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It has been found that the gluon density inside the proton grows rapidly at small momentum fractions.
Quantum chromodynamics (QCD) predicts that this growth can be regulated by nonlinear effects,
ultimately leading to gluon saturation. Within the color glass condensate framework, nonlinear QCD effects
are predicted to suppress and broaden back-to-back angular correlations in collisions involving heavy
nuclei. While suppression has been observed in various experiments in d/p + A collisions compared to
p + p collisions, the predicted broadening remains unobserved. This study investigates the contributions of
intrinsic transverse momentum (k7), which is associated with saturation physics, as well as parton showers

and transverse motion from fragmentation (prmg), which are not saturation dependent, to the width of the

correlation function. Our findings show that the non-saturation dependent effects, especially the initial-state

parton shower and prmg, which occur independently of the collision system, smear the back-to-back

correlation more than gluon saturation does, making the broadening phenomenon difficult to observe.
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I. INTRODUCTION

An important focus of nuclear science is the origin and
structure of the nucleus and the nucleons within it, which
account for essentially all the mass of the visible Universe.
Half a century of investigations have revealed that nucleons
themselves are composed of quarks, bound together by
gluons, and have led to the development of the fundamen-
tal theory of quantum chromodynamics (QCD). Recent-
generation colliders have provided ample data to extract
the quark momentum distributions inside the nucleon,
while a detailed exploration of the gluon dynamics is still
limited [1]. Particularly, our understanding of the so-called
gluon saturation [2-9], predicted by QCD to emerge in high
energy collisions, remains incomplete.

According to QCD, partons inside the nucleons are dis-
tributed as described by the parton distribution functions
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(PDFs), f;(x,Q?), parameterized by a fraction of the
hadron’s longitudinal momentum fraction, x, carried by
the parton that is being probed at the scale Q2. It is well
known that the concept of linear evolution on PDFs through
the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
formalism [10-12] is a key ingredient for perturbative
QCD (pQCD) and has been successfully applied to under-
stand many hard processes in high-energy collisions.
Utilizing factorization theorems, PDFs can be extracted
through global fits from, for example, cross section
data [13]. A large number of high-energy physics experi-
ments have established that the gluon distribution grows
rapidly as x decreases, due to gluon splitting. However, the
gluon density cannot grow arbitrarily large, since this
would violate the unitarity limit for forward scattering
amplitudes at very high energies [4,14]. Recent experi-
mental data [13] at small x have provided us some
intriguing evidence for the onset of a novel QCD regime,
which cannot be fully described by linear QCD evolution
approaches [4].

When the gluon density at low x becomes so large that
the gluons of a fixed transverse size ~1/Q% begin to
overlap, the QCD evolution dynamics essentially becomes
nonlinear [15,16]. In this regime, QCD predicts that
gluons can recombine in the dense medium. Although this
phenomenon has yet to be confirmed experimentally,
gluon splitting is expected to be balanced by gluon
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recombination [16,17], thereby taming the rapid growth of
the gluon density. In contrast to DGLAP, which describes
how PDFs evolve with Q2 at large x, different approaches
have been developed to capture the nonlinear gluon
dynamics at small x under the color glass condensate
(CGC) framework, such as the Balitsky-Kovchegov
(BK) [18,19] and the Jalilian-Marian-Iancu-McLerran-
Weigert-Leonidov-Kovner (JIMWLK) [20-22] evolution
equations. Specifically, the BK equation governs the
evolution of the scattering amplitude for a color dipole
(a quark-antiquark pair) interacting with a target hadron or
nucleus as a function of x. Meanwhile, the JIMWLK
equation governs the evolution of correlators of Wilson
lines, which encode the rapidity evolution of multiple
partons interacting with the color field. Quantitatively,
the saturation scale Q; is introduced to characterize the
transition between different regimes of parton density. Q2
depends on x and is proportional to the cube root of nuclear
mass number (A'/3). For Q% > Q2, the target hadron and
nucleus is usually treated as a dilute system, whereas for
Q? < Q?, the target becomes highly saturated, exhibiting a
large parton density. As Q; is larger for heavier nuclei than
in the proton, thus, nuclei provide a natural environment to
study nonlinear gluon evolution.

Back-to-back dihadron azimuthal angle correlations at
large pseudorapidities have been proposed to be one of the
most sensitive probes for directly accessing the underlying
gluon dynamics involved in hard scatterings [23,24]. Within
the CGC framework [25-27], quark and gluon scatterings at
forward angles (large pseudorapidities) will interact coher-
ently with gluons at low-x in the nucleus [28]. As aresult, the
probability of observing associated hadrons is expected to be
suppressed, and an angular broadening of the back-to-back
dihadron correlation in p(d) + A collisions is predicted in
comparison to p + p collisions [29,30].

From the experimental perspective, finding definitive
evidence for nonlinear QCD effects is a primary objective
of the Relativistic Heavy Ion Collider (RHIC) Cold QCD
program, the Large Hadron Collider (LHC) forward physics
program, and the future electron ion collider (EIC). Previous
results from collisions between hadronic systems, i.e., p + A
or d+ A at RHIC and the LHC provide a window into
extracting the parton distributions of nuclei at small x.
Several RHIC measurements [31-35] have shown that the
hadron yields at forward pseudorapidities (deuteron-going
direction) are suppressed in d 4+ Au collisions relative to p +
p collisions. Measurements by the LHCb experiment [36,37]
indicate the suppression of D meson production in p + Pb
collisions relative to p + p collisions in the forward direction
(proton-going direction). For correlation measurements, on
one hand, both RHIC [38,39] and the LHC [40,41] observed
this predicted suppression in nucleus-involved collisions
compared to the baseline p + p collisions at different
collision energies, suggesting hints of gluon saturation.
On the other hand, none of the experiments has claimed

the observation of the broadening phenomenon predicted by
CGC to date.

At PHENIX [38], the widths of the away-side peak in
midforward rapidity correlations are similar between p + p
and central d + A. For forward-forward correlations, pos-
sible broadening in d + A is inconclusive due to the high
pedestal in d + A compared to the baseline p + p that
possibly biases the width extraction. At STAR [39], the
pedestal in forward di-z° correlations is similar between
p + pand p + A, allowing a more reliable extraction of the
width. However, no broadening is observed, the away-side
widths remain unchanged between p + p and p + A. At
the LHC, LHCDb [40] did not report the width for forward
dihadron correlation, and ATLAS [41] observed no differ-
ence in the dijet correlation widths between p + p
and p + A.

Although the CGC framework predicts both suppression
and broadening of particle correlations in p + A or d + A
collisions relative to p + p as signatures of gluon saturation
in nuclei, so far only suppression effects have been clearly
observed, while no conclusive evidence for broadening has
been reported. In this paper, we focus specifically on
investigating the broadening signature. A more compre-
hensive analysis including suppression effects will be
presented in a future study.

II. METHOD

The puzzle of the unobserved broadening phenomena
has motivated and was partially explained by several
theoretical and phenomenological studies, possible explan-
ations include Sudakov effects [24,42-45], next-to-leading
order (NLO) contributions [24,44,45], and a nuclear PDF
picture [46] which originates from a different physical
mechanism than the one discussed in this paper.

Reference [24] reviewed the feasibility of measuring two
charged hadron correlations in simulated ¢ + A and e + p
collisions at the future EIC to explore its capability to study
saturation. Gluon saturation was implemented using unin-
tegrated gluon distributions (UGDs) in e + A collisions,
with an intrinsic transverse momentum (k) assigned to
gluons in the initial-state. This transverse motion of partons
inside hadrons can be effectively included by assuming that
kr follows a Gaussian distribution. Reference [47] dis-
cusses in detail how to estimate k; for p 4+ p and p + pb
collisions at various collision energies, postulating the
saturation scale Q, being strongly correlated to the value
of the k7. Q, is extracted for the proton by fitting the dipole
amplitude to inclusive deep inelastic scattering within the
CGC framework, employing the running coupling BK
evolution. For nuclei, the saturation scale is then predicted
without additional free parameters by modeling the nucleus
as a superposition of nucleons using a Glauber approach,
effectively extending the proton fit to heavy nuclei. In the
phase space accessible to the STAR forward di-z°,
Ref. [47] suggests Q, is around 0.5 and 1.0 GeV/c for
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proton and lead, respectively. In this simulation study, we
assigned the components of k7, k, and k,, to follow a
Gaussian distribution with widths of 0.5 and 1.0 GeV/¢ for
p + p and p + Au collisions, respectively. The magnitude
of ky follows a Rayleigh distribution with the central value
equal to the Gaussian width [48]. In the following sections
of this paper, we use values such as k; = 1.0 or 0.5 GeV/c
(or other width values) to denote the central value of the
corresponding |k7| distribution. A common practice is to
compare the correlation functions with ki = 1.0 GeV/c in
p + p collisions to those with ky = 0.5 GeV/¢, and
evaluate whether the back-to-back correlation function is
broadened.

It is important to note that the CGC calculations have
entered the NLO era [42—44], as it has been observed that the
leading-order (LO) calculations are no longer able to
describe the global data for two-particle correlation mea-
surements, especially their width. NLO contributions, such
as parton showers, broaden the away-side peak of the
dihadron correlation function, just as saturation is predicted
to do. The contribution from parton showers is effectively
included into the Sudakov factor. More importantly, this
contribution exists in all types of collision systems no matter
what species the beam is. However, it remains unclear how
the parton shower effect might be modified in the nuclear
medium. Without a detailed understanding, it is difficult to
draw any definite conclusions about the saturation effects, as
parton showers and saturation effects are always entangled.

One final contribution, the transverse momentum induced
by the fragmentation process, prmg, can also modify the
shape of the back-to-back correlation. In pQCD calculations
within the collinear factorization framework, the PDFs and
fragmentation functions do not contain any transverse
momentum dependence. Therefore, the transverse momen-
tum of hadrons produced in the final state is given by
pr = zpr, where pr and py are the transverse momentum
of the parton and hadron, respectively. Here, z represents the
momentum fraction of a hadron with respect to its mother
parton. This relation should be revised if one incorporates
transverse momentum effects into fragmentation functions.

Like the intrinsic kr, p*® can be effectively modeled by
assuming that it follows a Gaussian distribution. A wider
back-to-back correlation function, compared to the case with

pr”‘g =0 GeV/c, is expected to be generated by setting the

Gaussian width of p*® to be 0.4 GeV/c. This value is
extracted from a global analysis [49] using data from the
EMC [50], HERMES [51,52], and COMPASS [53] experi-
ments. A comparison of the generated correlation function is
compared to the output from the collisions without
assigning pe,

In this paper, we perform a detailed study of the effects
from intrinsic k7, parton showers, and pgfag to the corre-
lation function. The intrinsic k7 is assigned following gluon

. . £ .
saturation models, while parton showers and p;® exist

independent of saturation physics in all types of collision
systems.

III. MONTE CARLO SETUP

The results of this paper are based on simulations using
the PYTHIA-6 Monte Carlo (MC) generator [54] with the
standard STAR tune [55], employing PDFs from the
LHAPDF library [56] and JETSET for fragmentation
processes. The factorization scale u> of 2 — 2 processes
is expressed as u*> = py>. We simulated 200 GeV p + p
collisions using CTEQ6L [57] as the input PDF for the two
proton beams.

IV. SIMULATION RESULTS AND DISCUSSIONS

In this paper, the observable is the correlation function of
7Y pairs (di-z°) at forward pseudorapidity (2.6 < 5 < 4) in
200 GeV p+ p collisions. In each pair, the trigger
hadron is the one with the higher p; value, ptTrig, and
the associated hadron is the one with the lower p; value,

ps°. The correlation function, C(A¢), is defined as

C(Ag) = AIX PX(AAX) where N is the yield of correlated

trigger and associated hadron pairs, Ny, is the trigger
hadron yield, A¢ is the azimuthal angle difference between
the trigger hadron and associated hadron, and Agy;, is the
bin width of the A¢ distribution. The correlation function is
fitted over the range A¢p = —n/2 to A¢ = 37/2 using two
individual Gaussians at the near- (A¢ = 0) and away-side
(A¢ = n) peaks, together with a constant term representing
the pedestal. The pedestal originates from two z°s that are
not correlated with each other. The area of the away-side
peak is the integral of the correlation function over A¢ =
/2 to A¢p = 3xr/2 after pedestal subtraction, describing
the back-to-back #° yields per trigger particle. The corre-
sponding width is defined as the standard deviation () of
the away-side peak according to the fit.

The parton momentum fraction x in the nucleon is
proportional to the transverse momentum of the two
hadrons, and Q can be approximated as their average pr.
By varying pr, one can effectively probe different values of
xand Q2. Atlow pr, the gluon density is expected to be large
and potentially in a saturation regime. When py is high, x
and Q? are not small enough to reach this nonlinear regime.
Recent STAR results on forward di-z° correlations [39]

suggest that the transverse momentum range (Ptrng =
2-2.5 GeV/c and p§%° = 1-1.5 GeV/c) is sufficiently
small to observe the signatures of nonlinear effects. In this
study, the correlation functions concentrate on this pr
combination, where the probed x, covers a wide range
from 10™* to ~0.5 and the mean value of Q2 is 2.5 GeV?>.

The left panel of Fig. 1 shows the impact of sequentially
adding all available effects into the MC simulation of the
azimuthal correlation function. The red points illustrate the
di-z° correlation with all the effects off, serving as a
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Right: the RMS of the away-side peak for different assumptions. The Gaussian width of k; and prrag are 0.5 and 0.4 GeV/c,
respectively. The simulated p + p data are for di-z%s with a center-of-mass energy of 200 GeV with 2.0 < p;* < 2.5 GeV/c and

1.0 < p§*° < 1.5 GeV/c, at 2.6 <5 < 4.
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FIG. 2. Left: The extracted width of the away-side peak at different intrinsic k7, with 2.0 < ptTrig <2.5GeV/c and
1.0 < p¥*° < 1.5 GeV/c. Right: Relative width of back-to-back correlations in p 4+ p with ky = 1.0 GeV/c respect to p + p

collisions with k; = 0.5 GeV/c at 2.5 < ptTrig < 3.0 GeV/c, compared with the STAR data. The simulated p + p data are for di-z"s

with a center-of-mass energy of 200 GeV at 2.6 <5 < 4.

baseline correlation result. As expected, the correlation
function is strongly peaked at A¢p =0 and =, for this
setting. When only initial-state parton shower (IS) con-
tribution is included (blue points), the correlation function
is significantly suppressed at both peaks. Adding final-state
parton shower (FS) contribution (green points) leads to a

reduced near-side correlation, while the away-side peak
remains almost unchanged. Once transverse motion from
fragmentation pi°® is introduced (black points), both the
near- and away-side peaks are broadened significantly. In
the right panel of Fig. 1, we quantify the broadening
phenomena from each source by presenting the RMS width
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of the away-side peak. The largest contributions to the

broadening come from IS and p*®. We conclude, the
initial-state parton shower and fragmentation process, inde-
pendent of gluon saturation, are the major effects modifying
the width of the away-side correlation function at RHIC
kinematics. Specifically, itis expected the scattering at RHIC
is characterized by lower transverse momentum scales,
which makes the fragmentation process more influential

compared to the much higher energy collisions at the LHC. In

other words, p/i** must be considered when predicting the

correlation function to study the saturation physics.

To further explore potential saturation effects, we study
the impact of intrinsic k; by varying its Gaussian width in
simulations. With parton showers and prmg enabled, the
correlation functions are measured while varying the
Gaussian width of ky, which are selected to be 0.25,
0.5, 0.75, and 1.0 GeV/c. The selections of 0.5 and
1.0 GeV/c are motivated by previous studies [47], that
at RHIC energies where the average x probed is 1072, Q, is
0.5 and 1.0 GeV /¢ for proton and gold nuclei, respectively.
As seen in left panel of Fig. 2, the extracted width of the
away-side peak (0,,,) remains approximately constant
with increasing k7. The error bars indicate the statistical
uncertainties obtained from the fits. The right panel of
Fig. 2 compared our simulated results with the STAR
data [39]. We simulated the relative width of the away-side
peak for two cases: one with k; = 1.0 GeV/c, representing
Q, for Au, and the other with k; = 0.5 GeV/c, represent-
ing Q, for the proton. The STAR data show the relative
width extracted from a comparison between p 4+ Au and
p + p collisions. Our simulation results are consistent with
the data within uncertainties. Figure 2 shows that once
NLO contribution, parton showers, and fragmentation
effects are included, the width of the back-to-back corre-
lation function is insensitive to variations in intrinsic ky.
This is a possible explanation of the observed contradiction
between different theoretical predictions and the data in
experiments across different colliders, with respect not
observing a broadening despite being predicted.

V. SUMMARY

The modification of back-to-back dihadron correlation
functions at forward pseudorapidities has been investi-
gated, exploring the effects of gluon saturation as well as
other factors, including parton showers and the fragmenta-
tion process. The broadening from gluon saturation was
effectively implemented by assigning an intrinsic trans-
verse momentum to the partons in the initial state. It has
been shown that all of these factors can create notable
changes in the shape of the back-to-back correlation
function in 200 GeV p + p collisions. Among all of them,
the initial-state parton shower and fragmentation p; play
the major role. As a result, it is difficult to observe the
broadening phenomenon of two-particle correlation mea-
surements predicted as part of gluon saturation models. We
conclude that the inclusion of the NLO contributions and
fragmentation are essential for inclusion in CGC calcu-
lations of back-to-back dihadron correlation functions.
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