption that the Stückelberg scale was in the multi-TeV region. Such constructions, at the field theory level, are quite general and can be interpreted as the four-dimensional field theory realization of the Green-Schwarz mechanism of anomaly cancellation of string theory. We present an overview of models of this type in the TeV/multi TeV range in their original formulation and their recent embeddings into an ordinary GUT theory, presenting an E6 × U(1)X model as an example. In this case the model contains two axions, the first corresponding to a Peccei-Quinn axion, whose misalignment takes place at the QCD phase transition, with a mass in the meV region and which solves the strong CP problem. The second axion is ultralight, in the 10−20 − 10−22 eV region, due to misalignment and decoupling taking place at the GUT scale. The two scales introduced by the PQ solution, the PQ breaking scale and the misalignment scale at the QCD hadron transition, become the Planck and the GUT scales, respectively, with a global anomaly replaced by a gauge anomaly. The periodic potential and the corresponding oscillations are related to a particle whose De Broglie wavelength can reach 10 kpc. Such a sub-galactic scale has been deemed necessary in order to resolve several dark matter issues at the astrophysical level.

Keywords: axion physics, anomalies in gauge field theory, dark matter, Grand Unification theories, string phenomenology and cosmology


1. INTRODUCTION

It is by now well established that astrophysical and cosmological data coming either from measurements of the velocities of stars orbiting galaxies, in their rotation curves, or from the cosmic microwave background, indicate that about ~80% of matter in the universe is in an unknown form, and the expectations for providing an answer to such a pressing question run high. These observational results are justified within the standard ΛCDM dark matter/dark energy model [1] which has been very successful in explaining the data. It predicts a dark energy component about 68 ± 1% of the total mass/density contributions of our universe in the form of a cosmological constant. The latter accounts for the dark energy dominance in the cosmological expansion at late times and provides the cosmological acceleration measured by Type Ia supernovae [2, 3], with ordinary baryonic dark matter contributing just a few percent of the total mass/energy content (~5%) and a smaller neutrino component. Cold dark matter with small density fluctuations, growing gravitationally and a spectral index of the perturbations nS ~ 1 is compatible with an early inflationary stage and accounts for structure formation in most of the early universe eras. By now, data on the CMB, weak lensing and structure formation, covering redshifts from large z ~ 103 down to z <~ O(1) where the full nonlinear regime of matter dominance is at work, have been confronted with N-body gravitational simulations for quite some time, with comparisons which are in general agreement with ΛCDM. Such simulations, characterized by perturbations with the above value of the spectral index show the emergence of hierarchical, self-similar structures in the form of halos and sub-halos of singular density (ρ(r) ~ 1/r in terms of the radius r) [4] in the nonlinear regime. However, while the agreement between ΛCDM and the observations is significant at most scales, at a small sub-galactic scale, corresponding to astrophysical distances relevant for the description of the stellar distributions (~10 kpc), cold dark matter models predict an abundance of low-mass halos in excess of observations [5]. Difficulties in characterizing this sub-galactic region have usually been attributed to inaccurate modeling of its baryonic content, connected with star formation, supernova explosions and black hole activity which take place in that region, causing a redistribution of matter.

There are various possibilities to solve this discrepancy, such as invoking the presence of warm dark matter (WDM), whose free streaming, especially for low mass WDM particles, could erase halos and sub-halos of low mass. At the same time, they could remove the predicted dark matter cusps in ρ(r), present in the simulations for r ≃ 0 [4] but are not detected observationally. As observed in Hu et al. [5] and recently re-addressed in Hui et al. [6], these issues define a problem whose resolution may require a cold dark matter component which is ultralight, in the 10−20 − 10−22 eV range. Proposals for such a component of dark matter, find motivations mostly within string theory, where massless moduli in the form of scalar and pseudoscalar fields abound at low energy. They are introduced at the Planck scale and their flat potentials can be lifted by a small amount, giving rise to ultralight particles. However, the characterization of a well-defined gauge structure which may account for the generation Of such ultralight particle(s) and which may eventually connect the speculative scenarios to the electroweak scale, can be pursued in various ways. It has recently been proposed [7] that particles of this kind may emerge from a grand unification in the presence of anomalous abelian symmetries, revisiting previous constructions.

The goal of this review is to summarize the gauge structure of these models which require an anomalous fermion spectrum with gauge invariance restored by a Wess-Zumino interaction, by the inclusion of a Stückelberg axion. Such models can be thought as the field theory realization of the mechanism of anomaly cancellation derived from string theory. The models reviewed here are characterized by some distinctive key features that we discuss, in order to establish their relation to the Peccei-Quinn model, of which they are an extension at a field theory level.



2. ANOMALOUS U(1)′S

The Peccei-Quinn (PQ) mechanism, proposed in the 1970's to solve the strong CP problem [8–10], had originally been realized by assigning an additional abelian chiral charge to the fermion spectrum of the Standard Model (SM). Alternatively, a similar symmetry can be present in a natural way in specific gauge theories based on groups of higher ranks with respect to the SM gauge group. This is the case, for instance of the U(1)PQ symmetry found in the E6 GUT discussed in Frampton and Kephart [11] (as well as in other realizations), which is naturally present in this theory and which can lead to a solution of the strong CP problem.

As we are going to discuss, the mass of the axion, either in the presence of global or local anomalies is connected to the instanton sector of a non-abelian theory and it is crucial for the mechanism of misalignment to be effective so that the axion couples to the gauge sector of the same theory. In fact, the possibility that more than one axion is part of the spectrum of a certain gauge theory is not excluded, with the mass of each axion controlled by independent mechanism(s) of vacuum misalignment induced at several scales, if distinct gauge couplings for each of such particles with different gauge sectors are present [12, 13]. We will illustrate this point in the extended E6 theory, in the next sections, where the inclusion of an extra anomalous U(1) gauge symmetry realizes such a scenario. Different mechanisms of vacuum misalignment may be responsible for the generation of axions of different masses, whose sizes may vary considerably.


2.1. Anomaly Cancellation at Field Theory Level With an Axion

In the case of a Stückelberg axion, as already mentioned, the PQ symmetry is generalized from a global to a local gauge symmetry and the Wess-Zumino interactions are needed for the restoration of gauge invariance of the effective action. Such generalizations, originally discussed in the context of low scale orientifold models [14], where anomalous abelian symmetries emerge from stacks of intersecting branes, have in the past been proposed as possible scenarios to be investigated at the LHC [15–20], together with their supersymmetric extensions [13, 21, 22]. While anomalous abelian symmetries are interesting in their own right, especially in the search for extra neutral currents at the LHC [18, 23–25], one of the most significant aspects of such anomalous extensions is in fact the presence of an axion which is needed in order to restore the gauge invariance of the effective action. It was called the “axi-Higgs” in Corianò et al. [14] and Corianò and Irges [15]–for being generated by the mechanism of Higgs-Stückelberg mixing in the CP-odd scalar sector, induced by a PQ-breaking periodic potential, later studied for its implications for dark matter in Corianò et al. [12]. The appearance of such a potential is what allows one component of the Stückelberg field to become physical. A periodic potential can be quickly recognized as being of instanton origin and related to the θ-vacuum of Yang-Mills theory and can be associated with phase transitions in non-abelian theories. Recent developments have considered the possibility that the origin of such a potential of this form can be set at a very large scale, such as the scale of grand unification (GUT). Its size is related to the value of the gauge coupling at the GUT scale, characterized by a typical instanton suppression, where the mechanism of vacuum misalignment takes place.



2.2. An Ultralight Axion

In the case of a misalignment generated at the GUT scale, the mass of the corresponding axion is strongly suppressed and can reach the far infrared, in the range of 10−20 − 10−22 eV, which is in the optimal range for a possible resolution of several astrophysical issues, such as those mentioned in the introduction [6]. Proposals for a fuzzy component of dark matter require a weakly interacting particle in that mass range. As in the PQ (invisible axion) case. Additionally, in this case two scales are also needed in order to realize a similar scenario. In the PQ case the two scales correspond to fa, the large PQ breaking scale and the hadronic scale which links the axion mass, fa, the pion mπ and the light quarks masses mu, md, in an expression that we will summarize below. In the case of Stückelberg axions these fields can be introduced as duals of a 2-form (Bμν), defined at the Planck scale (MP) and coupled to the field strength (F) of an anomalous gauge boson via a B ∧ F interaction [7].

The mechanism of Higgs-axion mixing and the generation of the periodic potential can take place at a typical GUT scale. It is precisely the size of the potential at the GUT scale, which is controlled by the θ-vacuum of the corresponding GUT symmetry, which is responsible for the generation of an ultralight axion in the spectrum. As already mentioned, in the model discussed in Corianò and Frampton [7] a second axion is present, specific to the E6 part of the E6 × U(1)X symmetry, which is sensitive to the SU(3) color sector of the Standard Model after spontaneous symmetry breaking. This second field takes the role of an ordinary PQ axion and solves the strong CP problem. We will start by recalling the main features of the PQ solution, in particular the emergence of a mass/coupling relation in such a scenario which narrows the window for axion detection down and gets enlarged in the presence of a gauge anomaly in Stückelberg models [20]. We will then turn, in the second part of this review, to a discussion of the Stückelberg extension. We will describe the features of such models in them non-supersymmetric formulation. Their supersymmetric version requires a separate discussion, for predicting both an axion and a neutralino as possible dark matter relics [13, 22].




3. THE INVISIBLE PQ AXION

The theoretical prediction for the mass range in which to locate a PQ axion is currently below the eV region. The PQ solution to the strong CP problem has been formulated according to two main scenarios involving a light pseudoscalar (a(x)) which nowadays take the name from the initials of the proponents, the KSVZ axion (or hadronic axion) and the DFSZ [26, 27] axion, the latter introduced in a model which requires, in addition, a scalar sector with two Higgs doublets Hu and Hd, besides the PQ complex scalar Φ.

The small axion mass is attributed to a vacuum misalignment mechanism generated by the structure of the QCD vacuum at the QCD phase transition, which causes a tilt in the otherwise flat PQ potential. The latter undergoes a symmetry breaking at a scale vPQ, in general assumed to lay above the scales of inflation HI and of reheating (TR), and hence quite remote from the electroweak/confinement scales. Other possible locations of vPQ with respect to HI and TR are also possible.

In both solutions the Peccei-Quinn scalar field Φ, displays an original symmetry which can be broken by gravitational effects, with a physical Goldstone mode a(x) which remains as such from the large vPQ scale down to ΛQCD, when axion oscillations occur. In the DFSZ solution, the axion emerges as a linear combination of the phases of the CP-odd sector and of Φ which are orthogonal to the hypercharge (Y) and are fixed by the normalization of the kinetic term of the axion field a. The solution to the strong CP problem is then achieved by rendering the parameter of the θ-vacuum dynamical, with the angle θ replaced by the axion field (θ → a/fa), with fa being the axion decay constant. The computation of the axion mass ma is then derived from the vacuum energy of the θ-vacuum E(θ) once this is re-expressed in terms of the QCD chiral Lagrangian, which in the two quark flavor (u,d) case describes the spontaneous breaking of the SU(2)L × SU(2)R flavor symmetry to a diagonal SU(2) subgroup, with the 3 Goldstone modes (π±, π0) being the dynamical field of the low energy dynamics. In this effective chiral description in which the θ parameter is present, the vacuum energy acquires a dependence both on neutral pseudoscalar π0 and on θ of the form
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with
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At the minimum, when [image: image], the vacuum energy assumes the simpler form
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which expanded for small θ gives the well-known relation
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and the corresponding axion mass
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as θ → a/fa. Before getting into a more detailed analysis of the various possible extensions of the traditional PQ scenarios, we briefly review the KSVZ (hadronic) and DFSZ (invisible) axion solutions.


3.1. KSVZ and DFSZ Axions

In both the DFSZ and KSVZ scenarios a global anomalous U(1)PQ symmetry gets broken at some large scale vPQ, with the generation of a Nambu-Goldstone mode from the CP-odd scalar sector. In the KSVZ case the theory includes a heavy quark Q which acquires a large mass by a Yukawa coupling with the scalar Φ. In this case the Lagrangian of Q takes the form
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with a global U(1)PQ chiral symmetry of the form

[image: image]

with an SU(3)c covariant derivative (D) containing the QCD color charge of the heavy fermion Q. The scalar PQ potential can be taken from the usual Mexican-hat form and it is U(1)PQ symmetric. Parameterising the PQ field with respect to its broken vacuum
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the Yukawa coupling of the heavy quark Q to the CP-odd phase of Φ, a(x), takes the form

[image: image]

At this stage one assumes that there is a decoupling of the heavy quark from the low energy spectrum by assuming that vPQ is very large. The standard procedure in order to extract the low energy interaction of the axion field is to first redefine the field Q on order to remove the exponential with the axion in the Yukawa coupling

[image: image]

This amounts to a chiral transformation which leaves the fermionic measure non-invariant

[image: image]

and generates a direct coupling of the axion to the anomaly [image: image]. Here the factor of 6 is related to the number of L/R components being rotated, which is 6 if Q is assigned to the triplet of SU(3)c.

The kinetic term of Q is not invariant under this field redefinition and generates a derivative coupling of a(x) to the axial vector current of Q. For nf triplets, for instance, the effective action of the axion, up to dimension-5 takes the form

[image: image]

where we have neglected extra higher dimensional contributions, suppressed by vPQ.

In the case of the DFSZ axion, the solution to the strong CP problem is found by introducing a scalar Φ together with two Higgs doublets Hu and Hd. In this case one writes down a general potential, function of these three fields, which is SU(2) × U(1) invariant and possesses a global symmetry

[image: image]

with Xu + Xd = − 2XΦ. It is given by a combination of terms of the form

[image: image]

where Hu · Hd denotes the SU(2) invariant scalar product. The identification of the axion field is made by looking for a linear combination of the phases which is not absorbed by a gauge transformation. This can be done, for instance, by going to the unitary gauge and removing all the NG modes of the broken gauge symmetry. The corresponding phase, which is the candidate axion, is the result of a process of mixing the PQ field with the Higgs sector at a scale where the symmetry of the potential is spontaneously broken by the two Higgs fields.




4. TEV SCALE: STÜCKELBERG AXIONS IN ANOMALOUS U(1) EXTENSIONS OF THE STANDARD MODEL

Intersecting D-brane models are one of those constructions where generalized axions appear [28–31]. In the case in which several stacks of such branes are introduced, each stack being the domain in which fields with the gauge symmetry U(N) live, several intersecting stacks generate, at their common intersections, fields with the quantum numbers of all the unitary gauge groups of the construction, such as

[image: image]

The phases of the extra U(1)'s are rearranged in terms of an anomaly-free generator, corresponding to an (anomaly free) hypercharge U(1) (or U(1)Y), times extra U(1)'s which are anomalous, carrying both their own anomalies and the mixed anomalies with all the gauge factors of the Standard Model. This general construction can be made phenomenologically interesting.

Using this approach, the Standard Model can be obtained by taking for example 3 stacks of branes: a first stack of 3 branes, yielding a U(3) gauge symmetry, a second stack of 2 branes, yielding a symmetry U(2) and an extra single U(1) brane, giving a gauge structure of the form SU(3) × SU(2) × U(1) × U(1) × U(1). Linear combinations of the generators of the three U(1)'s allow us to rewrite the entire abelian symmetry in the form [image: image], with the remaining U(1)′ × U(1)″ factors carrying anomalies which need to be canceled by extra operators. The simplest realization of the Standard Models (SM) is obtained by 2 stacks and a single brane at their intersections, giving a symmetry U(3) × U(2) × U(1). In this case, in the hypercharge basis, the gauge structure of the model can be rewritten in the form [image: image].

We consider the case of a single [image: image] anomalous gauge symmetry, where the Stückelberg field b(x) couples to the gauge field Bμ by the gauge invariant term

[image: image]

which is the well-known Stückelberg form. M is the Stückelberg mass. The Stückelberg symmetry of the Lagrangian (16) is revealed by acting with gauge transformations of the gauge fields Bμ under which the axion b varies by a local shift

[image: image]

parameterized by the local gauge parameters θB. Originally, the Stückelberg symmetry was presented as a way to give a mass to an abelian gauge field while still preserving the gauge invariance of the theory. However, it is clear nowadays that its realization is the same one as obtained, for instance, in an abelian-Higgs model when one decouples the radial excitations of the Higgs fields from its phase [20]. The bilinear ∂B mixing present in Equation (16) is an indication that the b field describes a Nambu-Goldstone mode which could, in principle, be removed by a unitary gauge condition. We will come back to this point later in this review. There is a natural way to motivate Equation (16).

If we assume that the U(1)B gauge symmetry is generated within string theory and realized around the Planck scale, the massive anomalous gauge boson acquires a mass through the presence of an A ∧ F coupling in the bosonic sector of a string-inspired effective action [32]. The starting Lagrangian of the effective theory involves, in this case, an antisymmetric rank-2 tensor Aμν coupled to the field strength Fμν of Bμ
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where

[image: image]

is the kinetic term for the 2-form and g is an arbitrary constant. Besides the two kinetic terms for Aμν and Bμ, the third contribution in Equation (18) is the A ∧ F interaction.

The Lagrangian is dualized by using a “first order” formalism, where H is treated independently from the antisymmetric field Aμν. This is obtained by introducing a constraint with a Lagrangian multiplier field b(x) in order to enforce the condition H = dA from the equations of motion of b, in the form

[image: image]

The appearance of a scale M in this Lagrangian is crucial for the cosmological implications of such a theory [18], since it defines the energy region where the mechanism of anomaly cancellation comes into play [14]. The last term in (20) is necessary in order to reobtain (18) from (20). If, instead, we integrate by parts the last term of the Lagrangian given in (20) and solve trivially for H we find
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and inserting this result back into (20) we obtain the expression

[image: image]

which is the Stückelberg form for the mass term of B. This rearrangement of the degrees of freedom is an example of the connection between Lagrangians of antisymmetric tensor fields and their dual formulations which, in this specific case, is an abelian massive Yang-Mills theory in a Stückelberg form.

The axion field, generated by the dualization mechanism, appears as a Nambu-Goldstone mode, which can be removed by a unitary gauge choice. However, as discussed in Corianò et al. [14], the appearance, at a certain scale, of an extra potential which will mix this mode with the scalar sector, will allow to extract a physical component out of b, denoted by χ.

The origin of such a mixing potential is here assumed to be of non-perturbative origin and triggered at a scale below the Stückelberg scale M. It is at this second scale where a physical axion appears in the spectrum of the theory. The local shift invariance of b(x) is broken by the vev of the Higgs sector appearing in the part of the potential that couples the Stückelberg field to the remaining scalars, causing a component of the Stückelberg to become physical. The scale at which this second potential is generated and gets broken is the second scale controlling the mass of the axion, χ. Such a potential is by construction periodic in χ, as we are going to illustrate below, and it is quite similar to the one discussed in Equation (14). Its size is controlled by constants (λi) which are strongly suppressed by the exponential factor ([image: image], with Sinst the instanton action), determined by the value of the action in the instanton background.

In models with several U(1)'s this construction is slightly more involved, but the result of the mixing of the CP odd phases leaves as a remnant, also in this case, only one physical axion [14], whose mass is controlled by the size of the Higgs-axion mixing.


4.1. Stückelberg Models at the TeV Scale With Two-Higgs Doublets

The type of models investigated in the past have been formulated around the TeV scale and discussed in detail in their various sectors [15–20, 33, 34]. We offer a brief description of such realizations, which extend the symmetry of the SM minimally and as such are simpler than in other realizations involving larger gauge symmetries. They have the structure of effective actions where dimension-5 interactions are introduced in order to restore the gauge invariance of the Lagrangian in the presence of an anomalous gauge boson (and corresponding fermion spectrum). Therefore, they are quite different from ordinary anomaly-free versions of the same theories. They include one extra anomalous U(1)B symmetry, the Stückelberg field and a set of scalars with a sufficiently wide CP odd sector in order to induce a mixing potential between the scalar fields and the Stückelberg. Obviously, such models are of interest at the LHC for predicting anomalous gauge interactions in the form of extra neutral currents [18, 23] with respect to those of the electroweak sector.

The effective action has the structure given by

[image: image]

where [image: image]0 is the classical action. The same structure will characterize also other, more complex, realizations. It contains the usual gauge degrees of freedom of the Standard Model plus the extra anomalous gauge boson B which is already massive before electroweak symmetry breaking, via a Stückelberg mass term, as it is clear from (22). We show the structure of the 1-particle irreducible effective action in Figure 1. We consider a 2-Higgs doublet model for definiteness, which will set the ground for more complex extensions that we will address in the next sections. We consider an SU(3)c × SU(2)w × U(1)Y × U(1)B gauge symmetry model, characterized by an action [image: image]0, corresponding to the first contribution shown in Figure 1, plus, one loop corrections which are anomalous and break gauge invariance whenever there is an insertion of the anomalous gauge boson Bμ in the trilinear fermion vertices. In the last line of the same figure are shown the (b/M)F ∧ F Wess-Zumino counterterms needed for restoring gauge invariance, which are suppressed by the Stückelberg scale M. Table 1 shows the charge assignments of the fermion spectrum of the model, where we have indicated by q the charges for a single generation, having considered the conditions of gauge invariance of the Yukawa couplings. Notice that the two Higgs fields carry different charges under U(1)B, which allow to extend the ordinary scalar potential of the two-Higgs doublet model by a certain extra contribution. This will be periodic in the axi-Higgs χ, after the two Higgses, here denoted as Hu and Hd, acquire a vev. Specifically, [image: image] denote the charges of the left-handed lepton doublet (L) and of the quark doublet (Q) respectively, while [image: image] are the charges of the right-handed SU(2) singlets (quarks and leptons). We denote by [image: image] the difference between the two charges of the up and down Higgses [image: image] respectively and from now on we will assume that it is non-zero. The trilinear anomalous gauge interactions induced by the anomalous U(1) and the relative counterterms, which are all parts of the 1-loop effective action, are illustrated in Figure 1.
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FIGURE 1. The 1PI effective action for a typical low scale model obtained by adding one extra anomalous U(1)B to the Standard Model action. Shown are the one-loop trilinear anomalous interactions and the corresponding counterterms, involving the b field.





Table 1. Charges of the fermion and of the scalar fields.
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4.2. Fermion/Gauge Field Couplings

The models that we discuss are characterized by one extra neutral current, mediated by a Z′ gauge boson. The interaction of the fermions with the gauge fields is defined by the Lagrangian
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while the Higgs sector is characterized by the two Higgs doublets
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where [image: image], [image: image] and [image: image], [image: image] are complex fields with (with some abuse of notation we rescale the fields by a factor of [image: image])
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Expanding around the vacuum we get for the neutral components

[image: image]

which will play a key role in determining the mixing of the Stückelberg field in the periodic potential. The electroweak mixing angle is defined by cos θW = g2/g, sin θW = gY/g, with [image: image]. We also define cos β = vd/v, sin β = vu/v with [image: image]. The matrix rotates the neutral gauge bosons from the interaction to the mass eigenstates after electroweak symmetry breaking and has elements which are O(1), being expressed in terms of ratios of coupling constants, which correspond to mixing angles. It is given by

[image: image]

which can be approximated to leading order as
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where
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Once the WZ counterterms rotates into the gauge eigenstates and the b field into the physical χ field, there will be a direct coupling of the anomaly to the physical gauge bosons. This will involve both the neutral and the charged sectors. More details can be found in Corianò et al. [17].



4.3. Counterterms

Fixing the values of the counterterms in simple single U(1) models like the one we are reviewing, allows to gain some insight into the possible solutions of the gauge invariance conditions on the Lagrangian. The numerical values of the counterterms appearing in the second line of Figure 1 are fixed by such conditions, giving

[image: image]

They are, respectively, the counterterms for the cancellation of the mixed anomaly [image: image] and [image: image]; the counterterm for the BBB anomaly vertex or [image: image] anomaly, and those of the [image: image] and [image: image] anomalies. From the Yukawa couplings we get the following constraints on the U(1)B charges
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Using the equations above, we can eliminate some of the charges in the expression of the counterterms, obtaining

[image: image]

The equations above parametrize, in principle, an infinite class of models whose charge assignments under U(1)B are arbitrary, with the charges in the last column of Table 1 taken as their free parameters. The coupling of the axion to the corresponding gauge bosons can be fixed by a complete solution to the anomaly constraints, which may provide us with an insight into the possible mechanisms of misalignment that could take place at both the electroweak and at the QCD phase transitions.



4.4. Choice of the Charges

Due to the presence, in general, of a nonvanishing mixed anomaly of the U(1)B gauge factor with both SU(2) and SU(3), the Stückelberg axion of the model has interactions with both the strong and the weak sectors, which both support instanton solutions, and therefore could acquire a mass non-perturbatively both at the electroweak and at the QCD phase transitions. In this case we consider the possibility of having sequential misalignments, with the largest contribution to the mass coming from the latter. Obviously, for a choice of charges characterized by Δq = 0, in which both doublets of the Higgs sector Hu and Hd carry the same charge under U(1)B, the axion mass will not acquire any instanton correction at the QCD phase transition. In this case the potential responsible for Higgs-axion mixing would vanish. In this scenario a solution to the anomaly equations with a vanishing electroweak interaction of the Stückelberg can be obtained by choosing [image: image].

If instead the charges are chosen in a way to have both non-vanishing weak (CBWW) and strong (CBgg) counterterms, it is reasonable to expect that the misalignment of the axion potential will be sequential, with a tiny mass generated at the electroweak phase transition, followed by a second misalignment induced at the strong phase transition. The instanton configurations of the weak and strong sectors will be contributing differently to the mass of the physical axion. However, due to the presence of a coupling of this field with the strong sector, its mass will be significantly dominated by the QCD phase transition, as in the Peccei-Quinn case.



4.5. The Scalar Sector

The scalar sector of the anomalous abelian models is characterized, as already mentioned, by the ordinary electroweak potential of the SM involving, in the simplest formulation, two Higgs doublets VPQ(Hu, Hd) plus one extra contribution, denoted as VPQ(Hu, Hd, b) - or V′ (PQ breaking) in Corianò et al. [14] - which mixes the Higgs sector with the Stückelberg axion b, needed for the restoration of the gauge invariance of the effective Lagrangian

[image: image]

The appearance of the physical axion in the spectrum of the model takes place after the phase-dependent terms—here assumed to be of non-perturbative origin and generated at a phase transition—find their way in the dynamics of the model and induce a curvature on the scalar potential. The mixing induced in the CP-odd sector determines the presence of a linear combination of the Stückelberg field b and of the Goldstones of the CP-odd sector which acquires a tiny mass. From (34) we have a first term.
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typical of a two-Higgs doublet model, to which we add a second PQ breaking term
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These terms are allowed by the symmetry of the model and are parameterized by one dimensionful (λ0) and three dimensionless couplings (λ1, λ2, λ3). Their values are weighted by an exponential factor containing as a suppression the instanton action. In the equations below we will rescale λ0 by the electroweak scale [image: image] ([image: image]) so as to obtain a homogeneous expression for the mass of χ as a function of the relevant scales of the model which are, besides the electroweak vev v the Stückelberg mass M and the anomalous gauge coupling of the U(1)B, gB.

The gauging of an anomalous symmetry has some important effects on the properties of this pseudoscalar, first among all the appearance of independent mass and couplings to the gauge fields. This scenario allows then a wider region of parameter space in which one could look for such particles [15, 17, 20], rendering them “axion-like particles” rather than usual axions. We will still refer to them as axions for simplicity. So far only two complete models have been put forward for a consistent analysis of these types of particles, the first one non-supersymmetric [14] and a second one supersymmetric [22].



4.6. The Potential for a Generic Stückelberg Mass

The physical axion χ emerges as a linear combination of the phases of the various complex scalars appearing in combination with the b field. To illustrate the appearance of a physical direction in the phase of the extra potential, we focus our attention on just the CP-odd sector of the total potential, which is the only one that is relevant for our discussion. The expansion of this potential around the electroweak vacuum is given by the parameterization
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where vu and vd are the two vevs of the Higgs fields. This potential is characterized by two null eigenvalues corresponding to two neutral Nambu-Goldstone modes [image: image] and an eigenvalue corresponding to a massive state with an axion component (χ). In the [image: image] CP-odd basis we obtain the following normalized eigenstates
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and we indicate with Oχ the orthogonal matrix which allows to rotate them to the physical basis
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which is given by
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where [image: image].

χ inherits WZ interaction since b can be related to the physical axion χ and to the Nambu-Goldstone modes via this matrix as

[image: image]

or, conversely,

[image: image]

Notice that the rotation of b into the physical axion χ involves a factor [image: image] which is of order v/M. This implies that χ inherits from b an interaction with the gauge fields which is suppressed by a scale M2/v. This scale is the product of two contributions: a 1/M suppression coming from the original Wess-Zumino counterterm of the Lagrangian ([image: image]) and a factor v/M obtained by the projection of b into χ due to Oχ.

The direct coupling of the axion to the physical gauge bosons via the Wess-Zumino counterterms is obtained by the usual rotation to the mass eigenstates which can be obtained from the rotation matrix OA defined in (29). The final expression of the coupling of the axi-Higgs to the photon [image: image], is defined by a combination of matrix elements of the rotation matrices OA and Oχ. Defining [image: image], the expression of this coefficient can be derived in the form

[image: image]

Notice that this expression is cubic in the gauge coupling constants, since factors such as g2/g and gY/g are mixing angles while the factor 1/π2 originates from the anomaly. Therefore, one obtains a general behavior for [image: image] of O(g3v/M2), with charges which are, in general, of order unity.



4.7. Periodicity of the Extra Potential

Equivalently, it is possible to reobtain the results above by an analysis of the phases of the extra potential, which shows how this becomes periodic in χ, the axi-Higgs. This approach shows also quite directly the gauge invariance of χ as a physical pseudoscalar. In fact, if we opt for a polar parametrization of the neutral components in the broken phase

[image: image]

where we have introduced the two phases Fu and Fd of the two neutral Higgs fields, information on the periodicity is obtained by combining all the phases of V′

[image: image]

Using the matrix Oχ to rotate on the physical basis of the CP-odd scalar sector, the phase describing the periodicity of the potential turns out to be proportional to the physical axion χ, modulo a dimensionful constant (σχ)

[image: image]

where we have defined

[image: image]

Notice that σχ, in our case, takes the role of fa of the PQ case, where the angle of misalignment is identified by the ratio a/fa, with a the PQ axion.

As already mentioned, the re-analysis of the V′ potential is particularly useful for proving the gauge invariance of χ under a U(1)B infinitesimal gauge transformation with gauge parameter αB(x). In this case one gets

[image: image]

giving for (46) δθ = 0. The gauge invariance under U(1)Y can also be easily proven using the invariance of the Stückelberg field b under the same gauge group, sand the fact that the hypercharges of the two Higgses are equal. Finally, the invariance under SU(2) is obvious since the linear combination of the phases that define θ(x) are not touched by the transformation.

From the Peccei-Quinn breaking potential we can extract the following periodic potential

[image: image]

with a mass for the physical axion χ given by

[image: image]

The size of the potential is driven by the combined product of non-perturbative effects, due to the exponentially small parameters ([image: image]), with the electroweak vevs of the two Higgses. Notice also the irrelevance of the Stückelberg scale M in determining the value of σχ ~ O(v) and of mχ near the transition region, due to the large suppression factor λ in Equation (97). One point that needs to be stressed is the fact that at the electroweak epoch the angle of misalignment generated by the extra potential is parameterized by χ/σχ, while the interaction of the physical axion with the gauge fields is suppressed by M2/v. This feature is obviously unusual, since in the PQ case both scales reduce to a single scale, the axion decay constant fa.



4.8. The Yukawa Couplings and the Axi-Higgs

The Yukawa couplings determine an interaction of the axi-Higgs to the fermions. This interaction is generated by the rotation in the CP-odd sector of the scalars potential, which mixes the CP-odd components, with the inclusion of the Stückelberg b, via the matrix Oχ. The Yukawa couplings of the model are given by

[image: image]

where the Yukawa coupling constants Γd, Γu and Γe run over the three generations, i.e., u = {u, c, t}, d = {d, s, b} and e = {e, μ, τ}. Rotating the CP-odd and CP-even neutral sectors into the mass eigenstates and expanding around the vacuum one obtains

[image: image]
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where the vevs of the two neutral Higgs bosons vu = vsin β and vd = vcos β satisfy
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The fermion masses are given by

[image: image]

where the generation index has been suppressed. The fermion masses, defined in terms of the two expectation values vu, vd of the model, show an enhancement of the down-type Yukawa couplings for large values of tan β while at the same time the up-type Yukawa couplings get a suppression. The couplings of the h0 boson to fermions are given by

[image: image]

The couplings of the H0 boson to the fermions are

[image: image]

The interaction of χ with the fermions is proportional to the rotation matrix Oχ and to the mass of the fermion. The decay of the axi-Higgs is driven by two contributions, the direct point-like WZ interaction [image: image] and the fermion loop. The amplitude can be separated in the form corresponding to the two contributions from diagrams of Figures 2A,B

[image: image]
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FIGURE 2. Contributions to the χ → γγ decay. describing the anomaly contribution (A) and the interaction mediated by the Yukava coupling in the fermion loop (B).



The direct coupling related to the anomaly is given by the vertex shown in Figure 2A

[image: image]

coming from the WZ counterterm [image: image] which gives a decay rate of the form

[image: image]

We remark that [image: image] is of O(g3v/M2), as derived from Equation (43), with charges that have been chosen of O(1). It is

Comparative studies of the decay rate into photons for the axi-Higgs with the ordinary PQ axion have been performed for a Stückelberg scale confined in the TeV range and a mass of χ in the same range expected for the PQ axion. The analysis shows that the total decay rate of χ into photons is of the order [image: image] GeV, which is larger than the decay rate of the PQ axion in the same channel (10−60), but small enough to be long- lived, with a lifetime larger than the age of the universe. We show in Figure 3 the result of this study, where we compare predictions for the decay rate of the axi-Higgs into two photons to that of the ordinary PQ axion.
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FIGURE 3. Total decay rate of the axi-Higgs for several mass values. Here, for the PQ axion, we have chosen [image: image] GeV.



The charge assignment of the anomalous model has been denoted as f(−1, 1, 4), where we have used the convention

[image: image]

These depend only upon the three free parameters [image: image], [image: image]. The parametric solution of the anomaly equations of the model [image: image], for the particular choice [image: image], reproduces the entire charge assignment of a special class of intersecting brane models (see [29, 32] and the discussion in Corianò and Guzzi [20])

[image: image]

We refer to Corianò et al. [12] for further details on these studies.




5. RELIC DENSITY FOR A LOW (~ 1 TEV) STÜCKELBERG SCALE

The computation of the relic density for the Stückelberg axi-Higgs can be performed as in Corianò et al. [13], adopting a low scale scenario, where the extra V′ (49) potential which causes the vacuum misalignment is generated around the electroweak scale.

One starts from the Lagrangian

[image: image]

where Γχ is the decay rate of the axion, where the potential has been expanded around its minimum up to quadratic terms. The same action can be derived from the quadratic approximation to the general expression

[image: image]

which, as just mentioned, is constructed from the expression of V′ given in Equation (49). Here μ ~ v, is the electroweak scale. We also set other contributions to the vacuum potential to zero (V0 = 0). In a Friedmann-Robertson-Walker spacetime metric, with a scaling factor R(t), this action gives the equation of motion

[image: image]

We will neglect the decay rate of the axion in this case and set Γχ ≈ 0. At this point, we are free to set the scale at which the V′ potential, which is of non-perturbative origin, is generated. Therefore, it will be zero above the electroweak scale (or temperature Tew), which will give mχ = 0 for T [image: image] Tew. The general equation of motion derived from Equation (65), introducing a temperature dependent mass, can be written as

[image: image]

which allows as a solution a constant value of the misalignment angle θ = θi. The axion energy density is given by
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which after a harmonic averaging, due to the periodic motion, gives

[image: image]

By differentiating Equation (67) and using the equation of motion in (66), followed by the averaging Equation (68) one obtains the relation
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with a mass which is time-dependent through its temperature T(t), while H(t) = [image: image](t)/R(t) is the Hubble parameter. One easily finds that the solution of this equation is of the form

[image: image]

which shows the decay of the energy density with an increasing space volume, valid even for a T-dependent mass. The condition for the oscillations of χ to take place is that the universe has to at least be as old as the period of oscillation. Then the axion field starts oscillating and appears as dark matter, otherwise θ is misaligned but frozen. This is the physical content of the condition

[image: image]

which allows to identify the initial temperature of the coherent oscillation of the axion field χ, Ti, by equating mχ(T) to the Hubble rate, taken as a function of temperature.

In the radiation era, the thermodynamics of all the components of the primordial state is entirely determined by the temperature T, being the system at equilibrium. This is because the contents of the early universe were in approximate thermal equilibrium, being the interaction rates of the constituents were large compared to the interaction rates H.

Pressure and entropy are then just given as a function of the temperature

[image: image]

Combined with the Friedmann equation they allow to relate the Hubble parameter and the energy density

[image: image]

with [image: image] being the Newton constant and MP the Planck mass. The number density of axions nχ decreases as 1/R3 with the expansion, as does the entropy density s ≡ S/R3, where S indicates the comoving entropy density, which remains constant in time, leaving the ratio Ya ≡ nχ/s conserved. An important variable is the abundance of χ at the temperature of oscillations Ti, which is defined as
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At the beginning of the oscillations the total energy density is just the potential one

[image: image]

giving for the initial abundance at T = Ti

[image: image]

where we have used the expression of the entropy given by Equation (72). At this point, by inserting the expression of ρ given in Equation (72) into the expression of the Hubble rate as a function of density given by Equation (73), the condition for oscillation Equation (71) allows to express the axion mass at T = Ti in terms of the effective massless degrees of freedom evaluated at the same temperature
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This gives for Equation (76) the expression

[image: image]

where we have expressed χ in terms of the angle of misalignment θi at the temperature when oscillations start. Notice that we are assuming that θi = 〈θ〉 is the zero mode of the initial misalignment angle after an averaging.

g*, T = 110.75 is the number of massless degrees of freedom of the model at the electroweak scale. Using the conservation of the abundance Ya0 = Ya(Ti), the expression of the contribution to the relic density is given by

[image: image]

To evaluate (79) we need the values of the critical energy density (ρc) and the entropy density today, which are estimated as

[image: image]

with θ ≃ 1. Given these values, the relic density as a function of tan β = vu/vd, the ratio of the two Higgs vevs, is given in Figure 4. In this plot we have varied the oscillation mass and plotted the relic densities as a function of this variable. The variation of vu has been constrained to give the values of the masses of the electroweak gauge bosons, via an appropriate choice of tan β.
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FIGURE 4. Relic density of the axi-Higgs as a function of tan β for several values of the mass of the axi-Higgs.



For instance, if we assume a temperature of oscillation of Ti = 100 GeV, an upper bound for the axi-Higgs mass, which allows the oscillations to take place, is [image: image], with g*, T ≈ 100.

In order to specify σχ we have assumed a value of 1 TeV for the Stückelberg mass MS, with a gauge coupling of the anomalous Bμ, gB ≈ 1, and we have taken (qu, qd) of order unity, obtaining [image: image] GeV. As we lower the oscillation temperature (and hence the mass), the corresponding curves for Ωχ are down-shifted.

The plot shows that the values of these relic densities at current time are basically vanishing and these small results are to be attributed to the value of σχ, which is bound to vary around the electroweak scale. We remind that in the PQ case σχ is replaced by the large scale fa at the QCD phase transition, which determines an enhancement of Ωχ respect to the current case.

As already mentioned, nonperturbative instanton effects at the electroweak scale are expected to vastly suppress the mass of the axi-Higgs, as derived in (97), in the form

[image: image]

αW(v) being the weak charge at the scale v- which is indeed a rather small value since [image: image]. We will come back to this point in the next section, when discussing the possibility of raising MS from the TeV range up to the GUT or Planck scales.

For this reason, χ essentially remains a physical but frozen degree of freedom which may undergo a significant (second) misalignment only at the QCD phase transition. The possibility of sequential misalignments has been taken into account both in non-supersymmetric [12] and in supersymmetric models [13]. It is the presence of a coupling of the axion to the gluons, via the color/ U(1)B mixed anomaly, that χ behaves, in this case, similar to a PQ axion. The misalignment is controlled by the periodic potential generated at the QCD phase transition, being the first misalignment at the electroweak scale irrelevant. In the absence of such mixed anomaly, χ could be classified as a quintessence axion, contributing to the dark energy content of the universe.

We show in Figure 5 results of a numerical study of [image: image] as a function of MS, expressed in units of 109 GeV. We show as a darkened area the bound coming from WMAP data [35], given as the average value plus an error band, while the monotonic curve denotes the values of [image: image] as a function of MS. It is clear that the relic density of χ can contribute significantly to the dark matter content only if the Stückelberg scale is rather large (~ 107 GeV) and negligible otherwise.


[image: image]

FIGURE 5. Relic density of the axi-Higgs as a function of M. The gray bar represents the measured value of [image: image].



In the next section we address another scenario, where we will assume that the Stückelberg scale is around the Planck scale and the breaking of the symmetry which allows a periodic potential for the b field to generate, taken at the GUT scale. This particular choice for the location of the two scales, which is well motivated in a string/brane theory context, opens up the possibility of having an ultra-light axion in the spectrum. The De Broglie wavelength of this hypothetical particle would be around 10 kpc, which is what is required to solve the issues in the modeling of the matter distribution at the sub-galactic scale, that we have discussed in the introduction.



6. STÜCKELBERG MODELS AT THE PLANCK/GUT SCALE AND FUZZY DARK MATTER

By raising the Stückelberg mass near the Planck scale, the Stückelberg construction acquires a fundamental meaning since it can be directly related to the cancellation of a gauge anomaly generated at the same scale [7]. As mentioned above, anomalous U(1) symmetries are quite generally present in theories of intersecting branes. However, the very same structure emerges also in the low energy limit of heterotic string constructions. At the same time, as shown in Corianò et al. [14], even in the presence of multiple anomalous abelian symmetries, only a single axion is necessary to cancel all anomalies, giving a special status to the Stückelberg field. These considerations define a new context in which to harbor such models. In this context, it is natural to try to identify a consistent formulation within an ordinary gauge theory, by assuming that the axion emerges at the Planck scale MP, but it acquires a mass at a scale below, which in our case is assumed to be the GUT scale. In this section therefore we are going to consider an extension of the setup discussed in previous sections, under the assumption that their dynamics is now controlled by two scales.

We will consider an E6 based model, derived from E8, which appeared in the heterotic string construction of Gross et al. [36] with an E(8) × E(8) symmetry. After a compactification of six spatial dimensions on a Calabi-Yau manifold [37] the symmetry is reduced to an E(6) GUT gauge theory. Other string theory compactifications predict different GUT gauge structures, such as SU(5) and SO(10). The E6, however, allows to realize a scenario where two components of dark matter are present, as we are going to elaborate. Fermions are assigned to the 27 representation of E(6), which is anomaly-free. Notice that in E(6) a PQ symmetry is naturally present, as shown in Frampton and Kephart [11], which allows to have an ordinary PQ axion, while at the same time it is a realistic GUT symmetry which can break to the SM. This is the gauge structure to which one may append an anomalous U(1)X symmetry.

We consider a gauge symmetry of the form E6 × U(1)X, where the gauge boson Bμ is in the Stückelberg phase. Bα is the gauge field of U(1)X and Bαβ ≡ ∂αBβ − ∂βBα the corresponding field strength, while gB its gauge coupling. As already mentioned, the U(1)X carries an anomalous coupling to the fermion spectrum.

The one-particle irreducible (1PI) effective Lagrangian of the theory at 1-loop level takes the form
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in terms of the gauge contribution of E6 ([image: image]E6), the Stückelberg term [image: image]St, the anomalous 3-point functions [image: image]anom, generated by the anomalous fermion couplings to the U(1)X gauge boson, and the Wess-Zumino counterterm (WZ) [image: image]WZ. The Stückelberg interaction to the E6 gauge Lagrangian
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which enables us to write the Stückelberg part of the Lagrangian as

[image: image]

In this final form, M is the mass of the Stückelberg gauge boson associated with U(1)X which we can be taken from the order of the Planck scale, guaranteeing the decoupling of the axion around MGUT, due to the gravitational suppression of the WZ counterterms. The WZ contribution is the combination of two terms

[image: image]

needed for the cancellation of the U(1)XE6E6 and [image: image] anomalies, for appropriate values of the numerical constants c1 and c2, fixed by the charge assignments of the model. The three chiral families will be assigned under E(6) × U(1)X respectively to

[image: image]

in which the charges Xi (i = 1, 2, 3) are free at the moment, while the cancellation of the [image: image] and [image: image] anomalies implies that

[image: image]

These need to be violated in order to compensate with a Wess-Zumino term for the restoration of the gauge symmetry of the action.

Concerning the scalar sector, this contains two 351Xi (i = 1, 2) irreducible representations, where the U(1)X charges Xi need to be determined. The 351 is the antisymmetric part of the Kronecker product 27 ⊗ 27 where 27 is the defining representation of E(6). The 351X can be conveniently described by the 2-form Aμν = −Aνμ with μ, ν = 1 to 27. The most general renormalizable potential in [image: image]E6 is expressed in terms of [image: image] and [image: image] of U(1)X of charges x1 and x2 respectively. If we denote the 27Xi of Equation (86) by Ψμ with μ = 1 to 27 then the full Lagrangian including the potential V, has an invariance under the global symmetry

[image: image]

This is identifiable as a Peccei-Quinn symmetry which is broken at the GUT scale when E(6) is broken to SU(5) [11]. This axionic symmetry can be held responsible for solving the strong CP problem. We couple [image: image] to the fermion families (27)Xi i = 1, 2, 3. We choose in Equation (86), e.g., X1 = X2 = X3 = +1, with the X-charge of A(1) fixed to X = −2. The second scalar representation A(2) is decoupled from the fermions, with an X−charge for A(2) which is arbitrary and taken for simplicity to be X = +2. The potential is expressed in terms of three E6 × U(1)X invariant components,
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where
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with V1 and V2 denoting the contributions of (351)−2 and (351)+2, expressed in terms of the function [11]

[image: image]

in which dαβγ with α, β, γ = 1 to 27 is the E(6) invariant tensor.

As for the two Higgs doublet model discussed in the previous sections, also in this case we are allowed to introduce a periodic potential on the basis of the underlying gauge symmetry, of the form

[image: image]

and which become periodic at the GUT scale after symmetry breaking, similar to the case considered in Corianò et al. [12] and Corianò et al. [13]. This potential is expected to be of nonperturbative origin and generated at the scale of the GUT phase transition. Additionally, in this case the size of the contributions in Vp, generated by instanton effects at the GUT scale, are expected to be exponentially suppressed, however, the size of the suppression is related to the value of the gauge coupling at the corresponding scale.


6.1. The Periodic Potential

The breaking of the E6 × U(1)X symmetry at MGUT can follow different routes such as E(6) ⊃ SU(3)C × SU(3)L × SU(3)H where
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of which the color singlets are only the 45 states for each of the two (351)Xi

[image: image]

One easily realizes that there are exactly nine color-singlet SU(2)L-doublets in the [image: image] and 9 in the [image: image], that we may denote as [image: image], [image: image], with j = 1, 2…9, which appear in the periodic potential in the form

[image: image]

where we neglect all the other terms generated from the decomposition (93) which will not contribute to the breaking. The assumption that such a potential is instanton generated at the GUT scale, with parameters λi's induces a specific value of the instanton suppression which is drastically different from the case of a Stückelberg scale located at TeV/multi TeV range.

For simplicity we will consider only a typical term in the expression above, involving two neutral components, generically denoted as H(1)0 and H(2)0, all remaining contributions being similar. In this simplified case the axi-Higgs χ is generated by the mixing of the CP odd components of two neutral Higgses. The analysis follows the approach discussed before rather closely, in the simplest two-Higgs doublet model, which defines the template for such constructions. Therefore, generalizing this procedure, the structure of Vp after the breaking of the E6 × U(1)X symmetry can be summarized in the form

[image: image]

with a mass for the physical axion χ given by

[image: image]

with v1 ~ v2 ~ v ~ MGUT. Assuming that MS, the Stückelberg mass, is of the order of MPlanck and that the breaking of the E6 × U(1)X symmetry takes place at the GUT scale [image: image] GeV, (e.g., v1 ~ v2 ~ MGUT) then

[image: image]

where all the λi's in Vp are of the same order. The potential Vp is generated by the instanton sector and the size of the numerical coefficients appearing in its expression, are constrained to specific values. One obtains [image: image], with the value of the coupling [image: image] fixed at the GUT scale. If we assume that 1/33 ≤ αGUT ≤ 1/32, then [image: image], and the mass of the axion χ takes the approximate value

[image: image]

which contains the allowed mass range for an ultralight axion, as discussed in a recent analysis of the astrophysical constraints on this type of dark matter [6].



6.2. Detecting Ultralight Axions

One of the interesting issues on which future research has to concentrate, concerns the possibility of suggesting new ways to detect such a specific class of particles. Several proposals for the detection of generic ultralight bosons [38–40] in the astrophysical context have recently been presented. For instance, it has been observed that light boson fields around spinning black holes can trigger superradiant instabilities, which can be strong enough to imprint gravitational wave detection. This could be used to set constraints on their masses and couplings. Other proposals [41] have suggested to use the precise astronomical ephemeris as a way to detect such a light dark matter, as celestial solar system bodies feel the dark matter wind which acts as a resistant force opposing their motions. The bodies feel the dark matter wind because our solar system moves with respect to the rest frame of the dark matter halo, so that the scattering off the dark matter acts as a resistant force opposing their motions.

At the moment, from our perspective, how to distinguish between the various proposals that have been put forward in the recent literature, remains an open issue. The models that we have presented are, however, very specific, since they are accompanied by a well-defined gauge structure and are, as such, susceptible of in-depth analysis. We should also mention that another specific property of such models is their interplay with the flavor sector, especially the neutrino sector, together with their impact on leptogenesis and SO(10) grand unification. This would allow for the establishment of a possible link between the neutrino mass spectrum and the axion mass and would be an intermediate step to cover, prior to a discussion of the general astrophysical suggestions for their detections, mentioned above. An in-depth analysis of some of these issues is underway.




7. CONCLUSIONS

The invisible axion owes its origin to a global U(1)PQ (Peccei-Quinn, PQ) symmetry which was spontaneously broken in the early universe and explicitly broken to a discrete ZN symmetry by instanton effects at the QCD phase transition [42]. The breaking occurred at a temperature TPQ below which the symmetry can nonlinearly realize. Two distinctive features of an axion solution–as derived from the original Peccei-Quinn (PQ) proposal [8] and its extensions [26, 27, 43, 44]- such as (a) the appearance of a single scale fa ([image: image] GeV) which controls both their mass and their coupling to the gauge fields, via an [image: image] operator, where a(x) is the axion field and (b) their non-thermal decoupling at the hadron phase transition, attributed to a mechanism of vacuum misalignment. The latter causes axions to be a component of cold rather than hot dark matter, even for small values of their mass, currently expected to be in the μeV-meV range. The gauging of an abelian anomalous symmetry brings in a generalization of the PQ scenario. As extensively discussed in Corianò and Irges [15], Corianò et al. [16], Corianò et al. [17], Armillis et al. [18], Corianò et al. [19], and Corianò and Guzzi [20] it enlarges the parameter space for the corresponding axion. This construction allows to bypass the mass/coupling relation for ordinary PQ axions, which has often been softened in various analyses of “axion-like particles” [45].

Original analyses of Stückelberg models, motivated within the theory of intersecting branes, where anomalous U(1)'s are present, have resulted in the identification of a special pseudoscalar field, the Stückelberg field b. Its mixing with the CP-odd scalar sector allows the extraction of a one-gauge invariant component, called the axi-Higgs χ, whose mass and couplings to the gauge fields are model dependent. If string theory via its numerous possible geometric (and otherwise) compactifications [6] provides a natural arena where axion type of fields are ubiquitously present, then the possibility that an ultralight axion of this type is a component of dark matter is quite feasible. As we have discussed, its ultralight nature is a natural consequence of the implementation of the construction reflecting the low energy structure of the heterotic string theory by involving two scales, the Planck and the GUT scale. Given the mass of such axion, it is obvious that its search has to be inferred indirectly by astrophysical observations.

In short, we have seen that Stückelberg models with an axion provide a new perspective on an old problem and allow to open up new directions in the search for the constituents of dark matter of our universe.
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We consider several extensions of the Standard Model (SM) which can explain the anomalies observed by the Atomki collaboration in the decay of excited states of Beryllium via a new boson with a mass around 17 MeV yielding e+e− pairs. We show how both spin-0 and 1 solutions are possible and describe the Beyond the SM (BSM) scenarios that can accommodate these. They include BSM frameworks with either an enlarged Higgs, or gauge sector, or both.
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1. INTRODUCTION

The quest for New Physics (NP) above and Beyond the Standard Model (BSM) has always seen a 2-fold approach. On the one hand, the high energy frontier has been pursued, typically through multi-purpose experiments at hadron accelerators, like the [image: image], Tevatron, and LHC. On the other hand, the high precision frontier has been exploited, typically at lepton collider experiments, like LEP and SLC. Alongside this time honored two-prong pursuit, over the years, a transversal dimension, covering both hadron and lepton colliders, centered on flavor physics, has also developed. So that, presently, the attention of the particle physics community in unveiling some NP has mainly been concentrated upon these three research strands. However, surprises may arise in other contexts, notably from (much) lower energy experiments. In this respect, results from (g − 2) of the muon are prototypical. Another interesting result which has recently been reported is the one in Krasznahorkay et al. [1] (see also [2–5]), by the Atomki experiment [6]. The latter is a pair spectrometer for measuring multi-polarities of nuclear transitions, specifically, using a multi-detector array designed and constructed for the simultaneous measurement of energy and angular correlations of electron-positron pairs, in turn emerging via internal pair creation from a variety of nuclear transitions in various isotopes, such as 16O, 12C, and 8Be. The intriguing result reported in Krasznahorkay et al. [1] concerns e+e− correlations measured for the isovector magnetic dipole 17.64 MeV state (with spin-parity and isospin, JP = 1+, T = 1, respectively), and the isoscalar magnetic dipole 18.15 MeV state (JP = 1+, T = 0) in their transitions to the ground state (JP = 0+, T = 0) for the Beryllium case. Significant deviations from the internal pair creation rate were observed at large angles in the angular correlation for the isoscalar transition with a confidence level of more than 5σ. This observation may indicate that, in an intermediate step, a (light) neutral boson with a mass of 16.70 ± 0.35 (stat) ± 0.5 (sys) MeV has been created. In fact, also the 17.64 MeV transition eventually appeared to present a similar anomaly, albeit less significant, with a boson mass broadly compatible with the above one, i.e., 17.0 ± 0.5 (stat) ± 0.5 (sys) MeV1.

The purpose of this review is to discuss possible solutions to these results, assuming that the neutral boson could be either a spin-1 or spin-0 object, belonging to a variety of BSM scenarios. The plan is as follows. In the next section we consider the characteristics of the results reported by the Atomki experiment. Then we describe possible candidate particles for such a light bosonic state. Finally, we illustrate the embedding of such solutions in possible theoretical models, in presence of a variety of experimental constraints emerging from both low and high energy experiments. We finally conclude.



2. THE ATOMKI EXPERIMENT AND 17 MEV BERYLLIUM ANOMALY

The Atomki pair spectrometer experiment [6] was set up for searching e+e− internal pair creation in the decay of excited 8Be nuclei (henceforth, 8Be*), the latter being produced with the help of a beam of protons directed on a 7Li target. The proton beam was tuned in such a way that the different 8Be excitations could be separated in energy with high accuracy.

In the data collection stage, a clear anomaly was observed in the decay of 8Be* with JP = 1+ into the ground state 8Be with spin-parity 0+ (both with T = 0), where 8Be* had an excitation energy of 18.15 MeV [1]. Upon analysis of the electron-positron properties, the spectra of both their opening angle θ and invariant mass M presented the characteristics of an excess consistent with an intermediate boson (henceforth, X) being produced on-shell in the decay of the 8Be* state, with the X object subsequently decaying into e+e− pairs. As mentioned, the best fit to the mass MX of X was given as MX = 16.7 ± 0.35 (stat) ± 0.5 (sys) MeV, [1] in correspondence of a ratio of Branching Ratios (BRs) obtained as

[image: image]

The signal appeared as a bump over the monotonically decreasing background from pure Quantum Electro-Dynamics (QED) interactions, i.e., internal pair creation via γ* → e+e− splittings. This excess appeared only for symmetric energies of e+e−, as expected from an on-shell non-relativistic particle. In addition, the opening angle of electron-positron pair and their invariant mass distributions presented the characteristics of an excess consistent with an intermediate boson. The measurements yielded the mentioned value MX from the invariant mass [image: image], in correspondence of an angular excess around ~ 135°, as shown in Figure 1. The best fit to data was obtained for a new particle interpretation, in which case the statistical significance of the excess is 6.8 sigma. The aforementioned result from the 17.64 MeV transition yielded MX = 17.0 ± 0.5 (stat) ± 0.5 (sys) as best fit, in correspondence of an angular peak around 155° with [image: image]. The corresponding significance is nowhere near discovery though.


[image: image]

FIGURE 1. Angular and invariant mass distributions of the internal conversion electron-positron pairs measured by the Atomki spectrometer (from Feng et al. [7]).





3. CANDIDATES FOR THE NEW BOSON

An explanation of the nature of the intermediate particle, X, decaying to electron-positron pairs, was attempted by considering it as boson either with spin zero (scalar or pseudoscalar) or with spin one (vector or axial-vector). We introduce all possible combinations in turn.


3.1. Scalar Particle

If the intermediate particle X is a scalar, ϕ (JP = 0+), then the decay 8Be*(1+) → 8Be(0+) + ϕ implies, due to angular momentum conservation, that ϕ should have L = 1. Also, from parity conservation, it must have a parity equal to (−1)L, which is −1 and this contradicts the assumption that ϕ is scalar with even parity. Therefore, one can conclude that a scalar intermediate particle is ruled out.



3.2. Pseudoscalar Particle

The situation is different if the intermediate particle is a pseudoscalar, A (JP = 0−) [8]. In this case, given the quantum numbers of the 8Be* and 8Be states, the intermediate boson can indeed be a JP = 0− pseudoscalar particle if it was emitted with L = 1 orbital momentum. It was in fact shown in Ellwanger and Moretti [8] that A can account for the Atomki results if its Yukawa couplings with the SM fermions are of order of the Yukawa couplings of the SM Higgs.



3.3. Vector Particle

A neutral vector boson is the most common example considered for explaining this signal [7, 9–18]. It was emphasized that it can be a valid candidate if its coupling is constrained as g′ ~ 10−3.



3.4. Axial-Vector Particle

The pure axial-vector boson is also considered and it was shown that it can be a candidate if its coupling satisfies g′ ~ 10−4, as done in Kozaczuk et al. [19], Feng et al. [7], and Kahn et al. [20]. The case of general spin-one boson, with no definite parity, i.e., it is a mix of vector and axial-vector, could be a possible candidate after taking care of stringent constraints from atomic parity violation.

The couplings of these new light bosons with the SM particles remain an open question and subject to severe constraints from several experiments.




4. EXPERIMENTAL CONSTRAINTS ON THE PSEUDOSCALAR EXPLANATION

The reduced couplings ξq of a pseudoscalar A to quarks is defined as

[image: image]

with v ~ 246 GeV. Assuming such fundamental interactions and adopting the nuclear shell model wave functions with definite isospin T = 0 of Ellwanger and Moretti [8], one finds that

[image: image]

or, for ξu = ξd ≡ ξ, ξ ≈ 0.3. Furthemore, if A has Yukawa couplings to quarks and leptons which are proportional to the Yukawa couplings of the SM Higgs boson rescaled by generation independent factors ξd ≈ ξu ≈ ξe (or ξu [image: image] ξd), and the Yukawa couplings to BSM fermions are not much larger than the electric charge e, A has a BR of about 99% into e+e− and only about 1% into γγ. Its total width is then dominated by A → e+e− and given by

[image: image]

for MA = 17 MeV. Its decay length is

[image: image]

For the decay 8Be* → 8Be + A with M(8Be*) − M(8Be) = 18.15 MeV we obtain

[image: image]

(For MA = 17.9 MeV, 2σ above the central value in MX from the 18.15 MeV transition, we obtain [image: image].) In order to explain the observed anomaly in the Atomki pair spectrometer experiment [1], lA should then not be much larger than 1 cm leading to

[image: image]

depending somewhat on the precise value of MA.

Light pseudoscalars are subject to constraints from searches for axions or axion-like particles. For recent summaries of constraints relevant for light pseudoscalars decaying dominantly into e+e−, see [21–25]. However, since we allow for different Yukawa type couplings rescaled by ξu, ξd, and ξe with respect to SM Higgs couplings, at least some experimental constraints studied therein have to be reconsidered. Constraints from π0 → γ + X from the NA48/2 experiment, which play a major role for the Z′ scenario [7, 9], do not apply here since the decay π0 → γ + A would violate parity.

Constraints also originate from flavor violating meson decays, analyzed recently in Dolan et al. [21], and are mainly due to the following decays: K+ → π+ + A [constrained by the Kμ2 experiment [26]], K+ → π+ + invisible (measured by the experiments E787 [27] and BNL-E949 [28]), [image: image] [measured by the LHCb collaboration [29] and the CMS collaboration [30], see [31] for a LHCb/CMS combination] and [image: image] [measured by CLEO [32]]. It turns out that the most stringent Flavor Changing Neutral Current (FCNC) constraint is due to K+ → π+ + A from the Kμ2 experiment [26]. This process depends on a loop-induced Asd vertex (with W bosons and up-type quarks in the loop) which depends, in turn, on the couplings of A to d- and u-type quarks. Constraints from Yamazaki et al. [26] can lead to

[image: image]

A similar constraint can be obtained from the process B → K + A.

Constraints from searches for K+ → π+ + invisible from E787 and BNL-E949 [27, 28] apply only if A decays outside the detectors, i.e., if ξe is small enough. According to Andreas et al. [22], identifying now CAff in Andreas et al. [22] with ξe, this is not the case for ξe [image: image] 0.3.

According to Dolan et al. [21], the constraints from [image: image] (through an off-shell A) rule out any ξ [image: image] 0.7 which is weaker than the constraint (8) from K+ → π+ + A. Again, the loop contributions to the Asb vertex considered in Dolan et al. [21] are incomplete within an Ultra-Violet (UV) complete extension of the Higgs sector, and could again be canceled by additional BSM contributions as in the case of the Asd vertex.

The constraints from [image: image] measured by CLEO [32] apply only if the pseudoscalar A produced in [image: image] decays outside the detector. Accordingly these constraints depend both on the BR[image: image], hence on the Asb vertex or on ξu, ξd, and on the A decay length which depends on ξe. These quantities are identified in Dolan et al. [21] where a limit ξ [image: image] 3.5 on all flavors satisfies the constraints, since then the A decay length becomes short enough despite the large production rate. Using this constraint only for ξe is conservative, if ξu, ξd < ξe is assumed.

Finally, ξe [image: image] 3.5 satisfies also bounds on A production in radiative ϒ decays ϒ → γ + invisible interpreted as ϒ → γ + A from CLEO [33] and BaBar [34], which apply only if A decays outside the detectors. For MA ~ 17 MeV, following [22], this is not the case for ξe [image: image] 1.5.

Other important constraints on light pseudoscalars originate from beam dump experiments. From the Orsay experiment of Davier and Nguyen Ngoc [35], lifetimes τA in the range [image: image] s are ruled out for MA ~ 17 − 18 MeV. This has already been translated into constraints on a reduced pseudoscalar-fermion Yukawa coupling CAff in Andreas et al. [22], where CAff = ξe in our notation. Following Andreas et al. [22], 0.4 [image: image] CAff [image: image] 4 is ruled out by this constraint. Since ξe < 0.4 is incompatible with (7), one is left with

[image: image]

This constraint leads automatically to the satisfaction of the lower bound ξe [image: image] 3.5 from [image: image], as well as to a short enough decay length (7) for the Atomki pair spectrometer experiment. It is also compatible with the exclusion from the NA64 experiment [36] provided that ξe [image: image] 15.

Another potentially relevant experiment is the proton beam dump on copper CHARM experiment [37]. In Bergsma et al. [37] constraints were derived assuming that the production cross section and decay length of light pseudoscalars correspond to those of axions, which is not the case here. Relevant is the analysis in Dolan et al. [21] which uses the production of light pseudoscalars in K → π + A and B → X + A decays. For universally rescaled Yukawa couplings the region ξ [image: image] 1 satisfies the constraints, since then the decay length of A is too short to reach the decay region of the CHARM experiment. This constraint does not supersede the one in Equation (9).



5. EXPLANATION OF THE BERYLLIUM ANOMALY WITH A PSEUDOSCALAR

One of the less well-studied solutions is that of the pseudoscalar, but this has been done in Ellwanger and Moretti [8]. It was initially dismissed by Feng et al. [7, 9] and subsequent authors by the argument that for such axion-like pseudoscalars A, fermion loops generate couplings of the form [image: image] which are strongly constrained by axion searches. However, light pseudoscalars in this mass range with tree level Yukawa couplings to electrons decay dominantly into electron-positron pairs, unless Yukawa couplings to other charged fermions f with mass mf are much larger than mf/me compensating gAγγ ≈ 1/(8π mf). For solutions to the Atomki anomaly, we require such couplings to electrons and hence one should dismiss the pseudoscalar solution.

To summarize the previous section investigating the constraints, couplings of the form ξu + ξd ~ 0.6 and ξe > 4 should satisfy all aforementioned constraints and provide an explanation to the Atomki anomaly, with the caveat that FCNCs must be suppressed by loop contributions at the level of at least 10%.

Ultimately, it will be the Atomki experiment itself which will be in a position to either confirm or disprove the light pseudoscalar hypothesis. In fact, the experiment is currently planning to study the γγ decays of the 17 MeV particle, also in 4He → γγ [3], in order to distinguish between a vector boson and pseudoscalar boson scenario. According to the Landau-Yang theorem, the (on-shell) decay of a vector boson by double γ-emission is forbidden, however, the decay of a pseudoscalar one is allowed [38]. The angular correlation of the γ-rays will be measured by using 15 large (3″ × 3″) LaBr3 detectors. If the A boson with a mass of 17 MeV is created in the decay of the JP = 0− state and in turn decays into two γ-rays, their angular correlation θ should peak at

[image: image]

where MA is the mass of the A boson (17 MeV) and [image: image] are the energies of the two photons. However, it should be kept in mind that a light pseudoscalar with tree level coupling to electrons would have a loop-induced BR to di-photons of only one percent or so, hence hardly visible with current Atomki data sets. At any rate, results in this respect, are eagerly awaited.



6. EXPERIMENTAL CONSTRAINTS ON THE SPIN-1 EXPLANATION

Let us assume that the generic coupling of a new vector boson, Z′, to the SM fermions is given by the following interaction Lagrangian

[image: image]
 

Experimental Constraints on the Lepton Couplings

We have not seen a Z′ in the electron beam dump experiment SLAC E141. Therefore, a Z′ has not been produced, hence

[image: image]

or, else, a Z′ has been caught in the dump, hence

[image: image]

We have not seen a Z′ either in the electron beam dump experiment NA64 [36]. If a Z′ has been caught in the dump, this places the (stronger than E141) condition

[image: image]

The parity-violating Møller scattering measured at the SLAC E158 experiment [39] imposes a constraint on the product Ce,VCe,A of the Z′, namely

[image: image]

for [image: image] MeV [20].

Furthermore, there could be contributions of a Z′ to the magnetic moments of electron and muon. The one-loop ones δal, mediated by a Z′, lead to

[image: image]

where [image: image] and gV, gA are given by

[image: image]

The light boson contribution to the anomalous magnetic moment of the electron is required to be within the 2σ uncertainty of the departure of the SM prediction from the experimental result [40]. Concerning the muon anomalous magnetic moment [41], which has been measured at Brookhaven National Laboratory (BNL) to a precision of 0.54 parts per million, the current average of the experimental results is given by Bennett et al. [42], Blum et al.[43], and Lindner et al. [44]

[image: image]

which is different from the SM prediction by 3.3 to 3.6σ: [image: image] We require again that the contribution of a Z′ to (g − 2)μ, which is mainly due to its axial-vector component, is less than the 2σ uncertainty of the discrepancy between the SM result and the experimental measure. For [image: image] MeV, one then finds
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Electron-positron colliders (like KLOE2) would be sensitive to a new spin-1 gauge boson via the channel e+e− → γ, Z, Z′ → e+e−. From this process one finds

[image: image]

Similarly, Z′ contributions to neutrino-electron scattering implies a bound on the product of the electron and neutrino couplings to the Z′ [45, 46].



Experimental Constraints on the Quark Couplings

The couplings of a light Z′ state with quarks are, in general, strongly constrained from π0 → Z′ + γ searches at the NA48/2 experiment [47]. The process is proportional to the anomaly factor [image: image]. Therefore, one gets the following limit:

[image: image]

for [image: image] MeV. The contribution of the axial components is induced by chiral symmetry breaking effects and is, therefore, suppressed by the light quark masses.

Furthermore, atomic parity violation in Cesium (Cs) must be considered. In fact, very strong constraints on a light Z′ can be extracted from the measurement of the effective weak charge of the Cs atom [48, 49]:

[image: image]

at 2σ [50].




7. A U(1)′ EXTENSION OF THE SM WITH A LIGHT AND WEAKLY INTERACTING Z′

We consider a generic extension to the SM described by a new Abelian group U(1)′ [51–57]. Due to the presence of two such Abelian symmetries, [image: image], the most general kinetic Lagrangian of the corresponding fields, [image: image] and [image: image], allows for a gauge invariant operator mixing the two field strengths. In particular, the quadratic Lagrangian for the two gauge fields is given by

[image: image]

with κ being the kinetic mixing parameter. Since the parameterizations above may be inconvenient for practical computations, it is often useful to recast the kinetic Lagrangian into a diagonal form by removing the mixing operator through a rotation and rescaling of the Abelian fields. This transformation, while diagonalizing Equation (24), introduces a non-diagonal term in the interactions such that the covariant derivative may be written as

[image: image]

where Y and z are, respectively, the hypercharge and the U(1)′ charge, and [image: image] are the rotated fields. The parameter [image: image] replaces κ and describes the mixing between the two Abelian groups while g′ is the usual gauge coupling associated to the extra Abelian symmetry U(1)′.

Due to the mixing term in the gauge covariant derivative, after spontaneous symmetry breaking, the EW Vacuum Expectation Value (VEV) contributes to the U(1)′ breaking even if the Higgs sector is neutral under the new Abelian symmetry. For instance, in a scenario with only one Higgs doublet, the neutral gauge boson mass matrix can be extracted from the Higgs Lagrangian and reads as

[image: image]

where [image: image] with zΦ being the U(1)′ charge of the SM Higgs or a combination of charges in multi-Higgs doublet scenarios. As stated above, a non-vanishing gΦ can be achieved either by the non-zero U(1)′ charges of the Higgs sector, zΦ ≠ 0, or by the presence of the kinetic mixing [image: image]. Both of them contribute to a Z − Z′ mass mixing. The mass term [image: image] represents a possible source for the Z′ mass from a SM neutral sector. This can be realized, for instance, by the VEV v′ of a SM-singlet complex scalar χ, with a zχ charge under U(1)′. In this case [image: image]. We remark here that, for our purposes, it is not necessary to specify the origin of the B′ mass term and other mechanisms, beside Spontaneous Symmetry Breaking (SSB) with a complex scalar, can be also envisaged. Moreover, the mixing in the neutral gauge sector is only triggered by the gΦ parameter and, as such, is unaffected by the details of the scalar sector in which the B′ mass term is generated.

The diagonalization of the mass matrix provides the relation between the interaction and the mass eigenstates and is described by the rotation matrix

[image: image]

where θw is the usual weak mixing angle and θ′ is a new mixing angle, with −π/4 ≤ θ′ ≤ π/4, defined as Accomando et al. [58]
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where [image: image] is the EW coupling, [image: image] and [image: image]. The masses of the Z and Z′ gauge bosons are then given by
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For a light and weakly interacting Z′, namely [image: image] and [image: image], the mixing angle and the masses can be expanded at leading order as

[image: image]

While the SM Z mass is correctly reproduced by the EW VEV, the mass of the Z′ is controlled by the [image: image] parameter or, equivalently, by the VEV v′ of the SM-singlet χ which is then given by [image: image]. The Z′ massless limit for [image: image] is naively expected since if SSB is turned off in the scalar sector, no scalar degrees of freedom can provide the longitudinal component of a massive Z′. For a 17 MeV Z′ with g′ ~ 10−3 the VEV of χ is v′ ~ 10 GeV.

The expansions in Equation (30) are applicable if the Higgs sector is populated by only one SU(2) doublet, as in the SM. This assumption can be obviously relaxed and more Higgs doublets can be implemented. We show, indeed, in the following sections that this possibility leads to an interesting phenomenology in the Z′ sector and provides alternative solutions to the 8Be anomaly.

For instance, in a scenario with two SU(2) doublet scalars, Φ1 and Φ2 with the same hypercharge Y = 1/2 and two different charges zΦ1 and zΦ2 under the extra U(1)′, the diagonalization of the neutral gauge mass matrix is obtained through the mixing angle θ′ in Equation (28) with
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The angle β is defined as usual as tan β = v2/v1 with [image: image]. In the small coupling limit the Z′ mass is given by

[image: image]

which, differently from the previous case, is non-vanishing even when [image: image] due to mismatch between zΦ1 and zΦ2. In the limit in which there is no contribution from the dark scalar sector, one finds for [image: image] MeV and v ≃ 246 GeV, [image: image]. Interestingly, as we will show below, the same order of magnitude of the gauge couplings is required to explain the 8Be anomaly with a Z′ gauge boson characterized by axial-vector couplings.

In summary, for the case of one Higgs doublet, we showed that the limit [image: image] leads to [image: image] with the SM Higgs sector playing no role in the generation of the Z′ mass. In contrast, in a multi-Higgs scenario, like in a 2-Higgs Doublet Model (2HDM), if zΦ1 ≠ zΦ2, the symmetry breaking of the U(1)′ can actually be realized without any contribution from the dark scalar sector, namely with v′ = 0. In fact, the longitudinal degree of freedom of the Z′ is provided by the typical CP-odd state of the 2HDM spectrum which, differently from standard constructions, is characterized by a missing pseudoscalar field among the physical states. Before moving to this 2HDM realization, though, we ought to discuss the Z′ interactions with the SM fermions emerging from the present construct.


7.1. The Z′ Interactions With the SM Fermions

The interactions between the SM fermions and the Z′ gauge boson are described by the Lagrangian [image: image] where the gauge current is given by

[image: image]

with coefficients

[image: image]

In the previous equations we have adopted the shorthand notation sw ≡ sin θw, cw ≡ cos θw, s′ ≡ sin θ′ and c′ ≡ cos θ′ and introduced Yf the hypercharge, zf the U(1)′ charge, [image: image] the third component of the weak isospin and Qf the electric charge. Analogously, the vector and axial-vector components of the Z′ interactions are [57]

[image: image]

The vector and axial-vector coefficients simplify considerably in the limit [image: image]. By noticing that [image: image], we get

[image: image]

where we have introduced the vector and axial-vector U(1)′ charges zf,V/A = 1/2(zf,R ± zf,L) and zΦ can be either the U(1)′ charge of the Higgs or [image: image] in a 2HDM scenario.

The Z′ couplings are characterized by the sum of three different contributions. The kinetic mixing [image: image] induces a vector-like term proportional to the Electro-Magnetic (EM) current which is the only source of interactions when all the SM fields are neutral under U(1)′. In this case the Z′ is commonly dubbed dark photon. The second term is induced by the zΦ, the U(1)′ charge in the Higgs sector, and leads to a dark Z, namely a gauge boson mixing with the SM Z boson. Finally there is the standard gauge interaction proportional to the fermionic U(1)′ charges zf,V/A.

We can delineate different scenarios depending on the structure of the axial-vector couplings of the Z′ boson. In particular, the Cf,A coefficients can be suppressed with respect to the vector-like counterparts (see also [20]). This is realized, for instance, when only one SU(2) doublet is considered and the gauge invariance of the Yukawa Lagrangian under the new Abelian symmetry is enforced. Indeed, the latter requires the U(1)′ charge of the Higgs field to satisfy the conditions

[image: image]

Inserting the previous relations into Equation (36), we find Cf,A ≃ 0 which describes a Z′ with only vector interactions with charged leptons and quarks. We stress again that the suppression of the axial-vector coupling is only due to the structure of the scalar sector, which envisions only one SU(2) doublet, and the gauge invariance of the Yukawa Lagrangian. This feature is completely unrelated to the U(1)′ charge assignment of the fermions, the requirement of anomaly cancelation and the matter content potentially needed to account for it.

In contrast, in the scenario characterized by two Higgs doublets, the axial-vector couplings of the Z′ are, in general, of the same order of magnitude of the vector ones and the cancelation between the two terms of Cf,A in Equation (36) is not achieved regardless of the details of the Yukawa Lagrangian (such as which type 2HDM). The same result can be achieved if a single Higgs doublet is considered but the conditions in Equation (37) are not satisfied as in scenarios in which the fermion masses are generated radiatively or through horizontal symmetries.

To summarize, we can identify three different situations that can provide a light Z′ with interactions potentially explaining the Beryllium anomaly. In all of them, the SM is extended by an additional Abelian gauge group.

1. The SM scalar sector is unchanged, being characterized by only one Higgs doublet. In this case the mass of the Z′ is entirely generated in the dark sector. The Yukawa Lagrangian preserves the SM structure and its gauge invariance under the U(1)′ necessary implies that the Z′ has only vector interactions with the SM fermions at leading order in the couplings [image: image].

2. The SM scalar sector is extended by an additional Higgs doublet. Even though the Yukawa Lagrangian is invariant under the local U(1)′ symmetry, the cancelation between the two terms in Cf,A in Equation (36) does not occur and both the vector and axial-vector couplings of the Z′ are non-vanishing. The mass of the Z′ acquires contribution from both the dark and the EW sectors.

3. The SM scalar sector is characterized by a single Higgs doublet but the constraints in Equation (37) are avoided by relying on more complicated Yukawa structures. As such, the cancelation providing Cf,A ≃ 0 is not realized and the vector and axial-vector interactions of the Z′ are of the same order of magnitude.

We will discuss the three scenarios in the following sections focusing on their implications in the interpretation of the 8Be anomaly.

Before concluding this section we briefly go through the conditions required by the cancelation of gauge and gravitational anomalies which strongly constrain the charge assignment of the SM spectrum under the extra U(1)′ gauge symmetry. These conditions can be eventually combined with the requirement of gauge invariance of the Lagrangian responsible for the generation of the fermion masses which may also involve non-renormalisable operators. We will also allow for extra SM-singlet fermions which can be easily interpreted as right-handed neutrinos. We assign the charges zQ and zL for the SU(2) quark and lepton doublets, zu, zd, ze for the corresponding right-handed components and zν for the nR right-handed neutrinos. We obtain the following gauge and gravitational anomaly cancelation conditions:

[image: image]

A simple solution is found for instance in the family universal case with nR = 3 and zνi = zν and it is defined in terms of only two U(1)′ charges, zQ and zu as shown in Table 1. As an example, the U(1)B−L is reproduced by zQ = zu = 1/3 while the sequential U(1)′ is obtained for zQ = 1/6 and zu = 2/3.



Table 1. Family universal charge assignment in the U(1)′ extension of the SM.
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7.2. Z′ With Vector Couplings

The simplest U(1)′ extension of the SM, which may account for an extra neutral light gauge boson potentially explaining the 8Be anomaly, is characterized by a single Higgs doublet. As already explained above, the gauge invariance of the Yukawa interactions fixes the U(1)′ charge of the Higgs to satisfy the restrictions in Equation (37) thus leading to a suppression of the Z′ axial-vector couplings to the quarks and charged leptons with respect to the vector ones.

In this scenario, the anomalous internal pair creation transition of the excited stated of the Beryllium described by the normalized BR is given by

[image: image]

in which any dependence from the nuclear matrix elements factors out in the ratio of BRs. Moreover, the partial decay width of the Z′ into SM fermions is

[image: image]

Since [image: image] MeV, the light Z′ can only decay into electrons and active neutrinos (assuming heavier right-handed neutrinos, if any).

While Cf,A ≃ 0, the explicit expressions of the vector couplings of the Z′ are

[image: image]

where we have introduced the proton and neutron couplings Cp,V = 2Cu,V + Cd,V, Cn,V = Cu,V + 2Cd,V and we have exploited the gauge invariance of the Yukawa Lagrangian. Moreover, the cancelation of the anomaly in the U(1)′SU(2)SU(2) triangle diagram given in Equation (38) leads to 3zQ + zL = 0, namely Cν,V = −2Cn,V.

The acceptable range of couplings is Feng et al. [7, 9]

[image: image]

where BR(Z′ → e+e−) = 1 has been assumed. The first two conditions ensure that the Atomki anomaly is correctly reproduced while avoiding, at the same time, the strong constraint from the π0 → Z′γ decay. As the coupling to proton is smaller than the corresponding one to neutron, the Z′ realizing this particular configuration has been dubbed protophobic. The bound on the electron coupling is mainly obtained from KLOE2, (g−2)e and beam dump experiments, while the neutrino coupling is constrained by neutrino scattering off electrons at the Taiwan EXperiment On Neutrinos (TEXONO) [45]. Reinterpreting the bounds obtained in Bilmis et al. [46], where a B − L scenario without mixing has been considered, for a general vector-like Z′, one can show that the Cν coupling must be much smaller than the typical value of Cn,V required to explain the 8Be anomaly, thus invalidating the Cν,V = −2Cn,V condition required by the consistency of this simple model.

A possible way to suppress the neutrino coupling, without affecting the neutron one, could be to invoke the presence of additional neutral fermionic degrees of freedom, charged under the U(1)′ symmetry and mixed to the left-handed neutrinos, so that the effective coupling of the Z′ to the physical neutrino mass eigenstate would be significantly reduced. This mixing is commonly realized in the seesaw mechanism, which is naturally envisaged in the Abelian extension considered here since right-handed neutrinos are required to cancel the gauge anomalies, but it can hardly account for the bounds determined by the neutrino-electron scattering experiments. Such a strategy has been discussed in Feng et al. [7], however, here we show two alternative solutions based on the exploitation of the Z′ axial-vector interactions.




8. EXPLANATION OF THE BERYLLIUM ANOMALY WITH A FAMILY UNIVERSAL U(1)′

In this section we investigate the explanation of the Atomki anomaly in a scenario characterized by an extra U(1)′ model and two Higgs doublets.

One possibility studied as a solution to the Atomki anomaly is a well-known realization of the scalar potential and Yukawa interactions with two scalar doublets is the so-called type-II in which the up-type quarks couple to one Higgs (conventionally chosen to be Φ2) while the down-type quarks couple to the other (Φ1). The constraint from anomaly cancelation arising from the U(1)′SU(3)SU(3) triangle diagram together with the gauge invariance of the Yukawa Lagrangian require 2zQ − zd − zu = zΦ1 − zΦ2 = 0, in the type-II scenario. In order to satisfy this condition with zΦ1 ≠ zΦ2, extra colored states are necessarily required which will bring additional terms into the anomaly cancelation conditions and so the equation above will be modified and no longer require equal Higgs charges under the new gauge group. These states must be vector-like under the SM gauge group and chiral under the extra U(1)′. This option has been explored in detail in Kahn et al. [20]. In this work, the constraints on new vector bosons with axial vector couplings in a family-universal scenario which includes extra colored states to cancel anomaly conditions is considered. In this review focus on a different, more minimal scenario than this, which does not require additional states, but modifies the scalar theory to affect the condition of anomaly cancelation.

The gauge invariance condition above is modified when the scalar sector reproduces the structure of the type-I 2HDM in which only one (Φ2) of the two Higgs doublets participates in the Yukawa interactions. In this theory, the corresponding Lagrangian is the same as the SM one and its gauge invariance simply requires zΦ2 = −zQ + zu = zQ − zd = zL − ze, without constraining the U(1)′ charge of Φ1, in the type-I scenario. In this way, we allow for gauge invariance even when zΦ1 ≠ zΦ2. Differently from the type-II scenario in which extra colored states are required to build an anomaly-free model, in the type-I case the UV consistency of the theory can be easily satisfied introducing only SM-singlet fermions as demanded by the anomaly cancelation conditions of the U(1)′U(1)′U(1)′ and U(1)′GG correlators. Nevertheless, the mismatch between zΦ and zf,A = ±zΦ2/2 (for up-type and down-type quarks, respectively) prevents Cf,A to be suppressed and the Z′ interactions are given by Delle Rose et al. [57],

[image: image]

As pointed out in Feng et al. [7], the contribution of the axial-vector couplings to the 8Be* → 8Be Z′ decay is proportional to [image: image], where [image: image] is the momentum of the Z′, while the vector component is suppressed by [image: image]. Therefore, in our case, being Cf,V ~ Cf,A, we can neglect the effects of the vector couplings of the Z′ and their interference with the axial counterparts. For a Z′ with only axial-vector couplings to quarks, the transition 8Be* → 8Be Z′ is described by the partial width [19]
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where the neutron and proton coefficients an = (a0 − a1)/2 and ap = (a0 + a1)/2 are defined in terms of

[image: image]

with Δu(p) = 0.897(27), Δd(p) = −0.367(27) and Δs(p) = −0.026(4) [59]. The reduced nuclear matrix elements of the spin operators have been computed in Kozaczuk et al. [19] and are given by 〈0||σn||1〉 = −0.132 ± 0.033, 〈0||σp||1〉 = −0.047 ± 0.029 for the isoscalar 8Be* → 8Be transition and 〈0||σn||1〉 = −0.073 ± 0.029, 〈0||σp||1〉 = 0.102 ± 0.028 for the isovector 8Be*′ → 8Be transition.

Notice that the axial couplings of the quarks and, therefore, the width of the 8Be* → 8Be Z′ decay are solely controlled by the product g ′cos2 β while the kinetic mixing [image: image] only affects the BR(Z′ → e+e−) since the Z′ → νν decay modes are allowed (we assume that the [image: image] decays are kinematically closed). For definiteness, we consider a U(1)B-L charge assignment with zQL = zuR = 1/3, with other charges defined using Table 1, and zΦ2 = 0, zΦ1 = 1 and tan β = 1. Analog results may be obtained for different U(1)′ charge assignments and values of tan β. We show in Figure 2 the parameter space explaining the Atomki anomaly together with the most constraining experimental results.


[image: image]

FIGURE 2. Allowed parameter space (orange region) explaining the anomalous 8Be* decay. The white region above is excluded by the non-observation of the same anomaly in the 8Be*′ transition. Also shown (shaded regions) is the allowed parameter space by the g − 2 of electrons and muons and the Møller scattering at SLAC E158 and pion decay from NA48/2. The beam dump experiment NA64 allows parameter space outside the red shaded region with dashed line. Finally, the blue line selects values of g′ and [image: image] compatible with the weak nuclear charge measurement of Cesium. The horizontal gray band delineates values of g′ for which the Z′ mass is solely generated by the SM vev.



The orange region, where the Z′ gauge couplings comply with the best-fit of the 8Be* decay rate in the mass range [image: image] [1, 7], encompasses the uncertainties on the computation of the nuclear matrix elements [19]. The region above it is excluded by the non-observation of the same transition in the isovector excitation 8Be*′ [1]. The horizontal gray band selects the values of g′ accounting for the Z′ mass in the negligible [image: image] case in which the U(1)′ symmetry breaking is driven by the two Higgs doublets. Furthermore, among all other experimental constraints involving a light Z′ that may be relevant for this analysis we have shown the most restrictive ones.

The strongest bound comes from the atomic parity violation in Cs and it represents a constraint on the product of Ce,A and a combination of Cu,V and Cd,V. This bound can be avoided if the Z′ has either only vector or axial-vector couplings but in the general scenario considered here, it imposes severe constraints on the gauge couplings [image: image] thus introducing a fine-tuning in the two gauge parameters.

We finally comment on the constraints imposed by neutrino-electron scattering processes [45, 60, 61], the strongest one being from [image: image] scattering at the TEXONO experiment [45], which affect a combination of Ce,V/A and Cν,V. As discussed above, in the protophobic scenario, in which the Z′ has only vector interactions, the constrained ν coupling to the Z′ boson is in high tension with the measured 8Be* decay rate since Cν,V = −2Cn,V and a mechanism to suppress the neutrino coupling must be envisaged [7]. This bound is, in general, alleviated if one attempts to explain the Atomki anomaly with a Z′ boson with axial-vector interactions since the required gauge couplings [image: image] are smaller than the ones needed in the protophobic case. Neutrino couplings are also constrained by meson decays, like, for instance K± → π±νν which has been studied in Davoudiasl et al. [62] and where it has been shown that the corresponding constraint is relaxed by a destructive interference effect induced by the charged Higgs. As the results presented in Davoudiasl et al. [62] relies on the Goldstone boson equivalence approximation, we have computed the full one-loop corrections to the K± → π±Z′ process in the U(1)′-2HDM scenario. The results are in agreement with the estimates in Davoudiasl et al. [62]. In our setup, for g′ ~ 10−4 and tan β = 1, [image: image] GeV can account for the destructive interference quoted above between the W± and H± loops. For instance, we find [image: image] for [image: image] GeV with BR(Z′ → νν) ≃ 30% which is the maximum value for the invisible Z′ decay rate in the allowed region (orange and gray shaded area) shown in Figure 2. A similar constraint arises from the B meson decay to invisible but is less severe than the one discussed above [63]. The B± → K±Z′ process is characterized by the same loop corrections appearing in K± → π±Z′, with the main difference being the dependence on the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. Therefore, the suppression effect induced by the charge Higgs mass affects both processes in the same region of the parameter space, thus ensuring that the bound from the invisible B decays is satisfied once the constraint from the analogous K meson decay is taken into account.



9. EXPLANATION OF THE BERYLLIUM ANOMALY WITH A FAMILY NON-UNIVERSAL U(1)′

The final alternative is to consider a single Higgs doublet, as with the SM, but non-standard Yukawa interactions, to allow axial couplings through the violation of Equation (37), as done in Delle Rose et al. [64]. This is done for the first two generations of fermions and the third has SM-like gauge-invariance, motivated by [image: image] couplings. We begin by modifying the Yukawa couplings for the first two generations as follows,

[image: image]

where the exponent, nij, of the non-renormalisable scale, M, is defined by the U(1)′ charges of the fields, such that these new Yukawa terms are gauge invariant. Subsequently, one may obtain fermion masses either at tree-level or radiatively by the method of Ref. Froggatt and Nielsen [65]2. There are several models which motivate radiative mass generation for the lighter generations, as done in Demir et al. [66], alternatively, there exist mass generation dynamics by horizontal symmetries, as in Froggatt and Nielsen [65]. We do not specify these dynamics, and simply leave an effective approach. We finally enforce that the first two generations are flavor universal, differing from the third, zi1 = zi2 for i = {Q, uR, dR, L, eR}, where the condition (37) is not applied to zi1,2. We now consider further constraints on the charge assignment. We also enforce the chiral anomaly cancelation conditions in Equation (38), which will be satisfied by solely the fermionic content of the SM, supplemented by two right-handed neutrinos.

Our remaining constraints on the charge assignment are motivated by the non-observation of BSM physics. As discussed above, there are strong constraints on coupling to neutrinos, which would enhance processes such as K± → π±νν [62], as well as electron-neutrino interactions, measured by the TEXONO experiment [7, 45, 46, 67]. To avoid these stringent constraints, we therefore impose no couplings to the neutrinos, i.e., CV,ν = CA,ν = 0. This subsequently yields a relation between the neutrino and Higgs charges,
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Another constraint is to require that one indeed does have axial couplings for the up/down quarks to the Z′, as required to explain the anomaly,

[image: image]
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Our final constraint is from the atomic parity violation in Cs. As can be seen from other solutions, this provides a stringent bound on models with axial couplings for electrons. We thus also forbid interactions of this kind, and due to requiring universality for the first two generations, this will also forbid axial couplings for the muon,
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Preventing the appearance of these axial couplings will also help to avoid bounds from both (g − 2)e and avoid worsening the discrepancy in (g − 2)μ.

Combining all these constraints yields a single, unique charge assignment. We have a normalization choice, and choose to set zH = 1. This unique choice is shown in Table 2.



Table 2. Charge assignment of the SM particles under the family-dependent (non-universal) U(1)′.
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Now, we consider constraints on the new gauge coupling, and gauge-kinetic mixing parameters [image: image], given this charge selection. Unlike the previous scenarios considered, since this is family non-universal, one finds tree level FCNCs, which should be analyzed. In diagonalizing the quarks into the mass basis, off-diagonal couplings are generated, due to different coupling strengths between the first two and third quark generations. We now discuss the consequences of this on experimental observables. We begin with K → πe+e− through a tree-level exchange of an on-shell Z′. There are no contributions to the μ+μ− decay as [image: image] MeV < 2mμ. There are stringent limits from LHCb [68], though these are inapplicable in our case due to the small invariant mass of the e+e− pair. There is only sensitivity to energies above 20 MeV, due to photon conversion in the detector, and so energy resolution strongly degrades around these invariant masses. It is possible that future upgrades will lower this threshold and thus act as a discovery tool, or to disprove this scenario.

Another flavor observable is from meson mixing measurements. We begin with [image: image], following the procedure as done in Bečirević et al. [69], but now assuming a much lighter propagator than their scenario, [image: image], as opposed to their [image: image]. One subsequently finds the requirement

[image: image]

where (assuming Minimal Flavor Violation (MFV) in the quark sector and using CKM matrix elements),

[image: image]

[image: image]

Since our charge assignment is family universal for LH quarks, [image: image], see Table 2, only the right-handed sector will contribute to the FCNC. This is suppressed by CKM factors, [image: image], and so one finds a condition on the couplings, [image: image].

Proceeding in a similar faction but for [image: image] oscillations will yield a weaker constraint on the couplings. Although the propagator suppression is less severe, [image: image], the CKM suppression is much stronger, [image: image], and one finds the constraint [image: image]. In this review, we do not perform a full flavor analysis, but require these approximate constraints.

Finally, we present the allowed parameter space in Figure 3 for this scenario with one Higgs doublet extended by a U(1)′, with a charge assignment shown in Table 2. The red, purple and green bands show regions which can explain the Atomki anomaly for 16.7, 17.3 and 17.6 MeV Z′ masses, respectively. These overlap in places and are independent of [image: image] as the axial coupling depends solely on g′ and BR(Z′ → e+e−) = 1 everywhere. These bands have upper bounds due to the non-observation of the 8Be*′ anomaly. Also shown on the plot are the bounds from (g − 2)μ, where the allowed region is inside the dashed line and (g − 2)e, where the allowed region is shaded in blue inside the dotted lines. In addition, the allowed region from NA64 is also shown, where one should be outside the red shaded region. The overall allowed region is therefore between the NA64 and (g − 2)e lines, in the overlap shaded in blue. The other experimental constraints (electron positron collider (KLOE2), Moller scattering (E158), pion decay (NA48/2), E141, and atomic parity violation of Cs), similar to (g − 2)μ, do not limit the allowed parameter space in blue, and are not shown on the plot.


[image: image]

FIGURE 3. Allowed parameter space mapped on the [image: image] plane explaining the anomalous 8Be* decay for Z′ solutions with mass 16.7 (red), 17.3 (purple), and 17.6 (green) MeV. The white regions are excluded by the non-observation of the same anomaly in the 8Be*′ transition. Also shown are the constraints from (g − 2)μ, to be within the two dashed lines; (g − 2)e, to be inside the two dotted lines (shaded in blue) and the electron beam dump experiment, NA64, to be outside the shaded red region, which lies between the two solid lines. The surviving parameter space lies at small positive and negative [image: image] (though not at [image: image]), inside the shaded blue region which overlaps the Atomki anomaly solutions.



Figure 4 shows the quantity [image: image], as defined in Equation (1), over a range of Z′ masses. For each fixed mass value, a scan is performed over [image: image], in a range compatible with other experimental constraints, and the Atomki anomaly (i.e., over the dark blue and colored regions in Figure 3). For each scanned point in [image: image], there is a range of branching ratios, due to uncertainties in the Nuclear Matrix Elements (NMEs). This lower limit for all points is lower than the Atomki branching ratios, so only the upper [image: image] is of importance, and this is plotted. Also drawn, in orange, is the required branching ratio, as published by the Atomki collaboration, see Table 3. A given point is then allowed if the upper [image: image] limit lies above the orange dots. For larger [image: image] values, the largest [image: image] decreases, and a larger number of the scanned points lie above the Atomki points. This suggests that at higher masses, there is slightly more parameter space available for the 17.6 MeV solution, in comparison to the 16.7 MeV one. This is reflected in the slightly different widths shown in Figure 3.


[image: image]

FIGURE 4. Values of the upper limit [image: image] (lower limits are smaller than the scale of the plot), as defined in Equation (1), vs. the mass of the Z′ obtained scanning over the allowed parameter space in [image: image], obtained from Figure 3 for each mass step taken (in blue). The Atomki collaboration solutions are also shown (in orange).





Table 3. Solutions to the Atomki anomaly, with best fit mass value (16.7 MeV) from Krasznahorkay et al. [1] and subsequent alternative masses (17.3 and 17.6 MeV) from Feng et al. [7] along with the corresponding ratio of BRs, [image: image], as defined in Equation (1).
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10. CONCLUSIONS

While there remains the possibility that the Atomki anomaly can be explained as a statistical fluctuation combined with yet unknown nuclear physics properties and/or unforeseen experimental conditions, the fact that presently such an effect has been determined with a 6.8σ significance, including a near-perfect fit of both the mass and angular excesses to the possibility of a new particle with a mass of about 17 MeV been produced, calls for a thorough investigation of plausible theoretical explanations.

With this in mind, in this review, we have presented particle physics scenarios that extend the SM to include the presence of either a spin-0 (pseudoscalar, A) boson or a spin-1 (axial-vector, Z′) boson, both of which can be made compliant with a variety of experimental data. Assuming the standard Lagrangian structures describing A and Z′ interactions with SM fermionic currents in both the lepton and quark sectors, we have determined the required couplings of such bosons to explain the Beryllium data.

As for the theoretically embeddings of these solutions, we can conclude the following. A light pseudoscalar state can appear in models with extended Higgs sectors in which an approximate ungauged global symmetry is spontaneously broken, examples of which include (type-II) 2HDMs with a SM-singlet near the Peccei-Quinn or R-symmetric limit, although in this case isospin breaking effects and non-universality in the Yukawa couplings of the new state to electrons and d-quarks must be allowed for. As for light gauge bosons with significant axial-vector couplings, two possible theoretical frameworks have been proven to be viable. Both require an additional U(1)′ group mixing with the SM one, U(1)Y. In one case, which retains the SM Higgs sector, a family non-universal set of Z′ couplings to the known fermions must be invoked. In the other case, Z′ couplings to quarks and fermions of the SM can be retained in their universal form, yet this requires an enlarged Higgs sector, which we have identified as possibly being a type-I 2HDM. Needless to say, these two theoretical frameworks were constructed in presence of gauge invariance and anomaly cancelations plus they do not require isospin breaking.

While the above list of possible theoretical setups is clearly not exhaustive, it at least provides somewhat minimal frameworks (only containing enlarged Higgs and gauge sectors, possibly including heavy neutrinos but no exotic particles) within which further data upcoming from the Atomki experiment can be interpreted to pave the way for more dedicated phenomenological studies, which may in turn lead to refinements on the theoretical side.
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FOOTNOTES

1It should however be mentioned that this second anomaly was never documented in a published paper, only in proceedings contributions.

2Lagrangians of this form have been used to motivate solutions to the flavor problem, so it may be of interest to investigate whether this U(1)′ may explain the allowed masses and mixings, but we perform no such careful investigation here.
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We review a class of models in which the Standard Model (SM) is augmented by vector-like leptons: one doublet and a singlet, which are odd under an unbroken discrete Z2 symmetry. As a result, the neutral component of these additional vector-like leptons are stable and behave as dark matter. We study the phenomenological constraints on the model parameters and elucidate the parameter space for relic density, direct detection and collider signatures of dark matter. In such models, we further add a scalar triplet of hypercharge two and study the consequences. In particular, after electro weak symmetry breaking (EWSB), the triplet scalar gets an induced vacuum expectation value (vev), which yield Majorana masses not only to the light neutrinos but also to vector-like leptonic doublet DM. Due to the Majorana mass of DM, the Z mediated elastic scattering with nucleon is forbidden and hence allowing the model to survive from stringent direct search bound. The DM without scalar triplet lives in a small singlet-doublet leptonic mixing region (sin θ ≤ 0.1) due to large contribution from singlet component and have small mass difference (Δm ~ 10 GeV) with charged companion, the NLSP (next to lightest stable particle), to aid co-annihilation for yielding correct relic density. Both these observations change to certain extent in presence of scalar triplet to aid observability of hadronically quiet leptonic final states at LHC, while one may also confirm/rule-out the model through displaced vertex signal of NLSP, a characteristic signature of the model in relic density and direct search allowed parameter space.

Keywords: physics beyond the SM, neutrino mass, dark matter, collider signature, dark matter direct detection


1. INTRODUCTION

The existence of dark matter (DM) in a large scale (> a few kpc) has been proven irrefutably by various astrophysical observations. The prime among them are galaxy rotation curves [1, 2], gravitational lensing [3], and large scale structure of the Universe. See for a review [4, 5]. In the recent years the satellite borne experiments like Wilkinson Microwave Anisotropy Probe (WMAP) [6] and PLANCK [7, 8] precisely determined the relic abundance of DM by measuring the temperature fluctuation in the cosmic microwave background radiation (CMBR). All the above said evidences of DM emerge via gravitational interaction in astrophysical environments, which make a challenge to probe the existence of DM in a terrestrial laboratory where density of DM is feeble.

Alternatively one can explore other elementary properties of DM which can be probed at an earth based laboratory. In fact, one can assign a weak interaction property to DM through which it can be thermalized in the early Universe at a temperature above its mass scale. As the temperature falls due to adiabatic expansion of the Universe, the DM gets decoupled from the thermal bath below its mass scale. As a result the ratio: nDM/s, where s is the entropy density, remains constant and is precisely measured by PLANCK in terms of [image: image] [7, 8].

The particle nature of DM, apart from relic abundance, is completely unknown. In particular, the mass, spin, and interaction apart from gravity, etc. This leads to huge uncertainty in search of DM. Despite this, many experiments are currently operational, that uses direct, indirect and collider search methods. Xenon-100 [9], LUX [10], Xenon-1T [11, 12], PANDA [13] are some of the direct DM search experiments which are looking for signature of DM via nuclear scattering, while PAMELA [14, 15], AMS-2 [16], Fermi gamma ray space telescope [17], IceCube [18, 19], etc., are some of the indirect DM search experiments which are looking for signature of DM in the sky. The search of DM is also going on at collider experiments like large Hadron Collider (LHC) [20–22]. Except some excess in the antiparticle flux in the indirect search data, direct and collider searches for DM has produced null observation so far. This in turn put a strong bound on the DM mass and coupling with which it can interact to the visible sector of the universe.

After the Higgs discovery in 2012 at CERN LHC, the standard model (SM) seems to be complete. However, it is found that none of the particles in SM can be a candidate of DM, which is required to be stable on cosmological time scale. While neutrinos in SM are stable, but their relic density is far less than the required DM abundance and is also disfavored from the structure formation. Moreover, neutrinos are massless within the SM. A tiny but non-zero neutrino mass generation requires the SM to be extended. This opens up the possibility of exploring new models of DM, while explaining non-zero masses for neutrinos in the same framework and thus predict a measurable alternation to DM phenomenology, which can be examined in some of the above said experiments.

In this review we explore the possibility of leptonic DM and non-zero neutrino masses [23] in a framework beyond the SM. The simplest leptonic DM can arise by augmenting the SM with an additional singlet fermion [24–42] χ, stabilized by a [image: image] symmetry. However, unless we assume the presence of an additional scalar singlet, which acquires vacuum expectation value (vev) and thus mixes with SM Higgs, the lepton singlet DM cannot possess renormalizable interaction with visible sector. The next possibility is to introduce a vector-like leptonic doublet: N = (N0 N−)T, which is also odd under the [image: image] symmetry. The annihilation cross-section of such fermions are large due to Z mediation and correct relic density can only be achieved at a very high DM mass. However, the combination of singlet χ with the doublet vector-like lepton N provides a good candidate of DM [43–52], which has been discussed in details here. We discuss the phenomenological constraints on model parameters and then elucidate the allowed parameter space of such models from relic density and direct detection constraints. We also indicate collider search strategies for such DM. It turns out that the displaced vertex of the charged fermion: N± [also called next to lightest stable particle (NLSP)] is a natural signature of such DM model.

In an attempt to address neutrino mass generation in the same framework, we further add a scalar triplet Δ of hypercharge 2 and study the consequences [53]. In particular, after electro weak symmetry breaking (EWSB), the triplet scalar acquires an induced vacuum expectation value (vev) which give rise sub-eV Majorana masses to light neutrinos through the Type II Seesaw mechanism [54–60]. The scalar triplet also generates a Majorana mass for the neutral component of the vector-like lepton doublet: N0, which constitutes a minor component of the DM. Due to Majorana mass of DM, the Z mediated elastic scattering with nucleon is forbidden [61–65]. As a result, the model survives from the stringent direct search bound. In absence of scalar triplet, the singlet-doublet DM is allowed to have only a tiny fraction of doublet component (sin θ ≤ 0.1) to evade direct search bound. In this limit, due to large contribution from the singlet component, the annihilation cross section of the DM becomes smaller than what it requires to achieve correct relic density. To make it up for correct relic density, the DM additionally requires to co-annihilate with its charged and heavy neutral companions and therefore requires small mass difference (Δm ~ 10 GeV) with charged companion or NLSP. However, in presence of the scalar triplet, we show that both the singlet-doublet mixing (sin θ) and the mass difference with NLSP (Δm) can be relaxed and larger parameter space is available for correct relic density and being compatible with the latest direct detection bounds. Moreover, the scalar triplet aid observability of hadronically quiet leptonic final states at LHC while one may also confirm/rule-out the model through displaced vertex of NLSP, a characteristic signature of the model in relic density and direct search allowed parameter space.

The paper is arranged as follows. In section 2, we briefly discuss about a vector-like singlet leptonic DM. In section 3, we discuss the viable parameter space of a vector-like inert doublet lepton DM. It is shown that an inert lepton doublet DM alone is ruled out due to large Z-mediated elastic scattering with the nucleus. However, in presence of a scalar triplet of hyper charge-2, the inert lepton doublet DM can be reinstated in a limited parameter space, which we discuss in section 4. Moreover in section 4, we discuss how the scalar triplet can give rise non-zero masses to active neutrinos via type-II seesaw [54–60]. In section 5 we discuss how an appropriate combination of singlet and doublet vector like leptons can give rise a nice possibility of DM in a wide range of parameter space. A triplet extension of singlet-doublet leptonic DM is further discussed in section 6. We discuss collider signature of singlet-doublet leptonic DM in presence of a scalar triplet in section 7 and conclude in section 8. We provide some vertices of inert lepton doublet (ILD) DM in presence of scalar triplet in Appendix A.



2. VECTOR-LIKE LEPTONIC SINGLET DARK MATTER

A simplest possibility to explain DM content of the present Universe is to augment the SM by adding a vector-like singlet lepton χ. The stability of χ can be ensured by imposing an additional discrete Z2 symmetry, under which χ is odd while all other particles are even. In fact, a singlet DM has been discussed extensively in the literature [24–42]. Here we briefly recapitulate the main features to show the allowed parameter space by observed relic density and latest constraint from direct detection experiments.

The Lagrangian describing the singlet leptonic DM χ can be given as:

[image: image]

Notice that the Lagrangian introduces two new parameters: DM mass, mχ and the new physics scale Λ connecting DM to the SM through effective dimension five operator, on which the DM phenomenology depends. In the early Universe, χ freezes out via the interaction [image: image] particles to give rise a net relic density that we observe today. We use micrOmegas [66] to calculate the relic density as well as spin independent elastic cross-section with nucleon of χ. In Figure 1, we show relic abundance (left-panel) and spin independent direct detection (SIDD) cross section (right panel) as a function of DM mass (mχ) for different values Λ ~ {500 − 4000} GeV 1. We observe that the constraint on SIDD cross section favors large values of Λ, while large Λ values yield over abundance of DM. We also note in the right panel Figure 1, that the SIDD cross section is very less sensitive to DM mass. This is because the direct search cross-section is proportional to the effective DM-nucleon reduced mass square ([image: image]) (see Equations 58, 59), where mN < mχ yields a mild dependence on DM mass. This feature is observed in rest of the analysis as well.


[image: image]

FIGURE 1. (Left) Relic density as a function of singlet DM mass, mχ for different values of Λ mentioned in the figure inset. (Right) SI DD cross-section vs. DM mass, mχ for different values of Λ.



Therefore, a singlet leptonic DM alone is almost ruled out. However, the dark sector of the Universe may not be simple as in the case of singlet leptonic DM. In the following we discuss a few more models with larger number of parameters, yet predictive. We end this section by noting that one can think of a pseudoscalar propagator to yield an effective DM-SM interaction of the form [image: image]. In this case, the relic density and direct search cross-sections become velocity dependent (see for example in Ghorbani [67]). Please also see section 5 below Equation (35) for more details.



3. INERT LEPTON DOUBLET DARK MATTER

Let us assume that the dark sector is composed of a vector-like lepton doublet: N = (N0 N−)T, which is odd under an extended [image: image] symmetry [hence called inert lepton doublet (ILD)], while all the Standard Model (SM) fields are even. As a result the neutral component of the ILD N is stable. The quantum numbers of dark sector fields and that of SM Higgs under the SM gauge group, augmented by a [image: image] symmetry, are given in Table 1. We will check if N0 can be a viable candidate of DM with correct relic abundance while satisfying the direct detection constraints from the null observation at various terrestrial laboratories.



Table 1. Quantum numbers of additional dark sector fermion and SM Higgs under [image: image].

[image: image]




The Lagrangian of the model is given as:

[image: image]

Thus the only new parameter introduced in the above Lagrangian is the mass of N, i.e., mN. Expanding the covariant derivative of the above Lagrangian [image: image], we get the interaction terms of N0 and N± with the SM gauge bosons as:

[image: image]

where g = e0/sin θW and [image: image] with e0 being the electromagnetic coupling constant and θW being the Weinberg angle.

Since N is a doublet under SU(2)L, it can contribute to invisible Z-decay width if its mass is <45 GeV which is strongly constrained. Therefore, in our analysis we will assume mN > 45 GeV.


3.1. Relic Abundance of ILD Dark Matter

The number changing annihilation and co-annihilation processes which control freeze-out and hence relic density of DM N0 are shown in Figures 2–4.


[image: image]

FIGURE 2. Annihilation of ILD DM to SM particles.




[image: image]

FIGURE 3. Annihilation of charged partner of ILD DM to SM particles which contributes as co-annihilation with ILD DM.




[image: image]

FIGURE 4. Co-annihilation processes of DM N0 with its charged partner N± to SM particles.



To estimate the relic density of DM in this framework one needs to solve the relevant Boltzmann equation:

[image: image]

To find the relic density of ILD DM, here we adopted micrOmegas [66] and implemented the model in it. Notice that the relic density of DM is mainly controlled by DM mass, mN and SM gauged couplings. Since SM gauge couplings are fixed, the only relevant parameter which controls the relic density is the DM mass, mN. The behavior of relic density with DM mass shown in Figure 5 along with correct relic density bound which is shown in gray patch. Note here that a sharp drop around DM mass mN ~ mh/2 due to Higgs resonance. From Figure 5 we can see that the DM mass around mN ~ 1 TeV only satisfy current relic density bound. For heavier mass of N0 we get over abundance of DM (due to small cross section), while for lighter mass of N0 we get under abundance of DM (due to large cross-section).


[image: image]

FIGURE 5. Variation of relic density of DM N0 with mass mN. The gray patch corresponds to relic density allowed limit from PLANCK: 0.1166 ≤ Ωh2 ≤ 0.1206.





3.2. Direct Search Constraint on ILD Dark Matter

In a direct detection experiment, the DM N0 scatters with the nucleon through t-channel Z mediated diagram, as shown schematically in the left panel of Figure 6. Like relic density we obtain the DM-nucleon cross-section using micrOmegas [66]. Since [image: image] interaction is coming from SM gauge coupling and which is large, so the outcome of spin independent direct detection (SIDD) cross section becomes large. The SIDD cross-section in this case is plotted with DM mass, mN, which is shown in orange colored patch in right panel of Figure 6. The green patch in this Figure 6 indicates relic density allowed mass range in the same plane. LUX 2017 [10] and XENON 1T [11, 12] direct detection limits are also plotted in the same figure (right panel of Figure 6). Thus we see that an ILD DM is completely ruled out by direct detection bound. However, as we discuss in section 4 the ILD DM can be resurrected in presence of a scalar triplet of hyper charge 2. Moreover, the scalar triplet will generate sub-eV masses of active neutrinos through type-II seesaw.


[image: image]

FIGURE 6. Left: Feynman diagram for direct detection (DD) of DM, N0. Right: Spin independent(SI) DM-nucleon cross-section is plotted in [image: image] plane. Relic density allowed DM mass region is indicated here by green patch.






4. TRIPLET EXTENSION OF THE ILD DARK MATTER

We now extend the ILD dark matter model with a scalar triplet, Δ (YΔ = 2) which is even under the discrete [image: image] symmetry. The Lagrangian of this extended sector is given as:

[image: image]

where the covariant derivative is defined as

[image: image]

and in the adjoint representation the triplet Δ can be expressed in a 2 × 2 matrix form: [image: image]

Similarly the scalar doublet H can be written in component form as:

[image: image]

The modified scalar potential including Δ and H can be given as:

[image: image]

where we assume that [image: image] is positive. So the scalar triplet Δ does not acquire any vev. However, it acquires an induced vev after EW phase transition. The vevs of the scalar fields are given by:

[image: image]

Since the addition of a scalar triplet can modify the ρ parameter, whose observed value: ρ = 1.00037±0.00023 [68], does not differ much from SM prediction: ρ = 1, so we have a constraint on the vev vt as:

[image: image]

On the other hand electroweak symmetry breaking gives [image: image]. This implies that vt << v.

Now minimizing the scalar potential, V(H, Δ) (in Equation 7) we get:

[image: image]

In the limit vt << v, from Equation (10) we get the vevs,

[image: image]

In presence of the scalar triplet Δ, the Yukawa interactions in Equation (5) are given by:

[image: image]

where L is the SM lepton doublet and α, β denote family indices. The Yukawa interactions importantly inherit the source of neutrino masses (first term in square bracket) and DM-SM interactions (second term in square bracket).


4.1. Scalar Doublet-Triplet Mixing

The quantum fluctuations around the minimum of scalar potential, V(H, Δ) can be given as:

[image: image]

Thus the scalar sector constitute two CP-even Higgses: h and ht, one CP-odd Higgs: A0, one singly charged scalar: H± and one doubly charged scalar: H±±. In the limit vt << v, the mass matrix of the CP-even Higgses: h and ht, is given by:

[image: image]

where [image: image] and [image: image]. Diagonalizing the above mass matrix we get two neutral physical Higgses: H1 and H2:

[image: image]

where H1 is the standard model like Higgs and H2 is the triplet like scalar. The corresponding mass eigenvalues are mH1 (SM like Higgs) and mH2 (triplet like scalar) are given by:

[image: image]

The mixing angle is given by

[image: image]

From Equations (9, 11, 17) we see that there exist an upper bound on the mixing angle

[image: image]

We also get a constraint on sin α from SM Higgs phenomenology, since the mixing can change the strength of the Higgs coupling to different SM particles. See for example [69, 70], in which the global fit yields a constraint on mixing angle sin α [image: image] 0.5, which is much larger than the above constraint obtained using ρ parameter.

From Equation (7), all the couplings λH, λ1, λ2, λ3, λ4 and μ can be expressed in terms of physical scalar masses: mH1, mH2, [image: image], [image: image], [image: image] and the vevs v and vt as Arhrib et al. [71] :

[image: image]

where [image: image] is the mass of pseudo scalar. It is important to note that the quartic couplings λ2 and λ3 are inversely proportional to the triplet vev vt which has important consequences for dark matter relic abundance that we discuss in section 4.4.



4.2. Non-zero Neutrino Masses

The coupling of scalar triplet Δ to SM lepton and Higgs doublet combinely break the lepton number by two units as given in Equation (12). As a result the ΔLαLβ coupling yields Majorana masses to three flavors of active neutrinos as Magg and Wetterich [54], Lazarides et al. [55], Mohapatra and Senjanovic [56], Ma and Sarkar [57], Konetschny and Kummer [58], Schechter and Valle [59], Cheng and Li [60]:

[image: image]

Assuming [image: image] GeV, we can explain neutrino masses of order 1eV with a coupling strength fL ≃ 1. However, the scale of MΔ can be brought down to ~ TeV by taking the coupling to be much smaller [image: image], and indeed represents a bit of fine tuning in the neutrino sector.

To get the neutrino mass eigen values, the above mass matrix can be diagonalized by the usual UPMNS matrix as :

[image: image]

where UPMNS is given by

[image: image]

with cij, sij stand for cos θij and sin θij respectively and Uph is given by

[image: image]

Where γ1, γ2 are two Majorana phases. The diagonal matrix [image: image] = Diag (m1, m2, m3) with diagonal entries are the mass eigen values for the neutrinos. The current neutrino oscillation data at 3σ confidence level give the constraint on mixing angles [68] :

[image: image]

However little information is available about the CP violating Dirac phase δ as well as the Majorana phases. Although the absolute mass of neutrinos is not measured yet, the mass square differences have already been measured to a good degree of accuracy :

[image: image]

One of the main issues of neutrino physics lies in the sign of the atmospheric mass square difference [image: image], which is still unknown. This yields two possibilities: normal hierarchy (NH) (m1 < m2 < m3) or inverted hierarchy (IH) (m3 < m1 < m2). Another possibility, yet allowed, is to have a degenerate (DG) neutrino mass spectrum (m1 ~ m2 ~ m3). Assuming that the neutrinos are Majorana, the mass matrix can be written as:

[image: image]

Using equations (21), (22), (24) and (25), we can estimate the unknown parameters in neutrino mass matrix of Equation (26). To estimate the parameters in NH, we use the best fit values of the oscillation parameters. For a typical value of the lightest neutrino mass of m1 = 0.0001 eV, we get the mass parameters (in eV) as :

[image: image]

Similarly for IH case, choosing the lightest neutrino mass m3 = 0.001 eV, we get the mass parameters (in eV) as :

[image: image]

In both the cases, we put the Dirac and Majorana phases to be zero for simplicity.

The analysis of neutrino mass is more indicative here than being exhaustive. This is essentially to build the connection between the dark sector and neutrino sector advocated in the model set up. One can easily perform a scan over the mass matrix parameters to obtain correct ranges of the neutrino observables, and that of course lies in the vicinity of the aforementioned values. But, we do not aim to elaborate that in this draft. We have not also adhered to a specific lepton mixing matrix pattern (say tri-bi-maximal mixing) coming from a defined underlying flavor symmetry (say A4), which will be able to correlate different parameters of the mass matrix.

The mass of the scalar triplet can also be brought down to TeV scale by choosing appropriate Yukawa coupling as explained before. If the triplet mass is order of a few hundreds of GeV, then it can give interesting dilepton signals in the collider. See for example, [72–78] for a detailed discussion regarding the dilepton signatures of the scalar triplet at collider.



4.3. Pseudo-Dirac Nature of ILD Dark Matter

From Equation (12) we see that the vev of Δ induces a Majorana mass to N0 which is given by:

[image: image]

Thus the N0 has a large Dirac mass MN (as in Equation 2) and a small Majorana mass m as shown in the above Equation (29). Therefore, we get a mass matrix in the basis [image: image] as:

[image: image]

Thus the Majorana mass m splits the Dirac spinor N0 into two pseudo-Dirac states [image: image] with mass eigenvalues MN ± m. The mass splitting between the two pseudo-Dirac states [image: image] is given by

[image: image]

Note that δm << MN from the estimate of induced vev of the triplet and hence does not play any role in the relic abundance calculation. However, the sub-GeV order mass splitting plays a crucial role in direct detection by forbidding the Z-boson mediated DM-nucleon elastic scattering. Now from Equations (20, 29) we see that the ratio:

[image: image]

where we assume Mν ~ 1 eV and m ~ 100 keV. Here the mass splitting between the two states [image: image] and [image: image] is chosen to be [image: image](100) keV in order to forbid the Z-mediated inelastic scattering with the nucleons in direct detection. Thus, we see that the ratio R [image: image] 10−5 is heavily fine tuned. In other words, the scalar triplet strongly decay to ILD dark matter, while its decay to SM leptons is suppressed.



4.4. Effect of Scalar Triplet on Relic Abundance of ILD Dark Matter

In presence of a scalar triplet, when the DM mass is larger than the triplet mass, a few additional annihilation and co-annihilation channels open up as shown in Figures 7–10 in addition to the previously mentioned Feynman diagrams given in Figures 2–4. These additional channels also play a key role in number changing processes of DM, N0 to yield a modified freeze-out abundance. We numerically calculate relic density of N0 DM once again by implementing the model in the code micrOmegas [66]. The parameter space, in comparison to the ILD dark matter alone, is enhanced due to the additional coupling of N0 with Δ. In particular, the new parameters are: triplet scalar masses [image: image], vev of scalar triplet vt, coupling of scalar triplet with ILD dark matter N0, i.e., fN, scalar doublet-triplet mixing sin α.


[image: image]

FIGURE 7. Additional annihilation [image: image], in presence of scalar triplet.
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FIGURE 8. Dominant annihilation ([image: image]) and co-annihilation ([image: image]) processes of ILD DM (N0) to scalar triplet in final states.




[image: image]

FIGURE 9. Co-annihilation channels of ILD DM (N0), with charged fermions N− in presence of scalar triplet.




[image: image]

FIGURE 10. Co-annihilation processes involving only charged partner of ILD DM, N± in presence of scalar triplet.



To understand the effect of the triplet scalar on relic density of ILD DM, we show in Figure 11 the variation of relic density as a function of DM mass (mN) with different choices of triplet vev (vt) while keeping a fixed fN and sin α. In the left panel of Figure 11 we choose the scalar doublet-triplet mixing to be sin α = 0.001 while in the right-panel of Figure 11 we choose sin α = 0.1. In both cases we set the physical CP even, CP odd and charged triplet scalar masses respectively at [image: image] and [image: image] GeV and fN = 0.1. We note that there is a resonance drop near mN ~ mZ/2 as usual for Z mediated s-channel diagrams. Additionally we find that near mN ~ 280 GeV (which is the mass of H2), relic density drops suddenly because of new annihilation processes NN → ΔΔ start to contribute (see diagrams in Figures 7–10). With larger triplet vev vt ~ GeV, the effect of annihilation to scalar triplet becomes subdued. This can be understood as follows. First of all, we see that the quartic couplings involving the triplet, as given in Equation (19), are inversely proportional to the triplet vev (vt). In a typical annihilation process: [image: image], mediated by H−−, the vertex H−−H−H− is proportional to [image: image], which diminishes with larger vt. On the other hand, let us consider the process: [image: image], which has a significant contribution to the total relic density. This process is mediated by H1 and H2. In small sin α limit, the H1 mediated diagram is vanishingly small as the [image: image] So, H2 mediation dominates here. However, the vertex involving [image: image] is proportional to (2 cos α λ2vt − sin αλ1vd). One can see that for small vt, the first term is negligible, while for a larger vt, the first term becomes comparable to that of the second one and has a cancelation. This cancelation therefore decreases the annihilation cross-section to the chosen final state. Such a phenomena is also present for co-annihilation processes like [image: image] etc., where the vertices involve a combination of λ1, and λ2. On the other hand, for smaller values of triplet vev (vt ~ 0.01 GeV), there is a larger drop in relic density due to the additional annihilation channels (to the triplet scalars as mentioned). Therefore, the DM N0 achieves correct relic density for larger DM mass mN (as compared to that of the case in absence of triplet). Moreover, we set fN = 0.1 in both cases. It is straightforward to see that annihilation to the triplet final states are proportional to fN. Therefore, with larger fN, the drop in relic density in the vicinity of triplet scalar mass decreases even further. In summary, the presence of scalar triplet shifts the relic density of ILD DM to a higher DM mass region which crucially depends on the choice of the triplet vev as well as ΔNN coupling fN.


[image: image]

FIGURE 11. Relic density vs. mN plot for different choices triplet vev, vt, keeping sin α = 0.001 (left) and sin α = 0.1 (right). Others parameters are mentioned in the figure. The gray patch indicates relic density bounds. In both cases we set fN = 0.1.



An important conclusion about ILD dark matter is that the mass of DM (mN) is around 1 TeV which satisfies the observed relic abundance. This implies the mass of N−, the charged partner of N0, is about 1 TeV as well. However, the electroweak correction induces a small mass splitting between N0 and N− to be around 162 MeV. Therefore, N− can give rise a displaced vertex signature through the 3-body decay [image: image] [79]. But the main drawback is that the production cross-section of N± of mass ~ TeV is highly suppressed at LHC as this can only be possible through Drell-Yan. Therefore, in section 5 we discuss a more predictive model by enlarging the dark sector with an additional singlet fermion χ.



4.5. Effect of Salar Triplet on Direct Detection of ILD Dark Matter

As discussed in section 3.2, the ILD dark matter alone is ruled out due to large Z-mediated elastic scattering with nucleus. However, it can be reinstated in presence of the scalar triplet, which not only forbids the Z-mediated elastic scattering [61–65] but also provides a new portal for the detection of ILD dark matter via the doublet-triplet mixing as we discuss below.

The interaction of DM with the Z boson with the kinetic term is given as

[image: image]

where [image: image]. After the symmetry breaking the scalar triplet Δ gets an induced vev and hence gives Majorana mass to the ILD dark matter N0 as shown in Equation (29). The presence of such Majorana mass term splits the Dirac DM state into two real Majorana states [image: image] and [image: image] with a mass splitting of δm as discussed in section 4.3. Now we rewrite the Lagrangian involving DM-Z interaction in terms of the new Majorana states as:

[image: image]

We can see that the dominant gauge interaction becomes off-diagonal. The absence of diagonal interaction term for the DM-Z vertex leads to the vanishing contribution to elastic scattering of the DM with the nucleus. However, there could be an inelastic scattering through Z mediation, which is suppressed if the mass splitting between two states is of the order [image: image](100) keV or less. But the Yukawa term involving DM and Δ is still diagonal in the new basis and hence can lead to elastic scattering through a mixing between the doublet-triplet Higgs. Assuming [image: image] to be the lightest among the two Majorana states, hence being the DM, the relevant diagram for the elastic scattering is shown in Figure 12.


[image: image]

FIGURE 12. Elastic scattering of the ILD DM(N0) with the nucleon through scalar mediation due to doublet triplet mixing.



The direct detection cross-section mainly depends on mH2, fN and sin α. We have plotted the spin independent direct detection cross-section as a function of the DM mass [image: image] in Figure 13. Keeping mH2 = 280 GeV (Solid) and mH2 = 600 GeV (Dashed) fixed, we have shown the cross-section for three different values {fN = 0.01, 0.1, 1} in Red, Blue, and Green color, respectively. Since there is a relative negative sign between the two amplitudes, the destructive interference is more for mH2 comparable to SM Higgs. Hence cross section for mH2 = 280 GeV turns out to be smaller than mH2 = 600 GeV. But if we increase the mass of mH2 to TeV scale then H2 mediated process will be suppressed due to the large mass in the propagator and only H1 mediated process will contribute. The direct search cross-section increases with larger Yukawa coupling fN from 0.01 to 1 and can be is easily seen from the Figure 13. Since the DM couples dominantly to the triplet scalar, the more the mixing angle (sin α), the more is the cross-section which can be clearly seen from the left and right panel of Figure 13. But all these cross-sections are well below the present experimental bound of LUX and Xenon-1T. Note that the relic density allowed parameter space of ILD DM in presence of a scalar triplet live in a very high DM mass region ~ TeV with moderate fN and Higgs data unambiguously indicates that the mixing angle (sin α) should be kept small, as we have shown in Figure 13. Therefore, the ILD becomes a viable DM candidate in the presence of a triplet scalar allowed by both relic density and direct search constraints.


[image: image]

FIGURE 13. SI direct detection cross-section σSI as a function of DM mass [image: image] for sin α = 0.001 (Left) and sin α = 0.01 (Right). Different choices of the coupling {fN = 0.01, 0.1, 1} are shown in Red, Blue, and Green color, respectively. Dashed and solid lines corresponds to different values of the heavy Higgs mH2 = 600, 280 GeVs, respectively. The bound from LUX 2017 and XENON1T 2018 are shown.






5. SINGLET-DOUBLET LEPTONIC DARK MATTER

Now let us assume that the dark sector is composed of two vector like leptons : a doublet, N = (N0 N−)Tand a singlet χ, which are odd under an extended [image: image] symmetry while all the Standard Model (SM) fields are even. As a result the lightest odd particle in the dark sector is stable and behave as a candidate of DM. The quantum numbers of dark sector fields and that of SM Higgs under the SM gauge group, augmented by a [image: image] symmetry, are given in Table 2.



Table 2. Quantum numbers of additional dark sector fermions and that of Higgs under [image: image].

[image: image]




The Lagrangian of the model can be given as follows:

[image: image]

Note that here we have assumed to have a CP conserving interaction between the additional vector like fermion to the SM Higgs. One may also think of a coupling [image: image] that will violate CP. Now, it is a bit intriguing to think of such interactions before the debate on the SM Higgs to be a scalar or a pseudoscalar is settled. The outcome of such an interaction will alter the subsequent phenomenology significantly. For example, it is known that advocating a pseudoscalar (S) interaction to a vector like DM (ψ), for example, with a term like [image: image] indicates that DM-nucleon scattering becomes velocity dependent and therefore reduces the direct search constraint significantly to allow the model live in a larger allowed parameter space. However, the Yukawa interaction term itself ([image: image]) do not violate parity as S is assumed to be pseudoscalar by itself (see for example in Ghorbani [67]).

After Electroweak symmetry breaking (EWSB) the SM Higgs acquires a vacuum expectation value v. The quantum field around the vacuum can be given as: [image: image]where v = 246 GeV. The presence of the Yukawa term: [image: image] term in the Lagrangian (Equation 35), arises an admixture between N0 and χ. The bare mass terms of the vector like fermions in [image: image] then take the following form:

[image: image]

The unphysical basis, (χ N0)T is related to physical basis, [image: image] through the following unitary transformation:

[image: image]

where the mixing angle

[image: image]

The mass eigenvalues of the physical states N1 and N2 are respectively given by:

[image: image]

For small sin θ (sin θ → 0) limit, mN1 and mN2 can be further expressed as:

[image: image]

Here we have considered [image: image]. Hence mN1 < mN2. Therefore, N1 becomes the stable DM candidate. From Equations (38, 39), one can write :

[image: image]

where Δm = mN2 − mN12 is the mass difference between the two mass eigenstates and mN is the mass of electrically charged component of vector like fermion doublet N−.

Therefore, one can express interaction terms of [image: image] in mass basis of N1 and N2 as

[image: image]

The relevant DM phenomenology of the model then mainly depend on following three independent parameters :

[image: image]
 

5.1. Constraints on the Model Parameters

The model parameters are not totally free from theoretical and experimental bounds. Here we would like to discuss briefly the constraints coming from Perturbativity, invisible decay widths of Z and H, and corrections to electroweak parameters.

• Perturbativity: The upper limit of perturbativity bound on quartic and Yukawa couplings of the model are given by,

[image: image]

• Invisible decay width of Higgs: If the mass of DM is below mh/2, then Higgs can decay to two invisible particles in final state and will yield invisible decay width. Recent Large Hadron Collider (LHC) data put strong constraint on the invisible branching fraction of Higgs to be Br(h → inv) ≤ 0.24 [80–82], which can be expressed as:

[image: image]

where Γ(h → SM) = 4.2 MeV for Higgs mass mh = 125.09 GeV, obtained from recent measured LHC data [68]. Therefore, the invisible Higgs decay width is given by

[image: image]

where

[image: image]

where the step function Θ(mh − 2mN1) = 1 if mN1 ≤ mh/2 and is 0 if mN1 > mh/2. The decay width of Higgs to DM is proportional to [image: image]. Therefore, it depends on the mass splitting with NLSP (Δm) as well as on the doublet singlet mixing (sin θ). The invisible Higgs decay constraint on the model for mN1 < mh/2 is shown in Figure 14, where we have shown the exclusion in MN1 − sin θ plane for different choices of Δm ranging from 10 GeV to 500 GeV. The inner side of the contour is excluded. This essentially shows that with large Δm ~ 500 GeV, essentially all of mN1 ≤ mh/2 is excluded, while for a small Δm ~ 10 GeV, the constraint is milder due to less Higgs decay width and excludes only regions for DM masses MN1 ≤ 30 GeV within sin θ ~ {0.6 − 0.8}. Therefore, even in mN1 ≤ mh/2 region, if Δm and sin θ are small, which turns out to be the case for satisfying relic density and direct search as we demonstrate later, then are allowed by the Higgs invisible decay constraint.

• Invisible decay width of Z: If the masses of dark sector particles are below mZ/2, then Z can decay to dark sector particles leading to an increase of Z-decay width. However, from current observation, invisible decay width of Z boson is strongly bounded. The upper limit on invisible Z-decay width is given by Patrignani et al. [68]:
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where the decay of Z to N1 DM is given as:

[image: image]
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FIGURE 14. Constraints from Higgs invisible decay width is shown in mN1 − sin θ plane. Here each contour line correspond to different value of Δm depicted in the figure. Inner region of each contour line excluded from Higgs invisible decay width, Γ(h → inv.) ≤ 1.32 MeV for a particular value of Δm.



The Z− invisible decay does not play a crucial role in small sin θ regions, which are required for the DM to achieve correct relic density, thus allowing almost all of the MN1 ≤ mZ/2 parameter space of the model.



5.2. Corrections to the Electroweak Precision Parameters

Addition of a vector like fermion doublet to the SM gives correction to the electroweak precision test parameters S, T and U[83–86]. The values of these parameters are tightly constrained by experiments. The new observed parameters are infect four in number Ŝ, [image: image], W and Y [87], where the Ŝ, [image: image] are related to Peskin-Takeuchi parameters S, T as [image: image], [image: image], while W and Y are two new set of parameters. The measured values of these parameters at LEP-I and LEP-II put a lower bound on the mass scale of vector like fermions. The result of a global fit of the parameters is presented in the Table 3 for a light Higgs [87]3.



Table 3. Global fit for the electroweak precision parameters taken from reference [87].
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In the present scenario, we have a vector like doublet and a singlet fermion field are added to the SM. But the physical states are a charged fermion N−, and two singlet doublet mixed neutral fermions N1 (dominant singlet component) and N2 (dominant doublet component). Therefore, the contribution to the precision parameters also depends on the mixing angle sin θ. The expression for Ŝ in terms mN1, mN2, mN and sin θ of is given as Cynolter and Lendvai [88]:

[image: image]

where μew is at the EW scale.

In the left panel of Figure 15, we have plotted Ŝ as a function of mN2 keeping mN1 = 200 GeV for different values of the mixing angle. In the right panel, we have shown the allowed values of Ŝ in the plane of mN2 − mN vs. mN2 for sin θ = 0.05 (Green Color), sin θ = 0.1 (Red color) and sin θ = 0.2 (Maroon color). We observed that Ŝ does not put strong constraints on mN1 and mN2. Moreover, small values of sin θ allows a small mass splitting between N2 and N− which relaxes the constraint on [image: image] parameter as we discuss below. The expression for [image: image] is given as Cynolter and Lendvai [88]:
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where Π(a, b, 0) is given by:

[image: image]

with Div [image: image] contains the divergent term in dimensional regularization method. From the left panel of Figure 16 we see that for sin θ < 0.05 we don't get strong constraints on mN2 and mN1. Moreover, small values of sin θ restricts the value of mN2 − mN to be less than a GeV. As a result large mN2 values are also allowed. Near mN2 ≈ mN, [image: image] vanishes as expected. The value of Y and W are usually suppressed by the masses of new fermions. Since the allowed masses of N1, N2 and N± are above 100 GeV by the relic density constraint (to be discussed later), so Y and W are naturally suppressed.
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FIGURE 15. In the left panel, Ŝ is shown as a function of mN2 for mN1 = 200 GeV and sinθ = 0.05 (Green color), sinθ = 0.075 (Blue color), sinθ = 0.1 (Red color), sinθ = 0.15 (Black color), and sinθ = 0.2 (Maroon color). In the right panel, allowed values of Ŝ is plotted in mN2 − mN vs. mN2 plane for sin θ = 0.05 (Green Color), sinθ = 0.1 (Red color), and sinθ = 0.2 (Maroon color).




[image: image]

FIGURE 16. In the left panel, [image: image] is shown as a function of mN2 for mN1 = 200 GeV and sinθ = 0.05 (Green color), sinθ = 0.075 (Blue color), sinθ = 0.1 (Red color), sinθ = 0.15 (Black color), and sinθ = 0.2 (Maroon color). In the right panel, allowed values of [image: image] is plotted in mN2 − mN vs. mN2 plane for sin θ = 0.05 (Green color), sin θ = 0.1 (Red color), and sinθ = 0.2 (Maroon color).





5.3. Relic Density of Singlet-Doublet Leptonic Dark Matter

As stated earlier, the lightest stable physical state N1 is the DM, which is an admixture of a singlet vector-like fermion (χ) and the neutral component of a vector-like fermionic doublet (N). Due to presence of mass hierarchy between dark sector particles [image: image], the lightest component N1 not only annihilate with itself but also co-annihilate with N2 and N− to yield a net a relic density. The relevant diagrams are shown in Figures 17–19.


[image: image]

FIGURE 17. Annihilation (i = j) and co-annihilation (i ≠ j) of vector-like fermion DM. Here (i, j = 1, 2).




[image: image]

FIGURE 18. Co-annihilation process of Ni (i = 1, 2) with the charge component N− to SM particles.
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FIGURE 19. Co-annihilation process of charged fermions N± to SM particles in final states.



We assume all the heavier particles: [image: image] in the dark sector ultimately decay to lightest stable particle N1. So in this scenario one can write the Boltzmann equation in terms of total number density [image: image] as

[image: image]

where

[image: image]

In above equation, geff, defined as effective degrees of freedom, which is given by

[image: image]

where g1, g2 and g3 are the degrees of freedom of [image: image], respectively and [image: image], where Tf is the freeze out temperature. Then the relic density of the N1 DM can be given by Griest and Seckel [89], Chatterjee and Sahu [90], and Patra et al. [91]

[image: image]

where J(xf) is given by

[image: image]

We note here that the freeze-out abundance of N1 DM is controlled by the annihilation and co-annihilation channels as shown in Figures 17–19. Therefore, the important parameters which decide the relic abundance of N1 are mass of DM (mN1), the mass splitting (Δm) between the DM and the next-to-lightest stable particle (NLSP) and the singlet-doublet mixing angle sin θ. Here we use MicrOmega [66] to calculate the relic density of N1 DM.

Variation of relic density of N1 DM is shown in Figure 20 as a function of its mass, for a fixed Δm = 10 − 100 GeV (in left and right panels of Figure 20, respectively) and different choices of mixing angle sin θ. We note that the annihilation cross-section increases with sin θ, due to larger SU(2) component, resulting in smaller relic density. The resonance drop at mZ/2 and at mh/2 is observed due to s-channel Z and H mediated contributions to relic abundance. Another important feature of Figure 20 is that when Δm is small, relic density is smaller due to large co-annihilation contribution (less Boltzmann suppression followed from Equation 54). This feature can also be corroborated from Figure 21, where we have shown relic density as a function of DM mass by keeping a fixed range of sin θ and chosen different possible Δm. Alternatively in Figure 21, we have shown relic density as a function of DM mass by keeping a fixed range of Δm, while varying sin θ. We see from the left panel of Figure 21 that for small Δm co-annihilation dominates and hence the effect of sin θ on relic abundance is quite negligible. On the other hand, from the right panel of Figure 21, we see that for large Δm, where co-annihilation is suppressed, the effect of sin θ on relic abundance is clearly visible. For small sin θ, the effective annihilation cross-section is small which leads to large relic abundance, while for large sin θ the relic abundance is small provided that the Δm is big enough to avoid co-annihilation contributions.


[image: image]

FIGURE 20. Variation of relic density with DM mass mN1 keeping fixed range of sin θ: 0.01 ≤ sin θ ≤ 0.05 (left panel) and 0.08 ≤ sin θ ≤ 0.12 (right panel). The different color patches corresponds to different Δm region : 1 ≤ Δm(inGeV) ≤ 10 (Orange), 10 < Δm(inGeV) ≤ 30 (Blue), 30 < Δm(inGeV) ≤ 50 (Red) and 50 < Δm(inGeV) ≤ 100 (Gray). Correct relic density, 0.1166 ≤ Ωh2 ≤ 0.1206 is shown by black dashed line. All the masses are in GeVs.




[image: image]

FIGURE 21. Variation of relic density with DM mass mN1 keeping fixed region of Δm: 1 ≤ Δm ≤ 10 GeV (left panel) and 50 ≤ Δm ≤ 100 GeV (right panel). The different color patches are corresponding to different sin θ region : 0.01 ≤ sin θ ≤ 0.04 (Cyan), 0.04 < sin θ ≤ 0.08 (Blue), 0.08 < sin θ ≤ 0.12 (Red). Correct relic density, 0.1166 ≤ Ωh2 ≤ 0.1206 is shown by black dashed line. All the masses are in GeVs.



From Figure 22, we see that for a wide range of singlet-doublet mixing (sin θ), we can get correct relic abundance in the plane of mN1 vs. Δm. Different ranges of sin θ are indicted by different color codes. To understand our result, we divide the plane of mN1 vs. Δm into two regions: (i) the bottom portion with small Δm, where Δm decreases with larger mass of N1, (ii) the top portion with larger mass splitting Δm, where Δm increases slowly with larger DM mass mN1. In the former case, for a given range of sin θ, the annihilation cross-section decreases for large mass of N1. Therefore, we need more co-annihilation contribution to compensate, which requires Δm to decrease. This also imply that the region below to each colored zone is under abundant (small Δm implying large co-annihilation for a given mass of N1), while the region above is over abundant (large Δm implying small co-annihilation for a given mass of N1). To understand the allowed parameter space in region (ii), we first note that co-annihilation contribution is much smaller here due to large Δm, so the annihilation processes effectively contribute to relic density. Now, let us recall that the Yukawa coupling Y ∝ Δmsin θ. Therefore, for a given sin θ, larger Δm can lead to larger Y and therefore larger annihilation cross-section to yield under abundance, which can only be tamed down to correct relic density by having a larger DM mass. Hence in case-(ii), the region above to each colored zone (allowed region of correct relic density) is under abundant, while the region below to each colored zone is over abundant. Thus, the over and under abundant regions of both cases (i) and (ii) are consistent with each other.


[image: image]

FIGURE 22. Relic density allowed region are shown in mN1 − Δm plane for different range of range of sin θ: {0.01 − 0.12} (Red), {0.2 − 0.03} (Green), and {0.4 − 0.5} (Blue).





5.4. Constraints on Parameters From Direct Search of Singlet-Doublet Leptonic Dark Matter

Let us now turn to constraints on parameters from direct search of N1 DM in terrestrial laboratories. Due to singlet-doublet mixing, the N1 DM in direct search experiments can scatter off the target nucleus via Z and Higgs mediated processes as shown by the Feynman graphs in Figure 23. The cross-section per nucleon for Z-boson mediation is given by Goodman and Witten [92] and Essig [93]

[image: image]

where A is the mass number of the target nucleus, μr = M1mn/(M1 + mn) ≈ mn is the reduced mass, mn is the mass of nucleon (proton or neutron) and [image: image] is the amplitude for Z-boson mediated DM-nucleon cross-section given by

[image: image]

where fp and fn are the interaction strengths (including hadronic uncertainties) of DM with proton and neutron, respectively and [image: image] is the atomic number of the target nucleus. On the other hand, the spin-independent DM-nucleon cross-section per nucleon mediated via the exchange of SM Higgs is given by:

[image: image]

where the effective interaction strengths of DM with proton and neutron are given by:

[image: image]

with

[image: image]

In Equation (61), the different coupling strengths between DM and light quarks are given by Bertone et al. [4] [image: image], [image: image], [image: image], [image: image], [image: image], [image: image]. The coupling of DM with the gluons in target nuclei is parameterized by

[image: image]

Thus from Equations (60–63) the spin-independent DM-nucleon cross-section is given to be:

[image: image]

In the above equation the only unknown quantity is Y or sin 2θ which can be constrained by requiring that [image: image] is less than the current DM-nucleon cross-sections.


[image: image]

FIGURE 23. Feynman diagrams of SI direct detection of singlet-doublet N1 DM.



Now we make a combined analysis by taking both Z and H mediated diagrams taken into account together. In Figure 24, we show the spin-independent cross-section for N1 DM within its mass range mN1:1 − 1000 GeV. The plot is obtained by varying sin θ within {0.001 − 0.12} with sin θ = {0.001 − 0.01} (Cyan), sin θ = {0.01 − 0.04} (Blue), sin θ = {0.04 − 0.08} (Red), sin θ = {0.08 − 0.12} (Green). It clearly shows that the larger is sin θ, the stronger is the interaction strength (through larger contribution from Z mediation) and hence the larger is the DM-nucleon cross-section. Hence, it turns out that direct search experiments constraints sin θ to a large extent. For example, we see that sin θ ≤ 0.04, for the DM mass mN1 > 300 GeV. The effect of Δm on DM-nucleon cross-section is less. However, we note that Δm plays a dominant role in the relic abundance of DM. Approximately, sin θ ≤ 0.05 (Blue points) are allowed for most of the parameter space except for smaller DM masses. Cyan points indicate sin θ < 0.01. The discrete bands correspond to specific values of sin θ chosen for the scan and essentially one can consider the whole region together to fall into this category which evidently have sensitivity close to neutrino floor. Note here, the scanned points in Figure 24, do not satisfy relic abundance.
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FIGURE 24. Spin independent direct detection cross-section σSI as a function of DM mass mN1 for different range of sin θ: {0.001 − 0.01} (Cyan),{0.01 − 0.04} (Blue), {0.04 − 0.08} (red), and {0.08 − 0.12} (Green). The direct search limits from LUX, PANDA, XENON1T are shown while that of the future sensitivity of XENONnT is also indicated.



Now let us turn to the parameter space, simultaneously allowed by observed relic density and latest constraints from direct DM search experiments, such as Xenon-1T. In Figure 25, we have shown the allowed parameter space again in mN1− Δm plane. We see that null observation from direct search crucially tames down the relic density allowed parameter space to sin θ < 0.05 (Purple). Figure 25 also shows that large singlet-doublet mixing, i.e., sin θ [image: image] 0.05, allowed by correct relic density, is no more allowed by direct search limit in accordance with Figure 24.


[image: image]

FIGURE 25. Relic density and direct detection (XENON 1T 2018) allowed parameter space plotted in mN1 − Δm plane.



We finally summarize the DM analysis of singlet doublet case here. The model offers an interesting phenomenology to exploit singlet-doublet mixing (sin θ) in accordance with DM mass (mN1) and the splitting with charged fermion content (Δm) to yield a large available parameter space for correct relic density. However, due to Z-mediated process contributing to direct detection of singlet-doublet leptonic dark matter, a stringent constraint on sin θ ≤ 0.05 arises. This leads the DM to be allowed only in small Δm region (as in Figure 25) to achieve correct relic density through co-annihilation processes. However, this constraint can be relaxed in presence of a scalar triplet as we discuss below. Moreover, the triplet can also give rise Majorana masses to light neutrinos (see section 4.2) through type-II seesaw to address DM and neutrinos in the same framework.




6. TRIPLET EXTENSION OF SINGLET-DOUBLET LEPTONIC DARK MATTER


6.1. Pseudo-Dirac Nature of Singlet-Doublet Leptonic Dark Matter

As discussed in section 5, the DM is assumed to be [image: image] with a Dirac mass mN1. However, from Equation (12) we see that the vev of Δ induces a Majorana mass to N1 due to singlet-doublet mixing and is given by:

[image: image]

Thus the N0 has a large Dirac mass mN1 and a small Majorana mass m as shown in the above Equation (65). Therefore, we get a mass matrix in the basis [image: image] as:

[image: image]

Thus the Majorana mass m splits the Dirac spinor N1 into two pseudo-Dirac states ψ1,2 with mass eigenvalues mN1 ± m. The mass splitting between the two pseudo-Dirac states ψ1,2 is given by

[image: image]

Note that δm1 << mN1 from the estimate of induced vev of the triplet and hence does not play any role in the relic abundance calculation. However, the sub-GeV order mass splitting plays a crucial role in direct detection by forbidding the Z-boson mediated DM-nucleon elastic scattering. Now from Equations (20, 65) we see that the ratio:

[image: image]

Thus we see that for R ~ 10−5 the ratio, [image: image] if we assume sin θ = 0.1, which is much larger than the singlet-doublet mixing being used in section 5.4.



6.2. Effect of Scalar Triplet on Relic Abundance and Direct Search of Singlet-Doublet Dark Matter

We already have noted the diagrams that are present due to the addition of a scalar triplet for the ILD DM to freeze-out (see section 4.4). The main features of having an additional scalar triplet in the singlet-doublet DM model is very similar to what we have discussed before in case of ILD DM. The additional freedom that we have in case of singlet-doublet leptonic DM is to play with the mixing parameter sin θ and Δm.

Let us first study relic density as a function of DM mass in presence of scalar triplet. This is shown in Figure 26, where we choose two fixed values of Δm = 10, 200 GeV in left and right panel, respectively for a scalar triplet mass around 280 GeV. Different possible ranges of sin θ are shown by different color codes. The main feature is again to see a drop in relic density near the value of the triplet mass, where the additional annihilation channel to the scalar triplet reduces relic density significantly. For small Δm, co-annihilation channels play an important part and therefore different mixing angles do not affect relic density significantly (compare left and right panel figures). Also due to large co-annihilation for small Δm as in the left panel, the relic density turns out to be much smaller than the right panel figure where Δm is large and do not offer the co-annihilation channels to be operative. An additional resonance drop at half of the triplet scalar mass is observed here (~ 140 GeV) due to s-channel triplet mediated processes.
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FIGURE 26. Variation of relic density with DM mass mN1 keeping fixed region of Δm: Δm = 10 GeV (left panel) and Δm = 200 GeV (right panel) in presence of scalar triplet. Different color patches correspond to different sin θ region : 0.01 ≤ sin θ ≤ 0.1 (Red), 0.2 < sin θ ≤ 0.3 (Blue), 0.4 < sin θ ≤ 0.5 (Purple). Correct relic density, 0.1166 ≤ Ωh2 ≤ 0.1206 is shown by black dashed line. All the masses are in GeVs.



A similar plot is shown in Figure 27 with larger value of the scalar triplet mass ~ 1000 GeV. Obviously the features from Figure 26, is mostly retained where the drop in relic density is observed around ~ 1000 GeV and the drop is also smaller than what we had for smaller triplet mass.
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FIGURE 27. Variation of relic density with DM mass mN1 keeping fixed region of Δm: Δm = 10 GeV (left panel) and Δm = 200 GeV (right panel) for heavy scalar triplet mass, mH2 = 1000 GeV. Different color patches correspond to different sin θ region : 0.01 ≤ sin θ ≤ 0.1 (Red), 0.2 < sin θ ≤ 0.3 (Blue), 0.4 < sin θ ≤ 0.5 (Purple). Correct relic density, 0.1166 ≤ Ωh2 ≤ 0.1206 is shown by black dashed line. All the masses are in GeVs.



Relic density allowed parameter space of the model in mN1 − Δm plane is shown in left panel of Figure 28. The bottom part of the allowed parameter space is again due to co-annihilation. For small sin θ ~ 0.1 (red points), this is the only allowed parameter space except the resonance at the extreme left hand side. For larger sin θ, the resonance drops of doublet and triplet scalars also yield correct relic density. There is an under-abundant region when the triplet channel opens up, which is then reduced with larger DM mass. Therefore, it ends up with two different patches (both for blue and purple points) to be allowed below and above the scalar triplet mass. The direct search constraint in presence of scalar triplet thankfully omits the Z mediated diagram due to the pseudo-Dirac splitting and allows a larger sin θ ~ 0.3. However, in addition to the Yukawa coupling (Y) initiated SM Higgs mediation, there is an added contribution from the heavy Higgs due to the doublet triplet mixing. We have already seen before that the effect of the additional contribution to direct search cross-section is small in the small sin α limit with a moderate choice of fN. Therefore, we have omitted such contributions in generating the direct search allowed parameter space of the model as shown in the right panel of Figure 28. This again depicts that the model in presence of scalar triplet earns more freedom in relaxing Δm and sin θ to some extent.
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FIGURE 28. Relic density (left panel) and both relic density and direct search (XENON 1T 2018) (right panel) allowed parameter space plotted in mN1 − Δm plane with different range of sin θ : 0.01 ≤ sin θ ≤ 0.1 (Red), 0.2 < sin θ ≤ 0.3 (Blue), 0.4 < sin θ ≤ 0.5 (Purple).






7. COLLIDER SIGNATURES

Finally, we discuss the collider signature of the model, which can be subdivided into two categories: (i) Displaced vertex signature and (ii) Excess in leptonic final states.


7.1. Displaced Vertex Signature

In the small sin θ limit, the charged inert fermion can show a displaced vertex signature. If the mass difference between the N− and N1 is greater than W− mass then N− can decay via a two body process. But if the mass difference is smaller than MW, then N− can decay via three body process say [image: image] The three body decay width is given as Bhattacharya et al. [53]:

[image: image]

where GF is the Fermi coupling constant and I is given as:

[image: image]

In the above Equation F1(a, b) and F2(a, b) are two polynomials of a = mN1/mN and b = mℓ/mN, where mℓ is the charged lepton mass. Up to [image: image](b2), these two polynomials are given by

[image: image]

In Equation (70), [image: image] defines the phase space. In the limit b = mℓ/mN → 1 − a = δM/mN, λ1/2 goes to zero and hence I → 0. The life time of N− is then given by τ ≡ Γ−1. We take the freeze out temperature of DM to be Tf = mN1/20. Since the DM freezes out during radiation dominated era, the corresponding time of DM freeze-out is given by :

[image: image]

where g* is the effective massless degrees of freedom at a temperature Tf and mpl is the Planck mass. Demanding that N− should decay before the DM freezes out (i.e., τ [image: image] tf) we get

[image: image]

The lower bound on the mixing angle depends on the mass of N− and N1. For a typical value of mN = 200 GeV, mN1 = 180 GeV, we get sin θ [image: image] 1.17 × 10−5. Since τ is inversely proportional to [image: image], larger the mass, smaller will be the lower bound on the mixing angle.

To explore more whether we can get the relic abundance and displaced vertex simultaneously, we have shown in Figure 29 relic abundance as a function of DM mass keeping the mass splitting ΔM ≤ 50 GeV and sin θ = 10−4. In this small mixing angle limit there are coannihilation channels (see Figure 19) which are independent of sin θ contributes to relic density. We choose the set of points which are giving us the correct relic density and tried to find the displaced vertex value. We have plotted in the right panel of Figure 29 displaced vertex (Γ−1) as a function of mN. We can see that in the large mass of mN, the displaced vertex is very small as expected as Γ−1 decreases with increase in mass. For larger mixing angles displaced vertex is suppressed. Again sin θ cannot be arbitrarily small as shown in Equation (73), so Γ−1 will not be very large.
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FIGURE 29. Variation of relic density with DM mass mN1 keeping fixed Δm ≤ 50 GeV (left panel). Black dashed lines correspond to measured value of relic density by PLANCK. Displaced vertex (Γ−1) is plotted as a function of mN (right panel). For the displaced vertex we choose the set of parameters satisfying relic density from the left panel figure.





7.2. Hadronically Quiet Dilepton Signature

Since our proposed scenario have one vector like leptonic doublet, there is a possibility of producing charge partner pair of the doublet (N+ N−) at proton collider (LHC). The decay of N± further produce leptonic final states through on-shell/off-shell W± mediator to yield opposite sign dilepton plus missing energy as is shown in Figure 30. Obviously, W can decay to jets as well, to yield single lepton plus two jets and missing energy signature or that of four jets plus missing energy signature. But, LHC being a QCD machine, the jet rich final states are prone to very heavy SM background and cannot be segregated from that of the signal. We therefore refrain from calculating the other two possibilities here. A detailed analysis of collider signature of this model will be addressed in Barman et al. [94].
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FIGURE 30. Feynman diagram for producing hadronically quiet opposite sign dilepton plus missing energy ([image: image]) signal events at LHC.



Doublet-singlet fermion DM in absence or in presence of scalar triplet do not distinguish to yield a different final state from that of [image: image] shown in Figure 30. However, there is an important distinction that we discuss briefly here. N+ N− production cross-section depends on the charge lepton masses and nothing else, leptonic decay branching fraction is also fixed. However, the splitting between DM (N0) and its charged partner (N±) ([image: image]) is seen in the missing energy distribution. The signal can only be segregated from that of the SM background when the splitting is large and it falls within the heaps of SM background when Δm is small. This feature can distinguish between the two cases of singlet doublet DM in presence and in absence of scalar triplet. To illustrate, we choose two benchmark points from two scenarios: i) doublet singlet leptonic DM (BP1) in absence of scalar triplet and ii) doublet singlet leptonic DM in presence of triplet (BP2), shown in Table 4. For BP1, we see that Δm = 10 GeV, has to be very small because relic density and direct search (XENON 1T 2018) put strong constraint on Δm (≤ 12 GeV). On the other hand, presence of triplet in this scenario can relax the situation to some extent, and one may choose large Δm ~ 150 GeV for low DM mass (~ 50 GeV) and obey both relic density and direct search constraint, as indicated in BP2. Again, we note here, that such a low DM mass is still allowed by the Invisible Higgs data due to small sin θ that we have taken here.



Table 4. DM mass, sin θ, [image: image], relic density, and SI direct search cross-sections of two benchmark points are mentioned for collider study.
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To study the collider signature of the model, we first implemented the model in FeynRule [95]. To generate events files, we used Madgraph [96] and further passed to Pythia [97] for analysis. We have imposed further selection cuts on leptons (ℓ = e, μ) and jets as follows to mimic the actual collider environment:

• Lepton isolation: Leptons are the main constituent of the signal. We impose transverse momentum cut of pT > 20 GeV, pseudorapidity of |η| < 2.5 and separation cut ΔR ≥ 0.2 for separating from other leptons. Additionally, ΔR ≥ 0.4 is required to separate the leptons from jets. The definition of separation in azimuthal-pseudorapidity plane is [image: image].

• Jet formation and identification is performed in Pythia. We use cone-algorithm and impose that the jet initiator parton must have pT ≥ 20 GeV and forms a jet within a cone of ΔR ≤ 0.4. Jets are required to be defined for our events as to have zero jets.

Using above basic cuts, we have studied hadronically quite opposite signed dilepton final states :

[image: image]

The distribution of signal events with respect to missing Energy ([image: image]T), invariant mass of OSD (mℓℓ) and effective momentum (HT) is shown in Figure 31, respectively top left, top right and bottom panel. We see that each of the distribution becomes flatter and the peak is shifted to higher energy value with larger Δm. As we have already mentioned that SM background yields a very similar distribution to that of BP1 and therefore cannot be segregated from small Δm cases. For details of background estimate and distribution, see for example, [98]. Without further selection cuts, the signals constitute a very tiny fraction of hadronically quiet dilepton channel at LHC. To reduce SM background, further selection cuts must be employed:

• mℓℓ < |mz − 15| and mℓℓ > |mz + 15|,

• HT > 100, 200 GeV,

• [image: image]T > 100, 200 GeV.


[image: image]

FIGURE 31. Missing energy ([image: image]T), invariant mass of dilepton (mℓℓ), and transverse mass (HT) distributions of the hadronically quite dilepton signal events ([image: image]) for C.O.M. energy, [image: image] at LHC.



We see that the signal events for BP1, after such a cut is reduced significantly, while for BP2, we are still left with moderately large number of events as shown in Table 5.



Table 5. Signal events for above mentioned benchmark points with [image: image] = 14 TeV at the LHC for the luminosity [image: image] after [image: image]T, HT and mℓℓ cuts.

[image: image]




To summarize, we point out that singlet-doublet fermion DM can possibly yield a displaced vertex signature out of the charged fermion decay, thanks to small mass splitting and small sin θ, while due to the same reason, seeing an excess in leptonic final state will be difficult. On the other hand, the model where singlet-doublet fermion DM is extended with a scalar triplet satisfy relic density and direct search with a larger mass splitting between the DM and charged companion which allows such a case to yield a lepton excess to be probed at LHC, but the displaced vertex signature may get subdued due to this. The complementarity of the two cases will be elaborated in Barman et al. [94]. We also note that scalar triplet extension do not allow the fermion DM to have any mass to also accommodate large Δm. This is only possible in the vicinity of Higgs resonance. We can however, earn a freedom on choosing a large Δm at any fermion mass value in the presence of a second DM component and see a lepton signal excess as has been pointed out in Barman et al. [94].




8. CONCLUSIONS AND FUTURE DIRECTIONS

Vector like leptons stabilized by a symmetry, provide a simple solution to DM problem of the universe. The relic density allowed parameter space provide a wide class of phenomenological implications to be explored in DM direct search experiments and in collider searches through signal excess or displaced vertex. In this article, we have provided a thorough analysis of different possible models in such a category. The results have been illustrated with parameter space scans, taking into account the constraints coming from non-observation of DM in present direct search data, constraints from electroweak precision tests, vacuum stability, invisible decay widths of Higgs and Z etc., to see the allowed region where the model(s) can be probed in upcoming experiments.

We first reviewed the possibility of vector-like leptonic singlet χ, doublet N and their combination χ − N as viable candidates of DM. First we discussed about a vector-like singlet leptonic DM χ. In this case, the DM can only couple to visible sector through non-renormalizable dimension-5 operator [image: image], where Λ denotes a new physics (NP) scale. We find relic density allowed parameter space of the model requires Λ to be 500 GeV or less for DM mass ranging between 100 GeV to 500 GeV. However, the direct search cross-section for such Λ is much larger than the constraints obtained from XENON1T data. Therefore, a singlet lepton is almost ruled out being a viable candidate of DM.

We then discussed the possibility of neutral component of a vector-like inert lepton doublet (ILD) N0 to be a viable DM candidate. Since the doublet has only gauge interaction, the correct relic abundance can be obtained only at heavy DM mass around ~ TeV. Again, the doublet DM suffers a stringent constraint from Z-mediated elastic scattering at direct search experiments. The relic density allowed parameter space therefore lies way above than the XENON1T bound of not observing a DM in direct search experiment. Therefore, an ILD DM alone is already ruled out. However, we showed that in presence of a scalar triplet, an ILD DM can be reinstated by forbidding the Z-mediated elastic scattering with the nucleons thanks to pseudo Dirac splitting. Due to additional interaction of ILD in presence of a scalar triplet, the mass of ILD DM is pushed to a higher side to achieve correct relic density. Moreover, the scalar triplet mixes with the SM doublet Higgs and paves a path for detecting the ILD DM at terrestrial laboratories. The presence of scalar triplet also yield a non-zero neutrino mass to three flavors of active neutrinos which are required by oscillation data. However, we noticed that the parameter space of an ILD DM is very limited to a very high mass due to its gauge coupling.

We then searched for a combination of singlet χ and neutral component of doublet N = (N−, N0) being a viable candidate of DM. This is possible if both of the fermion fields possess same Z2 symmetry. They mix after electroweak symmetry breaking. In fact, we found that the appropriate combination of a singlet-doublet can be a viable DM candidate in a large parameter space spanning DM mass between Z resonance to ~ 700 GeV. The singlet-doublet mixing plays a key role in deciding the relic abundance of DM as well as detecting it in terrestrial laboratories. In fact, we found that a large singlet component admixture with a small doublet component is an appropriate combination to be a viable candidate for DM, particularly to meet direct search bounds (sin θ ≤ 0.05). However, it is difficult for a DM with large singlet component to yield correct relic density due to small annihilation cross-section. Therefore, it has to depend heavily on co-annihilation to make up the small annihilation cross section, which in turn requires a small mass difference between the DM N1 and its partners [image: image]. In particular, if the mixing angle is very small (around sin θ ~ 10−4), the decay of NLSP ([image: image]) gives a measurable displaced vertex signature at LHC, aided by a small mass difference of N− with the DM (N1). However, this typical feature makes it difficult to identify any signal excess from production of the NLSP at LHC.

The situation becomes more interesting in presence of a scalar triplet. The latter, not only enhances the allowed parameter space of singlet-doublet mixed DM (by allowing a larger mixing sin θ [image: image] 0.2 and also a larger mass splitting between NLSP and DM), but also generates masses to three flavors active neutrinos via type-II seesaw. Presence of scalar triplet may also pave the path to discover this model through hadronically quiet dilepton channel at LHC. We would also like to add here that if the DM (singlet-doublet admixture) including the SM particles are charged under an additional flavor symmetry, say A4, then non-zero value of θ13 can be obtained from the flavor charge of DM, which has been elaborated in Bhattacharya et al. [99, 100].
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FOOTNOTES

1The scale Λ is a priori unknown and should be validated from experimental constraints. In effective theory consideration, we ensure that mχ < Λ.

2We would like to remind the readers that N1 and N2 are not same as [image: image] and [image: image]. N1, 2 are the physical eigenstates arising out of the singlet (χ) doublet (N) admixture. Here, N1 is the DM while N2 is the NLSP. Where as, [image: image] and [image: image] are the two pseudo Dirac states that emerge from the neutral component (N0) of the vector-like lepton doublet (N) due to the majorana mass term acquired by N0 in presence of the scalar triplet Δ.

3The value Ŝ, [image: image], W and Y are obtained using a Higgs mass mh = 115 GeV. However, we now know that the SM Higgs mass is 125 GeV. Therefore, the value of Ŝ, [image: image], W and Y are expected to change. But this effect is nullified by the small values of sin θ.
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APPENDIX A: COUPLINGS OF ILD DARK MATTER WITH SCALAR TRIPLETS AND SM PARTICLES

Trilinear vertices involving ILD and triplet Scalar:
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Trilinear vertices involving triplet scalars:
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Trilinear vertices involving ILD and SM particles:
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Grand Unified Theories (GUTs) are one of the most interesting high-energy completions of the Standard Model, because they provide a rich, powerful and elegant group-theoretical framework able to resolve a variety of problems remaining in our current understanding of particle physics. They usually act as motivators for many low energy BSM theories, such as left-right symmetric or supersymmetric models, and they serve to fill the gap between the experimentally reachable low energies and the physics in the ultraviolet. In recent years, however, they have fallen slightly from the spotlight, in favor of “simplified” models with more specific phenomenological predictions. The aim of this review is to summarize the state of the art on GUTs and argue for their importance in modern physics. Recent advances in experiments permit to test the predictions of GUTs at different energy scales. First, as GUTs can play a role in the inflationary dynamics of the early Universe, their imprints could be found in the CMB observations by the Planck satellite. Remarkably enough, GUTs could manifest themselves also in terrestrial tests; several planned experiments aim to probe the proton stability and to establish order of magnitude higher bounds on its lifetime. Moreover, the predictions of specific GUT models could be tested even at the LHC thanks to its high energy reach, via searches for exotic states or additional contributions to flavor anomalies.

Keywords: grand unified theories, supersymmetry, colliders, neutrinos, cosmology, gravitational waves, flavour, leptoquarks


1. INTRODUCTION

The Standard Model (SM) [1–3] of particle physics is an incredible successful theory of subatomic physics. It describes the electroweak and strong interactions of fundamental particles with surprising accuracy up to the energy scales of modern day experiments. Further supported by the discovery of the Higgs boson [4, 5], it stands as one of the best evidences that symmetries and the mechanism of spontaneous symmetry breaking play a critical role on the Universe at the smallest scales [6–8].

In spite of its success at explaining with astonishing precision most of the observed phenomena, the SM cannot be the ultimate theory of particle physics. The Higgs quartic coupling in the SM becomes negative at scales [image: image]1010 GeV, rendering the vacuum state of the theory unstable at high energies [9]. New physics must then surface below or around that scale to stabilize the vacuum. Furthermore, there is a continuously increasing amount of observations that are in tension with the predictions of the SM. From the discovery of neutrino oscillations [10, 11] to the recent anomalies in the flavor sector [12–14], these phenomena cannot be explained with the SM alone and contributions from beyond the SM (BSM) physics may be required to accommodate them.

Grand Unified Theories (GUTs) [15–19] are well motivated extensions of the SM that can address several of its outstanding issues. As the SM does for electromagnetism and weak nuclear decays, GUTs exploit the power of symmetries and group theory to unify the electroweak and strong interactions into a single force. As can be noticed in Figure 1, the flow of the SM gauge couplings already hints at a possible unification at a high scale, thereby providing further motivation for GUTs as appealing BSM models.


[image: image]

FIGURE 1. Renormalization group flow of the standard model gauge couplings.



The predicted unification of forces provides an explanation for the ad hoc nature of the SM charge assignments and their accidental anomaly cancellation [20, 21]. Through the introduction of new fields and symmetries, GUTs can resolve many of the issues of the SM: they can provide an explanation for the lightness of neutrino masses, as well as introducing additional contributions that can accommodate some of the observed flavor anomalies. In addition, GUTs can also live alongside other BSM models, such as Supersymmetry (SUSY), with both theories complementing each other and on the whole becoming a better candidate for a successful BSM theory [22].

Naturally living at high energies, it is expected that GUTs have some observable consequences for the cosmological evolution of the Universe, as they can play a role during the inflationary epoch and their phase transitions may be the source for matter-antimatter asymmetry or gravitational waves [23]. With or without SUSY, GUTs also make predictions that can be tested at low energy experiments such as particle colliders, which can search for new exotic states or deviations on flavor observables. Some of its high energy repercussions can also be probed with precision experiments, with nucleon decay measurements at the forefront. In short, Grand Unified Theories have observable effects in many fronts and can be probed by current and upcoming experiments in the near future.

Therefore, throughout this review we will focus on the description of GUT models and their observable consequences. We will introduce the basic concepts and summarize some of the modern research in GUTs. Out of all the possible observable probes of GUTs, we will focus on a subset of them. In the cosmological front we will outline the advances on inflationary GUTs, detail their observable gravitational wave signatures, from cosmic strings and phase transitions, and their relation with mechanisms for baryo and leptogenesis. The low energy front will cover collider searches for supersymmetry, leptoquarks and exotic states. Lastly, a number of precision tests of unification will be detailed, including nucleon decay, flavor observables and neutrinoless double beta decay.

As ultraviolet (UV) completions of the Standard Model that live at very high energies, GUTs are often closely related to theories of gravity, such as string theory. In fact, many unified theories arise as four-dimensional compactifications in some realization of superstring theory [24, 25]. However, throughout this review we will not concern ourselves with these string theory realizations. For a review on embedding GUTs in the heterotic string and outcomes of string compactification for unified theories see Raby [22].



2. BASICS ON GUT MODELS

Grand Unified Theories are extensions of the SM with larger symmetry groups. Strictly speaking, GUTs require that the unified group be a simple group, e.g., SU(5), SO(10), or E6. However, here we use the term GUT more loosely, referring to any extension of the SM symmetries including product groups such as SU(5) × U(1) and SU(4) × SU(2) × SU(2). Candidate groups for a realistic GUT model must satisfy two conditions: they must contain the SM group as a subgroup and they must have complex representations that reproduce the chiral structure of the SM. Although groups with pseudoreal representations have been studied as candidates for unified theories, E7 [26], we will not consider them here.


2.1. SU(5)

The first appearance of a GUT in the literature dates back to 1974 when H. Georgi and S. Glashow proposed the unification of the SM gauge group into a simple group, SU(5) [15]. In their proposal all the left-handed fermions of a single generation fell into two representations of the group, [image: image] and 10, in the following way

[image: image]

and the gauge and Higgs sector of the theory were embedded into the 24 and 5 representations, respectively. In addition to the SM Higgs boson present in the representation 5, often a scalar [image: image] representation is also present, which contains a second SU(2)L doublet, necessary for UV completions of two-Higgs doublet models (2HDM) [27].

The Georgi-Glashow (GG) model was the first attempt of a fully-unified model for particle physics, and it provided a neat explanation for the hypercharge quantization in the SM. The traceless hypercharge generator can be written as [21]

[image: image]

which when acting upon the representations of SU(5) results in the specific hypercharge assignments of the SM fields, i.e., for α = 1, Y(Q) = 1/6, Y(L) = −1/2, Y(uc) = −2/3, Y(dc) = 1/3 and Y(ec) = 1. In unified theories one often uses the “GUT normalization” of the hypercharge, which corresponds simply to a rescaling of the charges and gauge couplings as [image: image] and [image: image] [28].

Spontaneous symmetry breaking of SU(5) happens when a scalar field in a non-trivial representation of the group acquires a vacuum expectation value (vev). The minimal representation of SU(5) that can achieve this goal while keeping the SM phase unbroken is the 24 [15, 29]. This vev provides a mass to the off-diagonal SU(5) gauge bosons while the SM gauge bosons remain massless.

By virtue of the unification into a single gauge group, the GG model requires strict unification of the SM gauge couplings, which is hinted at but not really achieved in the SM [28, 29], as can be seen in Figure 1, as well as that of Yukawa couplings for each of the two representations, a difficult task in its minimal version [30, 31].

The minimal SU(5) version suffers from other afflictions beyond the failed gauge and Yukawa unification mentioned above. One of these is the introduction of an artificial hierarchy, known as doublet-triplet splitting [32, 33], in the components to the Higgs representation 5. The colored components must be quite heavy to avoid rapid proton decay whereas the uncolored components must be relatively light, for they correspond to the SM Higgs doublet, now know to have a mass of mh = 125.18 GeV [34]. Solutions to this problem in several SU(5) models have been proposed, such as the “missing partner mechanism” [33, 35] or the “double missing partner mechanism” [36, 37].

Another case where the minimal SU(5) falls short is the lack of a mechanism for the generation of neutrino masses. Extended scalar sectors can generate neutrino masses in the type-I [38] and type-III [39] seesaw mechanisms1, but the resulting theories are often non-renormalisable. Renormalisable SU(5) models can also be constructed where the neutrino masses are generated via a mixture of type-I and type-III seesaw [40] or the Zee mechanism [41, 42].

Worst of all, however, is the fact that the vanilla SU(5) model predicts rapid proton decay. The lifetime of the proton can be naively estimated as [30]

[image: image]

with mp the mass of the proton and MX the mass of the mediator field at the scale of unification. The apparent unification of gauge couplings happens at an energy scale μ ~ 1015 GeV, which gives a half life for the proton of the order of 1031 years, far below the experimental bound from the Super-Kamiokande experiment of 1.6 × 1034 years [43]. Particular choices of the Higgs sector of the SU(5) model, however, avoid this issue, rendering non-minimal SU(5) models viable candidates [44–46]. Furthermore, SU(5) models with vector-like fermions can be consistent with current limits and even predict an upper bound on the lifetime of proton decay [47].

One of the fundamental issues with GUT models, which remains as a concern today, is the gauge hierarchy problem. The large hierarchy between the mass scale of unification and the electroweak scale poses a problem since it causes large loop corrections to the Higgs mass [48]. Supersymmetry (SUSY) was proposed as a solution to this issue [49] and even acted as a motivation for unified theories since some of its minimal realizations, such as the MSSM, predicted the unification of gauge couplings, as can be seen in Figure 2.


[image: image]

FIGURE 2. Renormalization Group flow of the MSSM gauge couplings.



Supersymmetric GUTs are in fact rather popular and have in some cases been proven to be more successful at representing nature than regular GUTs [50]. In SUSY SU(5) theories the scale of unification is typically larger than in non-supersymmetric models2, around μ ~ 2 × 1016 GeV as can be seen in Figure 2. This has two advantageous consequences for these models: the larger mass scale for the gauge mediators imposes a further suppression on nucleon decay processes, consistent with experimental measurements [50]; and pushes the unification scale beyond the scale of inflation, which helps to dilute the magnetic monopoles naturally present in the theory [52]. Another issue in vanilla SU(5) models that can be addressed in its supersymmetric version is the doublet-triplet splitting, where the Higgs doublets are made light via cancellations of the superpotential parameters [32, 33, 53, 54].



2.2. Flipped SU(5)

An alternative solution to the issues of SU(5) models, without supersymmetry, is what is now known as flipped SU(5) [55, 56]. The flipped version differs from regular SU(5) in its gauge group, extended to SU(5) × U(1), and the manner in which the SM particle fields are embedded into representations of the group. In contrast to Equation (1), the matter representations in the flipped SU(5) model are

[image: image]

where νc labels the right-handed neutrino field, whose presence provides a mechanism for neutrino mass generation, which was absent in vanilla SU(5).

With these different embeddings of the SM fields, the hypercharge operator is no longer contained in SU(5), as in Equation (2), but it is rather a combination of diagonal generators of both SU(5) and U(1). With standard normalization the hypercharge operator can be written as [57]

[image: image]

where T24 is a diagonal generator of SU(5) and X the U(1) charge.

Due to the extended gauge sector and modified unified conditions of flipped SU(5), proton decay does not become an issue [57]. In addition, in flipped SU(5) magnetic monopoles cannot be created since the supergroup containing the charge operator is not a simple group [52, 57].

As was the case with regular SU(5) models, flipped SU(5) can be extended with the help of supersymmetry. The combination of solutions to the issues of the SU(5) model that both SUSY and flipped SU(5) offer makes SUSY flipped SU(5) one of the most popular GUTs in the literature [58, 59], in spite of not realizing a full unification of gauge couplings.

Flipped SU(5) models are also well motivated from their UV completions, since they can easily be derived naturally from weakly-coupled string theory. As opposed to vanilla SU(5), which undergoes symmetry breaking via a 24-dimensional representation, the flipped SU(5) model does not require large dimensional representations, as it breaks via a 101, and it is therefore easier to obtain from a manifold compactification of string theory [60, 61].



2.3. Pati-Salam and the Left-Right Symmetry

Around the same time that the SU(5) model was proposed, R. Pati and A. Salam suggested another extension of the SM [16]. They proposed a rearrangement of the SM fields into a different group configuration, SU(4)c × SU(2)L × SU(2)R. Though not really a fully unified theory, it provided a partial unification of leptons and quarks into a single color group, SU(4)c, while at the same time introducing another copy of SU(2) for the right-handed sector of the theory. This model automatically contains a right-handed neutrino, embedded into a SU(2)R doublet with the right-handed charged lepton. Thus, the SM fields fall into two representations of the group in the following way

[image: image]

One of the major successes of the Pati-Salam (PS) model was being the first appearance of a left-right symmetric model, with a right-handed sector SU(2)R and a heavy right-handed gauge boson WR [62]. It was also the original proposal for the idea of quark-lepton complementarity. As an amalgamation of the two ideas, the PS group maximally contains the left-right symmetry group, SU(3)c × SU(2)L × SU(2)R × U(1)B−L [17, 63], as well as the quark-lepton unified group, SU(4)c × SU(2)L × U(1)R [64, 65].

Left-right symmetric models, à la Pati-Salam or of the type SU(3)c × SU(2)L × SU(2)R × U(1)B−L, are fairly popular because they naturally include a right-handed neutrino and can generate light neutrino masses via some type of seesaw mechanism [66, 67]. Similar to PS, left-right symmetric (LR) models are not fully unified theories, yet they can be an intermediate step on the breaking chain of a PS model [68] or some other unified theory [69].

Symmetry breaking in the PS model can happen through a number of different paths, depending on the vev of the scalar fields in the theory. The most compelling paths preserve either the LR symmetry, with the LR group SU(3)c × SU(2)L × SU(2)R × U(1)B−L as an intermediate step, or quark-lepton unification, with SU(4)c × SU(2)L × U(1)R as a subgroup [70]. Further symmetry breaking from the LR symmetry model happens when either a pair of SU(2) doublets (one left-handed and one right-handed) [62, 71], or a pair of SU(2) triplets (left and right-handed) [68] acquire a vev. In both PS and LR theories, the hypercharge operator is written as a linear combination of the diagonal SU(2)R generator and the B−L charge [U(1)B−L generator embedded in SU(4)c in PS] as

[image: image]

As opposed to the case of SU(5) the proton is often stable in PS and LR models. This occurs because the gauge sector of the theory preserves B and L number independently and the only scalar fields that can mediate the transition are in antisymmetric representations, rarely seen in PS or LR models [68].

The addition of supersymmetry to PS and left-right symmetric models [72] is not as straightforward as with other GUT models. The simplest scenario with both SUSY and LR symmetry was shown to fail to achieve spontaneous symmetry breaking [73]. In order to circumvent this issue one must either add extra fields, such as a parity-odd singlet3 [74] or an extra Higgs field [75], or alternatively supplement the Lagrangian with non-renormalizable operators [76]. One of the main advantages of SUSY LR models, and the reason why so much effort is put on resolving the SSB issue, is that they naturally preserve R-parity, since B − L is a gauge symmetry of the theory, which forbids the dangerous baryon and lepton number violating operators that appear in the MSSM, thereby making the lightest SUSY particle stable [77].



2.4. SO(10)

Although the GG and PS models seem quite distinct in their approach to unification, they have a common ancestor. Both SU(5) × U(1) and SU(4) × SU(2) × SU(2) are maximal subgroups of another Lie group of larger dimension, SO(10). This was first realized by Fritzsch and Minkowski [18], and independently by Georgi [19], who proposed a model of unification with several intermediate steps. SO(10) has since been the most popular choice as a unification group, since it provides a vast display of options for field configurations and symmetry breaking patterns.

One of the many key features of SO(10) models is that they fully unify a generation of SM fermions into a single representation of the group. Thus, the 16 Weyl fermions, including right-handed neutrinos, can be embedded into the fundamental 16 representation of SO(10) as

[image: image]

Due to the transformation properties of the SO(10) group, the spinor representation 16 is a complex representation, thereby satisfying chirality as observed in the Standard Model. Additionally SO(10) is a “safe algebra” [78], it does not suffer from anomalies as, for example, the SU(5) case above, which makes model building in SO(10) easier for it does not rely on some specific field configurations to cancel the gauge anomalies [79].

Despite the large amount of SO(10) models in the literature, a common feature is that the gauge fields are embedded in the adjoint representation of the group, that is 45,

[image: image]

which contains the SM gauge bosons as well as off-diagonal components which, as happened in SU(5), can mediate quark-lepton transitions, known as leptoquarks. The Yukawa sector in SO(10) models is often also quite recurrent because, at the renormalizable level, it can only be of the form [80]

[image: image]

where Y is the matrix of Yukawa couplings, CL and C10 the charge conjugation matrices in the Poincaré and SO(10) groups, Γi the generators of SO(10) in the spinor representation and Φi, Φijk, and Φijklm are scalar fields in the 10, 120, and [image: image] representations, respectively. The SM Higgs field is, therefore, some linear combination of these fields and hence the SM fermion masses directly follow from the Yukawa matrix Y and the vacuum expectation values of the scalar fields. The particular choice of the scalar sector is typically guided by the principle of minimality. While the minimal regular (non-SUSY) SO(10) model with SSB driven by the 45 and 126 Higgs representations has been revived and still represents a phenomenologically viable scenario [81–85], this is not the case of the minimal SUSY SO(10) model [86, 87].

Symmetry breaking in SO(10) models can occur through one of many different paths. Since both SU(5) × U(1) and SU(4) × SU(2) × SU(2) are subgroups of SO(10), they can be an intermediate step on the symmetry breaking path toward the Standard Model, as can be any of their respective subgroup [70, 88, 89]. Alternatively SO(10) can be broken directly to the SM group, without intermediate steps [90]. All the possible breaking paths from SO(10) can be seen in Figure 3. The particular symmetry breaking scenario that is realized in a SO(10) model depends exclusively on the scalar sector of the theory and the configuration of the vacuum, and it constitutes one of the major differences among SO(10) models in the literature.


[image: image]

FIGURE 3. Patterns of symmetry breaking from SO(10) to the SM group [21].



Regular SO(10) models may suffer from some of the same issues as regular SU(5), namely rapid proton decay can occur with a low unification scale. The main solution to this problem, as it was with SU(5), is the addition of supersymmetry. SUSY SO(10) [90, 91] theories are rather popular and given the large number of degrees of freedom they possess, such as symmetry breaking pattern, field content, etc., they can easily avoid many of the traditional issues in unified theories.

Alike to the SU(5) model, it is possible to construct alternative embeddings of the SM fermions into representations of the group via the addition of an Abelian group. In the flipped SO(10) × U(1) model [92] the SM fermion content is not fully embedded into the 16 representation of the group, but rather into the direct product 161⊕10−2⊕14. This model loses its unified nature in favor of more degrees of freedom for the Yukawa and symmetry breaking sectors of the theory, which are no longer constrained by the statements above [80].



2.5. E6

The GUT models described so far have unification groups that are part of the infinite series SU(n) or SO(2n), which means that for each successful model with particular n there is an infinite number of alternatives with order larger than n. For instance, the SO(18) group has been studied as a candidate for gauge and family unification [93]. The exceptional algebras, however, are unique so they are more aesthetically appealing candidates as theories of unification [20, 94]. Among all exceptional algebras, only E6 is large enough to contain the SM as a subgroup and admits complex representations.

The fermionic content in the E6 theory is embedded in the fundamental 27-dimensional representation of the group, which contains the SM fermions plus exotic fields. The particular allocations of SM fermions into the 27 representation depends on the subgroup of E6 that breaks into after SSB, which is typically either the trinification group, SU(3)c × SU(3)L × SU(3)R [95–97] or SO(10) × U(1) [98, 99]. The decomposition of the fundamental 27 into these subgroups is

[image: image]

The field content in E6 models is quite vast. There are 78 gauge bosons, of which only 45 survive at lower scales if SO(10) is the breaking path, or even fewer in the case of SU(3) × SU(3) × SU(3), just 24. The minimal scalar content needs at least a scalar field in the combination [image: image], which contains the SM Higgs, and a scalar responsible for SSB of E6, which is dependent upon the pattern of symmetry breaking, e.g., a 78 for breaking to SO(10) × U(1).

One of the main motivations for E6 as a unification group comes from superstring theory, where it was shown to emerge as a four-dimensional compactification of the heterotic E8 × E8 superstring theory [24, 25]. In fact, the presence of compactified extra dimensions near the scale of E6 breaking can trigger symmetry breaking of the E6 group via the Hosotani mechanism [100] straight into SU(3) × SU(2) × U(1) × U(1) × U(1).

Most of the research in E6 theories has been typically considered only within the scope of supersymmetry, which ties in with their motivation as low-energy limits of superstring theory where spacetime supersymmetry emerges naturally after compactification. Being a simple Lie group, E6 benefits from the prediction of gauge coupling unification in supersymmetry, as did SU(5) and SO(10), which strengthens the motivation. In addition to the rich phenomenology of the MSSM, the E6 model adds quite a few phenomenological predictions on its own, from exotic fermion states to new heavy gauge bosons [101, 102].




3. SELECTED TOPICS IN GUTS

Model building in unified theories involves more than the selection of the group theory properties as introduced in section 2. There are a few outstanding issues that need to be addressed in order to construct a realistic model. Gauge coupling unification is typically one of the most pressing issues, which can often be resolved by intermediate steps in the breaking chain or by the addition of supersymmetry to the theory. In this section we describe the interplay between SUSY and GUTs, as well as other topics such as the generation of light neutrino masses and the unification of the Yukawa couplings.


3.1. Supersymmetry and GUTs

Supersymmetry is a very appealing theory on its own right. It is one of the most aesthetically pleasing extensions of the Standard Model and it has an extremely rich phenomenology that can be readily tested at colliders and other experiments. SUSY GUTs [22] are a conglomerate of the numerous advantages of unified theories and the predicting power of supersymmetry. One of the most attractive features of SUSY is that it can stabilize the electroweak scale against quantum corrections, the so called hierarchy problem [103, 104] and provides a mechanism for dynamic electroweak symmetry breaking [105, 106].

In addition, if R-parity is conserved [107] the lightest supersymmetric particle (LSP) is stable. Therefore, SUSY automatically predicts the existence of a Dark Matter candidate and can easily produce scenarios with the correct relic abundance [108, 109].

As previously mentioned, one of the major motivations for SUSY GUTs is that the minimal MSSM model predicts gauge coupling unification at some high scale ~ 1016 [110]. As was seen in Figure 2, just taking the one-loop RGE flow of the gauge couplings, the unification at the GUT scale is fairly successful. The RGEs for the gauge couplings at one-loop have an analytic solution of the form [111]

[image: image]

where i = 1, 2, 3 labels the coupling of the U(1), SU(2), and SU(3) subgroups of the SM gauge group, and bi are parameters that depend on the field content. For the MSSM these are bi = (33/5, 1, −3). With a degenerate sparticle spectrum at 100 GeV, these one-loop RGEs unify at [image: image] GeV with αGUT ~ 0.0388.

This picture, however, relies on a light and almost degenerate supersymmetric spectrum. For heavier or split spectra the situation changes drastically, often spoiling gauge unification altogether. A unification measure can be defined to assess how the unification of gauge couplings changes with the masses of the supersymmetric particles as

[image: image]

where μij is the energy scale at which [image: image] and [image: image] unify. Figure 4 shows how the unification measure varies with respect to the SUSY scale for an MSSM model with degenerate SUSY masses (blue). One can distinctly see that for larger sparticle masses, the unification of gauge couplings significantly worsens, from a 70% unification for MSUSY ~ 100 GeV to <30% at MSUSY ~ 1 TeV. Consequently, in addition to solving the little hierarchy problem without too much fine tuning, a light sparticle spectrum is clearly preferred to achieve gauge coupling unification.


[image: image]

FIGURE 4. Evolution of the unification measure with the SUSY scale for the MSSM with almost degenerate masses (blue) and scenario with lighter electroweakinos (green), calculated at one-loop. Shaded regions include threshold corrections over the solid lines.



In spite of the appeal of SUSY GUTs, the combined effort of several collider experiments has not found any clear evidences of SUSY particles4. Hence, minimal and light versions of the MSSM are in tension with experimental evidence and that makes achieving gauge coupling unification much harder. This tension relaxes slightly once the mass degeneracy condition is forgone. If the sparticle masses vary considerably across the spectrum, it is possible to evade experimental bounds for those masses more strongly constrained (e.g., gluinos, squarks, etc.) while keeping part of the spectrum light. Mass splittings across the supersymmetric spectrum can be taken into account by the contribution of threshold corrections at the SUSY scale, which are of the type [112, 113]

[image: image]

with ϕ the scalar fields in the MSSM (sfermions), mϕ their masses and S(ϕ) their Dynkin indices; and ψ the fermions in the MSSM (gauginos and Higgsinos), mψ and S(ψ) their masses and Dynkin indices. The shaded blue region in Figure 4 corresponds to MSSM models with slightly non-degenerate masses. Although these models exhibit the same trend as before, decreasing the unification measure as MSUSY increases, some of these achieve a better gauge coupling unification than the degenerate case, with up to 60% unification for MSUSY ~ 1 TeV.

Supersymmetric models with large splittings in the particle spectrum can modify this picture significantly. A special case, known as Split Supersymmetry [114, 115], has all the sfermions decoupled at the GUT scale and only gauginos and Higgsinos remain light, protected by chiral symmetry. This model is very well motivated within the context of unified theory, because the decoupled fields form full multiplets of SU(5), so the unification of the gauge couplings is not affected [114]. Hence, the behavior of the unification measure for these models is identical to the semi-degenerate MSSM case from above (blue line and shaded region in Figure 4), but has the advantage of allowing a lighter spectrum since some of the strongest experimental constraints are on the squark masses, which are decoupled from the spectrum. These Split-SUSY models, however, predict the existence of a light gluino, which is unfortunately strongly constrained by experiments. Alternative versions of this model with light electroweakinos (~ 100 GeV) and heavy gluinos (~ 5 TeV) have been studied [116], but these fail to provide successful gauge coupling unification for a light spectrum, slowly improving at larger scales, as can be noticed from the green solid line and shaded region (threshold corrections) in Figure 4. Split-SUSY and the light electroweakino model are just two extreme cases, the former requiring very light spectrum for successful unification and the latter a heavy spectrum. A number of models can be constructed with different spectra that have intermediate predictions for gauge coupling unification. In fact, with a precise analyses of threshold corrections, a number of supersymmetric models with large mass splittings have been shown to achieve exact unification, with a relatively light spectrum [117].



3.2. Neutrino Masses

The observed oscillations of neutrino flavors [10, 118] require any successful extension of the SM to incorporate non-zero masses for at least two neutrino species. Effectively, these masses are generated by the 5-dimensional Weinberg operator

[image: image]

where cW is the Wilson coefficient, Λ denotes the operator's cut-off scale and L and H are the lepton and Higgs doublets, respectively. A typical UV-completion of this effective operator is some kind of seesaw mechanism [66, 119], which allows to satisfy elegantly the requirement of tiny neutrino mass size. Generally, these neutrino mass schemes assume a presence of new, heavy degrees of freedom, which are ideally motivated by other BSM physics. As has been shown, a number of different seesaw set-ups can be very naturally incorporated within the GUT framework. Provided that only a single type of new particle is added to the SM field content, there are three basic tree-level seesaw types [120].

3.2.1. Seesaw Type I

In the original and simplest seesaw mechanism of type I the right-handed neutrino singlets must be added to the model [66, 121–123]. As the current experimental data require only two neutrinos to be massive, the minimal scenario must include two right-handed neutrino states. This extension then allows to write both Dirac and Majorana neutrino mass terms
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where yν is the matrix of neutrino Yukawa couplings and MM denotes the Majorana mass matrix. Hence, taking [image: image], with v being the SM Higgs vev, the neutrino mass matrix can be written in the usual form

[image: image]

The block-diagonalisation of this matrix leads to the light mass of the oscillating neutrinos

[image: image]

as the Majorana mass parameter can be chosen to be arbitrarily large. Considering the neutrino Yukawa couplings of order one and the Majorana mass around 1014 GeV, the desired neutrino mass sizes of order mν ≈ 0.1 eV are obtained. The type-I seesaw mechanism can be implemented in the GUT framework. Particularly, it arises very naturally in SO(10) GUT, where the right-handed neutrino singlet can be accommodated together with all the other fermions in a single 16F spinor representation.

3.2.2. Seesaw Type II

The second possibility to construct a seesaw mechanism is to assume a heavy scalar SU(2)L-triplet ΔL,

[image: image]

which allows to write the following Lagrangian terms
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Diagonalisation of the type-II seesaw mass matrix [67, 124, 125] then generates neutrino mass

[image: image]

and for MΔ [image: image] v the required suppression is obtained.

Also this seesaw can be responsible for neutrino mass generation in GUTs. For instance, in SO(10) unification the left-handed scalar triplet is contained by the 126 Higgs field, which is usually considered to be present in the scalar sector of the theory. It has been shown that type-II seesaw can be the dominant neutrino mass scheme within both SUSY [126] and non-SUSY [127] SO(10) GUTs.

3.2.3. Seesaw Type III

The third option for a UV-completion of the Weinberg operator in Equation (14) is to introduce new fermionic SU(2)L triplets [image: image] [128]5. Their interaction with the SM content is analogous to the type I seesaw, namely,
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The neutrino mass matrix for type III seesaw then reads

[image: image]

and for [image: image] the smallness of neutrino masses is ensured.

The incorporation of the type-III seesaw mechanism into GUTs has been studied in literature [39, 120, 129]. When implemented within SU(5) models, type-III seesaw comes automatically in hand with the type-I seesaw, as both fields responsible for these mechanisms share the same adjoint representation 24F.

3.2.4. Inverse Seesaw

At low energies the light neutrino masses can be generated at tree level via the so called inverse seesaw mechanism. This string theory motivated [25] scheme can be constructed when a non-minimal lepton content of a given theory is assumed. Namely, extra singlet leptons must be added to the model, which is in general allowed for any gauge theory [119]. The minimalistic extension of the SM particle content leading to inverse seesaw requires a pair of left-handed two-component lepton singlets Nc and S [98]. Taking three generations of these new singlet fields, one can write the 9 × 9 mass matrix of the neutral leptons in the basis [image: image] (with A = a, b, c) as

[image: image]

where M and μ are the mass matrices corresponding to the SU(2)L singlets, while mD is the Dirac neutrino mass matrix as usual. As predicted by some string models, the Majorana mass entries corresponding to νL and N are zero. Thus, the only Majorana mass parameter is the matrix μ, which corresponds to the extra singlet S. This entry is then responsible for lepton number violation. If μ is set to be zero, the B − L symmetry is restored, the matrix MIS degenerates and the three oscillating neutrinos become massless.

On the other hand, for non-vanishing μ such that μ[image: image]mD[image: image]M the resulting mass matrix of the light neutrino eigenstates reads

[image: image]

The main difference from the standard seesaw scenarios is that in the present case neutrinos become light for μ → 0, not for large values of Majorana mass parameter. This is also the reason why one talks about “inverse” seesaw. As vanishing μ enhances the symmetry of the theory, the assumption of its small value can be considered to be natural [130, 131].

3.2.5. Linear Seesaw

A particularly interesting realization of the inverse seesaw mechanism can be constructed within the SO(10) GUTs framework with broken D-parity [132]. The so called linear seesaw mechanism consists in extending the minimal fermionic content of the SO(10) model, contained by three copies of the 16F representation, by three gauge singlets SA. The original version of this scheme was designed within the supersymmetric SO(10) framework; however, it can be constructed also in non-supersymmetric scenarios. The mass matrix for the neutral fermions in the basis [image: image] has the following form

[image: image]

Here, mD denotes the Dirac neutrino mass, M is the heaviest Dirac neutrino mass term mixing N-S and mL stands for the small term mixing ν-S, which breaks the (B − L) symmetry. The light neutrino masses are then given by the expression

[image: image]

which depends linearly on mD (and therefore also on corresponding Yukawa couplings). In the present scenario it is the large parameter M given by the unification scale what ensures the smallness of neutrino masses. Hence, the lightness of neutrinos is independent of the (B − L) symmetry breaking scale, which can consequently lie at low, experimentally accessible energies without spoiling the desired size of neutrino masses or the unification.

3.2.6. Other Neutrino Mass Models

Despite the success of seesaw mechanisms, one can think of a number of alternative neutrino mass generation schemes. From the phenomenological point of view, these can be even more interesting, as they often predict (unlike the three usual seesaws) a low-energy origin of neutrino masses. The light neutrino masses are obtained using a small lepton-number-violating parameter (similarly as in the inverse seesaw), or they can be suppressed by loops and small Yukawa couplings. While the former option can be realized e.g., within supersymmetric models with R-parity breaking [133], the latter possibility refers to the models of neutrino mass generation via calculable radiative corrections (i.e., the Zee mechanism) [41, 134]. A two-loop mechanism generating neutrino masses within a minimal SO(10) GUT was identified by Witten [135] and the same scheme can be constructed also in the flipped SU(5) context [136–138].



3.3. Yukawa Coupling Unification and Fermion Masses

In fully unified theories, such as SU(5) and SO(10), the gauge couplings must unify at some high energy scale. This is typically achieved automatically in SUSY GUTs, as mentioned above, due to the RGE flow of the MSSM gauge couplings (c.f. Figure 2), but it can also be achieved through the addition of new scalar representations [139] or with a multi-step symmetry breaking pattern [91].

Along gauge coupling unification, SU(5) and SO(10) models also require the unification of the Yukawa couplings. The largest hierarchy on the fermion masses happens in the third generation where mt/mb ~ 40 and mb/mτ ~ 2.3, hence Yukawa unification in GUTs is always studied within the third generation only. In SU(5) the charged leptons live in the same representation as the down-type quarks, [image: image], and as such it is expected that at the GUT scale yb = yτ, whereas in SO(10) all SM fermions are embedded into the same 16-dimensional representation, so the unification condition becomes yt = yb = yτ.

Although a natural prediction of GUTs, Yukawa unification is not easily achieved in the vanilla SU(5) and SO(10) models [29–31]. As can be seen in the left-side plot of Figure 5, the Yukawa couplings in the SM are far from unification. In spite of this, a few successful attempts to solve the unification of yb and yτ in SU(5) inspired models have been performed, either by including large scalar SU(5) representations to the field content [31, 139, 140] or by adding Planck scale suppressed interaction of the Higgs field to the SM fermions [141].
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FIGURE 5. One loop renormalisation group flow of the SM (left) and MSSM (right) Yukawa couplings, with m0 = 2 TeV, m1/2 = 3 TeV, A0 = 0 and tan β = 40 (solid), tan β = 30 (dashed) and tan β = 15 (dotted).



In SUSY GUTs, however, Yukawa unification can often be achieved in some regions of the full supersymmetric parameter space. As can be seen in the right-side picture in Figure 5, the Yukawa couplings in the MSSM tend to run toward convergence at high scales, and they can be seen to almost unify for large values of tan β [142–145]. This occurs because the third generation fermion masses depend on tan β in the following way [146]

[image: image]

which can realize the hierarchy mt [image: image] mb, mτ even in SO(10) or E6 models where one expects yt ~ yb ~ yτ. These solutions with large tan β can spoil radiative EW symmetry breaking in unified models, since [image: image] implies that [image: image] [147], contrary to the unified picture where [image: image]. This issue can often be resolved either by ad hoc splittings of the Higgs soft masses at the GUT scale, or by considering the effect of D-terms in the boundary conditions at the GUT scale [148], which naturally imposes a splitting of [image: image].

In addition to satisfying mt [image: image] mb, mτ for unified Yukawa couplings, one can lift the hierarchy between mb and mτ with the inclusion of radiative corrections on the b mass. At one loop the b quark couples to Hu via a gluino or Higgsino loop [146], as can be seen in Figure 6, which adds a correction to mb of the type [149]
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FIGURE 6. One-loop radiative corrections to mb.



Though similar corrections appear for mt and mτ, they are negligible compared to δmb. The correction on mt is not proportional to tan β, which is required to be large to satisfy t−b−τ unification. Further, δmτ does not have a gluino loop and the Higgsino contribution is inversely proportional to [image: image] which is typically much larger than [image: image], and therefore the contribution is small. These radiative corrections on mb are proportional to tan β and therefore can be significant, up to 50% [148], which can spoil the hierarchy mt [image: image] mb. There are regions of the SUSY parameter space, however, where it is possible to reduce δmb while keeping tan β large [148–150], thereby successfully predicting t−b−τ unification, even factoring in LHC searches [151].

In SUSY SU(5) models the more straightforward boundary condition yb = yτ is imposed. It was found that, in addition to the large tan β scenarios from above, b−τ unification can also be achieved in a region of parameter space with low tan β [152, 153]. However, a sufficiently low tan β might struggle to lift sufficiently the tree level Higgs mass to the observed value, and hence there remains some tension between unified b−τ models of low tan β and the observed Higgs mass [154].

A number of other mechanisms have been proposed to satisfy the Yukawa unification conditions. Intermediate breaking steps, such as the Pati-Salam group, can modify the Yukawas RGEs in a favorable manner achieving quasi-unification [155, 156]. Non-canonical seesaw mechanisms in neutrino models require b−τ unification to match the observed neutrino mixings [157]. Or the inclusion of certain higher dimensional operators can successfully yield Yukawa unification [158].

Beyond the unification of the Yukawa couplings for each of the families of SM fermions, the mass hierarchies among the different families remains an open question. Although GUTs by themselves do not make predictions on the nature of this hierarchy, they often include a fair amount of parameters and mixing matrices that are unconstrained and can fit the fermion masses. Additionally GUTs are often extended with family symmetries, continuous or discrete, which can, with a smaller set of parameters, accurately predict the fermion mass hierarchies, as well as their mixings and CP phases encoded in the CKM and UPMNS matrices [159–163]. We will not discuss family symmetries any further since they fall beyond the scope of this work.




4. MODERN DAY GUTS

Since their first appearance in the late 70s, a large number of GUT models have been proposed. These vary according to the symmetry group employed, the symmetry breaking mechanism and field content among others. Some of them were driven by the experimental results of the time and other by new theoretical insights. In this section we attempt to outline a small, non-exhaustive, subset of GUT models, aiming to explore those with strong phenomenological consequences and some that have been in the spotlight in recent years. We thus focus on left-right symmetric models, SUSY SO(10), trinification models and E6SSM.


4.1. Left-Right Symmetric Models

One of the minimal extensions of the SM is the earlier mentioned left-right symmetric model [16, 17, 62, 63, 67]. Despite not being real GUTs, LR models can very conveniently play the role of an intermediate symmetry restored between the electroweak scale and the GUT scale [69, 164, 165]. The LR framework has attracted a lot of attention particularly in connection with the LHC [166–178], as it typically predicts new physics at energies that can be probed by the collider searches.

The fermionic particle content of LR models is given by a straightforward LR symmetric extension of the SM content, i.e., the right-handed doublets are introduced
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As a result, right-handed neutrinos are naturally included making the left-handed neutrinos acquire mass in the LR models, which is a highly desirable feature of a BSM model. The presence of the right-handed neutrino partners is also essential for cancellation of the B − L gauge anomaly.

The Higgs sector of LR symmetric theories can vary. The minimal scenarios mostly include a scalar bi-doublet6
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containing the SM Higgs, which subsequently gives masses to quarks and leptons. The corresponding vev reads

[image: image]

where [image: image] and it mixes the left-handed and right-handed gauge bosons as described below.

Besides the bi-doublet, typically a pair of scalar triplets

[image: image]

or doublets

[image: image]

must be added to the Higgs sector in order to break the LR gauge group to the SM. In fact, the right-handed scalar is enough to do so, but inclusion of the left-handed triplet (or doublet) preserves the LR symmetry (so called “manifest LR symmetry”), i.e., the SU(2)L and SU(2)R gauge couplings are equal: gL = gR.

If no additional fermions besides the SM fermionic content are considered, at least two bi-doublets must be present in the scalar sector to account for the correct SM flavor physics [164]. In a model with a single bi-doublet the Yukawa Lagrangian implies that the up-quark mass matrix is proportional to the down-quark mass matrix (independently of the vev structure); thus, the CKM matrix becomes trivial VCKM = 1.

Consequently, the LR symmetry breaking takes place in two steps. At first, the neutral component of right-handed scalar triplet (or doublet) gets the vev vR and breaks the LR gauge group to the SM gauge group. Subsequently, the bi-doublet acquiring its vev breaks the SM gauge group to SU(3)C ⊗ U(1)Q. Based on the observations it can be assumed that vR [image: image] vΦ1, vΦ2.

Depending on the scalar content of a particular LR model, different ways of light neutrino mass generation can be employed. Having right-handed neutrino singlets means that type-I seesaw is always the option. In general, the neutrino mass matrix can take the form
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where mD denotes the Dirac mass matrix, while MM, L and MM, R are the Majorana mass matrices corresponding to the left-handed and right-handed neutrinos, respectively.

The Yukawa couplings in LR models include the scalar bi-doublet,
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where [image: image]. Then the Dirac neutrino mass matrix and the mass matrix of charged leptons are in the broken phase given by
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In case that the right-handed scalar triplet ΔR is responsible for the LR symmetry breaking, one can write also the Yukawa couplings for the right-handed lepton doublet in the form

[image: image]

where ΔR = ΔR·τ. After the triplet acquires its vev
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the LR symmetry is broken and the right-handed neutrino receives Majorana mass [image: image], which allows for type-I seesaw mechanism.

When the Higgs sector contains also the left-handed scalar triplet ΔL with vev

[image: image]

it generates the left-handed Majorana mass matrix [image: image] switching on type-II seesaw mechanism.

In principle, the type-I and type-II seesaws can be combined giving the “full” seesaw matrix (35). The resulting light neutrino mass matrix reads
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Specifically, if vΦ2 = 0 is assumed for simplicity, then the formula (42) can be rewritten in terms of the parameters of the LR models as

[image: image]

Hence, if the hierarchy vR [image: image] vΦ1 [image: image] vL is satisfied, the neutrino masses become small.

In models with the LR symmetry breaking driven by the right-handed doublet χR instead of the triplet ΔR the light neutrino masses can be obtained employing the inverse [98, 179–181] and/or linear [175, 182, 183] seesaw mechanisms, provided that a singlet fermion {1, 1, 1, 0} is added to the model particle content. Alternatively, it is also possible to construct the type-III seesaw mechanism, if a left-handed or right-handed fermionic triplet is present within the LR model [184, 185]. Lastly, neutrino mass generation in LR models via the Zee mechanism can be achieved with the addition of a charged scalar boson {1, 1, 1, 2} [186].



4.2. SUSY SO(10) Models

Supersymmetric SO(10) models are rather appealing GUTs, for they combine together the advantages of SUSY, Pati-Salam and SU(5) models. As briefly outlined in section 2.4, SO(10) models unify all fermions of a generation in the SM into a single representation, of dimension 16. This decomposes into the maximal subgroups as
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As mentioned before, at the renormalizable level the Yukawa sector of SO(10) includes the Higgs representations 10, 120, and [image: image], which are promoted to superfields in SUSY SO(10). Hence, the superpotential of the Yukawa sector is

[image: image]

where Yi are matrices of Yukawa couplings in family space. One of the most remarkable features of SUSY SO(10) is that, starting from a Yukawa unified scenario, Y10 and Y126 are sufficient to reproduce the full mass spectrum of SM fermions, along with the measured values of mixings in the quark and neutrino sector [187–197]. The mass matrices of SM fermions Mi can be written as [86]

[image: image]

where MD, ML, and MR are the Dirac and Majorana masses in types I and II seesaw (c.f. section 3.2), and the v's are the various vacuum expectation values of 10, [image: image] and the left and right-handed SU(2) triplets.

The minimal SUSY SO(10) model therefore contains the Higgs superfields 10 and [image: image], responsible for fermion masses, and a pair of representations 126 and 210 which trigger the symmetry breaking of SO(10) [198–200]. Although quite appealing due to its minimal set of model parameters, this model does not achieve the right level of gauge coupling unification and suffers from rapid proton decay [87, 201].

Many solutions have been implemented to resurrect minimal SO(10) models. The spectrum of soft masses in the low energy MSSM strongly affects the outcome of gauge coupling unification, as was seen in section 3.1, hence modifications on the hierarchy of soft masses can help toward solving the issues with SUSY SO(10) models [202–206]. Additionally, extended scalar sectors, either containing a 120 [207, 208] or a 54 [209] representation, can increase the unification scale through strong threshold effects, thereby alleviating the constraint of nucleon decay. Recently it has been shown that a combination of new Higgs representations with a modified spectrum of soft masses can accommodate gauge coupling unification and nucleon decay constraints, while still being able to predict a suitable spectrum of fermion masses [210].

As with many GUT models, SUSY SO(10) makes predictions that can be tested in a number of different fronts. Collider searches at the LHC [211, 212] as well as dark matter searches [213] can discover the predicted light, TeV-scale, states. Precision tests such as nucleon decays [214, 215], lepton flavor violation [216] and flavor observables [217] can probe the validity of the models at high scales. For more details on probing SUSY SO(10) and GUTs in general see sections 5–7.



4.3. Trinification

As a maximal subgroup of E6, the trinification gauge group SU(3)c × SU(3)L × SU(3)R is an alternative approach to SUSY SO(10) on the road to E6 unification. The matter content of trinification models per generation typically looks like [218]
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where hij are the components of two Higgs doublets, ϕ a SM singlet field and D and Dc color-triplets. An additional Z3 symmetry is often considered to make the gauge couplings unify at the GUT scale, gc = gL = gR.

Given the presence of exotic fields in the matter multiplets, trinification models struggle to trigger spontaneous symmetry breaking without making the matter content impossibly heavy. Additional Higgs multiplets [219–222] and/or non-renormalizable operators [223–226] are usually introduced to alleviate this issue. Unfortunately these models tend to produce tension with current limits on proton decay [227] and collider searches [228, 229].

The fundamental challenge behind the issues of trinification is the complicated vacuum structures and the large number of parameters they depend on. Solutions to this problem involve the addition of family symmetries which reduce the number of parameters and facilitate the study of the symmetry breaking vacuum [230], further simplified by embedding the theory into larger dimensional groups such as E8 [231, 232].



4.4. E6SSM

The Exceptional Supersymmetric Standard Model (ESSM or E6SSM) [233, 234] is an extension of the MSSM motivated as a low energy effective theory from a E6 unified GUT model at high scales. At low scales it has the gauge group SU(3)c × SU(2)L × U(1)Y × U(1)N, where the additional U(1)N factor is leftover from the symmetry breaking of E6. All the superfields in the theory are contained in three copies of the 27 representation of E6, which decompose under the SU(5) × U(1)N subgroup as [235]
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where [image: image] and [image: image] are the matter multiplets for all three generations, with the standard embeddings of matter fields in SU(5) (c.f. section 2.1). The superfields [image: image] and [image: image] contain the two Higgs doublets of the MSSM, Hu and Hd, plus two copies of pairs of exotic doublets, [image: image] and [image: image] and three copies of exotic triplets Di and [image: image]. Lastly, the singlets [image: image] and [image: image] correspond to exotic singlet fields Si, responsible for U(1)N breaking at low scales, and right-handed neutrino fields Ni, respectively.

Anomaly cancellation of the U(1)N factor in the E6SSM model is guaranteed so long as the only decoupled state is the singlet neutrino field. Ni can be as large as necessary to provide light neutrino masses through type I seesaw mechanism and generate the baryon assymmetry of the Universe via leptogenesis [236, 237]. The remaning fields of the 27i multiplets charged under U(1)N remain at energies below the breaking of U(1)N and hence anomalies cancel. Light colored states have dangerous consequences, however, for they can mediate baryon and lepton number violating interactions leading to rapid proton decay. In order to avoid that, the original E6SSM model postulates the existence of an approximate Z2 symmetry that forbids those interactions. An exact Z2 symmetry can also be considered [238, 239], but in such a case additional exotic states must be introduced to ensure that the exotic quarks are not stable.

Gauge coupling unification in the E6SSM model requires the addition of incomplete multiplets of E6 at low scales, since full multiplets do not modify the unification properties of the RGE flow. A pair of fields H and [image: image] in conjugate representations are added, to ensure no anomalies are reintroduced. Alternatively, a Pati-Salam intermediate step has been postulated that achieves gauge coupling unification without the need of additional superfields. This “minimal” E6SSM model, however, predicts unification at the Planck scale so quantum gravity corrections may play a role and affect the outcome of unification [240].

The E6SSM has a rather rich phenomenology since most of the predicted exotic states live at low energies. The constrained E6SSM (cE6SSM) is a version of the full E6SSM that exploits the properties of unification of E6 and assumes universal scalar and gaugino soft masses at the GUT scale [241, 242]. Predictions of the cE6SSM include contributions to the Higgs mass and rare decays [243, 244] together with light exotic states, such as the [image: image] associated with the U(1)N broken symmetry, and the color triplet fermions D and [image: image], all of which can be probed at the LHC [245]. Lastly, as in the MSSM the lightest supersymmetric particle is stable, so it is a valid candidate for dark matter. In contrast with the regular neutralino dark matter in the MSSM, the dark matter candidate in the E6SSM is a mixture of binos, winos and higgsinos, as well as the inert singlinos and higgsinos in [image: image] and Si [246–250].




5. COSMOLOGY AND THE EARLY UNIVERSE


5.1. Inflation and GUTs

Cosmic inflation plays an important role in theories of Grand Unification, as it is needed to dilute relics such as magnetic monopoles, which are produced ubiquitously in GUT models7. The requirement to dilute these relics therefore determines the scale of inflation in specific models [251]. Moreover, since generic inflation models are associated with a scale [image: image] GeV, it becomes attractive to associate the inflaton with a GUT scalar.

To agree with observations, inflation models need to predict a large number of observable e-folds ([image: image]), as well as small spectrum density of fluctuations δρ/ρ ~ 10−5. For an effectively single field model, this can be illustrated by the tension between the Lyth bound (a measure of the field excursion necessary to solve the problems inflation was invented to solve) given in terms of the number of e-foldings N [252],
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and the amplitude of the Cosmic Microwave Background (CMB) anisotropies, which implies [253, 254],

[image: image]

It is clear, then, that inflation requires a very flat scalar potential. Hence, it is attractive to consider inflation models in which the potential is dynamically generated [255–258].

A successful example of such a model was realized as early as 1983 [259]. This paper considered a potential of a Coleman-Weinberg form [255],

[image: image]

Such a potential can only be made compatible with CMB constraints if A is very small (presently, A [image: image] 10−14 [260]). Therefore, the potential in Equation (51) cannot be due to loops of SU(5) gauge bosons. Instead, [259] considered a model in which the inflaton transformed as a singlet of SU(5), couples weakly to the adjoint and fundamental Higgs fields, and therefore obtains a vacuum expectation value when SU(5) breaks into the SM. The original CW-GUT inflation model [259] predicts primordial gravitational waves with tensor-to-scalar index 0.02 ≤ r ≤ 0.1 [261]. Although this is currently not in tension with the CMB-constraints [253, 254], several modifications have been proposed which predict smaller r [260, 262–264].

An alternative class of GUT inflation models are based on no-scale supergravity. It was realized in 2013 [265] that particular realizations of no-scale supergravity (SUGRA) models of inflation can be equivalent to the Starobinsky model [266], in which inflation is realized from a non-minimal Einstein-Hilbert action [image: image]. The correspondence can be seen by a conformal transformation, such that the model is equivalent to canonical gravity plus a scalar field [265, 267]. The scalar potential then becomes

[image: image]

Starobinsky-like models are attractive candidates for inflation models, as they make viable predictions for inflationary observables without the need to introduce a large set of finely tuned parameters. Examples of no-scale SUGRA inflation models include sneutrino inflation, which can be consistently implemented in flipped SU(5) SUSY GUTs [268–272]. Other no-scale GUT inflation models identify the inflaton with the Higgs boson, and circumvent the problems associated with conventional Higgs inflation [273, 274].

A phenomenological approach was taken by Hertzberg and Wilczek [275]. Here it was assumed that inflation is driven by the vacuum energy associated with unification. It was shown that several examples of large-field (Δϕ ~ Mp) models of inflation give predictions consistent with the CMB-constraints [253, 254].

GUT-inflation has also been studied in combination with other cosmological scenarios, most importantly with non-thermal leptogenesis and the seesaw mechanism for neutrino masses [276–278]8. Models of sneutrino inflation are well suited for this purpose [268–272].



5.2. Cosmological Constraints on Cosmic Strings

Cosmic strings are generic cosmological predictions of many GUT theories [279–281]. Field theories with broken gauge symmetries may have a vacuum state that is not unique, such that different points in physical space may have distinct (but degenerate) vacuum configurations. By continuity of the field, the interpolating field values must be taken on in between these points, which gives rise to an energetic object called a topological defect, or (in the one-dimensional case) a string.

The simplest description of cosmic strings after their formation approximates the fundamental Nambu-Goto strings. Nambu-Goto strings are characterized by the dimensionless string tension Gμ, where μ is the mass per unit length and G is Newton's constant. Strings produced at the GUT scale typically have a mass per unit length of the order of μ ~ 1021kgm−1 and a thickness of 10−24m, such that the tension is Gμ ~ 10−6 [282]. For comparison, strings formed around the electroweak scale are expected to have much smaller tensions, Gμ ~ 10−34. As the expansion of the Universe stretches strings, while the string tension stays constant and in the absence of a decay mechanism, ρstrings would grow with the scale factor and eventually dominate the energy density of the Universe. Cosmic strings can decay into gravitational or scalar radiation, however. In the presence of such a decay channel an attractor scaling solution is reached, in which the strings maintain a constant fraction of the energy budget.

Cosmic strings could be detected through gravitational lensing and anisotropies in the CMB [283, 284]. Cosmic strings imprint on the CMB as line-like discontinuities, caused by a boost of photons toward the observer as a string moves across the line of sight [285, 286]. Planck data constrains the Nambu-Goto string tension Gμ < 1.8 × 10−7 [287], the non-local string tension Gμ < 10.6 × 10−7 [287] and the Abelian Higgs string model Gμ < 2.0 × 10−7 [288].

If the strings decay gravitationally, such radiation can be observed in Gravitational Wave (GW) experiments [289–293]. Strong gravitational radiation bursts may be produced by cusps [294–298]: the LIGO/VIRGO collaboration reported an experimental upper limit of Gμ < 10−8 in some regions of the parameter space, in which gravitational backreaction determines the size of the loops [299]. Pulsar Timing Arrays (PTAs) potentially give more stringent bounds, as they can already probe the stochastic GW background; depending on the model, [image: image] [300–302]. However, the relative importance of the gravitational decay channel has been the source of some disagreement in the literature. Simulations of Nambu-Goto strings [303–308] and full field-theoretic simulations of the Abelian Higgs model [309–311] differ in the typical scale on which the strings form loops. Loops of the order of the string width rs can radiate heavy particles (as the natural mass of coupled particles is [image: image]); loops of the typical inter-string spacing ξ are expected to decay gravitationally [312]. Recent field-theory simulations [311] suggest a mechanism to transport energy from large to small scales, which is not currently understood. Numerical results [313–315] also indicate that the simplest analytical models are due an update, when non-Abelian gauge groups are considered. Furthermore, different groups simulating Nambu-Goto strings differ in the distribution of the loop size. Simulations in which the gravitational radiation back-reacts on the string have smoother features, which hinders the formation of smaller loops [303–305]. In these simulations, the PTA constraints on the stochastic background and LIGO/VIRGO constraints on burst are stronger [301].

The shape of the fractional energy density ΩGW ≡ f/ρc(dρGW/df) power spectrum from cosmic strings is expected to be nearly scale-invariant, with an amplitude defined by the characteristic string tension Gμ, such that if it has a large enough amplitude, the signal would be seen in frequency windows of different experiments [316]. This distinguishes the power spectrum from other sources. In particular, an observation of GW at pulsar timing arrays, if coming from cosmic strings, will draw attention to interferometer searches for this source.



5.3. Gravitational Waves From Phase Transitions

Grand unification models can accommodate a rich scalar sector, which can result in a complicated cosmological history involving exotic phase transitions. Some GUT inspired possibilities are: a color breaking phase transition where color is broken and restored when leptoquarks acquire a vacuum expectation value in an intermediate transition, which can catalyse baryogenesis [317, 318], B−L and L violating phase transitions [319–322], hidden sector phase transitions [323–326], and a Pati-Salam transition [327]. If any such phase transition occurs through bubble nucleation, an observable relic gravitational wave spectrum can be seen today, for a review see Mazumdar and White [328], Caprini and Figueroa [329], and Weir [330]. Furthermore, GUT models often require the existence of extra singlets. For example, the E6SSM model studied in Athron et al. [241] had 3 generations of singlets and such singlets can, in principle, catalyse the electroweak phase transition to be strongly first order as well [331–333].

The gravitational wave spectrum generated from a cosmic phase transition has three contributions: a contribution from the collision of scalar shells, and potentially long-lasting contributions from sound waves and turbulence in the plasma. The total spectrum can thus be written as,

[image: image]

Although much uncertainty remains about the precise form of these spectra, all three are controlled by four thermal parameters, which can be computed by first principles [328, 334]: the latent heat released during the transition (conventionally normalized by the radiation energy density), denoted α, the nucleation rate (conventionally normalized to the Hubble parameter) β/H, the temperature at which the transition occurs T* and the velocity of the bubble wall vw. The collision term is expected to be sub-dominant for transitions associated with a broken gauge group [335]. The sound wave contribution to the power spectrum is [334] and [336]

[image: image]

where [image: image] is the rms fluid velocity, Γ ~ 4/3 is the adiabatic index, κf is the efficiency of converting the latent heat into gravitational waves and g* the number of relativistic degrees of freedom. The frequency dependence is captured by the spectral state
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The other notable, albeit sub-dominant, contribution is the contribution from magneto-hydrodynamic turbulence in the plasma. The power spectrum from this contribution is given by [337],

[image: image]

where ϵ is the fraction of the energy that contributes to turbulence, typically taken to be in the range (0.05, 0.1) [334]. In this case the spectral form is a function of two time scales,

[image: image]

where h* is the Hubble rate at the transition temperature9.

For a single scalar field transition, without a tree-level barrier between the true and the false vacuum, β/H tends to be O(103) or greater [232]. The transition temperature is the same order of magnitude as the mass of the scalar. Therefore, transitions with scalar masses O(105) GeV can be probed by ground-based interferometers such as the Einstein Telescope [338], Kagra [339] and cosmic explorer [340], whereas space-based LISA will probe transitions at the electroweak scale [334]. The former can be more directly related to studies of GUTs-we show benchmark examples for a Pati-Salam phase transition are shown in Figure 7. The visibility of the spectrum tends to grow with the ratio v/m, the gauge coupling constant g, the rank of the (sub) group being broken and the number of other particles acquiring a mass during the transition [323]. Furthermore, it was found in Croon et al. [323] that some non-trivial model discrimination is possible if one observes a primordial power spectra due to the increase in visibility as well as moderate correlations between thermal parameters, shown in Figure 8 for SU(N)/SU(N − 1) cosets.


[image: image]

FIGURE 7. Plane of thermal parameters with contours of constant sound wave (in black) and turbulence (in blue) peak amplitude. The thicker line shows the peak sensitivity of the Einstein telescope [338]. Points denote thermal parameters produced by a Pati-Salam phase transition with a Pati-Salam scale of [image: image] GeV. The peak frequency for the sound wave spectrum is indicated by the color scaling. Figure taken from Croon et al. [327].




[image: image]

FIGURE 8. Thermal parameters from a renormalizable potential for a scalar field in the fundamental representation of SU(NG) which gets broken to SU(NG − 1) (left). Right panel is the same aside from the inclusion of a non-renormalizable sextet term in the potential and the gauge coupling constant is fixed to unity. In the above NG denotes the order of the group, Nf is the number of fermions in the fundamental representation that are strongly coupled to the scalar field, in direct analogy with the SM save that the Yukawa couplings are set to unity. Note that ξ is the ratio of latent heat to radiation energy density more commonly denoted α. Contours of constant peak amplitude for the sound wave spectrum are shown with the darker line corresponding to LISA sensitivity range for a power law spectrum that has been integrated over frequency [341]. Note in the above vw = 0.5 for the left plot and vw = 1 for the right plot using the efficiency terms in Espinosa et al. [342]. Figure taken from Croon et al. [323].



If multiple scalar fields are involved in a transition the barrier between the true and false vacuum can persist at zero temperature due to triscalar or non renormalizable operators [333, 343]. In such a case significantly more supercooling is possible and the transition temperature is no longer confined to be the same order of magnitude as the scalar mass. This implies that β/H can be quite small and the latent heat can be large, increasing the visibility of the gravitational wave and reducing the peak frequency. A caveat to this is that recent work found that phase transitions that involve a large amount of supercooling may fail to complete due to the onset of inflation [344]. Regardless, the thermal parameter space in the case of multifield phase transitions is broader, which minimizes model discrimination somewhat, though not completely [323].



5.4. Baryo-/Leptogenesis

The existence of a baryon asymmetry in the Universe (BAU) is one of the central problems of modern cosmology [345, 346]. At the same time, the concordance between different measurements of the primordial baryon asymmetry is a triumph of modern cosmology with BBN and CMB limits giving [347, 348]
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respectively. Any explanation for the baryon asymmetry must satisfy the three Sakharov conditions [349]

• Baryon number B violation

• C and CP violation

• A departure from thermal equilibrium.

Early attempts at generating the BAU focused on B violating decays (for a review see [350]). Such decays typically violate B+L while conserving B − L (for an exception see [351]). For example, SU(5) GUTs are invariant under changes to a global phase conjugate to B − L number, whereas SO(10) has a local U(1)B − L symmetry. However, any primordial B+L asymmetry is washed out by B+L violating electroweak sphalerons. Therefore, only a primordial B − L asymmetry will be preserved unless sphalerons are quenched.

Leptogenesis allows for a B − L violating operator, [image: image], that is also responsible for a light neutrino mass via type-I seesaw mechanism (see section 3.2). CP violating decays of such sterile neutrinos ensure a net B − L asymmetry which electroweak sphalerons convert to a baryon asymmetry. Electroweak baryogenesis by contrast uses the sphalerons themselves to generate a net B+L asymmetry which cannot be washed out before the sphalerons are quenched [345, 346]. More specifically, if the electroweak phase transition is strongly first order, bubbles of electroweak broken phase populate a medium of symmetric phase with sphalerons quenched only inside such bubbles. Particles can have CP violating interactions with the bubble wall which biases the sphalerons to produce a net B+L asymmetry. Some of this asymmetry is swept up in the expanding bubble wall where it is preserved.

GUTs are only relevant to electroweak baryogenesis if the GUT model motivates some light BSM states. Recent work on electroweak baryogenesis in the E6-SSM utilized three generations of singlet superfields to motivate a CPV source involving singlino-Higgsino interactions with the bubble wall [331].

A feature of leptogenesis during GUTs is the possibility of new CP violating decay channels due to the presence of leptoquarks [352, 353]. This allows a lower minimum mass for the lightest sterile neutrino than in the minimal scenario [236]10. Much of the recent focus on baryogenesis within GUTs involves leptogenesis with some intriguing concordance achieved in the case of SU(5) [355] and SO(10) GUTs [271, 278, 356–360]. A generic feature of SO(10) GUTs is normal ordering of neutrino masses and a negative Dirac phase [361], both of which are favored by current observational limits [360]. Furthermore, many GUTs, including SO(10), predict a Dirac neutrino mass matrix that is not too different from the up quark mass matrix and SO(10) leptogenesis also achieves agreement in the currently observed atmospheric mixing angle in the first octant. Realistic models with two right-handed neutrinos can emerge in Δ(27) × SO(10) models and A4 × SU(5) supersymmetric models [362, 363]. The third right-handed neutrino can either decouple because it is very heavy or because its Yukawa coupling is very small. The latter case implies a stable particle that can play the role of dark matter [364].




6. DIRECT COLLIDER SEARCHES FOR GUTS


6.1. Searches for Supersymmetry

As we have seen in section 3.1 supersymmetry plays a rather important role on many unified theories and motivates the unification of gauge couplings at large scales. However, both its solution to the hierarchy problem and gauge coupling unification often rely on a light sparticle spectrum, around or below the TeV scale. Thus, searches for supersymmetric particles has been part of the research programme in collider physics for the last few decades, from searches at LEP and the Tevatron, to the recent results of the LHC, and it is still part of the proposed physics programme for future colliders, e.g., CLIC, ILC, or VLHC [365–368].

In R-parity conserving SUSY the lightest supersymmetric particle (LSP) is stable. This has strong consequences for SUSY searches, for the LSP will escape the collider in the form of missing transverse energy (MET)11 [369]. In addition, R-parity requires that sparticles are pair-produced in colliders, hence the different searches for supersymmetry are classified according to the particle that is produced in pairs. The production cross sections of the different sparticle species are rather different and often determine the exclusion or detection power of a particular channel. For instance, the strongest exclusion limits at the LHC across the sparticle spectrum are on first and second generation squarks and gluinos which, as can be seen in Figure 9, have the largest production cross sections [370, 371].
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FIGURE 9. Pair production cross sections as a function of the mass of sparticle [image: image] at center of mass energy [image: image] TeV.



Squarks and gluinos are produced in pairs at the LHC in the combinations [image: image], [image: image] and [image: image] and their main decay channels are [image: image] and [image: image], with the neutralino LSP escaping the collider. Hence the typical signature for these processes has multiple jets and large missing energy. The decay topologies for these signatures are depicted in Figure 10. Other decay modes for squark and gluinos involve the production of charginos or heavier neutralinos, [image: image], [image: image], [image: image] and [image: image], which then decay to W and Z bosons and [image: image]. The final state signatures depend on the decay modes of the gauge bosons, and can have (0–4) leptons, jets and MET. ATLAS and CMS have reported results from the last run of the LHC at 13 TeV and 36 fb−1 for searches with jets and MET final states [372–374], with one lepton, jets and MET [375–377], same and opposite-sign dilepton pairs, jets and MET [378, 379], two or three leptons, jets and MET [380, 381], 3rd generation squarks (with and without Higgs reconstruction) and MET [382–384] and hadronic τ decays, jets and MET [385], among others. These searches set a lower limit for a range of simplified models on the mass of the gluino of [image: image] TeV and the mass of the first and second generation squarks of [image: image] TeV.


[image: image]

FIGURE 10. Most simple topologies for the production of squarks and gluinos at the LHC with decays to jets + MET.



The next strongest production cross section is that of stop and sbottom pairs. The main decay channel for stops and sbottoms is [image: image] and [image: image], respectively. This topology is similar to the decay of first and second generation squarks, with the added complexity that neither t or b produce a clean jet, but rather have many decay channels that can result in numerous jets, leptons and, of course, MET. Secondary decay channels for [image: image] and [image: image] involve decays to a chargino, [image: image] and [image: image], with subsequent decays involving W bosons, or decays into a heavy neutralino, [image: image] and [image: image], which in turn decays into a Z or a Higgs boson and [image: image]. The latest searches of the LHC experiments for pair-produced stops and sbottoms target final states with jets and MET [374, 386, 387], b-jets and MET [388, 389], one lepton, jets and MET [390, 391], two and three leptons, jets and MET [379–381, 392, 393] and final states with a h or a Z boson and MET [394], among others. These searches exclude masses of stops and sbottoms up to [image: image] TeV and [image: image] GeV for some simplified models.

In the cases where the colored sector of a supersymmetric model has large masses, the direct production of chargino, neutralino and slepton pairs dominate. A pair of directly produced sleptons decay typically like [image: image]. Neutralinos and charginos are produced in pairs in a number of different combinations, the most commonly studied of which are [image: image] and [image: image]. The decays of heavy neutralinos and charginos produce W, Z or Higgs bosons and the lightest neutralino. Further decay of W and Z sets the final states targeted by ATLAS and CMS searches, such as the final state with two leptons and MET [395–397], many leptons and MET [397–400], leptons, jets and MET [393], taus and MET [401, 402], and b-jets plus MET [403], among others. Due to their low production cross sections, the exclusion limits on slepton masses from direct production are quite weak and they only reach up to around [image: image] GeV. Stronger limits on slepton masses can be inferred from neutralino/chargino production with sleptons in the cascade, reaching up to ~850 GeV. The limits on electroweakinos (neutralinos and charginos) are very sensitive to the parameter choices for the simplified model analyses performed by the experiments, hence the exclusion limits on [image: image] and [image: image] vary from search to search and from signal region to signal region, roughly in the range [image: image]. Similarly the limits on the lightest neutralino varies in the range [image: image] GeV. In addition, there is a hint of an excess in one of the two and three lepton final state analyses by the ATLAS collaboration in the low [image: image] region, with a reported significance of 2 and 3σ in the 2l and 3l channels, respectively [399].

In addition to sparticle searches, SUSY can also be probed through searches for heavy and charged Higgs bosons. The MSSM predicts the existence of two CP-even scalars, h and H, one CP-odd pseudoscalar, A, and a charged scalar H±. The lightest CP-even scalar, h, is said to be “SM-like,” as its mass and couplings are aligned with the Higgs boson discovered at the LHC [4, 5], the so called alignment limit. Neutral heavy Higgses can be produced at the LHC in the same manner as the SM Higgs, that is by gluon fusion, vector boson fusion (VBF) and associated production, with a t and/or b quark. Thus, the same mechanisms that lead to the discovery of the SM Higgs are employed to set exclusion limits on heavier neutral (pseudo)scalars, including signatures where H is produced in resonance and decays into two light Higgs bosons pp → H → hh. The final states targeted by these exotic Higgs searches consist of 2–4 leptons, jets and MET from on- and off-shell W and Z bosons [404, 405], two leptons and MET [406, 407], final states with four b-jets [408, 409] or two b-jets and WW [410], γγ [411, 412], ττ [413, 414], μμ [415], or [image: image] [416] decays, ditau final states [417, 418] and diphotons, with and without associated W bosons [419–421]. Charged Higgs bosons, H± can typically be produced with associated resonant and non-resonant top-quark production. Their main decay channels are H± → W±Z [422, 423], H± → t(c)b [416, 424] and H± → τ±ν [416, 425]. Since no excess has been found for either heavy H or H±, the experiments set upper limits that strongly depend on the production cross section and, in turn, on tan β. For H the limits range from mH < 400 GeV for tan β = 2 and production cross sections limits of 0.1 pb for larger masses. For H± with [image: image] GeV excluded for all values of tan β and [image: image] TeV excluded for tan β = 60.

Many unified theories automatically preserve R-parity, such as left-right symmetric or Pati-Salam models, as well as supergroups of them, SO(10) or E6. This is because they contain a gauged U(1)B−L subgroup which effectively makes the LSP stable [76]. Other models, such as SU(5), may have R-parity violating (RPV) interactions, though in general they will be suppresed since they can lead to rapid proton decay. Since the LSP is no longer stable, collider signatures of RPV typically contain multiple leptons [400], multiple jets [426–429] or both [430, 431] in the final state. These searches often impose strong upper limits on sparticle masses that range from 150 GeV to a few TeV for [image: image], depending on the channel, and from 1 to 2 TeV, for [image: image].

If the LSP is metastable or the lightest chargino and neutralino are almost degenerate, they can live long enough to leave a displaced vertex or a disappearing track on the detector. Detailed searches have been performed by ATLAS [432–436] and CMS [437–439] to search for these long-lived particles, and they have reached exclusion limits comparable to those of the detailed searches above.

Most of the searches described above assumed a neutralino LSP, which is typically the case in gravity mediated SUSY breaking. In gauge mediated SUSY breaking (GSMB) and general gauge mediation (GGM) the LSP is actually a nearly massless gravitino. In these cases new decay channels are open with photons [440–443], Z's [400, 403], Higgses [400, 403, 444], and τs [385, 445] in the final state (see Figure 11).
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FIGURE 11. Topologies for SUSY searches with gravitino LSP and γ and h/Z final states.



Although the LHC results are the most recent and, for the most part, they supersede the results of previous collider experiments, such as those at the Tevatron, some experimental limits from LEP still remain relevant today. In particular for models with a significant production of neutralino/chargino or slepton pairs, the limits from ALEPH [446, 447], OPAL [448, 449], L3 [450, 451], and DELPHI [452] on sleptons and electroweakino masses are rather pertinent, as they are largely model independent.

Many of the SUSY searches above are performed using simplified models, e.g., ATLAS jets and MET search assumes a 50–50 split between the decay modes of gluinos [372]. Therefore, the mass and cross section limits obtained are weakened in more complicated models. In order to assess the relevance of many of these exclusion limits on several popular SUSY models, a full global fit of the parameter space of the model is required. Several of these fits have been performed for the CMSSM, NUMH1 and NUMH2 [453–459], phenomenological MSSM models [460–462], SUSY GUT models [463] and electroweak-sector MSSM models [116], by the Zfitter [464]12, SuperBayes [465, 466]13, Fittino [467]14, MasterCode [468]15, and GAMBIT [469–476]16 collaborations.



6.2. Collider Searches for Leptoquarks

Leptoquarks (LQs) are associated either with the vector (spin 1) particles that correspond to the gauge bosons of the unified gauge group or they can be scalars (spin 0) and belong to a Higgs sector of a unified theory. Vector LQ mass is typically of the order of the unification scale and can only be accessible directly at colliders if the unification scale is low enough (e.g., Pati-Salam models). Scalar representations can also contain light fields, most notably the SM Higgs, but come at the cost of severe fine tuning, as discussed in the section 2 on the example of doublet-triplet splitting problem in 5-dim. representation of SU(5). In non-supersymmetric unified models the presence of light colored scalars tends to aid unification (see e.g., [477]). Another important difference is that the scalar LQ interactions can be analyzed without specifying the concrete GUT completion in the ultraviolet. On the other hand, vector (gauge) LQs are sensitive to the mass generation mechanism that is specified in the ultraviolet. Therefore, effective vector LQ models are not renormalizable [478]. Furthermore, even the couplings of vector LQs to the SM gauge sector are not completely fixed by the gauge quantum numbers [479, 480].

Altogether there are six scalar and six vector leptoquarks, listed in Table 1, that couple to the SM matter at the renormalizable level [480–482]. The fermionic number F ≡ 3B+L of leptoquarks that do not couple to diquarks (ϕqq) and are potentially B and L conserving, must be F = 0, whereas LQs with |F| = 2 in general destabilize the proton via B−L conserving decays.



Table 1. List of scalar and vector LQs.
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The most important phenomenological characteristic of light LQs (of mass of the order few TeV) is their color triplet nature allowing them to be produced in pairs via strong interactions in a largely model independent manner. In this section we will focus on the on-shell production of LQs at pp colliders, since the current mass constraints are dominated by LHC searches. For specific signatures of LQ production in colliders with alternative initial states (see [480]). Pair production of leptoquarks is model independent for the [image: image] partonic process, while the parton level process [image: image] is affected also by the t-channel lepton exchange diagram (bottom right diagram in Figure 12) that introduces some model dependence when the leptoquark flavor couplings are non-negligible. The partonic cross sections for pair production at leading order are [483–488]:
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where ŝ is the partonic center-of-mass energy squared, α3 is the strong coupling constant, and [image: image]. A model independent study of weak doublet scalar LQs at the LHC and the interplay with low energy flavor processes was performed in [489], where it was also shown that searches for single LQ production could be more sensitive in the regime of large Yukawas and/or LQ masses. An analysis of pair and single production, along with the corresponding UFO model files LQ_NLO, both for scalar and a vector leptoquark has been presented in Doršner and Greljo [490].
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FIGURE 12. Representative diagrams for leptoquark pair production at pp colliders. Dots denote the LQ-q-ℓ coupling.



On the other hand, single leptoquark production at pp colliders is always model dependent (Figure 13). Single leptoquark searches are more effective at larger LQ masses [489].


[image: image]

FIGURE 13. Representative diagrams for single leptoquark production at pp colliders. Dots denote the LQ-q-ℓ coupling.



On the decay side of the process, experimental searches for pair and single LQ production are targeting a resonance in the jℓ channel. The decay width of a scalar leptoquark into a lepton-quark final state is given by [490] and [491]:

[image: image]

Current bounds from dedicated leptoquark pair production have been commonly extracted in the framework that assumed LQ coupling only to a single generation of SM fermions, whereas realistic LQ scenarios could posses richer flavor structure [480, 492]. The experimental upper bounds are given for the product of cross section and the LQ branching fraction probability β2, where β is the probability for LQs to decay to a final state with charged leptons. There have been numerous analyses performed at the LHC for leptoquarks being either of 1st [493], 2nd [494], or 3rd [495–499] generation. More recent studies, motivated by the observed lepton universality violation in B-meson decays, allow also for cross-generational couplings, e.g., [500]. Finally, also single LQ production channels are being studied [501]. To conclude, the current lower bounds on leptoquark masses from direct searches at the LHC range from several 100 GeV to above the TeV scale, where the exact bound depends on the size of the flavor couplings.



6.3. Other Exotic Searches

Many unified theories include heavy sterile neutrinos that contribute to the mass of the light neutrinos via type-I seesaw mechanism (see section 3.2). These are often associated with the symmetry breaking of a left-right sector of the theory, and thus they are expected to be heavier than the EW scale. Direct searches for heavy neutrinos at colliders often target a decay channel where final state has two same-sign leptons, via s or t-channel production of a gauge boson that can be left or right handed [502]. Figure 14 shows the Feynman diagram for the golden channel for heavy neutrino searches, pp → W → Nl → Wll → lljj. The ATLAS and CMS experiments at the LHC have performed searches for heavy neutrinos in LR models with masses MN ≈ (20, 1, 600) GeV and have imposed strong limits on the couplings between active and sterile neutrinos [503–505].


[image: image]

FIGURE 14. Diagram for direct searches of neutrinos via WL/R production.



Other searches for sterile neutrinos are performed in beam dump experiments [506], where the neutrinos are produced in semileptonic decays of mesons, with masses below 2 GeV [507–510]. For intermediate masses below the Z resonance, the strongest limits come from the decay Z bosons by the LEP experiments DELPHI and L3 [511, 512].

In addition to singlet fermions and colored leptoquarks, the LHC looks for heavy colorless vector bosons as part of their exotic searches programme. Charged W′ and neutral Z′ vector bosons are predicted in a number of GUT frameworks and they can often live at low scales, which positions them within the reach of colliders. Clear examples of this are the left-right symmetric models described in section 4.1, that predict light WR and ZR bosons, or the light ZN appearing in E6SSM models.

These states are produced at pp colliders through Drell-Yan processes pp → W′/Z′ and subsequently decay into leptons or jets. One of the most targeted processes for W′ involve the decay into heavy neutrinos, as in Figure 14, with two same or opposite sign leptons (depending on the Majorana or Dirac nature of the heavy neutrinos) and jets [503, 504]. These searches often use a simplified model where gR = gL and [image: image] resulting in high exclusion limits with [image: image] TeV, but it has been shown that these limits weaken somewhat in more general models [173–175]. CMS also reported a search for W′ where the vector boson decays to [image: image], the τ decaying hadronically [513], with slightly weaker limits.

Narrow resonance searches for Z′ have been performed by ATLAS and CMS, targeting final states with two opposite-sign leptons. These searches have yielded model-dependent exclusion limits on [image: image]. For E6-inspired Z′, the limits vary around [image: image] TeV, whereas for LR models they are moderately stronger [image: image] TeV [514, 515].

Lastly, GUTs predict a plethora of different scalar states that can be observed at the LHC if they are light enough, e.g., ΔL, R in LR symmetric models. Searches for neutral and singly charged scalar bosons are identical to the searches for supersymmetric Higgs bosons in section 6.1, so we will not repeat them here. Doubly-charged scalars, such as the [image: image] in LR models, have been studied by ATLAS and CMS in multilepton final states [516, 517], diboson final states [518] and in long-lived particle studies [519] with model-dependent limits below 1 TeV.




7. PRECISION TESTS OF UNIFICATION


7.1. Proton Decay

Unified theories may contain gauge or scalar bosons that mediate transitions between leptons and quarks. These transitions violate baryon B and lepton L number separately and hence can cause the rapid decay of nucleons [520–529].

In the language of Effective Field Theory, nucleon decay transitions are generated by higher dimensional operators suppressed by the mass of the heavy mediator. The most relevant contribution to nucleon decay comes from dimension-6 operators of the form qqql, mediated either by a gauge or scalar boson. In SUSY GUTs, however, dimension 4 and 5 operators can appear, involving R-parity violating interactions and mixing among sfermions, respectively. Assuming the conservation of R parity and minimal flavor violation (MFV) in the sfermion sector, however, dimension 4 and 5 contributions can be made negligible [530–532]. Therefore, dimension 6 operators dominate the contributions to nucleon decay. These are, in general, model dependent, so calculating the decay width requires knowledge of the flavor structure at the GUT scale and varies among the different decay channels [533, 534]. However, with some simplifying assumptions one can approximate the decay width of the proton as [535]

[image: image]

There are several decay channels for the proton and neutron, each with a different experimental bound. The most stringent of them, known as the gold channel for proton decay is p → e+π0, whose parton-level diagrams can be seen in Figure 15, and with a lower limit on the half-life, set by the Super-Kamiokande, of τ > 1.6 × 1034 years [43]. Other processes with slighly lower bounds are τ(p → μ+π0) > 7.7 × 1033 years [43], τ(p → νK+) > 5.9 × 1033 years [536] and τ(nn → e±μ∓) > 4.4 × 1033 years [537].


[image: image]

FIGURE 15. Parton level s and t-channel diagrams for the proton decay channel p → e+π0 for a gauge or scalar boson mediator X.



The next generation of experiments for nucleon decay has already been proposed. Hyper Kamiokande will take the place of Super-K and has a projected sensitivity in the golden channel p → e+π0 of ~1035 years [538]. The Deep Underground Neutrino Experiment (DUNE) [539] expects to improve the limit on p → νK+ to ~ 3 × 1034 years. These increased limits will probe unified teories at the highest scales and could be the smoking gun for them. In case of a positive signal from either of these experiments, precision calculations of proton decay processes with controlled uncertainties will become invaluable [84, 540].



7.2. Flavor Phenomenology of Light Leptoquarks

Several flavor couplings of scalar leptoquarks to leptons and quarks, which are in general connected to the GUT contractions of scalar and fermionic representations, allow their virtual effects to be tested in low-energy flavor observables. Such are the decays of hadrons or leptons, precision observables at LEP, and static properties of particles such as dipole moments. On the high-pT front, the LHC is also becoming competitive as a flavor probe for virtual effects of particles that are too massive to be produced on-shell.

The correlations between lepton-quark-LQ couplings are determined at low scales by the weak isospin and hypercharge. As an example, consider the weak doublet leptoquark R2(3, 2, 7/6) (see Table 1), which can couple to two-types of lepton-quark bilinears:

[image: image]

Here i, j are the flavor indices, primed fields are written in the interaction basis, unprimed fields are in the mass basis, except for the neutrinos which are aligned with charged leptons. There are three important features in the above Lagrangian. First, since R2 is a weak doublet it must couple to left-handed quark doublets, which implies that CKM matrix V relates the couplings of up-type and down-type quarks. Second, R2 couples to both chiralities of quarks and leptons, which leads to scalar and/or tensor effective interactions and could lead to enhanced effects in meson mixing amplitudes, dipole moments, and radiative decays [480]. Third, as F = 0 for R2 we cannot construct interaction term with diquark coupling, implying that proton cannot decay via Δ(B−L) = 0 process. Generalizing to other LQ states, weak triplets only talk to the left-handed fermions (2⊗2), leading to strictly chiral interaction, whereas singlet LQs can talk to 2⊗2 and 1⊗1 fermion bilinears.

Among the flavor constraints, leptoquarks naturally (at tree-level) contribute to semileptonic effective operators at low scales, therefore the most relevant observables are (semi-)leptonic decays of mesons, baryons, or τ leptons. The most notable charged-current and flavor changing neutral current (FCNC) constraints, and the general framework to address them in leptoquark models, have been spelled out in Leurer [541], Davidson et al. [482], and Doršner et al. [480]. The most constraining are the FCNC observables, where the tree-level LQ contribution can easily stand out of the SM signal, which is 1-loop suppressed in the case of quark FCNC and absent in the case of lepton FCNC. Effective dimension-6 interactions for 4 lepton or 4 quark operators, which drive the ℓ → ℓ′ℓ′ℓ″ (see section 7.4) and meson mixing processes, occur at one-loop [480]. Therefore, meson mixing is in general not among the strictest constraints on LQs (for Bs mixing see e.g., [542]).



7.3. Lepton Flavor Universality

Lepton flavor universality (LFU) ratios, defined as ratios between rates for processes that differ only in lepton flavor, are very well suited to test the validity of the SM. The main advantage is that in the Standard Model LFU is respected by all gauge interactions, the only breaking comes from mass splitting among leptons, which leads to efficient cancellation of hadronic and parametric uncertainties in LFU ratios. Recently, two LFU ratios in B-meson decays have been observed

[image: image]

where l = e, μ. Several experiments found that the ratios [image: image] are larger than [image: image]. The measurements of RD [13, 543, 544] differ by ~ 2 σ with respect to the SM prediction [545] and by ~ 3 σ in the case of [image: image] [546–548]. Combined significance reaches 4σ deviation from the SM [549]. The LHCb experiment has also measured [image: image] LFU ratios, related to the neutral-current process b → sll, and found them to be lower than expected in the SM. While RK was measured in a single kinematical region, q2 ∈ [1.1, 6]GeV2 [12], [image: image] was measured also in the ultra-low region q2 ∈ [0.045, 1.1]GeV2 [550]. Each of the [image: image] measurements is ~ 2.5σ below the SM prediction level [551, 552], and furthermore, there are discrepancies in b→sℓℓ driven decays that are coherent with the deviation in [image: image] if there is ~ 20% reduction in the vector Wilson coefficient C9 [553, 554].

Light leptoquarks are prime candidates to explain one or both of those puzzles. For the [image: image] the effective Lagrangian contains four relevant operators:

[image: image]

Model independently it has been shown that [image: image] can be explained either by rescaling the SM semileptonic operator (gVL), by turning on gT, or by particular combinations of scalar and tensor operators, gSL = ±4gT operators, that arise in presence of a non-chiral LQ [555–558]. In order to address [image: image] one has to modify the vector Wilson coefficient C9 whereas the axial Wilson coefficient C10 may also be present in the effective Lagrangian:

[image: image]

Also purely left-handed scenarios with C9 = −C10 ≈ −0.6, which are characteristic of LQ weak-singlet or triplet exchange, are in good agreement with [image: image] and the global fit of b → sℓℓ. Such left-handed leptoquark solutions have been put forward: triplet scalar S3, singlet vector U1, triplet vector U3 [557, 558]. For loop-level explanation of [image: image] one can also invoke singlet S1 [559] or doublet R2 [560], but at the price of large couplings. There are several proposals with scalar leptoquarks that address [image: image] and/or [image: image] [559, 561–566], some in the context of unified theories such as SU(5) [567–569], left-right symmetry [570], Pati-Salam [571, 572], SO(10) [573] and others [574]. Recently it was realized that a singlet vector leptoquark [image: image] generates left-handed interactions and partially resolves both LFU puzzles, in many UV frameworks [575–577], including three-flavor extensions of the Pati-Salam model [578–584].

Finally, moderately large leptoquark couplings dictated by the above LFU anomalies can be also observed in processes with virtual LQ exchange, typically in the t-channel, resulting in a final state with at least one charged lepton. Inspired by the abovementioned LFU anomalies, processes with final state leptons have been studied, which can probe LQ scenarios for LFU violation observed in B meson decays [585–588]. In this case, LQ cannot be produced on-shell and the sensitivity does not deteriorate abruptly with rising LQ mass. Instead there is a smooth transition to the effective theory picture, where heavy LQ is integrated out. Thus, among the LQ induced processes the t-channel has the best mass reach for LQs and it is thus complementary to pair and single production [489, 490]. Another recent set of observables at the LHC, targeting the LQ scenarios that are well suited to explain the LFU anomalies [image: image], are the searches with a single τ lepton in the final state [589]17. Third generation leptoquarks could also be probed in [image: image] final states [591].



7.4. Lepton Flavor Violation and Dipole Moments

In the SM with massive neutrinos, lepton flavor violation (LFV) can occur via the mixing in the neutrino sector. It is, however, heavily suppressed due to the GIM mechanism [592], as the rate depends on the neutrino masses resulting in an unobservable prediction of order 10−55 [593]. Extensions of the SM modify this prediction by introducing additional sources of lepton flavor violation [594–596]. New physics can then be probed by testing the deviations of certain lepton flavor violating processes with respect to the experimental limits.

Charged lepton flavor violating processes are typically of three types: [image: image], [image: image] (with α ≠ β) and μ −e conversion in nuclei [597]. One-loop contributions to the first two processes can occur through a dipole and box diagrams as depicted in Figure 16, with a scalar or vector mediator(s) X(X′) and a SM or exotic fermion(s) f(f′) running in the loop. Contributions to μ − e conversion follows from the penguin (center) and box (right) diagrams with lα = μ, lβ = e and lγ, δ = q.


[image: image]

FIGURE 16. Diagrams contributing to LFV processes, [image: image] (left) and [image: image] (center and right) with X and X′ scalar or vector mediators and f and f′ fermions.



Unified theories often contain a number of exotic states capable of fulfilling the role of X and f in Figure 16, violating lepton flavor either by interactions between the leptons and mediators or by mixing in the leptonic sector. The latter case is realized in GUT models with heavy neutrinos (c.f. left-right models in section 4.1), where the mixing between active and sterile neutrinos enhances the LFV contribution [598–600]. The contribution to the branching ratios of the most constraining LFV processes, μ → eγ, μ → eee and μ −e conversion, in these models, with heavy neutrinos of mass MNI, active-sterile mixing ΘαI, a right-handed gauge boson WR and left and right-handed scalar triplets δL and δR, can be written as [601], [602], and [174]

[image: image]

In supersymmetric GUTs there are many possible sources of lepton flavor violation, parametrised by the mixing in the slepton sector of the MSSM, which has contributions to LFV processes of the type [603]

[image: image]

Off-diagonal entries in the slepton mass matrices can be the result of non-minimal flavor violating interactions or non-canonical Yukawa textures at the GUT scale, where the soft masses are supposed to unify [604, 605]. In addition, slepton mixing can be induced in minimal flavor violating (MFV) SUSY via seesaw mechanisms [606–612] or, for Yukawa-unified theories (see section 3.3), it can depend on the CKM matrix at the GUT scale [596]. LFV contributions can also arise in SUSY models where R-parity is violated, explicitly or spontaneously, with interaction terms of the type [image: image] that induce tree-level contributions to l → lll decays and μ → e conversion, as well as new dipole contributions to l → lγ [613–617].

The anomalous electric, di, and magnetic, ai, dipole moments of quarks and leptons follow from processes identical to the diagram on the left in Figure 16, where lα and lβ have the same flavor. Hence contributions from heavy states running in the loops can have a strong effect that can be tested experimentally. As with LFV, the SM contribution to electric dipole moments (EDMs) is tiny, as it is proportional to the CP-violation phase in the CKM matrix [618, 619]. EDMs have not been observed experimentally, so deviations from the SM prediction due to CP-violation in other sectors is strongly constrained [620]. Other sources of CP violation can appear in neutrino mixing [619], phases in fermion-sfermion couplings [621] or extended Higgs sectors [622]. Anomalous magnetic moments (AMM), on the other hand, have been measured with extreme accuracy. In fact, the precision of both the experimental measurement and theoretical prediction for aμ has shown a discrepancy of more than 3 standard deviations [34]. New physics contributions have been shown to resolve that tension, particularly in the context of supersymmetry [623].

In the presence of light leptoquarks anomalous dipole moments of leptons or quarks are one-loop processes [480]. A special feature of non-chiral leptoquarks, such as R2 with couplings (61), is that both lij and rij are non-zero in the interaction Lagrangian [image: image] which then leads to the anomalous moment of the muon:

[image: image]

where mϕ and Qϕ are the charge and mass of the leptoquark and q is the flavor of the quark in the loop (see the leftmost diagram in Figure 16). Shown is the leading order contribution in mq. The first term increases aμ only when Qϕ > 2/3 and it is present for all scalar LQ states that couple to a muon. The second term is relevant for non-chiral LQs and it is chirally enhanced by mq/mℓ, possibly leading to large effects with moderate couplings to b or t quark. Furthermore, the sign of the non-chiral term is adjustable. On the other hand, the same mechanism also enhances dipole LFV transitions, e.g., μ → eγ, τ → μγ [560]. Non-chiral LQs may also generate quark or lepton electric dipole moments at 1-loop [624, 625].

Whichever the mechanism, it is clear that LFV and anomalous dipole moments are predicted by many GUT models, with varying strengths for different processes. The full list of processes and their current experimental upper bounds and measurements can be seen in Table 2, where the experiments that have studied the processes are detailed. Furthermore, new experiments are being developed at this moment that will attempt to improve the limits on processes like μ → eee (Mu3e [642]) and μ − e conversion (COMET [643], Mu2e [644]), with projected limits up to four orders of magnitude stronger than previous studies. Additionally, a new measurement of aμ has been performed by the Muon g-2 experiment and it is expected to be released soon [645], which may confirm the deviation observed before, and thus further motivate the need of new physics.



Table 2. Upper bounds at 90% C.L on LFV processes and EDMs, and measurements of AMMs, along with the experiments that provided them.

[image: image]






7.5. Neutrinoless Double Beta Decay

This rare nuclear process corresponding to a simultaneous conversion of two neutrons to two protons and two electrons within the nucleus [646] is of great interest for particle physics, as it clearly does not conserve lepton number, and thus violates the corresponding accidental Abelian global symmetry of the SM. Consequently, a strong experimental effort is being made to observe this unique process. Unfortunately, its observation will be very difficult, as 0νββ decay is expected to be extremely rare. There is a number of experiments, some in operation, other being constructed or planned, attempting to measure the decay. An overview of the major collaborations is shown in Table 3. The current experimental lower limits on its half-life are around 1026 years [647, 648] and the future searches should reach sensitivities by one or two orders of magnitude higher.



Table 3. An overview of both current and future major 0νββ decay searches.

[image: image]




As can be shown, the existence of 0νββ decay implies the Majorana nature of neutrinos (and vice versa) [649–651] and as such it represents one of the best probes of this BSM hypothesis. Therefore, in GUT models allowing for Majorana neutrino mass generation 0νββ decay can be in principle always triggered. This, however, does not say anything about the underlying mechanism and the resulting 0νββ decay rate. The prominent standard (mass) mechanism of 0νββ decay assumes a light Majorana neutrino exchange between the two beta-decaying neutrons. In the SM with light massive neutrinos this process can be depicted as shown in Figure 17, left. Besides the standard scenario a number of non-standard mechanisms triggering 0νββ decay can be constructed. The effective treatment of these exotic mechanisms can be conveniently employed (see e.g., [652–656]).


[image: image]

FIGURE 17. The standard mass mechanism of 0νββ decay (left) and a non-standard contribution that can be constructed in the left-right symmetric models using vector currents of opposite chiralities (right).



As for the UV-complete 0νββ decay mechanisms, a variety of interesting ones can be constructed within GUTs. For instance, in the left-right symmetric models (where, of course, the standard light neutrino exchange is available) one can think of several exotic mechanisms involving exchange of heavy neutrino as well as light and heavy W vector bosons [657]. In the simplest exotic case the light neutrino exchange is substituted by a heavy right-handed neutrino exchange, which means that the involved vector currents and emitted electrons must be also right-handed. Due to the large mass of the propagating neutrino, the interaction can be considered to be contact and we refer to this contribution as to short-range mechanism. Since the right-handed currents are present in left-right symmetric models, it is also possible to draw 0νββ decay mechanisms, in which the neutrino exchange does not violate chirality. This means that the contribution is not proportional to the neutrino mass and the two outgoing electrons are of opposite chiralities. A possible mechanism of this type is depicted in Figure 17, right. As apparent, the diagram involves one right-handed and one left-handed vector current and since the light neutrino propagator is present, one refers to this contribution as to a long-range 0νββ decay mechanism.

Leptoquarks, particles appearing prominently in GUTs, can also trigger non-standard 0νββ decay contributions. It has been described that this is the case, when different leptoquark multiplets mix via a possible leptoquark-Higgs coupling violating lepton number [658, 659]. Diagrams of this type of contributions to 0νββ decay are shown in Figure 18. The specific helicity structure of the effective four-fermion interaction leads to the fact that this contribution can dominate over the standard mass mechanism. The current lower limits on 0νββ decay half-life then allow to derive the bounds on corresponding leptoquark parameters.


[image: image]

FIGURE 18. The exotic 0νββ decay mechanisms involving scalar or vector leptoquarks S, Vμ.



Neutrinoless double beta decay can be triggered also in supersymmetric theories aspiring for grand unification. In the simplest case, if the MSSM with broken R parity is considered, 0νββ decay diagrams involving R-parity-violating couplings and supersymmetric mediators can be drawn [660–664]. An example of a supersymmetric 0νββ decay mechanism is depicted in Figure 19. Again, from non-observation of 0νββ decay it is possible to derive limits on the unknown model parameters.


[image: image]

FIGURE 19. An example of a 0νββ decay mechanism that can be triggered in R-parity-violating MSSM.






8. OUTLOOK AND FUTURE PROSPECTS FOR GUTS

Among the vast landscape of theories beyond the Standard Model, Grand Unified Theories stand out as appealing candidates. As we have seen, GUTs are a collection of ideas from group theory, supersymmetry, neutrino physics, flavor physics and more, which positions them as some of the most complete and attractive theories in the literature. Indeed they are among the few BSM theories capable of simultaneously affecting the highest energy scales, influencing the cosmology of the early Universe, and the low energies, within reach of colliders and terrestrial experiments.

Throughout this review article we have provided a rough sketch of the status of GUTs and some of the associated research in the field. We have described the basic principles behind them and their first appearance in the world of particle physics in the late 70s. A lot of effort was spent in the years after and many of the greatest models were designed at that time. Research in GUTs has continued since, focusing either on specific topics within and alongside them, or on particular models that compiled a few advances in the field. We have thus summarized a non-exhaustive selection of topics and models that are at the forefront of research in unified theories, aiming to provide an overview of the current state of the art.

We are fortunate enough to live in a time where experimental searches are abundant and they cover a rather vast range of fronts. The most cutting-edge technologies have been and are being developed to push the boundaries of our current understanding of particle physics and cosmology. Grand unified theories are and will be put under the microscope by many of these experimental advances, which will confirm, constrain or outright exclude some of the existing models.

The recent observation of gravitational wave signatures opens a new window into the history of the Universe, where events and phenomena that ocurred in the early Universe can be observed with gravitational wave detectors. Cosmic phase transitions associated with patterns of symmetry breaking in unified theories are such events, as they can be the source of stochastic gravitational waves that can be observed today. Transition temperatures above the EW scale, typically associated with the breaking of some intermediate step in a GUT model, can be studied by future gravitational wave experiments such as a LISA, the Einstein telescope, Kagra, the Cosmic Explorer, BBO and DEIGO. Also in the cosmological frontier, GUTs can have a serious impact on the inflationary epoch of the Universe, testable in measurements of the CMB, and can contribute to the baryon asymmetry of the Universe, via baryo and leptogenesis.

At the time of writing we have reached the end of the second run of the LHC, with an outstanding recorded integrated luminosity of about 150 fb−1. Analyses of the accumulated data, however, are still under way and they will probably spill well into the start run 3 in 2021. Many of the analyses already published have strong consequences for the predictions of unified theories, as are direct searches for supersymmetry, leptoquarks or other exotics at ATLAS and CMS. Upcoming results from ongoing and future analyses of the results from the LHC experiments may strengthen the bounds on light states as predicted by SUSY GUTs and other models, or they might show hints of the existence of new particles, whose relevance for GUTs would need to be determined. Upgraded versions of the LHC (HL-LHC, VLHC or FCC) or other future colliders (ILC, CLIC) will certainly boost this programme with increased accuracy and higher energies, which will further probe the low-hanging states predicted by GUTs.

Where colliders search for the low scale predictions of GUTs, precision experiments can explore the intermediate and high scales associated with unification. Nucleon decay limits are often among the strongest probes of fully unified theories and future experiments such as Hyper-Kamiokande and DUNE may set even stronger exclusion limits or perhaps measure signs of proton decay, which would be a smoking gun for GUTs. Furthermore, GUTs can provide contributions to a number of flavor and precision observables, such as LFU, LFV, EDM, AMM, or 0νββ, some of which are in tension with the SM. Confirmation of these flavor anomalies with more collected data by LHCb and other experiments would be undeniable evidence of the need for new physics models and GUTs are very well suited for that purpose.

To conclude, Grand Unified Theories are still at the vanguard of research in BSM models. They can explain many of the issues of the SM and can accommodate the recent results from the cosmological, precision and collider frontiers with relative ease. Contrary to “simplified” models, GUTs are complete theories that can simultaneously make a large number of testable predictions on the different fronts. Fortunately, these predictions can be explored by upcoming analyses and future experiments, which can set strong exclusion limits in a subset of GUT models. On a more optimistic note, any observation in, for instance, SUSY searches at colliders, gravitational waves signatures or proton decay will stack the odds in favor of some GUT models and will significantly shape the future of the research in particle physics.
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FOOTNOTES

1See section 3.2 for details on neutrino mass generation through the seesaw mechanism.

2A detailed description of unification in SUSY SU(5) can be found in Dorsner et al. [51].

3Although successful in achieving spontaneous symmetry breaking (SSB) in this SUSY LR model, the resulting vacuum state does not preserve the electromagnetic charge.

4See section 6.1 for more details on searches for Supersymmetry.

5Similarly to the right-handed neutrino singlets, only two triplets are necessary, although three (one per flavor) are considered here.

6Here, the representations are labeled the usual way in the order {SU(3)C, SU(2)L, SU(2)R, U(1)B−L}.

7However, there are exceptions, most notably the flipped SU(5) SUSY GUT theories.

8We expand more on the topic of the baryon assymmetry in subsection 5.4.

9Note that the existence of two time scales in the spectral form means that the peak amplitude for the turbulence contribution cannot be found simply be setting the frequency to either h* or fturb in Equation 55.

10This limit of course is for the non resonant regime. In case of resonant leptogenesis the masses of the sterile neutrinos can be very low [354].

11In cases where a charged next-to-lightest SUSY particle (NSLP) is stable at detector timescales, no clear MET signal is produced, since the NLSP will decay to the LSP outside the detector.

12zfitter.desy.de/

13www.ft.uam.es/personal/rruiz/superbayes

14flcwiki.desy.de/Fittino

15cern.ch/mastercode/

16gambit.hepforge.org

17See also [590] for constraints on couplings to light quarks.
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Determination of the nature of Dark Matter (DM) is one of the most fundamental problems of particle physics and cosmology. If DM is light enough and interacts with Standard Model particles directly or via some mediators with a strength beyond the gravitational one, it can be probed at particle accelerators or in complementary direct and indirect DM searches in non-collider experiments. In the absence of such signals at present we can prepare ourselves for its discovery and identification. Generic signature from DM produced in particles collisions is missing transverse energy, MET, originating from DM particles escaping detector. Using effective field theory approach one can show that, depending on the structure and DM spin, effective operators have different MET distributions. This provides potential to distinguish certain classes of effective field theory (EFT) operators and related spin of DM at the LHC. This observation can be directly applied to theories beyond EFT paradigm as we demonstrate for Supersymmetry and inert two Higgs doublet model (i2HDM) as two examples. At the same time direct and indirect DM searches strongly complement collider searches for DM with large masses and pointing that collider and non-collider DM searches have unique power to probe the nature of Dark Matter. We also highlight prospects of new collider signature from DM such as disappearing charge tracks which are characteristic for wide class of DM theories. Finally, we advocate the importance of the joint framework which would join efforts of HEP community and allow to effectively identify the underlying theory of DM.
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1. INTRODUCTION

Understanding the nature of Dark Matter (DM) is one of the greatest puzzles of modern particle physics and cosmology. Although overwhelming observational evidences from galactic to cosmological scales point to the existence of DM [1–3], after decades of experimental effort only its gravitational interaction has been experimentally confirmed. Currently, no information is available on the DM properties, such as its spin, mass, interactions other than gravitational, symmetry responsible for its stability, number of states associated to it, and possible particles that would mediate the interactions between DM and the standard model (SM) particles.

If DM is light enough and interacts with SM particles directly or via some mediators with a strength beyond the gravitational one, its elusive nature can be detected or constrained in different ways: (a) from direct production at colliders, resulting in a signature exhibiting an observed SM object, such as jet, Higgs, Z, W, photon, or top-quark(s) that recoils against the missing energy from the DM pair [4–8]; (b) via the relic density constraint obtained through the observations of cosmic microwave background (CMB) anisotropies, such as those of WMAP and PLANCK collaborations [1, 9, 10]; (c) from DM direct detection (DD) experiments, which are sensitive to elastic spin independent (SI) or spin dependent (SD) DM scattering off nuclei [11–14]; (d) from DM indirect detection searches, that look for SM particles produced in the decay or annihilation of DM present in the cosmos, both with high energy observables (gamma-rays, neutrinos, charge cosmic rays) produced in the local Universe [15–20], and by studying the effects of energy produced by DM annihilation in the early universe on the properties of the CMB spectrum [1, 21, 22].

It is clear that decoding the nature of DM requires the respective signal at least in one of the search experiments. We do not have one yet. However, even without having the signal at the moment we can already conclude on what kind of DM models are excluded. Moreover, by exploring different signatures of one particular model, their correlation and interplay we can prepare ourselves to discovery of DM and their identification.



2. CONTACT INTERACTIONS

Let us start our discussion with the three simplest scenarios for the DM particles: complex scalars (ϕ), Dirac fermions (χ), and complex vectors (Vμ) within the effective field theory (EFT) approach. In the EFT approach we parametrize the DM interactions with the SM quarks and gluons with the effective coupling and the scale describing operators of dimension six or five. In Table 1 we have summarized a minimal set of independent dimension-5 and dimension-6 operators for complex scalar, Dirac fermion, and complex vector DM coupling to quarks and gluons, adopting the widely used notations of Goodman et al. [23], Kumar et al. [24], and Belyaev et al. [25]. Since different operators have different energy behavior and respective different invariant mass distributions: typically softer for majority operators with scalar DM, intermediate for fermion DM and the hardest for vector DM and because of relation of Minv(DM, DM) and [image: image] slope one can distinguish several operators and related underlying theories using the shape of the [image: image] signal: C1-C2,C5-C6,D9-D10,V1-V2,V3-V4,V5-V6, and V11-12 pairs among each other [25].



Table 1. Minimal basis of dimension 5 and 6 operators for complex scalar DM (ϕ), Dirac fermion DM (χ) or complex vector DM (Vμ) interacting with SM quarks (q) or gluons.
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Notice the presence of the coupling g* in the definition of the effective operators, which we insert according to the Naive Dimensional Analysis [26]. Moreover, for the vector DM case we choose the parametrization suggested in Belyaev et al. [25] that takes into account the high energy behavior of the scattering amplitudes that are enhanced by an energy factor (E/mDM) for every longitudinal vector DM polarization. These operators are gauge invariant and provides the minimal and simplistic description of underlying theory of DM. The scale Λ is related to the mass of the mediator, while coupling g* is related to the product of DM and SM couplings to the mediator.

These operators provide monojet-signature, the shapes of [image: image] distributions for which is presented in Figure 1 from Belyaev et al. [25] for DM mass of 10 GeV. One can observe a big difference in [image: image] shapes of the groups of the operators, primarily split into groups of operators with scalar, femion and vector DM. The origin of the different [image: image] shapes from different operators can be related to a combination of effects. First, for a fixed Lorentz structure of the SM part of the EFT operators, the same invariant mass distribution of the DM pair, Minv(DM, DM), uniquely defines the shape of the [image: image] distribution. Moreover, with the increase of Minv(DM, DM), the [image: image] shape falls less and less steeply (again, for a given SM component of the EFT operator).


[image: image]

FIGURE 1. [image: image] parton level distributions for a representative subset of the EFT operators from Table 1 for 13 TeV LHC energy and MDM = 10 GeV.



It was found in Belyaev et al. [25] that the reason why the bigger invariant mass of DM is correlated with flatter [image: image] behavior is related to phase space and parton density effects: when Minv(DM, DM) is small, the radiation of a high pT jet will “cost” a large relative shift in x, the transferred momentum of the parton, leading to a rapidly falling [image: image] distribution; on the contrary, when Minv(DM, DM) is large, the radiation of a high pT jet will “cost" a small relative shift in x, which will lead to a more slowly falling [image: image] distribution in comparison to the first case.

Therefore if one theory predicts higher values of the invariant mass of DM-pair, M(DM, DM), than the other theory, one expects the flatter [image: image] distribution for the first one. In Figure 2 we present M(DM, DM) distributions for all EFT operators in Table 1 where one clearly observes that the mean values of M(DM, DM) distributions for vector DM operators are larger than those for most of fermion DM operators which are in their turn have higher mean value of M(DM, DM) than most of scalar DM operators. Now we can see the connection of M(DM, DM) distributions shape and the slope of the [image: image] which was presented in Figure 1.


[image: image]

FIGURE 2. Invariant mass of DM pair distributions normalized to unity for EFT operators in Table 1 for 13 TeV LHC energy, MDM = 10 GeV and pT, jet ≥ 100 GeV cut applied.



One should stress that non-collider DM searches play an important complementary role in probing DM parameter space. As an example in Figure 3 (left) we present the non-collider constraints for the operators D2, which exhibit pseudo-scalar interactions of fermion Dirac DM with quarks.


[image: image]

FIGURE 3. (Left) Non-collider constraints on D2 operator with fermion DM: (i) SI DM DD searches (shaded blue region below the lowest blue contour), (ii) constraints from relic density (above the yellow dashed line), (iii) constraints from the CMB (shaded green area), and (iv) constraints from the validity of the EFT (Λ > 2mDM). (Right) LHC monojet constraints on D2 EFT operator. The area inside the red, orange and blue solid curves is excluded by current LHC data at 95% CL for g[image: image] = 1, 6, and 4π, respectively. The projected LHC limits for 300 fb−1 are indicated by dashed thin lines. The combined exclusion regions from CMB and DM DD searches for g[image: image] = 1 are given by the light-purple area. See details and complete set of plots in Belyaev et al. [27].



One can see that even for momentum-suppressed operator D2 (because of its pseudo-scalar nature) DM DD constraints from Xenon [28] play an important role which is comparable to collider constraints, presented in Figure 3 (right). It is important to stress that both LHC and DM DD searches set an upper limit on value of Λ. The LHC limit is of the order of 1 TeV for present LHC data while DM DD searches the limit strongly depend on the operator. For example for non-suppressed operators conserving parity the limit on Λ is about 3 orders of magnitude above the LHC one. On the other hand LHC limit is beyond DM DD searches for operators with suppressed elastic scattering cross sections on the nuclei (C2,C4,C6,D2,D3,D4,D6-10,V2,V4-V10). Moreover, for operators with pseudo-vector currents which have suppressed DM DD rates, one should take into account effect of their running from TeV energy scale at the LHC down to low energy scale at DM DD experiments, due to which an operator acquires non-negligible vector component [29–31].



3. BEYOND EFT

The analysis of [image: image] shape presented here can be applied to different scenarios, beyond the EFT approach in general, where the DM mediator is not produced on-the-mass-shell, such as the case of t-channel mediator or mediators with mass below 2MDM, where the Minv(DM, DM) is not fixed. This case covers a wide range of theories.

As an example in Figure 4 (left) the normalized shape for [image: image] distribution from [image: image] Minimal Supersymmetric Model(MSSM) signal and its dominant irreducible background [image: image] (Zj) is presented for LHC@13TeV [32]. The model parameter space in the compressed chargino-neutralino scenario driven by small μ parameter is essentially characterized only by DM ([image: image]) and chargino ([image: image]) masses and mildly depends on the value of tanβ.
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FIGURE 4. (Left) Normalized signal (dotted blue and dashed red) and Zj background (solid black) parton-level [image: image] distributions for the 13 TeV LHC for the NSUSY scenario: normalized signal and Zj background distributions. See details in Barducci et al. [32]. (Right) Normalized [image: image] from h1h2j i2HDM signal vs. background for [image: image] 13 TeV. See details in Belyaev et al. [33].



In the Figure 4 (right) we present [image: image] from h1h2j inert two Higgs doublet model (i2HDM) signal alongside the estimated (by CMS) experimental background for [image: image] 13 TeV. The parameter space of the model, details of which can be found for example in Belyaev et al. [33], is characterized by DM mass (h1), the mass of the second neutral scalar (h2), the mass of the charged scalar (h+) and the DM-Higgs boson coupling. However, the h1h2j production cross section depends only on two parameters–h1 and h2 masses in analogy to the above SUSY scenario. An important feature of the signal vs. background shapes in these completely different theory cases is that the background falls more rapidly with [image: image], and the difference in the slope with respect to the signal is bigger for higher DM mass. This behavior has the same explanation as for EFT study case above—it is related to the bigger invariant mass of the invisible system for the signal—M(DM, DM) than for the background—MZ. This feature is very instrumental to increase signal-to-background ratio (S/B) (which is typically below 1% for low [image: image] cuts) by increasing the value of [image: image] or by performing the signal-background shape analysis [33].

The role of non-collider DM searches is also crucial in case of these two complete and consistent models. And an example in Figure 5 we present the projected LHC reach for MSSM monojet signal in the [image: image], [image: image] parameter space together with LUX and Xenon1T DM DD exclusion [32]. One can see that LHC would be able cover neutralino DM mass only below 250 GeV (with the assumption that S/B of the order of 3% will be under control) even with 3 ab−1 total integrated luminosity. But coverage of this region is important as well as LHC-Xenon1T complementarity: LHC will be able to cover the region inaccessible by Xenon1T in small ΔM region, while Xenon1T is able to cover mDM well beyond the LHC reach for ΔM > 3 − 5 GeV. In case of i2HDM model collider sensitivity with mono-jet signature is even more limited because of the lower production rates of the scalar DM, h1, or its inert partners (h2 and h+) and expected LHC reach is below 100 GeV for Mh1.


[image: image]

FIGURE 5. Exclusion contour lines for the 13 TeV LHC at the end of the LHC Run2 (light red region) and of the HL-LHC (light blue region). The region excluded by LUX and Xenon1T are also shown, together with the LEP limit. See details in Barducci et al. [32].





4. BEYOND MONO-X SIGNATURE

While mono-X (with X being jet, γ, Z, H, t etc.) DM signatures at colliders are the most general ones, their rates are typically very low (usually at the percent level or even lower). Besides several other interesting but model-specific DM signature studies, one should stress one signature which can be also considered as quite generic one. In case when DM, D0, is embedded into electroweak multiplet and its mass split from the charged odd particle(s), D+, is generated only radiatively (preserving gauge invariance), the one can find that the value of this mass split is of the order of 0.2 GeV. In this case D+ has a very small width and respectively large life-time. D+ being long lived particle (LLP) dominantly decays into DM and very soft pion: D+ → D0π0. Production of D+ in pairs or in association with DM leads then to the typical signature from charged LLP: disappearing charged track (DCT) as soon as the track from LLP is long enough (from few cm to a meter). In case of such signature the S/B ratio is much higher than in case of mono-jet signal and therefore, substantially bigger DM masses can be probed with charged LLPs from DM sector [34–36]. As an example, we would like to present here results for the minimal vector triplet DM (V0) model [36] which predicts the right amount of DM for MDM in the 3-4 TeV range depending on DM coupling to the Higgs boson.

In this model the SM is supplemented by a new massive vector boson Vμ in the adjoint representation of SU(2)L, e.g., by two new massive vector particles: V0 and V±. If Vμ transforms homogeneously (i.e., [image: image] where gL∈SU(2)L) and Z2 symmetry is imposed (which links the quartic V coupling to the gauge coupling constant and makes theory unitary is unitary before EW symmetry breaking and in the absence of the Higgs boson as found in Zerwekh [37]) then Lagrangian can be written as:

[image: image]

where Dμ = ∂μ − ig[Wμ, ] is the usual SU(2)L covariant derivative in the adjoint representation and [image: image] represents the SM Lagrangian. The main difference with respect to the model in Zerwekh [37] is that the SU(2)L symmetry is broken by the Higgs mechanism and the associated gauge bosons have mass. We thus allow for a coupling of V to the Higgs scalar field Φ. Due to the Z2 symmetry the neutral new vector boson, V0 is stable and therefore is the perfect DM candidate. The mass split, ΔM, between V0 and V± is generated radiatively and its value is just above the pion mass which makes V± long lived. In Figure 6 we present ΔM as a function of MV, which was calculated in Belyaev et al. [36].


[image: image]

FIGURE 6. The one-loop radiatively induced mass splitting between the charged and neutral components of the vector DM. The solid lines represent ΔM computed at fixed values of the renormalization scale Q. The shaded green band indicates the range of values obtained by varying Q continuously between min{MV/2, MZ/2} and max{2MV, 2MZ} and thus constitutes an estimate of the uncertainty on ΔM. The solid black line is the one-loop mass splitting, with all higher order terms truncated [36].



In Figure 7 we present results for spin-independent cross-section for V0-nucleon elastic scattering as a function of MV and for representative values of a. It is very important to note that Xenon1T experiment combined with DM relic density constraints excludes DM mass above 4 TeV.


[image: image]

FIGURE 7. Spin-independent cross-section for V0-nucleon elastic scattering as a function of MV and for representative values of a. The continuous black curve represents the elastic cross-section computed with the values of MV and a that saturate the measured DM relic density. The gray dashing highlights the parameter space where perturbative unitarity loss occurs at too low scale. See details in Belyaev et al. [36].



At the same time the production rate σeff for σ(pp → V±V0) + 2σ(pp → V+V−) process which leads to the disappearing charge track signatures (that is why pp → V+V− process comes with coefficient 2 which is equal to the number of disappearing charged tracks it provides) are high enough to probe this process at colliders. In particular, the current LHC@13TeV limit on MV is about 1.4 TeV as one can see from Figure 8. Moreover, one can also see from this figure that 100 TeV collider will be able to exclude DM mass below 4 TeV, thus allowing to probe the entire parameter space of the model. One should also note that in case of i2HDM, DCT signature also allows to substantially enhance LHC potential and probe DM mass upto about 500 GeV [34] which is much higher than 100 GeV—the maximum DM mass which can be probed via mono-jet signature.


[image: image]

FIGURE 8. The effective cross-sections [image: image] at leading order for the vector isotriplet model for 13 and 27 TeV LHC energies and for a 100 TeV future collider. The dashed lines corresponds to collider sensitivity. See details in Belyaev et al. [36].





5. TOWARD DECODING FRAMEWORK

There is no framework at the moment which can solve the reverse engineering task—the task of decoding the nature of DM. It is not surprising why—we are all eagerly looking for the signal first of all and busy with the interpreting and exploring our own models. The huge amount of work has been done on the model building, phenomenology and experimental searches as well as on building different tools, examples of which has been given above. And there is really huge potential of combining different methods and signatures to probe different models. What is missing is the framework which joins all these pieces in one tool which would help us to decode underlying theory, in particular its part related to DM. The task of decoding of the whole underlying theory sounds probably too ambitious to the author, while decoding of its DM part sound more realistic since it contain specific and possibly much smaller piece of the theory. This framework requires the database of models, database of various signatures and set of tools which will be able to effectively explore not only parameter space of each particular model, but also the model parameter space and compare predicted signatures with the observed ones. Such a framework would allow objectively judge about preferred model or set of models which would fit signal best of all. An example of the prototype of such a framework actually already exists in the form of High Energy Physics Model Data Base (HEPMDB) (https://hepmdb.soton.ac.uk) [38], created at Southampton University in 2011. At the moment HEPMDB is created as a web-server accessible to everybody and is able to:

1. collect HEP models for all multipurpose Matrix Element (ME) generators in the form of Feynman rules and parameters written in the format specific for a given package;

2. collect models' sources which can be used to generate HEP models for various ME generators using FeynRules [39] or LanHEP [40];

3. allow users to perform simulations for their own models or models available at HEPMDB using the full power of the High Performance Computing (HPC) IRIDIS cluster standing behind the HEPMDB itself. Connection to HPC cluster is one of the key features of the HEPMDB: it provides a web interface to various ME generators (CalcHEP[41], Madgraph [42], and Whizard [43]) which can then also be run directly on the HPC cluster avoiding problems related to installing the actual software, which can sometimes be quite cumbersome;

4. collect simulated events and plot distributions using web interface.

Though the signature database at HEPMDB is at the development stage, users can indicate some essential features of the signatures which model can provide, such as presence of resonance, [image: image] etc. The next step of development of HEPMDB will include an addition of various packages to event analysis. Probably the most important feature of HEPMDB is that it can be developed by the whole HEP community—any registered user can add his/her own model and signature which would be used for identification of underlying theory when the experimental signal will be observed.



6. CONCLUSIONS

In the absence of DM signal we can still do a lot—we can prepare ourselves for its discovery and identification. [image: image] shape is quite instrumental in understanding the underlying theory at colliders, while direct and indirect DM searches are very powerful in complementing collider searches especially in the parameter space with large DM mass. We also advocate the usage of new DM signatures such as disappearing charge tracks which allows to substantially extend collider exploration of large DM mass. Moreover, we would like to stress the crucial role of 100 TeV pp collider which is likely to exclude substantial amount of thermal DM models. We show that collider and non-collider DM searches have a unique power to decode the nature of Dark Matter on the examples of several appealing DM theories. Such complementarity and usage of different signatures would allow us to decode the nature of DM, signals from which we are expecting in the near future. Finally, we advocate the importance of the framework which would combine the experience of HEP community and would allow to identify effectively the underlying theory of DM from the experimental signal which we will hopefully observe in the near future.
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The Higgs boson quartic self-coupling in the Standard Model appears to become zero just below the Planck scale, with interesting implications to the stability for the Higgs vacuum at high energies. We review the Multiple Point Principle that suggests the quartic self-coupling should vanish exactly at the Planck scale. Although this vanishing is not consistent with the Standard Model, we investigate Higgs sectors extended with additional states to test whether one may satisfy the high scale boundary condition while maintaining the observed Higgs mass. We also test these scenarios to ensure the stability of the vacuum at all energies below the Planck scale and confront them with experimental results from the LHC and Dark Matter experiments.
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1. INTRODUCTION

It is widely believed that investigations of the Higgs boson and the resulting breaking of Electroweak Symmetry provide the best opportunity for finding new physics beyond the Standard Model (SM). In part, this is because the Higgs boson is the most recently discovered fundamental particle [1], and investigations of its properties are still underway (though so far no significant deviation from the SM has been observed [2–5]). This view is reinforced by the required relative smallness of the Higgs boson mass and its related hierarchy problem. Since the SM Higgs boson mass is unprotected by any symmetries, it should have large quantum corrections of magnitude comparable to the scale of new physics. To restore a physical Higgs mass of order the Electroweak scale one must fine-tune to ensure the unnatural cancelation of the bare Higgs mass with its corrections. Provided there is new physics of some type beyond the SM (a reasonable assumption, given its large number of problems and omissions) this is a genuine and very real issue that must be addressed.

The combined ATLAS and CMS value of the Higgs mass [2], mh = 125.09 ± 0.23GeV, raises further questions. This is a challenging value for both supersymmetry and composite Higgs models, requiring a significant tuning of parameters or a non-minimal field content [6–8], making it difficult to motivate any particular models and unclear which direction to head next. However, this particular mass has another reason for being peculiar—it is just the right value to allow the Higgs potential to be metastable at high energies [6].

As usual for a parameter of a Quantum Field Theory, the Higgs quartic coupling λ evolves with energy according to the Renormalization Group (RG) and is pulled downwards at higher energies by the large top-quark mass. If it were to run to negative values the potential may become unstable and the correct pattern of Electroweak Symmetry breaking is lost. Indeed, requiring absolute stability of the vacuum up to the Planck scale MPl, i.e., λ(MPl) ≥ 0, places a limit on the top mass [6],

[image: image]

which is in tension with the current experimental value by about 2.6 σ. Figure 1A shows the quartic coupling dependence on renormalization scale μ, and the 3 σ uncertainties that arise from the uncertainties in the top-quark mass mt and the strong coupling constant αs. The quartic coupling turns negative at an energy scale of μ ~ 1010 GeV, though a stable potential is not ruled out due to the uncertainties. However, a very small negative value is not a catastrophe, since the vacuum may still be metastable with a lifetime much longer than the age of the universe. That nature should choose this metastable vacuum is intriguing. Why does the quartic coupling become so very nearly zero right at the Planck scale?


[image: image]

FIGURE 1. (A) Three-loop running of the SM Higgs quartic coupling λ and (B) its β function with 3 σ uncertainties from the top pole mass mt (dashed) and the strong coupling constant αs (dotted). These plots originally appeared in McDowall and Miller [9].



We may gain further insight by examining the beta-function of the quartic coupling, shown in Figure 1B. As indicated already in Figure 1A, the running of λ flattens out at high energies, i.e., βλ(MPl) ≈ 0 too. We stress that in the SM this is not an ultraviolet fixed-point since λ would continue to evolve if we increased the energy further. However, if some new physics theory takes over above the Planck scale, then the SM running becomes irrelevant and we must instead consult the new theory. If this new theory sets λ = βλ = 0 at the Planck scale we may recover a low energy phenomenology very similar to what we observe, modulo the slight deviation in the Higgs mass.

In this article, we will review one proposed high scale possibility, the Multiple Point Principle (MPP) [10]. Although this is not compatible with the SM running, it provides a Higgs mass prediction that is curiously close to the measured value. We will then examine several theories with extended Higgs sectors to see if they alter the running sufficiently to provide the correct Higgs mass. For recent investigations of alternative high scale boundary conditions at MPl (see for example [11–16]).



2. THE MULTIPLE POINT PRINCIPLE IN THE SM

The Multiple Point Principle (MPP) asserts that nature chooses the Higgs potential parameters so that different phases of electroweak symmetry breaking may coexist. This is analagous to how ice, water and vapor may coexist for specific values of temperature and pressure near water's triple-point. Since the two phases must be energetically comparable in order to coexist, this means that the potential should have at least two degenerate vacua, that is an additional vacuum degenerate with the usual Electroweak vacuum.

The authors of this principle argue in Froggatt and Nielsen [10] that this is rather natural if we consider extensive variables constrained by some new physics theory at high energies, as long as the system has a rather strong first order phase transition. Again we may use the analogy of water and note that slush (in which ice and liquid water coexist) is present for a (relatively) wide range of extensive variables (in this case temperature and pressure) due to the existence of a first order phase transition. Returning to the Higgs potential, a possible extensive quantity could be 〈|ϕ|2〉. If this were set by some new physics theory at the Planck scale with a strong first order phase transition, it would be rather likely to find [image: image], leading to a second degenerate vacuum at the Planck Scale. In essence, this principle is relying on a rather flat distribution of extensive parameter space set at the Planck scale matching to a rather peaked distribution of intensive parameters (i.e., the usual Higgs potential parameters) due to a strong first-order phase transition, which in turn leads to a second degenerate vacuum [17].

We should note that what this Planck scale theory could be is still unknown, and Froggatt and Nielsen [10] makes no attempt to describe one, using only general principles to support the assertion. Also, we note that this provides no explanation of why the Planck scale is so much bigger than the electroweak scale. Nevertheless, the constraints on the Higgs parameters does provide a prediction of the Higgs boson mass that can be compared with experiment, and we further note that this prediction was first made long before the Higgs boson discovery.

The one-loop Coleman-Weinberg effective potential [18] can be written,

[image: image]

where V1 takes the schematic form [image: image]. For a more explicit form see, for example, Jegerlehner et al. [19]. We see that at one-loop, in addition to the new logarithmic contribution, the parameters μ and λ become energy dependent. For low field values (and low energies) this reproduces the usual “wine-bottle” potential of the Higgs mechanism, but for higher field values, the logarithm pulls the potential back down. Eventually the ϕ4 terms becomes dominant and the potential will remain stable at the Planck scale if λ(MPl) > 0. However, the additional structure causes a second minimum very close to the Planck scale. This is schematically depicted in Figure 2. In the SM, taking the measured central values of the Higgs potential parameters, the second vacuum is of slightly lower energy than the Electroweak vacuum, causing the potential to be metastable. The MPP posits that the two minima should be degenerate.


[image: image]

FIGURE 2. A schematic depiction of the one-loop effective potential in the SM. This is intended only to present a general picture of the minima and is not to scale.



For high field values the effective potential is dominated by its quadratic term, [image: image], so the second minima at the Planck scale requires

[image: image]

We see that the MPP is satisfied if λ(MPl) = βλ(MPl) = 0.

Applying this boundary condition, the MPP hypothesis gave an early prediction [10] of the Higgs mass mh = 135 ± 9 GeV, which is remarkably good considering it was made 17 years before the discovery of the Higgs boson, and they simultaneously predicted the top-quark mass (finding 173 ± 5GeV) in the same year it was discovered. A more recent calculation using the measured top-quark mass and newer determinations of e.g., αs, gave mh = 129 ± 1.5 GeV [6]. Although this is slightly too high to be compatible with our by now very accurate Higgs mass measurement, it is still rather remarkable.

Figure 3A shows contours corresponding to the boundary conditions λ(MPl) = 0 and βλ (MPl) = 0 in the mh − mt plane, and we see that a slightly heavier Higgs is needed for both conditions to be satisfied. These contours are calculated using three-loop SM RG equations; the Higgs mass is calculated to two-loop order, while the top mass additionally contains three-loop QCD corrections. This plot is in agreement with the similar plot in Degrassi et al. [11], but we used a different value of the uncertainty in the strong coupling constant αs(MZ) = 0.1181 ± 0.0013 to reflect more recent estimates [20]. We also use the reduced Planck scale [image: image]GeV as our scale at which these boundary conditions are set. Figure 3A shows that λ(MPl) = 0 can be satisfied with an acceptable value of mh for a top mass 171GeV [image: image] mt [image: image] 174GeV, and although the corresponding value of β λ(MPl) is not zero, it is extremely small.


[image: image]

FIGURE 3. (A) λ (MPl) = 0 (red) and βλ (MPl) = 0 (black) contours in the mh − mt plane. The dashed lines show 3 σ variations in αs(MZ) = 0.1181 ± 0.0013. (B) Mass values that satisfy both boundary conditions at various UV scales. The green region corresponds to a 1 σ uncertainty in αs. Ellipses show the experimentally allowed values of mt and mh with 1 σ (dark gray) and 3 σ (light gray) uncertainty. These plots originally appeared in McDowall and Miller [9].



Note that we have required that these boundary conditions be satisfied at MPl, but if the theory that dictates the appearance of a second minimum were to become active at a lower energy scale, these boundary conditions would need to be altered. Figure 3B shows the mh − mt plane with points that satisfy both boundary conditions λ = βλ = 0 simultaneously at different UV scales. The green region corresponds to a 1 σ uncertainty in αs. We see it is possible to obtain a Higgs mass that is within experimental limits by applying these boundary conditions at approximately 5 × 1017 GeV. It's interesting to note that this is a scale of importance in string scenarios (see e.g., [21, 22]).

As one approaches the Planck Scale, one might expect gravity to become significant and contribute to the RGE running of couplings. The study of these effects has caused some confusion in the literature. An initial calculation of the effect on the running of gauge couplings [23], using a quantized Einstein-Hilbert action as an effective field theory below the Planck scale, showed that this alters the gauge couplings sufficiently to render them asymptotically free. However, this calculation was disputed [24, 25] on the grounds that the derived result is gauge-dependent and therefore unreliable; a calculation performed with a different gauge choice (the harmonic gauge) instead revealed the contributions to be exactly zero. A recalculation was then done using the gauge-invariant background field method [26, 27] and found a result in support of the original claim that the gauge coupling is rendered asymptotically free, though with a modified β-function. Also see He et al. [28] and Daum et al. [29] for alternative calculations. Calculations have also been performed to asses the affect on the quartic Higgs self-coupling relevant to the MPP [30, 31]. These two calculations disagree on the sign of the gravitational contributions to Yukawa couplings, but the corrections to the predicted Higgs mass are small; they predict a Higgs mass of “approximately 130 GeV” and “[image: image]131.5 GeV,” neither of which are differing very far from the earlier prediction of 129 ± 1.5 GeV [6] and remain incompatible with the SM. See also Branchina et al. [32] for a discussion of the effect on the electroweak vacuum of Planck suppressed operators.



3. A REAL SINGLET EXTENSION

The simplest extension to the Higgs sector is to include an extra real singlet S, with potential,

[image: image]

where a Z2 symmetry, under which the new scalar is odd, has been used to eliminate terms odd in S [see [33] for a discussion of this model]. During electroweak symmetry breaking, the real singlet field can acquire a non-zero vacuum expectation value (vev) vS alongside the SM Higgs. The usual Higgs scalar may then mix with the new singlet, though this mixing should not be too strong if we want to avoid LHC constraints. The singlet mass mS is fixed by the tadpole equation minimizing the potential, analagous to the fixing of μ using the vev v. This leaves the parameters λ, λS, k2, and vS. We refer to this as the “broken phase.” Alternatively, if the new scalar does not acquire a vev (i.e., vS = 0) the tadpole equation becomes trivial and cannot be used to remove mS. Therefore we have parameters λ, λS, k2, and mS. Now the scalars do not mix, and the new scalar may be a Dark Matter candidate, so we refer to this as the “Dark Matter phase.”

This real singlet model has been investigated in the context of the MPP in Haba et al. [34–36], Hamada et al. [37], and Kawana [38, 39], with varying results. Haba et al.[34] investigated the model in the Dark Matter phase for the MPP as well as the Veltman condition [40]. They found that both boundary conditions could be accommodated (separately) with a 126 GeV Higgs boson, while simultaneously providing the correct DM relic density. An alternative approach was taken in Haba et al. [35, 36] where the MPP was instead imposed on the real singlet model with the addition of an extra right-handed neutrino. Again, the MPP could be made compatible with a 126 GeV Higgs boson provided the scalar mass fell between approximately 850–1,400 GeV and the right-handed neutrino remained very heavy (of order 1014 GeV). The MPP can instead be imposed at the “string scale” of 1017 GeV in order to facilitate Higgs inflation, which results in somewhat lighter DM at around 400 − 470 GeV [37]. Kawana [38] includes three additional right-handed neutrinos (one for each generation) at 1013 GeV and instead of fixing the MPP condition at MPl allows the boundary condition energy scale to shift, insisting only that λ = βλ = 0 at a single scale. Similarly to the other analyses this finds the DM mass must be of order 770–1,050 GeV. Finally, Kawana [39] investigates a gauged B-L model, and claim that this can accommodate an MPP condition applied at 1017 GeV, as well as Higgs inflation, by tuning the coupling of the Higgs boson to the new scalar.

We see that applying the Planck scale MPP to the real singlet model requires λ = λS = k2 = βλ = βλS = βk2 = 0. However, this constraint will immediately decouple the new scalar state, and the couplings will not be regenerated by renormalization group running. In other words we revert back to the SM. This seems a serious barrier to the MPP, but is not quite as bad as it appears. Firstly, the MPP itself is somewhat imprecise—the strong first order phase transition made the particular choice of parameters more likely but some wriggle-room in these parameters is not unreasonable. (How much wriggle-room is appropriate depends on the UV theory of course.) Furthermore, our calculations themselves are imprecise and include uncertainties. We truncate our β-functions at two-loops and apply approximations to find the MPP solutions themselves. Therefore, it is more appropriate to ask if the MPP constraints can be approximately applied, i.e., λ, λS, k2, βλ, βλS, and βk2 should be “small.”

To investigate if small parameters are compatible with the low energy observations we fix all the quartic scalar couplings at MPl. We perform a scan over Planck scale parameters, allowing λ, λS, and |κ2| to vary between 0 and 1. We also allow vS or mS to vary between zero and 2TeV in the broken or Dark Matter phases, respectively. We use SARAH 4.12.2 [41] to calculate the two-loop β functions as well as the mass matrices, tadpole equations, vertices and loop corrections we need to calculate mass spectra at low energies; and FlexibleSUSY 2.0.1 [42–45] is used to build the spectrum generator needed to get the mass spectrum for each point.

Valid parameter choices must result in a vacuum that is bounded from below up to MPl, so we also require, at all scales, the vacuum stability conditions,
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We also require dimensionless couplings remain perturbative up to MPl, so,

[image: image]

We further check vacuum stability using Vevacious [46] which minimizes the one-loop effective potential and checks that it is indeed the global minimum. We also require that one of the two scalars of the model is a valid SM Higgs, with mass in the range 124.7 GeV ≤ mh,H ≤ 127.1 GeV. We allow for a wider range of Higgs masses than the experimental uncertainty as an estimate of the theoretical uncertainty associated with the calculation of the mass spectrum.

These constraints already invalidate much of the parameter space, but we must also apply experimental constraints from the LHC, LEP, and Tevatron to ensure they are phenomenologically viable. To this end, we employ HiggsBounds [47] and HiggsSignals [48], and further use sHDECAY [49–51] to calculate the total widths and branching ratios for each parameter choice.

In the Dark Matter phase we must also include constraints from the dark matter, using micrOMEGAS [52] to calculate the relic density to compare with the combined WMAP [53] and Planck [54] result,
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A point is excluded if the calculated relic density is greater than Ωh2 + 3 σ to ensure that a DM candidate does not overclose the universe, but we allow for the possibility that there may be some other contributions to the relic density which we are not taking into account. We also include constraints from dark matter direct detection that place limits on the spin independent cross section of weakly interacting massive particles (WIMPs) on nucleons. The strongest of those constraints comes from the LUX experiment [55].

We present the results of the analysis of the broken phase in Figure 4, where we see lots of parameter choices pass the theoretical and experimental constraints, although only a few of these obey the MPP criterion of the quartic couplings being small. We are interested in points that fall in the lower left corner of Figures 4A–C as well as those to the left in Figure 4D. To further aid in the discrimination of small values we have colored red those points for which βλ < 0.0009, βλS < 0.019, and βk2 < 0.0045, which is an estimate of the truncation error in their high scale values as estimated by the difference between the one and two loop Renormalization Group running.


[image: image]

FIGURE 4. Values of (A) λ(MPl), (B) λS(MPl) and (C) λ(MPl) compared to their respective β-functions in the broken phase. All points pass theoretical and experimental constraints. Red points further obey βλ < 0.0009, βλS < 0.019, βk2 < 0.0045 at MPl. Also shown (D) is the mass of the additional Higgs for values of λ(MPl).



These reasonably numerous red points indicate parameter choices for which there is indeed a second approximately degenerate vacuum at the Planck scale, that provide the correct Higgs boson mass and conform to all low energy observations. This remarkable result need not have been the case. Unfortunately we have also lost predictive power. The SM Higgs mass is fixed by our constraints, so not a prediction and the new Higgs mass can take on a rather wide range of values between 200GeV and 2TeV.

It is much more difficult to accommodate the MPP in the Dark Matter phase, as can bee seen in Figure 5, which is in part due to the extra constraint from Dark Matter which considerably reduces the acceptable points. We do see parameter choices that evade all constraints with very small values of the β-functions (red points) but these often have rather large values of the quartic couplings. This is especially true for κ2 but is also true, to a lesser degree, for λ.


[image: image]

FIGURE 5. Values of (A) λ(MPl), (B) λS(MPl) and (C) λ(MPl) compared to their respective β-functions in the Dark Matter phase. All points pass theoretical and experimental constraints. Red points further obey βλ < 0.0009, βλS < 0.019, βk2 < 0.0045 at MPl. Also shown (D) is the mass of the additional scalar for values of λ(MPl).





4. A COMPLEX SINGLET EXTENSION

We may complicate the model only slightly be promoting our new singlet to a complex field, 𝕊 = S1 + iS2, and consider a potential of the form [33, 50, 56–60]

[image: image]

For computational convenience we define

[image: image]

which function as the (squared) masses if the model is recast as two real scalar fields. The complex singlet field may acquire a non-zero vev for its real, and possibly imaginary, part. If both real and imaginary parts acquire non-zero vevs,

[image: image]

we again call this the “broken phase” following our earlier nomenclature (introduced in [59]). Therefore, in addition to the bilinear terms μ2 and b± which are fixed via the electroweak vacuum minimization conditions, the model is described by

[image: image]

In this phase, all three scalar field fluctuations h, s1 and s2 mix.

In contrast, if the vev of the imaginary part remains zero, the second electroweak vacuum minimization condition (for S2) is trivial and b− becomes a free parameter. In this case the input parameters are

[image: image]

Now we find ourselves in the “dark matter phase,” where mixing is allowed between h and the real part of the complex singlet field s1. The imaginary part s2 does not mix and is a dark matter candidate kept stable by the symmetry S2 → −S2.

The numerical analysis of this model follows closely with that of the real singlet extension discussed above. We scan over λ, d2, and δ, allowing them to vary between 0 and 0.5; vs1 and vs2, if present, are allowed to take values up to 2TeV; b− has dimension mass2 and is allowed to range to 105GeV2. Finally a1, with dimension mass3 and is allowed up to 108 GeV3.

We make use of SARAH and FlexibleSUSY again (though slightly older versions, 4.9.3 and 1.6.1, respectively). Constraints on vacuum stability and perturbativity are again applied; in this case stability requires [58]
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The global minimum is ensured with Vevacious. Finally, we allowed the same Higgs mass range as before and apply experimental constraints using HiggsBounds, and HiggsSignals [48], and sHDECAY. MicrOMEGAS is used to provide constraints from Dark Matter in the Dark Matter phase. For further details of this analysis (see [9]).

We are in principle interested in the high scale constraints λ = βλ = 0, d2 = βd2 = 0 and δ = βδ = 0. However, similar to the real scalar case, we note that setting δ to zero at MPl decouples the extra scalars from the SM, and since βδ = 0 for this choice, δ remains zero at all scales and the new scalars are unobservable. We are therefore forced to only consider δ “small.” The situation for d2 is slightly more subtle—for non-zero values of δ, we cannot set d2 exactly to zero at MPl since it is immediately driven negative by RG running and the vacuum destabilizes according to (13). So again, we are forced to only consider d2 “small” at the Planck scale and indeed must keep it large enough at MPl to stop it running negative. Fortunately this is not too onerous, and stability is still viable with d2 as small as 0.005 at the Planck scale, but it is not really clear how large we should permit this to be and still regard the MPP as “approximately valid.”

In the broken phase, we now have three neutral scalars that mix. One must provide the SM Higgs, while we will call the other two mhLight and mhHeavy. Obviously mhLight < mhHeavy, but that hLight may still be heavier than the SM-like Higgs, or correspondingly hHeavy may be lighter. We note that these new states may be considerably lighter than the discovered Higgs mass as long as the component from the doublet is not too large, leaving it relatively decoupled.

This time we will look first at surviving scenarios in the mhLight − mhHeavy plane, with small values of λ and βλ at the high scale. In Figure 6A we see scenarios that survive all theoretical and experimental constraints. For clarity of the plot, we restrict our points to those with λ < 0.067 and βλ,δ,d2 < 0.05 at MPl. Points shown in red have been further restricted to have exceptionally small values of βλ < 0.00005, which is the appropriate truncation error arising from the RG running. Corresponding restrictions on βδ and βd2 would be βδ < 0.00025 and βd2 < 0.001, but unfortunately we find if we apply these then no points survive.
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FIGURE 6. Values of mhLight and mhHeavy in the broken phase. All points obey λ < 0.067 and βλ,δ,d2 < 0.05 at MPl. The gray bands highlight the SM Higgs mass range. (A) Red points obey the more restrictive condition βλ < 0.00005. (B) Red points obey βλ < 0.0005, βδ < 0.0025 and βd2 < 0.01. These plots originally appeared in McDowall and Miller [9].



However, we are reluctant to declare the MPP incompatible with the complex singlet extension. These restrictions on the β-functions are exceedingly severe and may be too strong. Without knowing the form of the UV completion, we don't know the size of any possible threshold corrections that might arise was we approach the Planck scale, so really don't know how much deviation from zero we should allow in our boundary conditions. To allow some extra slack, we can somewhat arbitrarily relax our boundary condition β-function cut-offs to ten times the truncation error. We now find some points survive and plot these in Figure 6B. Notice that a small number of points survive that have the SM Higgs as the heaviest of the three scalars.

In the dark matter phase only two of the three scalars are allowed to mix, with the third becoming a dark matter candidate. We call the non-SM-like Higgs hNew whilst the DM scalar is hDM. Figure 7A examines these extra scalar masses when we restrict λ and βλ to be consistent with zero. Again, for clarity of the plot, we show only points with βλ < 0.05 in blue before demonstrating the effect of the constraint βλ < 0.00005 in red. It is interesting to note that no points with mhNew < mhSM survive the stronger constraint on βλ, and the majority of the points that do survive have almost degenerate masses of mhNew and mhDM. The tree level masses of mhNew (mhDM) have a linear dependence on a1 (b−) which appears to dominate when both of the additional scalars are heavier than the SM Higgs.
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FIGURE 7. Values of mhLight and mhHeavy in the DM phase. All points obey λ < 0.067 and βλ,δ,d2 < 0.05 at MPl. The gray bands highlight the SM Higgs mass range. (A) Red points obey the more restrictive condition βλ < 0.00005. (B) Red points obey βλ < 0.0005, βδ < 0.0025 and βd2 < 0.01. These plots originally appeared in McDowall and Miller [9].



Figure 7A might suggest that small values of the β functions at the Planck scale correlates with a small mass difference Δm = |mhNew − mhDM|. However, while 80% of the points that pass through the constraint λ < 0.067, βλ < 0.00005 result in Δm < 40 GeV, so do 67% of the points that don't. This tendency toward degeneracy is a feature of all of the points that satisfy the theoretical constraints. These points exhibit small values of the soft U(1) breaking parameters a1 and b1, forcing a small Δm [50]. It is interesting to note that many points in the degenerate mass region can completely account for the dark matter relic density. The degeneracy opens up co-annihilation channels involving both mhDM and mhNew that enter the relic density calculation [61, 62]. These new channels help bring down the relic density to within the 3 σ range.

As in the broken phase, no DM phase points survive when the severe truncation error cut-offs are applied simultaneously with the experimental constraints. However, we see scenarios survive if we relax the constraints by a factor of 10. These scenarios are shown in Figure 7B.



5. THE TWO HIGGS DOUBLET MODEL

Finally we will examine models with two Higgs doublets to see if they are compatible with the MPP. The most general potential of the Two Higgs Doublet Model (2HDM) (see [63] for a useful review) is,

[image: image]

where the two Higgs-doublets themselves are given by,

[image: image]

The parameters [image: image], [image: image] and λ1, 2, 3, 4 are real, whilst [image: image] and λ5, 6, 7 can in principle be complex and induce CP violation. During electroweak symmetry breaking the neutral components of the Higgs fields, [image: image], develop vacuum expectation values (vevs) [image: image]. The relationship to the SM vev [image: image] is determined by the Fermi constant but the ratio of the vevs, tanβ = v2/v1, is a free parameter. The physical scalar sector of the model includes two neutral scalar Higgs h and H, a pseudoscalar Higgs A and the charged Higgs H±.

It's clear that the 2HDM potential is considerably more complicated than its Standard Model counterpart, so it's common to employ additional global symmetries to increase the predictivity of the model. There are only six possible types of global symmetry that have a distinctive effect on the potential [64, 65]. The 2HDM has been considered for suitability of the MPP in Froggatt et al. [66, 68–70], Laperashvili [67], and McDowall and Miller [71], though all but the last of these predate the Higgs discovery so could not be confronted with the measured Higgs mass. Froggatt et al. [70] is notable in that it shows that the MPP itself may be used as a mechanism for suppressing CP-violation and Flavor Changing Neutral Currents (FCNCs).

In McDowall and Miller [71] we took the more usual route of implementing a ℤ2 symmetry to forbid FCNCs by allowing only one type of fermion to couple to one Higgs doublet. This requirement sets λ6, λ7 and m12 to zero. Following McDowall and Miller [71]'s treatment, we may then softly break this ℤ2 by re-introducing a (real) non-zero m12. We will restrict ourselves to a Type-II model where up-type quarks and leptons couple to the first Higgs-doublet and down-type quarks to the second Higgs-doublet, though we note that the most significant effect of the Yukawa sector comes from which doublet the top-quark couples to, so results for other 2HDM Yukawa assignments would be very similar to those for Type-II.

For each parameter point the model is described by the bilinear terms m11 and m22, which are replaced by MZ and tanβ by applying the electroweak vacuum minimization conditions, as well as the additional input parameters, m12 and λi(MPl) with i = 1…5. As previously we use SARAH to calculate the two-loop β functions, which are used by FlexibleSUSY to run the couplings between MZ and MPl.

We also consider a simpler model, the Inert Doublet Model (IDM), where we introduce an additional unbroken ℤ2 symmetry, under which the new doublet has odd parity but all other fields are even (see [72] for a useful review). The scalar sector now consists of the SM Higgs field H and an inert doublet Φ, with mixing between the two forbidden by the new symmetry. The inert doublet does not couple to any of the SM fields and does not gain a vacuum expectation value.

The potential is,

[image: image]

Once again the quartic coupling can have complex values, but we will focus on the real-valued case. Note that now the mixing term proportional to [image: image] is absent. During electroweak symmetry breaking the neutral component of the SM Higgs doublet acquires a vacuum expectation value v = 246GeV. The neutral Higgs h corresponds to the SM Higgs boson whilst H, A, and H± are inert scalars. The lightest of these is stable thanks to the ℤ2 symmetry and, assuming it is one of the neutral scalars H or A, it is a potential Dark Matter (DM) candidate [73, 74].

As in the previous case, the mass term associated with the SM Higgs doublet [image: image] is fixed via the electroweak minimization conditions, but now we don't have a second vev to fix [image: image], which must remain an input. Our input parameters are therefore m22 and λi(MPl) with i = 1…5. As in the Type-II model, we use SARAH and FlexibleSUSY to calculate the mass spectrum and to run couplings between the low and high scales of interest.

Valid points in our parameter space scan must be perturbative up to the Planck scale. For the Higgs quartic couplings this requires them to satisfy [image: image] up to MPl. We require points that are bounded from below at all scales up to MPl [75]. To that end we check if the boundedness conditions [63],

[image: image]

are met at all scales [76, 77].

The goal for the MPP is to have an additional minimum at MPl, degenerate with the electroweak minimum,. This is naively satisfied if all of the quartic couplings are zero at MPl, i.e., λi = 0, i = 1…5. However, the RG running of λ1 and λ2 results in an unstable vacuum configuration [66–69]. It is also possible for degenerate vacua to exist within the 2HDM if we relax the condition λi = 0. Specifically, by allowing λ1, λ2, λ3, and λ4 to be non-zero at MPl, the following conditions [66] are consistent with the implementation of the MPP at MPl;

[image: image]

To investigate whether these MPP conditions in the Type-II 2HDM are consistent with the current experimental constraints on the SM Higgs mass mh and the top-quark mass mt, we generated points in the parameter space, applying the theoretical constraint of vacuum stability at all scales. Figure 8A shows an example of the running of λ1, λ2 and [image: image] for a point that results in experimentally valid values of the SM Higgs mass and the top-quark mass, and is also consistent with the MPP conditions of (18). Vacuum stability requires that all of these couplings remain greater than zero at all scales, but the negative running of [image: image] pulls it to negative values.
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FIGURE 8. (A) Example running of λ1, λ2, and [image: image] for a point that provides valid masses for the SM Higgs and the top quark in the Type-II Two Higgs Doublet Model. Boundedness from below and vacuum stability requires that all three couplings are positive at all scales. (B) Results of our Multiple Point Principle scan in the mh − mt plane of the Type-II Two Higgs Doublet Model. The blue points provide valid SM higgs masses whilst the red points also pass the vacuum stability conditions at all scales. The ellipses show the experimentally allowed values of mt and mh at 1 σ (dark gray) and 3 σ (light gray) uncertainty. These plots originally appeared in McDowall and Miller [71].



Figure 8B shows an investigation of the mh − mt plane, where we temporarily suspend vacuum stability to demonstrate the effect. We see plenty of valid points in blue, where vacuum stability is not required. However, the points that satisfy the vacuum stability conditions, highlighted in red, have larger values of the top Yukawa yt which positively contribute to the running of the quartic couplings. The larger required yt corresponds to a top mass in the range 220 [image: image] mt [image: image] 230GeV which is not compatible with current experimental bounds on the top-quark mass.

These MPP constraints also apply to the Inert Doublet Model. We examined the IDM parameter space as we did for the Type-II 2HDM, applying the MPP conditions at MPl and requiring valid points to be stable up to the Planck scale and to have a SM Higgs candidate.

Figure 9 shows the running of the quartic couplings λ1, λ2, and [image: image] for an example point in our scan that provided a valid SM Higgs and top mass. As in the Type-II model, a stable vacuum requires all three of these couplings to be positive at all scales. Clearly this point fails our vacuum stability test, and unfortunately it is representative of the other points in our scan. We found no points that could simultaneously satisfy the constraints of perturbativity, vacuum stability and the requirement of a realistic SM mass spectrum. Specifically, there are points that provide valid SM Higgs and top masses, but all of these points fail the condition [image: image]. In fact, we found no points that could satisfy the MPP conditions outlined in (18) that remained stable up to the Planck scale, regardless of their Higgs or top masses. This therefore suggests that the multiple point principle cannot be implemented successfully in the Inert Doublet Model.


[image: image]

FIGURE 9. Example running of λ1, λ2, and [image: image] for a point that provides valid masses for the SM Higgs and the top quark in the Inert Doublet Model. Boundedness from below and vacuum stability requires that all three couplings are positive at all scales. This plot originally appeared in McDowall and Miller [71].





6. MORE EXOTIC MODELS

The MPP has also been applied to several other models of new physics, of varying degrees of complexity. For example, Hamada and Kawana [78] consider one of the more minimal extensions by including either a Majorana fermion triplet or a real scalar triplet, and in both cases were able to find good agreement with the MPP by keeping the new states rather heavy (of order 1016 GeV for the fermion triplet and slightly higher for the scalar).

Bennett et al. [79] studies what the authors term an “anti-GUT” within the context of the SM. This is a model where each generation comes with a full complement of the SM gauge groups, augmented with an additional local U(1), so that the full group (at high energies) is [SU(3) × U(2) × U(1)]3 × U(1). The resulting Higgs mass prediction is 139 ± 16 GeV, though the uncertainty in this prediction would no doubt be significantly reduced with more modern inputs, and they also find reasonable agreement with the SM Yukawa couplings.

Another proposed alternative is to mix a fundamental scalar with the scalar bound states of a new strongly interacting gauge symmetry [80]. This allows for the dynamical generation of the Higgs mass, with a classically scale invariant theory satisfying the MPP condition. They predict new scalar states at approximately 300 GeV as well as a new gauge boson coupling to the SM fermions.

The MPP may also be used to constrain theories with extra dimensions. Hamada and Shiu [81] examines the SM compactified at high scales onto S1 and T1, additionally applying the MPP. They find this constrains the neutrinos in the model to have Dirac masses, with the lightest of order 1−10 meV. This would prevent neutrinoless double-beta decay and have interesting cosmological consequences.

An more exotic suggestion comes from the original authors of the MPP: the existence of a bound state made of six top-quarks and six anti-top-quarks [82–87]. They postulate a new phase different from and degenerate with the standard electroweak Higgs phase, caused by the condensation of this new top-anti-top bound state. They claim this bound state arises from the exchange of Higgs bosons due to the large top Yukawa coupling. Therefore the MPP is extended to insist on not just two, but three degenerate vacua: two at low energies and one at the Planck scale. The authors also claim that the extra energy density of this new bound state provides a solution for the cosmological constant problem.



7. SUMMARY AND CONCLUSIONS

The measured value of the Higgs boson mass implies that, if the SM is true to high scales, the Higgs quartic coupling and its β-function are intriguingly close to zero at the Planck scale. Indeed, their values imply that the SM vacuum is metastable, with a slightly deeper vacuum at the Planck scale.

One suggested explanation for this is the Multiple Point Principle. By considering extensive variables, nature tends to choose Higgs parameters so that different phases of Electroweak symmetry breaking may coexist. This predicts a second degenerate vacuum at the Planck scale, rather similar to that implied by the Higgs measurements. An analysis of the MPP in the SM provides a prediction of the Higgs mass, mh = 129 ± 1.5Gev which is slightly above the measured value. It is therefore interesting to ask how extensions to the SM might change this picture, especially since we do expect new physics to appear well before the Planck scale. In this paper, we have reviewed the compatibility of the MPP with simple Higgs sector extensions, considering both extra scalars and doublets.

We began our review of extended models by considering an additional real scalar field, in both the broken and Dark Matter phases. We had to weaken the MPP constraints somewhat in order to prevent the extra states from decoupling, but found promising results. These real scalar extensions were both compatible with the (relaxed) MPP, though working scenarios in the Dark Matter case were rare due to the additional Dark Matter constraints. Unfortunately the MPP didn't prove very predictive because it left us with a wide range of allowed additional scalar masses.

The next extension we considered was an extra complex singlet, where again we had to relax the MPP condition in order to prevent decoupling. We also found that we were unable to keep the parameter d2 very small at the Planck scale since it tended to run negative, destabilizing the vacuum. Furthermore, our constraints setting the β-functions for the Higgs parameters to zero could not all be accommodated simultaneously while keeping viable low energy phenomenology. However, relaxing these constraints somewhat did again yield scenarios that are stable, evade experimental constraints, have the correct Higgs mass, and in the Dark Matter phase, provide the correct relic density.

Finally we investigated the Type-II Two Higgs Doublet Model and the Inert Doublet Model. Models with a second Higgs doublet have much more flexibility in their scalar potential, which one might expect gives them more freedom to accommodate the boundary conditions of the MPP. However, we found that both the Type-II 2HDM and the IDM cannot satisfy the conditions required at the Planck scale by the MPP. Specifically, we found no points in either model's parameter space that was consistent with the MPP whilst also having a valid SM Higgs, an experimentally acceptable top quark mass, and a stable vacuum. In the Type-II case we found that a stable vacuum would require a top mass on the order of 230GeV, whilst in the Inert case we found no points at all that could meet our theoretical requirements. The results of our analysis would suggest that the Multiple Point Principle is not compatible with the Two Higgs Doublet Models that we investigated.

In general it seems rather difficult to accommodate an exact MPP in any of these models. There are several possible explanations for this. Firstly the MPP conditions may only hold approximately. The original conjecture that there should be a second degenerate vacuum at the Planck scale was itself based on general arguments, and may be realized with some slight modifications. Indeed, one might expect threshold corrections for the new theory to become significant as we approach the Planck scale, slightly modifying the RG running. Secondly, we do expect new physics before the Planck scale to solve the many deficiencies of the SM. It could be that this new physics alters the Higgs running sufficiently to allow the MPP to hold more exactly. It would be interesting to examine the SM Higgs sector with alternative additions, such as vector-like fermions. Finally, the literature thus far has entirely neglected finite temperature effects in the study of the MPP. Such effects could very well alter the vacuum structure.

Ultimately the question remains, is the peculiar behavior of the SM Higgs potential at the Planck scale a coincidence or a sign of new physics?
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We perform a comprehensive global analysis in the Minimal Supersymmetric Standard Model (MSSM) as well as in the 2-Higgs Doublet Model (2HDM) of the production and decay mechanisms of charged Higgs bosons (H±) at the Large Hadron Collider (LHC). We start from accounting for the most recent experimental results (SM-like Higgs boson signal strengths and search limits for new Higgs boson states obtained at Run-1 and -2 of the LHC and previous colliders), from (both direct and indirect) searches for supersymmetric particles as well as from flavor observables (from both e+e− factories and hadron colliders). We then present precise predictions for H± cross sections and decay rates in different reference scenarios of the two aforementioned models in terms of the parameter space currently available, specifically, mapped over the customary [image: image] planes. These include the [image: image] and hMSSM configurations of the MSSM and the 2HDM Type-I, -II, -X, and -Y for which we also enforce theoretical constraints, such as vacuum stability, perturbativity, and unitarity. We also define specific Benchmark Points (BPs) which are always close to (or coinciding with) the best fits of the theoretical scenarios to experimental data. We finally briefly discuss the ensuing phenomenology for the purpose of aiding future searches for such charged Higgs boson states.
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1. INTRODUCTION

The Higgs boson discovery of 2012 [1–4] at the CERN Large Hadron Collider (LHC) has led to the confirmation of the Standard Model (SM) as the proper theory of the Electro-Weak (EW) scale. However, there is much evidence that the SM is not appropriate at all scales, rather it should be viewed as an effective low-energy realization of a more complete and fundamental theory on setting beyond the EW regime. Among the many proposals for the latter, one can list theories with some new symmetry, e.g., Supersymmetry (SUSY), or an enlarged particle content (e.g., in the Higgs sector), or both. Following the aforementioned discovery, no new particle has however been seen at the LHC, implying that new physics at the EW scale should be weakly interacting or that strongly interacting particles, if present, should lead to signatures involving soft decay products or in channels with overwhelming (ir)reducible backgrounds. We shall adopt here the first assumption.

Many SM extensions possess in their spectra additional neutral and/or charged Higgs states. Amongst these, SUSY [5] is indeed considered the most appealing one as it addresses several shortcomings of the SM, including the problem of the large hierarchy between the EW and Planck scales as well as the dark matter puzzle. While the search for SUSY was unsuccessful during the first LHC run, the increase in the Center-of-Mass (CM) energy of the machine from 8 to 13 TeV plus the additional luminosity of the second run are improving greatly the sensitivity to the new superparticles which are predicted. While the jury is still out on these, we remind here the reader that SUSY also requires at least two Higgs doublets for a successful EW Symmetry Breaking (EWSB) pattern. For exactly two such fields, yielding the so-called Minimal Supersymmetric Standard Model (MSSM), also having the same gauge group structure of the SM, one obtains four physical Higgs particles, in addition to the discovered SM-like one with the observed mass of 125 GeV. In fact, the same Higgs mass spectrum also belongs to a generic 2-Higgs Doublet Model (2HDM), i.e., one not originating from SUSY. In neither case, though, there exists a precise prediction of the typical masses of the new Higgs states, though we know already that the MSSM allows for one to be lighter than the 125 GeV state in a very small region of parameter space [6], whereas the 2HDM generally does so over a significantly larger expanse of it [7, 8]. Either way, the presence of extra physical Higgs boson states alongside the SM-like one is thus one of the characteristics of Beyond the SM (BSM) physics, whether within SUSY or otherwise. Hence, looking for these additional states in various production and decay channels over a wide range of kinematic regimes is an important part of the physics programme of the multi-purpose LHC experiments, ATLAS, and CMS. Specifically, the discovery of a (singly) charged Higgs boson would point to a likely additional Higgs doublet (or a Higgs field with higher representation, such as triplet). Hence, we concentrate on this Higgs state here.

The two Higgs doublet fields pertaining to the MSSM are required to break the EW symmetry and to generate the isospin-up and -down type fermions as well as the W± and Z boson masses [9–11]. The Higgs spectrum herein is given by the following states: two charged H±'s, a CP-odd A and two CP-even Higgses h and H, with mh < mH (conventionally, wherein h is the SM-like Higgs state). The tree-level phenomenology of the Higgs sector of the MSSM is described entirely by two input parameters, one Higgs mass (that can be taken to be that of the CP-odd Higgs state, mA) and the ratio tan β of the Vacuum Expectation Values (VEVs) of the two Higgs doublet fields. Note that one of the most powerful prediction of SUSY is the existence of a light Higgs boson that could be produced at colliders. In the MSSM, at the tree-level, the light CP-even h is predicted to be lighter than the Z boson. However, it is well-known that loop effects could raise the h mass upper bound to 135 GeV for a large soft breaking trilinear parameter, At, and/or a heavy scalar top [12–22]. After the Higgs boson discovery at the LHC, MSSM benchmark scenarios have been refined to match the experimental data and to reveal characteristic features of certain regions of the parameter space [23–25]. Of the many MSSM frameworks presented in literature, we consider in this work the so-called [image: image] [24] and hMSSM [26–30] ones, which will be described in the coming section. As for the 2HDM, one ought to specify the Yukawa sector, in order to proceed to study phenomenologically its manifestations. While SUSY enforces this in the form of a so-called Type-II, this is only one of four Ultra-Violet (UV) complete realizations of a generic 2HDM, the others been termed Type-I, -X, and -Y. The difference between these four scenarios is the way the fermionic masses are generated. We define as Type-I the model where only one doublet couples to all fermions, Type-II is the scenario where one doublet couples to up-type quarks and the other to down-type quarks and leptons, the Type-X is the model where one doublet couples to all quarks and the other to all leptons while a Type-Y is built such that one doublet couples to up-type quarks and to leptons and the other to down-type quarks. In all such cases, the number of free parameters at tree-level is seven to start with, hence it becomes more cumbersome than in SUSY to map experimental results onto theoretical constraints. Yet, in virtue of the fact that a 2HDM is the simplest realization of a BSM scenario based solely on doublet Higgs fields, its study is vigorously being pursued experimentally.

So far, the non-observation of any Higgs signal events in direct searches above and beyond those of the SM-like Higgs state constrains the parameter space of the underlying physics model. Specifically, in the case of the H± boson, wherein the relevant phenomenological parameters are [image: image] and tan β in whatever scenario, one can pursue the study of its production and decay modes in a model independent way, which results can a posteriori be translated to exclude the relevant parameter space in a given scenario (whether it be the MSSM, 2HDM, or something else). This recasting is conveniently done on the (mA, tan β) and [image: image] planes for the MSSM and 2HDM, respectively, so that we will map our findings in the same way.

At hadron colliders, there exists many production modes for charged Higgs bosons which are rather similar in the MSSM and 2HDM. For a light charged Higgs, i.e., with mass [image: image], its production comes mainly from top decay. At the LHC, the production of top quark pairs proceeds via Quantum Chromo-Dynamics (QCD) interactions and, when kinematically allowed, one top could decay into a charged Higgs state and a bottom quark in a competition with the SM decay into a W± boson and again a bottom quark. Therefore, the complete H± production mechanism [image: image] provides the main source of light charged Higgs bosons at the LHC and offers a much more copious signature than any other form of direct production. After crossing the top-bottom threshold, i.e., when [image: image], a charged Higgs (pseudo)scalar can be produced through the process gb → tH− [31–34]. In fact, these two mechanisms can be simultaneously captured via the process [image: image] [35, 36], which again makes it clear that one should expect large H± cross sections induced by QCD interactions also in the heavy H± mass range1.

In the MSSM, and also in a variety of 2HDM Types, light charged Higgs bosons would decay almost exclusively into a (hadronic or leptonic) τ lepton and its associated neutrino for tan β ≳ 1. When the top-bottom channel is kinematically open, then [image: image] would compete with H± → hW±, HW±, AW± decays as well as various SUSY channels in the MSSM. In the latter, [image: image] is the dominant channel and the bosonic decays H± → hW±, HW±, AW± (also yielding [image: image] final states) are subleading. In the 2HDM, if none of these bosonic decays is open, then [image: image] is the dominant mode. At the LHC Run-1, lighter charged Higgs bosons were probed in the decay channels τν [37, 38], cs [39, 40] and also cb [41]. No excess was observed and model independent limits are set on the following product of Branching Ratios (BRs): BR(t → H+b) × BR(H+ → τν). At Run-2, mainly the decay modes τν [42, 43] and tb [44] are explored in the mass range [image: image]–1,000 GeV, in the latter mode using multi-jet final states with one electron or muon from the top quark decay. No significant excess above the background-only hypothesis has been observed and upper limits are set on the pp → tbH± production cross section times BR(H± → tb). Several interpretations of these limits have eventually been given in benchmark scenarios of the MSSM, including those mentioned above. Note that current ATLAS and CMS bounds are significantly weakened in the 2HDM once the exotic decay channels into a lighter neutral Higgs, e.g., H± → hW± or H± → AW±, are open. This scenario could also happen in the MSSM if one of the SUSY decay channels of charged Higgs bosons are open (such as into chargino-neutralino pairs). In the 2HDM, the possibility of producing a light charged Higgs boson from top decay with a subsequent step H± → hW± or H± → AW± was studied in Arhrib et al. [45] and it was shown that it can lead to sizable cross sections at low tan β. We stress here that there exist several recent analyses dedicated to 2HDM phenomenology [34, 46, 47] that we consulted. However, unlike Akeroyd et al. [34], Arbey et al. [46], and Bernon et al. [47] only concentrates on neutral Higgs phenomenology and discuss the charged Higgs contribution only to flavor physics observables without singling out the relevant charged Higgs production and decay channels at the LHC, which is indeed one of the aims of this analysis.

In this paper, we analyze the allowed [image: image] rates by taking into account both theoretical and experiments constraints on the underlying BSM model, the latter including the latest ATLAS and CMS results for SM-Higgs (h) and other Higgs (H, A, H+) searches with the full set of 36.5 fb−1 data collected in the second LHC phase. We will then interpret these results under the proposed scenarios to quantify the magnitude of the available parameter space to be covered by future LHC analyses. In doing so, we will extract several Benchmarks Points (BPs) that could lead to detectable signals, all of which are consistent with the best fit regions in both the MSSM and 2HDM.

The paper is organized as follows. In the second section we review the MSSM and introduce the benchmark scenarios that we will discuss. The 2HDM, with its parameterizations and Yukawa textures, is described in the third section. The fourth section is devoted to a discussion of the theoretical and experimental constraints used in our study. Results and discussions for the MSSM and 2HDM are presented in the fifth section and we finish with our conclusions.



2. THE MSSM

In the MSSM, due to the holomorphy of the superpotential, one introduce two Higgs doublets Φ1, 2 in order to give masses to up-type quarks as well as down-type quarks and leptons, respectively. Both Higgs fields acquire VEVs, denoted by v1, 2. After EWSB takes place, the spectrum of the model contains the aforementioned Higgs states: h, H, A and H±. The MSSM Higgs sector is parameterized at tree-level by tan β = v2/v1, and e.g., the CP-odd mass mA. One of the interesting features of the MSSM is the prediction, at the tree-level, of a light CP-even Higgs h with a mass mh ≤ mZ. However, such tree-level prediction is strongly modified by radiative corrections at one- and two-loop level [12–21]. It has been shown in Degrassi et al. [22], on the one hand, that the loop effects can make the light CP-even mass mh reach a value of 135 GeV and, on the other hand, that the theoretical uncertainties due to unknown high order effects can be of the order of 3 GeV. In fact, these large loop effects are welcome in order to shift the light CP-even Higgs mass to the measured experimental value mh ≈ 125 GeV. Note also that the loop effects will modify not only the tree-level Higgs mass relations but also the Higgs self-couplings and the Higgs coupling to SUSY particles. Therefore, beside the tree-level parameters tan β and mA, the top quark mass and the associated squark masses and their soft SUSY breaking parameters enter through radiative corrections [12–21, 48, 49]. In fact, when trying to push the light CP-even mass from mZ to 125 GeV through loop effects, one needs to introduce a large SUSY scale with large soft trilinear parameter At. Such a large SUSY scale puts automatically the SUSY spectrum at the TeV scale, which is consistent with negative searches for SUSY particles at the LHC.

To compute the masses and couplings of Higgs bosons in a given point of the MSSM parameter space we use the code FeynHiggs [50, 51] for the [image: image] scenario and the program HDECAY for the hMSSM case [52, 53]. Both codes include the full one-loop and a large part of the dominant two-loop corrections to the neutral Higgs masses. Since the theoretical uncertainty on the Higgs mass calculation in the FeynHiggs code has been estimated to be of the order of 3 GeV, we consider as phenomenologically acceptable the points in the MSSM parameter space where FeynHiggs predicts the existence of a scalar state with mass between 122.5 and 128.5 GeV and with approximately SM-like couplings to gauge bosons and fermions. In addition to the tree-level scalar potential parameters, tan β and mA, when taking into account high order corrections, the MSSM parameters most relevant to the prediction of the masses and production cross sections of the Higgs bosons are: the soft SUSY-breaking masses for the stop and sbottom squarks, which, for simplicity, we assume all equal to a common mass parameter MSUSY, the soft SUSY-breaking gluino mass [image: image], the soft SUSY-breaking Higgs-squark-squark couplings At and Ab, the superpotential Higgs(ino)-mass parameter μ and the left-right mixing terms in the stop and sbottom mass matrices (divided by mt and mb)

[image: image]

respectively. Since the (approximate) two-loop calculation of the Higgs masses implemented in FeynHiggs and the Next-to-Leading Order (NLO) calculation of QCD corrections to the production cross section implemented in SusHi [54, 55] employ the same renormalization (on-shell) scheme, the input values of the soft SUSY-breaking parameters can be passed seamlessly from the Higgs mass to the cross section calculations.

In the light of the latest LHC data on the discovered Higgs-like boson, and given the fact that the MSSM contains many independent parameters which makes it a fastidious task to perform a full scan, there have been many studies which lead to several benchmarks that could fit the observed Higgs boson as well as be tested at the future LHC with higher luminosity [24, 26–29]. As intimated already, in this study, we will concentrate on two of these benchmark scenarios: the [image: image] and hMSSM ones, which we will describe hereafter.


2.1. The [image: image] Scenario

The [image: image] scenario is a modification of the time-honored [image: image] scenario (also called maximal mixing scenario), which was originally defined to give conservative exclusion bounds on tan β in the context of Higgs boson searches at LEP [56]. The [image: image] scenario was introduced in order to maximize the value of mh by incorporating large radiative correction effects for a large mA >> mZ mass, fixed value of tan β > 8 and large SUSY scale of the order 1 TeV. However, this scenario predicts mh to be much higher than the observed Higgs boson mass, due to the large mixing in the scalar top sector.

Hence, the maximal mixing scenario has been modified, by reducing the amount of scalar top mixing, such that the mass of the lightest Higgs state, mh, is compatible with the mass of the observed Higgs boson within ±3 GeV in a large fraction of the considered parameter space. In fact, modifications of the [image: image] scenario can be done in two ways depending on the sign of (At − μ cot β)/MSUSY, leading to an [image: image] and [image: image] [24]. It has been demonstrated in Carena et al. [24] that when [image: image] is confronted with LHC data, there is a substantial region in the plane (mA, tan β) with tan β > 7 for which the light CP-even Higgs mass is in a good agreement with the measured one at the LHC, hence our choice of this scenario.

The SUSY input parameters in this scenario are fixed as2

[image: image]

where MSUSY is the aforementioned SUSY mass scale.



2.2. The hMSSM Scenario

In the previous scenario, one need to input tan β, mA and also the other SUSY parameters to get the Higgs and SUSY (mass and coupling) spectrum. Taking into account the theoretical uncertainty of the order 3 GeV on the Higgs mass, which could originate from unknown high order loop effects, a light CP-even Higgs boson with a mass in the range [122, 128] GeV would be an MSSM candidate for the observed Higgs-like particle. However, plenty of points on the (mA, tan β) plane would correspond to one configuration of mh mass. To avoid this situation, the hMSSM benchmark was introduced [26–29]. In this scenario, the light CP-even Higgs state is enforced to be ~125 GeV while setting the SUSY mass scale MSUSY to be rather high (i.e., > 1 TeV) in order to explain the non-observation of any SUSY particle at colliders. The hMSSM setup thus describes the MSSM Higgs sector in terms of just mA and tan β, exactly like for tree-level predictions, given the experimental knowledge of mZ and mh. In this scenario, therefore, the dominant radiative corrections would be fixed by the measured experimental value of mh which in turn fixes the SUSY scale [26–29]. It defines a largely model-independent scenario, because the predictions of the properties of the MSSM Higgs bosons do not depend on the details of the SUSY sector, somewhat unlike the previous case, wherein squark masses are fine-tuned to obtain mh ≈ 125 GeV.

The SUSY input parameters in this scenario are similar to the previous one, Equation (2), except that we take Xt = 2MSUSY = 2 TeV.



2.3. Setup

Both scenarios introduced above are characterized by relatively large values of the ratio Xt/MSUSY, ensuring that the MSSM mass of the SM-like Higgs state falls within the required range without the need for an extremely heavy stop. In addition, the masses of the gluino and first two generation squarks are set to 1.5 TeV, large enough to evade the current ATLAS and CMS limits stemming from SUSY searches [57–61]. We vary the parameters tan β and mA within the following ranges:

[image: image]

The soft trilinear term At is set to be equal to Ab. Due to the smallness of the light quarks masses, the left-right mixing of the first two generation squarks is neglected. The gaugino mass parameters M1, M2 and the soft SUSY-breaking gluino mass [image: image] are all related through Renormalization Group Equation (RGE) running to some common high scale m1/2 soft term which yields the relations [image: image] and M1 ≈ 0.5M2. In our analysis, we assume Grand Unified Theory (GUT) relations only between M1 and M2 while M2 and [image: image] are taken independent from each other. Finally, the soft SUSY-breaking parameters in the slepton sector have a very small impact on the predictions for the Higgs masses and production cross sections, therefore we do not report on them here.




3. THE 2HDM

In this section, we define the scalar potential and the Yukawa sector of the general 2HDM. The most general scalar potential which is SU(2)L⊗U(1)Y invariant is given by [62, 63]

[image: image]

The complex (pseudo)scalar doublets Φi (i = 1, 2) can be parameterized as

[image: image]

with v1, 2 ≥ 0 being the VEVs satisfying [image: image], with v = 246.22 GeV. Hermiticity of the potential forces λ1, 2, 3, 4 to be real while λ5 and [image: image] can be complex. In this work we choose to work in a CP-conserving potential where both VEVs are real and so are also λ5 and [image: image].

After EWSB, three of the eight degrees of freedom in the Higgs sector of the 2HDM are eaten by the Goldstone bosons (G± and G) to give masses to the longitudinal gauge bosons (W± and Z). The remaining five degrees of freedom become the aforementioned physical Higgs bosons. After using the minimization conditions for the potential together with the W± boson mass requirement, we end up with seven independent parameters which will be taken as

[image: image]

where, as usual, tan β ≡ v2/v1 and β is also the angle that diagonalizes the mass matrices of both the CP-odd and charged Higgs sector while the angle α does so in the CP-even Higgs sector.

The most commonly used versions of a CP-conserving 2HDM are the ones that satisfy a discrete Z2 symmetry [image: image] (i = 1, 2), that, when extended to the Yukawa sector, guarantees the absence of Flavor Changing Neutral Currents (FCNCs). Such a symmetry would also require [image: image], unless we tolerate a soft violation of this by the dimension two term [image: image] (as we do here).

The Yukawa Lagrangian can then be written as

[image: image]

where [image: image] and [image: image] are the left-handed quark doublet and lepton doublet, respectively, the [image: image]'s (k = 1, 2 and f = u, d, l) denote the 3 × 3 Yukawa matrices and [image: image] (k = 1, 2). The mass matrices of the quarks and leptons are a linear combination of [image: image] and [image: image], [image: image] and [image: image]. Since they cannot be diagonalized simultaneously in general, neutral Higgs Yukawa couplings with flavor violation appear at tree-level and contribute significantly to FCNC processes, such as ΔMK, B, D as well as [image: image] mediated by neutral Higgs exchanges. To avoid having those large FCNC processes, one known solution is to extend the Z2 symmetry to the Yukawa sector. When doing so, we ended up with the already discussed four possibilities regarding the Higgs bosons couplings to fermions [63].

After EWSB, the Yukawa Lagrangian can be expressed in the mass eigenstate basis as follows [64, 65]:

[image: image]

We give in Table 1 the values of the Yukawa couplings [image: image] (ϕ = h, H, A), i.e., the Higgs boson interactions normalized to the SM vertices introduced in David et al. [66], in the four 2HDM Types. The couplings of h and H to gauge bosons W±, Z are proportional to sin(β − α) and cos(β − α), respectively. Since these are gauge couplings, they are the same for all Yukawa types. As we are considering the scenario where the lightest neutral Higgs state is the 125 GeV scalar, the SM-like Higgs boson h is recovered when cos(β − α) ≈ 0. As one can see from Table 1, for all 2HDM Types, this is also the limit where the Yukawa couplings of the discovered Higgs boson become SM-like. The limit cos(β − α) ≈ 0 seems to be favored by LHC data, except for the possibility of a wrong sign limit [67, 68], where the couplings to down-type quarks can have a relative sign to the gauge bosons ones, thus oppositely to those of the SM. Our benchmarks will focus on the SM-like limit where indeed cos(β−α) ≈ 0.


Table 1. Yukawa couplings in terms of the standard κ coefficients, in turn expressed as function of the angles α and β, in the four 2HDM Types.

[image: Table 1]

We end this section by noticing that we have used the public program 2HDMC [69] to evaluate the 2HDM spectrum as well as the decay rates and BRs of all Higgs particles. We have used 2HDMC to also enforce the aforementioned theoretical constraints onto both BSM scenarios considered here.



4. THEORETICAL AND EXPERIMENTAL CONSTRAINTS

In order to perform a systematic scan over the parameter space of the two MSSM configurations and the four 2HDM Types, we take into account the following theoretical3 and experimental constraints.


4.1. Theoretical Constraints

We list these here as itemized entries.

• Vacuum stability: To ensure that the scalar potential is bounded from below, it is enough to assume that the quartic couplings should satisfy the following relations [70]:

[image: image]

We also impose that the potential has a minimum that is compatible with EWSB. If this minimum is CP-conserving, any other possible charged or CP-violating stationary points will be a saddle point above the minimum [71]. However, there is still the possibility of having two coexisting CP-conserving minima. In order to force the minimum compatible with EWSB, one need to impose the following simple condition [72]:

[image: image]

Writing the minimum conditions as

[image: image]

allows us to express [image: image] and [image: image] in terms of the soft Z2 breaking term [image: image] and the quartic couplings λ1−5.

• Perturbative unitarity: Another important theoretical constraint on the (pseudo)scalar sector of the 2HDM is the perturbative unitarity requirement. We require that the S-wave component of the various (pseudo)scalar scattering amplitudes of Goldstone and Higgs states remains unitary. Such a condition implies a set of constraints that have to be fulfilled and are given by [73, 74]

[image: image]

where

[image: image]

• EW precision observables (EWPOs): The additional neutral and charged (pseudo)scalars, beyond the SM-like Higgs state, contribute to the gauge bosons vacuum polarization through their coupling to gauge bosons. In particular, the universal parameters S, T, and U provide constraints on the mass splitting between the heavy states mH, [image: image], and mA in the scenario in which h is identified with the SM-like Higgs state. The general expressions for the parameters S, T, and U in 2HDMs can be found in Kanemura et al. [75]. To derive constraints on the scalar spectrum we consider the following values for S, T, and U:

[image: image]

while using the corresponding covariance matrix given in Baak et al. [76]. The χ2 function is then expressed as

[image: image]

with correlation factor +0.91.

The aforementioned 2HDMC program allows us to check most of the above theoretical constraints, such as perturbative unitarity, boundedness from below of the scalar potential as well as EWPOs (S, T, and U), which are all turned on during the calculation, and can be adapted to the MSSM as well.



4.2. Experimental Constraints

The parameter space of our benchmark scenarios is already partially constrained by the limits obtained from various searches for additional Higgs bosons at the LHC and elsewhere as well as the requirement that one of the neutral scalar states should match the properties of the observed SM-like Higgs boson. We evaluate the former constraints with the code HiggsBounds [77–80] and the latter with the code HiggsSignals [81]. We stress, however, that our study of the existing constraints cannot truly replace a dedicated analysis of the proposed benchmark scenarios by ATLAS and CMS, which alone would be able to combine the results of different searches taking into account all correlations. In this section we briefly summarize the relevant features of HiggsBounds and HiggsSignals used in our study.


4.2.1. Collider Constraints

The code HiggsBounds tests each parameter point for 95% Confidence Level (CL) exclusion from Higgs searches at the LHC as well as LEP and Tevatron. First, the code determines the most sensitive experimental search available, as judged by the expected limit, for each additional Higgs boson in the model. Then, only the selected channels are applied to the model, i.e., the predicted signal rate for the most sensitive search of each additional Higgs boson is compared to the observed upper limit. In the case the prediction exceeds the limit, the parameter point is regarded as excluded. For more details on the procedure, the reader can see Bechtle et al. [80].

Among the searches that are relevant in constraining our scenarios for charged Higgs studies, the version we have used, 5.2.0beta, of HiggsBounds includes the following.

• ATLAS [82] and CMS [83] searches for heavy Higgs bosons decaying to τ+τ− pairs using about 36fb−1 of Run-2 data as well as the CMS results from Run-1 [84].

• Searches at Run-1 and Run-2 by ATLAS [85, 86] and CMS [40, 87] for a heavy scalar decaying to a Z boson pair, H → ZZ.

• Searches at Run-1 and Run-2 by ATLAS [88] and CMS [89, 90] for a heavy scalar decaying to a pair of 125 GeV SM-like Higgs scalars, H → hh.

• Searches at Run-1 by ATLAS [91] and CMS [92] for the 125 GeV scalar decaying to a pair of lighter pseudoscalars, h → AA.

• Searches at Run-1 by ATLAS [93] and CMS [94] for a heavy pseudoscalar decaying to a Z boson and the 125 GeV scalar, A → Zh.

By comparing these results with the predictions of SusHi, FeynHiggs, and 2HDMC for the production cross sections and decay BRs of the additional neutral Higgs bosons, HiggsBounds reconstructs the 95% CL exclusion contours for our benchmark scenarios. In the MSSM and 2HDM Type II, these constraints are typically stronger for large values of tan β, due to an enhancement of the production cross section of the heavier Higgs bosons in bottom-quark annihilation (in that case the most relevant searches are those for the decay to a τ+τ− pair). However, this is not generally true in the other 2HDM Types. HiggsBounds also contains the available constraints from searches for a charged Higgs boson by ATLAS and CMS. Most relevant in our scenarios are the constraints on the production of a light charged Higgs via top quark decay, t → H+b, with subsequent decay H+ → τ+ν [37, 38, 43, 95], as well as top-quark associated H± production, with subsequent decays to the τν [37, 38, 43, 95] and/or tb [38, 44, 96] channels.

In order to estimate the theoretical uncertainty in our determination of the excluded regions, we rely on the uncertainty estimates for the gluon-fusion and bottom-quark annihilation cross sections. The most conservative (i.e., weakest) determination of the exclusion region is obtained by taking simultaneously the lowest values in the uncertainty range for both production processes of each of the heavier Higgs bosons, while the least conservative (i.e., strongest) determination is obtained by taking simultaneously the highest values in the uncertainty range.

With the use of the code HiggsSignals, we test the compatibility of our scenarios with the observed SM-like Higgs signals, by comparing the predictions of SusHi, FeynHiggs, and 2HDMC for the signal strengths of Higgs production and decay in a variety of channels against ATLAS and CMS measurements. The version we have used, 2.2.0beta, of HiggsSignals includes all the combined ATLAS and CMS results from Run-1 of the LHC [97] as well as all the available ATLAS [98–104] and CMS limits from Run-2 [105–113].



4.2.2. DM Constraints

These have naturally been enforced only in the MSSM case, by using the program micrOMEGAs version 5.0.9 [114]4. Such a code calculates the properties of DM in terms of its relic density as well as its direct and indirect detection rates. For the two MSSM scenarios considered here, the DM candidate, i.e., the Lightest Supersymmetric Particle (LSP), is the lightest neutralino. We require that the outcome of the calculation of the relic density should be in agreement with the latest Planck measurement [115].





5. NUMERICAL RESULTS

In this section, we present our findings for the MSSM and 2HDM in turn.


5.1. MSSM Results

In the hMSSM scenario, all superparticles are chosen to be rather heavy so that production and decays of the MSSM Higgs bosons are only mildly affected by their presence due to the decoupling properties of SUSY. In particular, the loop-induced SUSY contributions to the couplings of the light CP-even scalars are small and the heavy Higgs bosons with the masses even up to 2 TeV decay only to SM particles. Therefore, the phenomenology of this scenario at the LHC resembles that of a 2HDM Type-II with MSSM-inspired Higgs couplings and mass relations.

The masses of the third generation squarks and that of the gluino are safely above the current bounds from direct searches at the LHC, as intimated. Specifically, we refer to CMS Collaboration [116, 117], ATLAS Collaboration [118–120], CMS Collaboration [121–123] for the scalar top quarks, CMS Collaboration [116, 117] and ATLAS Collaboration [116, 117, 124–126] for the scalar bottom quarks and CMS Collaboration [117], ATLAS Collaboration [125, 127, 128], and CMS Collaboration [129] for the gluino. The value chosen for Xt is close to the one for which the maximal value of mh is obtained. The [image: image] scenario is very similar to the hMSSM one except the fact that we take Xt = 2MSUSY = 1 TeV.

In Figure 1 the allowed regions on the (mA, tan β) plane are depicted for various Δχ2, wherein the left and right panel are, respectively, for the hMSSM and [image: image] scenarios. For the hMSSM and Δχ2 ≤ 12, one can see that mA should be heavier than about 400 GeV. In the case of mA ≈ 400 − 600 GeV, tan β should be in the range [1, 9] while for mA around 1 TeV tan β is in the range [1, 15]. The dashed (solid) line represents the 95% (68%) CL obtained by the HiggsSignals fit and the best fit point is located at mA ≈ 1 TeV and tan β ≈ 2. For the [image: image] scenario, the situation is quite different. In order to accommodate mh ≈ 125 GeV, one needs tan β>10. Similarly to the left panel, also in the right one the dashed(solid) line represents the 95% (68%) CL obtained by the HiggsSignals fit and the best fit point is located at mA ≈ 1 TeV and tan β ≈ 20. For this scenario and for Δχ2 <12, all tan β ≤ 10 are excluded. Note that after imposing DM constraints onto the best fit analysis, we observe that the best fit points for both the hMSSM and [image: image] scenarios move to somewhat lighter values of the charged Higgs boson mass. The BPs given in Table 2 account for this effect.


[image: Figure 1]
FIGURE 1. The allowed regions on the (mA, tan β) plane in hMSSM (left) and [image: image] (right). The cyan lines in the right plot are level curves for the SM-like Higgs mass. By definition, in the hMSSM, mh is fixed at 125 GeV. The best fit points are marked by green stars.



Table 2. Benchmark points for the hMSSM and [image: image] scenarios.

[image: Table 2]

In Figure 2 we present the total width of the charged Higgs boson, again, over the (mA, tan β) plane, for both hMSSM (left) and [image: image] (right). As one can see from the left panel, the total width for the hMSSM case is largest for tan β ≤ 3, which is when [image: image] GeV, while for tan β ≥ 5 the width drops to 1–3 GeV. This effect can be attributed to the fact that the total width is fully dominated by [image: image], whenever this channel is open, in which the top effect is more pronounced for low tan β. In this case, H+ → τν is subleading and also the decay modes [image: image] are suppressed. In the case of [image: image], since small tan β is not allowed, the total charged Higgs boson width is generally smaller than in the hMSSM case, as a consequence of the fact that [image: image] is therefore smaller in this scenario. The maximal total width is here obtained for mA ≈ 1 TeV and a large tan β ≈ 20. In the [image: image] scenario, the decay [image: image] could have a significant BR, reaching 30%. Hence, the H± is always rather narrow, whichever its mass. In fact, owing to the degeneracy between mA and [image: image] in the MSSM, as dictated by h data, a remarkable result is that in the minimal SUSY scenario a charged Higgs boson is essentially always heavier than the top quark.


[image: Figure 2]
FIGURE 2. Total charged Higgs boson width (in GeV) mapped on the (mA, tan β) plane in hMSSM (left) and [image: image] (right). The units of [image: image] in the legends are intended in GeV. The best fit points are marked by green stars.


In Figure 3 we show the production cross section for single charged Higgs boson production in association with a top quark (as appropriate for the [image: image] case) times the BR of H+ into a specific final state for both the hMSSM and [image: image] scenarios using Prospino [130–132]. In fact, as we have seen previously, the total width of the charged Higgs state is rather small in both cases, in relation to the mass, so that one can use the Narrow Width Approximation (NWA) to estimate such a cross section (which we have done here). In the top-left(top-right) panel of Figure 3, we show the size of the cross section of σ(pp → tH− + c.c.) × BR(H± → tb)(σ(pp → tH− + c.c.) × BR(H± → τν)), given in pb.


[image: Figure 3]
FIGURE 3. The σ(pp → tH− + c.c.) × BR(H± → XY) rate (in pb) at [image: image]=14 TeV in the hMSSM scenario, for XY ≡ tb (top left), XY ≡ τν (top right), XY ≡ AW± (bottom left), and XY ≡ hW± (bottom right). Notice that c.c. channels are included. The best fit points are marked by green stars.


For the hMSSM scenario, one can see that in the tb channel the largest cross section (more than 0.1 pb) is reached for small tan β < 3. There is also a wide region with [image: image] GeV and tan β < 10 where the cross section is still rather important: between 10−3 and 0.1 pb. As for the τν channel, the cross section is maximized when tan β is in the range [4, 9] and the largest cross section is seen around 10−3 pb. However, amongst the bosonic channels, H± → W±A is hopeless because BR(H± → W±A) is very suppressed while H± → W±h can have a rate that is close to 10−2 pb for small tan β ≈ 1. Note that, for completeness, we have also drawn the exclusion region due to BR[image: image], even though we can always assume some kind of flavor violation that takes place in the MSSM and can bring the BR([image: image]) to a correct value. In terms of σ(pp → tH− + c.c.) × BR(H± → XY) for the [image: image] scenario, the situation is worse. The best channels are [image: image] and [image: image] with the maximum cross section in the allowed region being between 10−3 and 10−2 pb for charged Higgs boson masses in the range 400–600 GeV, as can be seen from Figure 4.


[image: Figure 4]
FIGURE 4. The σ(pp → tH− + c.c.) × BR(H± → XY) rate (in pb) at [image: image]=14 TeV in the [image: image] scenario, for XY ≡ tb (top left), XY ≡ W±h (top right), XY ≡ τν (bottom left), and [image: image] (bottom right). Notice that c.c. channels are included. The best fit points are marked by green stars.


We conclude this section by presenting in Table 2 two BPs, one each for the [image: image] and hMSSM scenarios, to aid future analyses of Run-2 (and possibly Run-3) data from the LHC. Notice that these BPs do not correspond to the best fit points in these two MSSM configurations, as the latter would yield too small cross sections5, owing to the very large charged Higgs mass involved (of order 1 TeV). Yet, the BPs presented correspond to rather large values of [image: image], as dictated by the compatibility tests of the [image: image] and hMSSM scenarios with current datasets, still giving production and decay rates (in one or more channels) potentially testable in the near future.



5.2. 2HDM Results

We now move on to discuss the 2HDM. In this scenario, we consider h as being again the 125 GeV SM-like Higgs and vary the other six parameters as indicated in Table 3. When performing the scan over the 2HDM parameter space, other than taking into account the usual LHC, Tevatron and LEP bounds (as implemented in HiggsBounds and HiggsSignals) as well as the theoretical ones (as implemented in 2HDMC), we also have to consider flavor observables. In fact, unlike the MSSM, where potentially significant contributions to (especially) B-physics due to the additional Higgs states entering the 2HDM beyond the SM-like one can be canceled by the corresponding sparticle effects (and besides, are generally small because of the rather heavy H, A, and H± masses), the 2HDM has to be tested against a variety of such data. The B-physics observables that we have considered to that effect are listed in Table 4. We have computed the 2HDM predictions for these in all 2HDM Types using our own implementation, which output in fact agrees with the one from SuperIso [137] (when run in 2HDM mode).


Table 3. Allowed range of variation for the free parameters of all 2HDM types.

[image: Table 3]


Table 4. Experimental results of flavor observables combined by the PDG and/or HFAG collaborations in Amhis et al. [134] and Olive et al. [135].

[image: Table 4]

Based on such constrained scans, we first illustrate in Figure 5, on the (cos(β−α), tan β) plane, the best fit points for the four 2HDM Types. Herein, are also shown the compatibility regions with the observed Higgs signal at the 1σ (green) and 2σ (yellow) level. The details of the best fit points herein (red stars) are given in Table 5 together with the values of the following observables: the total charged Higgs width [image: image], σ(pp → tH− + c.c.), BR(H± → τν), BR(H± → tb), BR(H± → AW±), and BR(H± → hW±). Note that in the 2HDM Type-II and -Y, the best fit point is located at a charged Higgs mass around 600 GeV because of the [image: image] constraints while in the 2HDM Type-I and- X one can fit data with a rather light charged Higgs state.


[image: Figure 5]
FIGURE 5. Direct constraints from null heavy Higgs searches at the LHC on the parameter space of the 2HDM Type-I (top left), Type-II (top right), Type-X (bottom left), and Type-Y (bottom right) mapped on the (α, β) plane. The colors indicate compatibility with the observed Higgs signal at 1σ (green), 2σ (yellow) around the best fit points (red stars).



Table 5. The best fit points in the 2HDM Type-I, -II, -X, and -Y.

[image: Table 5]

In Figures 6–9, we show (in gray) over the ([image: image], tan β) plane the 95% CL exclusion region from the non-observation of the additional Higgs states for 2HDM Type-I(-II)[-X]{-Y}. In all these plots, we also draw (as a solid yellow line) the 95% CL exclusion from [image: image] together with a solid green line representing the 1σ compatibility with the Higgs signals observed at the LHC. As a green star, we also give the best fit point to these data over the available parameter space for all Types (these are the same as the red stars in the previous figure). It is clear from these plots that, in the 2HDM-I and -X, one can still have relatively light charged Higgs states (of the order 100–200 GeV in mass) that are consistent with all aforementioned data, crucially including B-physics observables. In addition, such light charged Higgs does not affect too much the rate of h → γγ which is strongly dominated by the W± loops while the charged Higgs loops are subleading. In the case of the 2HDM Type-II and -Y, the [image: image]) constraint pushes the charged Higgs boson mass to be higher than 580 GeV. (Note that, in the 2HDM Type-II, it is clear that, like for the MSSM case, large tan β is excluded mainly from H, A → τ+τ− as well as from H+ → τν searches at the LHC). However, for 2HDM Type-X, one can see that light charged Higgs states, with [image: image] ≤ 170 GeV, are excluded for all tan β's and this is due to charged Higgs searches failing to detect H± → τν.


[image: Figure 6]
FIGURE 6. The σ(pp → tH−+c.c.) × BR(H± → XY) rate (in pb) at [image: image]=14 TeV in the 2HDM Type-I, for XY ≡ tb (top left), XY ≡ τν (top right), XY ≡ AW± (bottom left), and XY ≡ hW± (bottom right). Exclusion bounds at 95% CL from the non-observation of the additional Higgs states are overlaid in gray. The green contour indicates compatibility with the observed Higgs signal at 68% CL and the best fit (benchmark) points are marked by green stars. The solid yellow line contours are the boundary of 95% CL exclusion from [image: image] measurements. The maximum of the cross section σ(pp → tH−+c.c.) × BR(H± → XY) is 3.1 and 1.83 pb for XY ≡ AW±, tb, respectively.



[image: Figure 7]
FIGURE 7. The σ(pp → tH−+c.c.) × BR(H± → XY) rate (in pb) at [image: image]=14 TeV in the 2HDM Type-II, for XY ≡ tb (top left), XY ≡ τν (top right), XY ≡ AW± (bottom left), and XY ≡ hW± (bottom right). The maximum of the cross section σ(pp → tH−+c.c.) × BR(H± → XY) is 2.3 and 1.38 pb for XY ≡ AW±, tb, respectively. The color coding is the same as in Figure 6.



[image: Figure 8]
FIGURE 8. The σ(pp → tH−+c.c.) × BR(H± → XY) rate (in pb) at [image: image]=14 TeV in the 2HDM Type-X, for XY ≡ tb (top left), XY ≡ τν (top right), XY ≡ AW± (bottom left), and XY ≡ hW± (bottom right). The maximum of the cross section σ(pp → tH−+c.c.) × BR(H± → XY) is 2.3 and 1.23 pb for XY ≡ AW±, tb, respectively. The color coding is the same as in Figure 6.



[image: Figure 9]
FIGURE 9. The σ(pp → tH−+c.c.) × BR(H± → XY) rate (in pb) at [image: image]=14 TeV in the 2HDM Type-Y, for XY ≡ tb (top left), XY ≡ τν (top right), XY ≡ AW± (bottom left), and XY ≡ hW± (bottom right). The maximum of the cross section σ(pp → tH−+c.c.) × BR(H± → XY) is 3.54 and 1.85 pb for XY ≡ AW±, tb, respectively. The color coding is the same as in Figure 6.


We now discuss the size of the charged Higgs production cross section times its BRs in decay channels, such as [image: image] and hW±. In Figure 6 (top-left panel) we illustrate the values of σ(pp → tH−+c.c.) × BR(H± → tb) (in pb) where we can see that it is possible tohave a production times decay rate in the range 0.01 to 0.2 pb for 1 ≤ tan β ≤ 6 and 180 GeV [image: image] GeV. This could lead to more than thousands raw [image: image] signal events for 100 fb−1 luminosity. In the case of H± → τν and H± → hW±, which are suppressed, respectively, by 1/tan β and cos(β−α) ≈ 0, the rate is much smaller than for the tb mode. In contrast, since the coupling H±W∓A is a gauge coupling without any suppression factor, when H± → AW± is open, it may dominate over the H± → tb channel. One can see from Figure 6 (bottom-left panel) that, for 100 GeV [image: image] GeV and for 1 ≤ tan β ≤ 14, the corresponding rate for σ(pp → tH−+c.c.) × BR(H± → AW±) ≥ 0.01 pb. This could lead to an interesting final state bW+W−A where one W± could decay leptonically, hence offering a clean trigger. The decay H± → hW± is essentially inaccessible, see Figure 6 (bottom-right panel).

In the case of 2HDM Type-II and -Y, as one can see from Figures 7, 9, respectively, there is a wide region over the ([image: image], tan β) plane where the rate for σ(pp → tH−+c.c.) × BR(H± → tb) is rather sizable for both moderate ([image: image] GeV) and heavy (otherwise) charged Higgs masses (top-left panel). However, if one takes into account the [image: image] constraint, then [image: image] is required to be much heavier than 580 GeV (as already discussed), which makes the rate σ(pp → tH− + c.c.) × BR(H± → tb) ≥ 0.1 pb only for tan β < 1.5. All the other channels (in the three remaining panels) have smaller production times decay rates.

The 2HDM Type-X is depicted in Figure 8, wherein the usual production times BR rates are shown. The top-right panel is again for the [image: image] channel, which exhibits a potentially interesting cross section (≥ 1 fb) in the [image: image] channel for both a light charged Higgs mass (around 200 GeV) and a heavy one (around 420 GeV). In the case of the τν channel (top-right panel), one can get sizable rates for σ(pp → tH−+c.c.) × BR(H± → τν) for a charged Higgs mass around 200 GeV and tan β ≥ 2.

In all 2HDM Types, we elect the best fit points to also be the BPs amenable to experimental tests by ATLAS and CMS.




6. CONCLUSIONS

We have studied charged Higgs boson phenomenology in both the MSSM and 2HDM, the purpose being to define BPs amenable to phenomenological investigation already with the full Run-1 and -2 datasets and certainly accessible with the Run-3 one of the LHC. They have been singled out following the enforcement of the latest theoretical and experimental constraints, so as to be entirely up-to-date. Furthermore, they have been defined with the intent of increasing sensitivity of dedicated (model-dependent) H± searches to some of the most probable parameter space configurations of either scenario. With this in mind, we have listed in two tables their input and output values, the former in terms of the fundamental parameters of the model concerned and the latter in terms of key observables (like, e.g., physical masses and couplings, production cross sections and decay BRs). We have also specified which numerical tools we have used to produce all such an information, including their settings.

For the MSSM we have concentrated on two popular scenarios, i.e., the hMSSM and [image: image] ones. It was found that the hMSSM case still possesses a rather large available parameter space, here mapped over the (mA, tan β) plane, while the [image: image] one is instead much more constrained. In terms of the largest production and decay rates, in the hMSSM scenario one finds that the most copious channels, assuming pp → tH− + c.c. production, are via the decay [image: image] followed by H+ → τν whereas for the [image: image] scenario the decay modes [image: image] and [image: image] offer the largest rates. In both cases, only [image: image] values are truly admissible by current data.

Within the 2HDM, we have looked at the four standard Yukawa setups, known as Type-I, -II, -X, and -Y. Because of [image: image] constraints, the profile of a charged Higgs in the 2HDM Type-II and -Y is a rather heavy one, with a mass required to be more than 580 GeV. While this puts an obvious limit to LHC sensitivity owing to a large phase space suppression in production, we have emphasized that [image: image] channels should be searched for, with intermediate contributions from the AW± and tb modes (including their interference [138]), alongside H± → τν. In the case of the 2HDM Type-I and -X, a much lighter charged Higgs state is still allowed by data, in fact, even with a mass below that of the top quark. While the configuration [image: image] is best probed by using [image: image] production and decays into τν, the complementary mass region, i.e., [image: image] (wherein pp → tH− + c.c. is the production mode), may well be accessible via a combination of [image: image] and H± → AW± (in Type-I) plus H± → τν (in Type-X).
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AUTHOR'S NOTE

Since the original submission of this paper, several new experimental analyses have been carried out by ATLAS and CMS using the full Run-2 data sample of ≈ 139 fb−1. Some of these, covering both measurements of the SM-like Higgs Boson and the search for new (pseudo)scalar Higgs states, both charged and neutral, have been captured by the latest versions of HiggsBounds and HiggsSignals, HiggsBounds-5.3.2beta and HiggsSignals-2.2.3beta, respectively. Likewise, further analyses by LHCb of flavor observables have been carried out since and most of these have been captured by the latest version of SuperIso. Hence, we have repeated our scans using all such tools and found negligible differences between our original results and the new ones. Further, we have investigated which ones of the full Run-2 data set analyses were not incorporated in the above codes and found that their ad-hoc application to our analysis did not change our results either.
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FOOTNOTES

1For a complete review on charged Higgs production modes, see Akeroyd et al. [34].

2Notice that this [image: image] configuration is compliant with the theoretical and experimental constraints discussed below, including Dark Matter (DM) ones. So is the case for the hMSSM configuration below.

3Notice that, for the MSSM scenarios considered here, the (dynamically generated) scalar potential is stable in vacuum and does not induce perturbative unitarity violations.

4https://lapth.cnrs.fr/micromegas/

5Probably accessible only at the High-Luminosity LHC [133].
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The decay width Tz, cross sections o{pp — tH~ +c.c.) as well as relevant decay BRs for the charged Higgs state are listed, for which values smaller than 10=* are neglected. We

have fixed mp, = 125 GeV and m2, = m2 sin p cos B.
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As for BRIBS — 11+ 117, the combined resuts from the LHCb and CMS collaborations are shown as in Archili [136].
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The first column shows the EW and QCD color cosets, respectively, followed by the representations under the confining hypercolor (HC) gauge group of the EW sector fermions y and
the QCD colored ones x. The G /ay, column indicates the ratio of charges of the fermions under the non-anomalous U(1) combination, whie “Baryon” indicate the typicel top partner
structure. The column “Name” contains the model nomenclature from Belyaev et al. [27), whil the last column marks the models that are currently being considered on the lattice. Note
that Sp indicates the spinorial representation of SO(N), while F and Ay stand for the fundamental and two-index anti-symmetric representations.
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For the EW coset (y v condensate), we list the SU(2). multiplets with their hypercharge, for the QCD coset (x x condensate) the QCD representation and hypercharge. We remark that
the only ubiquitous ones are the color octet and the two U(1) singlets, plus one singlet in the EW coset.
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Here we denote the field strength tensor of the gluons as G** and its dual as G,
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