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We study the two-pion Hanbury Brown–Twiss correlation functions for a partially coherent source constructed with the emission points and momenta of the identical pions generated by a multiphase transport model. A coherent emission length is introduced, the effects of which on the two-pion interferometry results in central Au-Au collisions at [image: image] GeV, central Pb-Pb collisions at [image: image] TeV, and p-p collisions at [image: image] TeV are investigated. It is found that the effect of coherent emission length reduces the two-pion correlation functions in the nucleus–nucleus collisions, leading to an average decrease of chaoticity parameter by approximately 15% in the high transverse momentum range. However, the influence of coherent emission length on the two-pion correlation functions in the p-p collisions is small, while the effect of coherent emission length on the chaoticity parameter is almost independent of the transverse momentum of pion pair in the p-p collisions.
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1 INTRODUCTION
Pion Hanbury Brown–Twiss (HBT) interferometry has been widely used in high-energy collisions to detect the space-time structure of particle-emitting sources [1–6]. Since HBT correlation disappears for coherent emission of bosons, the intercept of the pion HBT correlation function near-zero relative momentum is sensitive to the coherence of the particle emission and can also be affected by many other factors [1–6]. Recent measurements of two-pion HBT correlations in p-p, p-Pb, and Pb-Pb collisions at the Large Hadron Collider (LHC) [7–11] and those of Au-Au and Cu-Cu collisions at the Relativistic Heavy Ion Collider (RHIC) [12–16] showed that the intercepts of the two-pion correlation functions near zero relative momentum are substantially less than 2. These observations and the suppression of the multi-pion correlation functions observed in the Pb-Pb collisions at the LHC [11, 17] indicate that the particle-emitting sources are perhaps partially coherent. However, there is no widely accepted explanation for these observations.
In Ref. 18, Bary and Zhang et al. analyzed the two- and multi-pion HBT correlations in a granular source with coherent pion emission droplets. They assumed that pions are emitted randomly from the evolving droplets in the granular source and that pion emissions from one droplet are coherent because of the closed emission points. They found that the intercepts of the pion HBT correlation functions at the relative momenta near zero have substantial decreases in the coherent granular source model. However, more detailed studies are needed to explain the experimental data. In this article, we study the two-pion HBT correlation functions for the partially coherent sources constructed with emission points and momenta of identical pions generated by a multiphase transport (AMPT) model [19, 20] for high-energy A-A and p-p collisions. Compared to a bulk evolution model, the AMPT as a cascade model can provide more detailed information about the particle production, interaction, and propagation in the source. It has been extensively employed in the simulation of high-energy p-p, p-A, and A-A collisions at the RHIC and LHC [19–32]. This study is our first step toward better understanding the relationship between HBT correlation and particle emission in the source.
The rest of this article is organized as follows. In Section 2, we present a brief introduction to the AMPT model and a description of the correlation function calculation for partially coherent sources. The HBT interferometry results for the sources in high-energy A-A and p-p collisions are presented in Section 3. Finally, a summary and discussion are provided in Section 4.
2 MODEL AND CORRELATION FUNCTION CALCULATIONS
2.1 AMPT Model
The AMPT model has been extensively employed in the simulation of high-energy p-p, p-A, and A-A collisions at the RHIC and LHC [19–32]. The essential components of the AMPT model are initialization, parton transport, the hadronization mechanism, and hadron transport [20]. The initialization of the collisions is performed using the HIJING model [33]. Parton transport and hadron transport are described by the ZPC parton cascade model [34] and the ART model [35], respectively. In the string melting version of the AMPT model, which is used in this study, partons are hadronized by the quark coalescence mechanism [19, 20]. The model parameter μ of parton screening mass is taken to be 2.2814 fm−1, and the strong coupling constant αs is taken to be 0.47, corresponding to a parton-scattering cross section 6 mb [20]. The different values of the parton cross section were also used in analyzing the flow harmonics vn (n = 2, 3) by comparing them with experimental data [19–24]. Because of partonic scattering, the v2 results are great in the string melting AMPT model with a large parton scattering cross section [19, 20].
With the AMPT model, we can obtain the space-time emission points and momenta of identical pions and then calculate pion correlation functions. In Figure 1, we show the average spatial and temporal coordinates of the pion emissions versus pion transverse momentum in central Au-Au collisions at the RHIC energy [image: image]200 GeV (Figures 1A,B), central Pb-Pb collisions at the LHC energy [image: image]2.76 TeV (Figures 1C,D), and the p-p collisions at the LHC energy [image: image]13 TeV (Figures 1E,F). The solid and dashed lines are for the different values of the time limitation parameter tL, which means that only the pions generated before tL are sampled. The tL values taken in our calculations are smaller than the cutoff time of 200 fm/c used in the model HBT analyses [20], so as to avoid the influence of long-lived resonance decay on the investigations.
[image: Figure 1]FIGURE 1 | (A,B) Average spatial and temporal coordinates of pion emissions vs. pion transverse momentum in Au-Au collisions at [image: image]200 GeV. (C,D) Average spatial and temporal coordinates of pion emissions vs. pion transverse momentum in Pb-Pb collisions at [image: image]2.76 TeV. (E,F) Average spatial and temporal coordinates of pion emissions vs. pion transverse momentum in p-p collisions at [image: image]13 TeV. Solid and dashed lines denote the time limitation parameter tL = 100 and 50 fm/c, respectively.
For the A-A collisions, both the average values of the spatial and temporal emission coordinates for tL = 100 fm/c decrease with increasing transverse momentum, and the average of spatial coordinates for tL = 50 fm/c is almost independent of transverse momentum. The average values of the spatial and temporal emission coordinates for tL = 50 fm/c are smaller than those for tL = 100 fm/c, and the average values of the spatial and temporal coordinates of the Pb-Pb collisions are larger than those of the Au-Au collisions. Compared to the average values in the A-A collisions, the results in the p-p collisions are smaller, and their variations with transverse momentum are flatter.
2.2 Calculation of Two-Pion Correlation Function
The two-pion HBT correlation function C(p1, p2) is defined as the ratio of the two-pion momentum distribution P(p1, p2) to the product of the single-pion momentum distribution P(p1)P(p2):
[image: image]
For a chaotic pion-emitting source, P(pi) (i = 1, 2) and P(p1, p2) can be expressed as [2]
[image: image]
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where A(pi, Xi) is the magnitude of the amplitude for emitting a pion with momentum pi at the four-coordinate Xi, and
[image: image]
where pi is the four-momentum.
For small relative momentum, q = p1 − p2, we can use A(K, Xi), instead of A(pj, Xi) (i, j = 1, 2) [smoothed approximation, K = (p1 + p2)/2]. Then,
[image: image]
In high-energy nucleus–nucleus and proton–proton collisions at the RHIC and LHC, the systems are initially compressed in the beam direction (longitudinal or z direction) and then expanded longitudinally and transversely. Considering that the two pions emitted within a small longitudinal distance may be related, we assume that the pion emissions are coherent for the two pions with a relative longitudinal position [image: image] smaller than the length parameter LC. Thus, for the partially coherent sources,
[image: image]
where
[image: image]
and
[image: image]
We show in Figures 2A,B the two-pion correlation functions C(q) for the pion-emitting sources with the coherent emission length LC = 0 (chaotic source), 1, and 2 fm in the Au-Au collisions at [image: image]200 GeV in the transverse momentum ranges of KT < 500 GeV/c and KT > 500 GeV/c, respectively. Here, the temporal limitation parameter tL is taken to be 100 fm/c. One can see that the effect of coherent emission length is greater in the higher momentum range than in the lower momentum range and decreases the correlation functions. The correlation functions in the higher transverse momentum range are wider than those in the lower transverse momentum range because the average source sizes at high transverse momenta are smaller than those at low transverse momenta. Figures 2C,D show the correlation functions for the sources with tL = 50 fm/c. One can see that the correlation functions for tL = 50 fm/c are wider than those for tL = 100 fm/c because of the smaller source size for tL = 50 fm/c. In Figure 2D, the correlation functions with nonzero LC decrease slightly more than those in Figure 2B, relative to the correlation functions of the chaotic sources (LC = 0 fm).
[image: Figure 2]FIGURE 2 | Two-pion correlation functions C(q) for pion-emitting sources with different coherent emission length values, LC, in the transverse momentum ranges of KT < 500 MeV/c and KT > 500 MeV/c, respectively, in Au-Au collisions at [image: image] GeV. Panels (A,B) apply to the temporal limitation parameter tL = 100 fm/c, while panels (C,D) apply to tL = 50 fm/c.
In high-energy p-p collisions, the statistics of the pions with high transverse momenta are smaller than those of the Au-Au collisions. In Figures 3A,B, we show the two-pion correlation functions in the p-p collisions at [image: image]13 TeV, for the pion-emitting sources with coherent emission lengths LC = 0 (chaotic source), 0.5, and 1 fm in the transverse momentum ranges of KT < 350 GeV/c and KT > 0 GeV/c, respectively. Here, the temporal limitation parameter is taken to be tL = 100 fm/c. The corresponding results for tL = 50 fm/c are shown in Figures 3C,D. Compared to the correlation functions in the Au-Au collisions, the two-pion correlation functions in the p-p collisions are wider because the source sizes are smaller in p-p collisions. The effect of coherent emission length on the two-pion correlation functions in the p-p collisions is almost independent of the KT range and the tL parameter.
[image: Figure 3]FIGURE 3 | Two-pion correlation functions C(q) for pion-emitting sources with different coherent emission length values, LC, in the transverse momentum ranges of KT < 350 MeV/c and KT > 0 MeV/c, respectively, in p-p collisions at [image: image] TeV. Panels (A,B) apply to the temporal limitation parameter tL = 100 fm/c, while panels (C,D) apply to tL = 50 fm/c.
3 INTERFEROMETRY RESULTS
In two-pion HBT analyses, the usual correlation function formula is
[image: image]
where Rout, Rside, and Rlong are the Bertsch–Pratt variables [36, 37], which denote the components of the relative momentum q in the transverse “out” (parallel to the transverse momentum of the pion pair KT), transverse “side” (in the transverse plane and perpendicular to KT), and longitudinal (“long”) directions in the longitudinally comoving system (LCMS) frame [6], respectively. In Eq. 9, λ is the chaoticity parameter and Rout, Rside, and Rlong are the HBT radii in the out, side, and long directions, respectively. By fitting the calculated three-dimensional correlation functions for the partially coherent sources with Eq. 9, one can obtain the values of the HBT radii and the chaoticity parameter.
3.1 Au-Au Collisions
In Table 1, we present the fitted results of the HBT radii (Rout, Rside, and Rlong) and the chaoticity parameter λ in Eq. 9, for the sources with coherent emission lengths LC = 0, 1, and 2 fm in central Au-Au collisions at [image: image] GeV and in the transverse momentum ranges KT < 500 MeV/c and KT > 500 MeV/c. Here, the ratios of χ2 to the number of bins fitted are also presented. The temporal limitation parameter tL is taken to be 100 and 50 fm/c, and the event number is 104.
TABLE 1 | Fitted results of HBT radii and λ parameter in Eq. 9 for sources with LC = 0, 1, and 2 fm in central Au-Au collisions at [image: image] GeV, in transverse momentum ranges KT < 500 MeV/c and KT > 500 MeV/c. tL values are 100 and 50 fm/c, and ratios of χ2 to the number of bins fitted are also presented.
[image: Table 1]One can see that the HBT radii increase slightly with increasing LC, and the λ parameter decreases with increasing LC. The HBT radii in the higher transverse momentum range are smaller than those in the lower transverse momentum range because the average source sizes are small at high transverse momenta (Figure 1A). In the lower transverse momentum range, the λ results are smaller than those in the higher transverse momentum range. The main reason is that the scattering interactions in the particle-emitting source reduce the intercepts of the correlation functions[20, 38], and this influence is weaker in the higher transverse momentum range where most pions are emitted early. The results of χ2/NBF indicate that the sources in the lower transverse momentum range are more different from a Gaussian source. For the sources with tL = 50 fm/c, the HBT radii are slightly smaller than those of the sources with tL = 100 fm/c. However, the λ results are slightly larger than those of the sources with tL = 100 fm/c. It should be noted that the effect of coherent emission length on the chaoticity parameter λ becomes increasingly significant for sources with a smaller tL value, which reduces the λ value by approximately 11% (for LC = 1 fm) to 24% (for LC = 2 fm) in the higher transverse momentum range.
We show in Figure 4 the projections of the two-pion correlation functions C(qout, qside, qlong) in the out, side, and long directions, for the sources in central Au-Au collisions at [image: image] GeV and with tL = 100 fm/c. The upper panels plot the transverse momentum range KT < 500 MeV/c, and the bottom panels plot the transverse momentum range KT > 500 MeV/c. The circle, up-triangle, and down-triangle symbols denote the coherent emission lengths LC = 0, 1, and 2 fm, respectively. For each relative momentum direction, the projection of the correlation function is obtained from the three-dimensional correlation function by averaging the relative momenta in the other two directions over 0–20 MeV/c. The lines in the figure are the corresponding fitted curves of Eq. 9. The differences between the lines and corresponding symbols are due to the deviation from a Gaussian source distribution.
[image: Figure 4]FIGURE 4 | Two-pion correlation functions with respect to relative momenta qi,j,k (i, j, and k = out, side, and long) for sources in central Au-Au collisions at [image: image] GeV and with tL = 100 fm/c. Upper panels plot transverse momentum range KT < 500 MeV/c and bottom panels plot KT > 500 MeV/c. Circle, up-triangle, and down-triangle symbols denote coherent emission lengths LC = 0, 1, and 2 fm, respectively. Lines are fitted curves.
We show in Figure 5 the projections of the two-pion correlation functions C(qout, qside, qlong) in the out, side, and long directions, for the sources in central Au-Au collisions at [image: image] GeV and with tL = 50 fm/c. As in Figure 4, the projection in each direction is obtained from the three-dimensional correlation function by averaging the relative momenta in the other two directions over 0–20 MeV/c. The lines are the corresponding fitted curves of Eq. 9. Compared with the results in Figure 4, we find that the correlation functions in the KT > 500 MeV/c range decrease slightly more with increasing LC for the source with smaller tL.
[image: Figure 5]FIGURE 5 | Two-pion correlation functions with respect to relative momenta qi,j,k (i, j, and k = out, side, and long) for sources in central Au-Au collisions at [image: image] GeV and with tL = 50 fm/c. Upper panels plot transverse momentum range KT < 500 MeV/c, and bottom panels plot KT > 500 MeV/c. Circle, up-triangle, and down-triangle symbols denote coherent emission lengths LC = 0, 1, and 2 fm, respectively. Lines are fitted curves.
3.2 Pb-Pb Collisions
In Table 2, we present the fitted results of the HBT radii (Rout, Rside, and Rlong) and chaoticity parameter λ in Eq. 9 for the sources with the coherent emission lengths LC = 0, 1, and 2 fm in central Pb-Pb collisions at [image: image] TeV and in the transverse momentum ranges KT < 500 MeV/c and KT > 500 MeV/c. Here, the ratios of the χ2 to the number of bins fitted are also presented. The parameter tL is taken to be 50 fm/c, and the event number is 3 × 103. Compared to the corresponding results for the Au-Au collisions, the HBT radii for the sources in the Pb-Pb collisions are larger, and the effect of coherent emission length on λ is slightly weaker. The two-pion correlation functions with respect to relative momenta qout, qside, and qlong are shown in Figure 6, for the sources in central Pb-Pb collisions at [image: image] TeV and with tL = 50 fm/c. Here, the lines are the fitted curves of Eq. 9.
TABLE 2 | Fitted results of HBT radii and λ parameter in Eq. 9 for sources with LC = 0, 1, and 2 fm in central Pb-Pb collisions at [image: image] TeV, in transverse momentum ranges KT < 500 MeV/c and KT > 500 MeV/c. The tL value is 50 fm/c, and ratios of χ2 to the number of bins fitted are also presented.
[image: Table 2][image: Figure 6]FIGURE 6 | Two-pion correlation functions with respect to relative momenta qi,j,k (i, j, and k = out, side, and long) for sources in central Pb-Pb collisions at [image: image] TeV and with tL = 50 fm/c. Upper panels plot the transverse momentum range KT < 500 MeV/c, and bottom panels plot KT > 500 MeV/c. Circle, up-triangle, and down-triangle symbols denote coherent emission lengths LC = 0, 1, and 2 fm, respectively. Lines are fitted curves.
3.3 p-p Collisions
In Table 3, we present the fitted results of the HBT radii (Rout, Rside, and Rlong) and the chaoticity parameter λ in Eq. 9, for the sources with the coherent emission lengths LC = 0, 0.5, and 1 fm in p-p collisions at [image: image] TeV and in the transverse momentum ranges KT < 350 MeV/c and KT > 0 MeV/c. Here, the ratios of the χ2 to the number of bins fitted are also presented. The temporal limitation parameter tL is taken to be 50 fm/c. Because of the lesser pion multiplicity than that in the A-A collisions, the event number for the p-p collisions is taken to be 2 × 105.
TABLE 3 | Fitted results of HBT radii and λ parameter in Eq. 9 for sources with LC = 0, 0.5, and 1 fm in p-p collisions at [image: image] TeV, in transverse momentum ranges KT < 350 MeV/c and KT > 0 MeV/c. The tL value is 50 fm/c, and ratios of χ2 to the number of bins fitted are also presented.
[image: Table 3]One can see that the HBT radii for the sources in the p-p collisions are small. The radii increase slightly with increasing LC, as is the sources in the nucleus–nucleus collisions. However, the effect of coherent emission length on λ parameter is small, and it reduces the λ value by approximately 8%. Because the average source size in the p-p collisions is almost independent of particle transverse momentum (Figure 1C), the effect of coherent emission length is almost the same in the two transverse momentum ranges. We show in Figure 7 the two-pion correlation functions with respect to relative momenta qout, qside, and qlong, for the sources in the p-p collisions and with tL = 50 fm/c. The lines are the fitted curves of Eq. 9.
[image: Figure 7]FIGURE 7 | Two-pion correlation functions with respect to relative momenta qi,j,k (i, j, and k = out, side, and long) for sources in p-p collisions at [image: image] TeV and with tL = 50 fm/c. Upper panels plot for the transverse momentum range KT < 350 MeV/c, and bottom panels plot KT > 0 MeV/c. Circle, up-triangle, and down-triangle symbols denote coherent emission lengths LC = 0, 0.5, and 1 fm, respectively. Lines are fitted curves.
4 SUMMARY AND DISCUSSION
We construct a partially coherent source by introducing a coherent emission length for the identical pion emission points generated by the AMPT model. The effects of the coherent emission length on the two-pion interferometry results in central Au-Au collisions at [image: image] GeV, central Pb-Pb collisions at [image: image] TeV, and p-p collisions at [image: image] TeV are investigated. We find that the effect of coherent emission length reduces the two-pion correlation functions for the sources in the nucleus–nucleus collisions, leading to an average decrease of the chaoticity parameter λ by approximately 15% in the high transverse momentum range KT > 500 GeV/c in the nucleus–nucleus collisions. However, the influence of coherent emission length on the two-pion correlation functions for the sources in the p-p collisions is small. The effect of coherent emission length on the λ parameter is almost independent of the transverse momentum of pion pair, KT, in the p-p collisions.
As a microscopic transport model, the AMPT model can provide the emission coordinates and momenta of particles in the source and has been extensively used in high energy nucleus–nucleus, proton–proton, and proton–nucleus collisions to explain experimental observables. The method used in this study was able to construct the partially coherent sources and affect the analysis results of two-pion HBT interferometry, especially the λ parameter. However, it does not affect the explanations that the AMPT model provides for other observables. The particle-emitting sources produced in high-energy particle collisions may perhaps be partially coherent. The coherent fraction of the systems is related to the source size, temperature, particle multiplicity in the collision, and so on. This study is a first step toward understanding the influence of particle coherent emission on two-pion HBT correlations. More detailed studies on the two- and multiparticle (pions and kaons) HBT correlations in partially coherent sources and a better understanding of the coherent emission mechanism by comparing model and experimental HBT results will be of interest.
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