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The Large Hadron Collider (LHC) at CERN has brought physics
to the TeV energy frontier. It has been a long-standing belief
that at this energy an important issue regarding the Standard
Model (SM) of particle physics would be answered and New
Physics (NP) (as in addition to that described by the SM) would
be observed.

In its first stage, at 7 and 8 TeV of center of mass (CM) energy,
however, no NP has been found, leaving physicists uncomfortably
bewildered about their long-held view that TeV- or even subTeV-
NP is responsible for the stabilization of the Fermi scale and of
the Higgs mass. While the final answer to this issue has still to be
given by the second stage of the LHC at CM energy of 14 TeV,
at least one part of physicists expectations was realized: in July
2012, the discovery of a new boson was announced [1, 2]. In the
following months, it became increasingly clear that this particle
is indeed the Higgs boson responsible for the breaking of the SM
gauge symmetry and for providing mass to the SM elementary
particles.

The frantic activity to fingerprint this particle will, with-
out any doubt, increase in the second LHC stage. In case NP
turns out to be more elusive than expected, the measurement
of the Higgs-boson’s couplings can already give us information
on what we are to find. Any top-like NP state X capable of sta-
bilizing the Fermi scale and the Higgs mass itself, for example,
is bound to produce a deviation of the couplings Higgs-gluon-
gluon gyee and Higgs-photon-photon gpyy, with resepct to the
SM couplings gHgelsm and gryylsym, which can be numerically

expressed as:
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1ALl the following estimates are from Baer et al. [3], where the value of
120 GeV was chosen for the Higgs-boson mass. An update of all previous
studies, using my = 126 GeV is still missing.

The Higgs boson will be subject of intense experimental searches in future high-energy
experiments. In addition to the effort made at the Large Hadron Collider, where it was
discovered, it will be the major subject of study at the International Linear Collider. We
review here the reasons for that and some of the issues to be tackled at this future
accelerator, in particular that of the precision of the Higgs-boson couplings.
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if the state X is a top-like scalar, or

2
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if it is a top-like fermion. Thus, a resolution of the couplings grgee
and gpryy at the percent level is needed to tell us something about
this possible new state X.

Supersymmetric particles, if Supersymmetry (SUSY) is the
theory that extends the SM, produce numerically similar devia-
tions of the gyg, and gpyy couplings, in the minimal SUSY SM
with my = 1TeV, tan = 1, and stop particles with masses 860
and 1200 GeV:
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with a peculiar change of signs with respect to those obtained in
Equations (1), (2). This is due to the fact that in the SUSY situ-
ation charginos/charged Higgs/staus contribute only to the gp,
coupling, whereas stops contribute to both.

Larger deviations can be obtained in other models, but it is
clear that to disentangle at least the simple extensions discussed
above, a precision at the percent level, or even smaller, is required.
It is then clear why the measurement precision of the Higgs cou-
plings has become an arena for debate on which new accelerators,
if any, should guide us into future explorations.

The importance of eTe™ machines for these future explo-
rations of particle physics has long been discussed (see for
example [4], [5]).

Lepton eTe™ colliders have quite some advantage over hadron
colliders when it comes to precision measurements.

In a hadron machine, as the LHC, about 30 pp collisions take
place at each bunch crossing with each of them producing hun-
dreds of particles. At an eTe™ collider only one photon-photon
collision is expected at each bunch crossing. Thus, detectors
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for eTe™ machines are unburdened from high-occupancy prob-
lems. They can be as thin as possible and physically located
much closer to the interaction point. In turn, this allows a fac-
tor of 10 improvement in momentum resolution, with respect
to a hadron collider like the LHC, a factor of about three
improvement in jet-energy resolution, and, last, but not least,
also an excellent capability of tagging b- and c¢- quarks, as well as
T- leptons.

Together with the fact that pileups from multiple collisions are
not a problem in an e*e™ environment, this makes clear why an
ete™ machine is more suited for precision measurements.

The unique feature of the International Linear Collider (ILC)
is the fact that its CM energy can be increased gradually simply by
extending the main linac.

The ILC is supposed to operate at three stages. After a start
at /s = 250 GeV, there will be an increase of the CM energy
to 500GeV, and later to 1000 GeV. In the three stages, each
one operating for 3 years, an integrated luminosity of 250, 500,
and 1000 fb~! will be obtained, respectively. With a luminosity
upgrade, the accumulated luminosity will reach values of 1150,
1600, and 2500 fb~!, respectively. Given these luminosities, it is
reasonable to assume that at the 250 and 500 GeV ILC, about 80
thousend and 120 thousand Higgs events will be produced. With
the luminosity achieved after a luminosity upgrade, this amount
will be at least tripled.

At the different stages the Higgs couplings are measured
in different processes. The two main Higgs-production mech-
anisms at the ILC are Higgs-strahlung, i.e., the radiation of
the Higgs bosons off an s-channel Z-line, and the WW-
fusion process. The two mechanisms are depicted diagrammat-
ically in Figurel. A replacement of the W boson with the Z
boson and of the neutrino and antineutrino with an electron
and a positron in the diagram for the WW-fusion mecha-
nism is the diagram for the sub-leading ZZ-fusion production
mechanism.

As shown by the values of cross sections for the first two pro-
duction mechanisms, in Figure 2, the Higgs-strahlung process
peaks at /s = 250 GeV, while at higher energies, the dominant
production process is the WW-fusion. The blue line for the WW-
fusion cross section in this figures includes also the cross section
for the ZZ-fusion process, which is only a tiny fraction of that for
the WW-fusion process.

With the subsequent decays of the Higgs boson into a pair
of X particles, H — XX, these two processes allow to study the

FIGURE 1 | Feynman diagrams for the dominant Higgs-production
processes at the ILC: the Higgs-strahlung (left) and the WW-fusion
processes (right).

couplings grxx, which can be tree-level couplings, or also effec-
tive couplings for loop-level decays. Indeed, the particle X here
can be a fermion, a photon, or a gluon.

The ZH process is crucial for measuring the Higgs couplings.
By reconstructing the Z boson from the two leptons to which it
decays, the Higgs boson can be captured inclusively, without look-
ing at its decay products. Thus, also the width for invisible decays
can be estimated.

With the Higgs recoil method, and the luminosity values spec-
ified above, the total cross section for the ZH process, 6z, can be
measured with 1.3% precision.

Measuring then the cross section for the process ete™ —
ZH — ZXX, 0z1: H—xx> sensitive to the coupling grxx:

OZH;H— XX >
— X&Hxx (4)
OZH

a good precision can be achieved for the couplings ggxx. In par-
ticular a precision of 0.7% can be obtained in the case X = Z,
ie., for gnzz, when my = 126 GeV is used. (Note the claimed
precision of 0.5% listed in Table 1, referring to mpy = 120 GeV.

The most challenging decays among those studied at this CM
energy, are those into b-, c- quarks, and into gluons.

The expected sensitivity for the couplings measured at this
stage is summarized in Table1, where also the couplings
gHWW> gHn» measured at 500 GeV, and discussed hereafter are
included.
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FIGURE 2 | Cross sections for the Higgs-strahlung (red line) and
WW-fusion (blue line) production mechanism, as a function of the CM
energy /s [3]. The black line is simply the cross section due to both
production mechanisms, giving rise to the final state Hff (with the Z-boson
in the Higgs-strahlung cross section decaying in all possible fermions).
Polarizations of 80 and 30% for electrons and positrons, respectively, were
assumed.
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At /s = 500 GeV, the measurement of the cross section for the
process ee” — ViH — VDWW, 6,505 ww» related to ggww
as in

ovit:H—ww = v BR(H — WW) & giww (5)

Table 1| Expected precisions for the Higgs-boson couplings [6], once
results from the different CM energies, and upgraded luminosity are

considered.

ILC(250) ILC(500) ILC(1000) ILC(LumUp)
Vs (GeV) 250 250 + 500 250 + 500 + 1000 250 + 500 + 1000
L(ab-') 025 025+05 025+05+1 115+16+25
Yy 18% 8.4% 4.0% 2.4%
ag 6.4% 2.3% 1.6% 0.9%
ww 4.8% 1.1% 1.1% 0.6%
V4 1.3% 1.0% 1.0% 0.5%
tt - 14% 3.1% 1.9%
bb 5.3% 1.6% 1.3% 0.7%
Tt~ 5.7% 2.3% 1.6% 0.9%
cc 6.8% 2.8% 1.8% 1.0%
whp™ 91% 91% 16% 10%
r'r(h) 12% 4.9% 4.5% 2.3%
HHH - 83% 21% 13%
BR(invis.) <0.9% <0.9% <0.9% <0.4%

For these estimates the value my = 120 GeV was used.

FIGURE 3 | Feynman diagrams for the ttH production process, with
the Higgs boson radiated off the t-quark and the Z-line.
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FIGURE 4 | Cross section for the ttH process as a function of /s [7].
The solid(dotted) lines, highlighted by arrows, denote which one
includes(doesn’t include) QCD effects. Both lines refer to the process
shown in Figure 3. For completeness it is shown also the ttH process
originating from the Higgs strahlung, with subsequent decay H > tt.
Shown are also some sources of background, such as the process

ttg* > ttbb with a virtual gluon radiated off one of the two initial top-quarks.

gives this coupling, up to the absolute cross section oy, ;7. This can
be obtained from the measurement of 6,51 H— xx:

OviH:H—xx = v BR(H — XX) o ghwShncx (6)

with the coupling g7y, already extracted at /s = 250 GeV. A
convenient decay mode is in this case H — bb.

At /s = 500 GeV also the tfH-production mechanism opens
up. The relevant Feynman diagrams for this process are shown in
Figure 3.

The corresponding cross section is plotted in Figure4 as a
function of the CM energy. At /s = 500 GeV the cross section
is somewhat small. It is however enhanced by a factor of two by
QCD corrections, including mainly ¢# bound-state effects. This
makes the measurement of the Higgs-top coupling possible, with
a somewhat modest precision of 14%, not including theoretical
errors. Subsequent CM-energy increases and luminosity upgrades
will be able to improve this precision up to 2% (again without
theory errors).

Data at 500 and 1000 GeV will help to improve the precision
of all couplings already measured in previous stages.

What will remain a bit elusive, probably until the comple-
tion of the ILC program, is the Higgs self coupling, gynp. It
is clear that to give a complete identification of the recently
discovered Higgs boson the measurement of this self cou-
pling and then a reconstruction of the Higgs potential are
necessary.

It can be obtained from the ZH and WW-fusion processes,
with a subsequent decay of H into a pair HH. In the ete™ —
ZHH process the Z boson will be reconstructed from the pairs I
and qq in which it decays. In the eTe™ — VOHH the two H’s can
be reconstructed from 4b’s or 2b’s and 2 W’s.

Luminosity upgrade at the ILC as well as high polarization
will have the goal of bringing the measurement of the Higgs self
coupling to a final ~ 10% precision.

Except for this coupling, the precision achievable for the
other couplings, summarized in Table 1, is well within the values
requested by Equations (1, 2, 3), i.e., is good enough to address
the issue of the nature of NP to be expected.

The LHC will in the meantime help (hopefully even
considerably) in fingerprinting the Higgs boson. Together
with the ILC, then, an accurate profile of this particle
will be put together and, with it, an understanding of
what triggers the electroweak symmetry breaking will be
obtained.
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