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The near-side depression in two-proton or two-antiproton azimuthal correlations in pp collisions at
/s =7 TeV has been observed experimentally and then qualitatively reproduced in our earlier studies
with a multi-phase transport model. In this study, we further investigate the origin of the depression
feature in two-baryon correlations in small collision systems. We find that the initial parton-level spatial
correlation, a finite expansion in the parton stage, and quark coalescence are important ingredients
leading to the near-side depression. In particular, we find that a finite expansion of the parton system
leads to a finite space-momentum correlation at hadronization, which then converts the near-side
depression in the coordinate space to that in the momentum space. These results suggest that a partonic
matter with a finite lifetime is formed in the pp collisions. Further studies are needed to determine
whether the partonic matter is near local equilibrium and can thus be called a QGP or far away from
local equilibrium.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Particle correlations are powerful tools for the study of particle
production and dynamics of relativistic nuclear collisions. Two-
particle correlations are often presented in the An-Ag space with
An and Ag referring to the pseudorapidity difference and azimuth
difference between the two hadrons in each pair, respectively. The
most significant feature of multi-particle correlations in heavy ion
collisions is due to the elliptic flow, an azimuthal anisotropy in
momentum space [1-4] that is generated from the pressure gradi-
ent of the quark-gluon plasma (QGP) in the hydrodynamical evo-
lution [5] or particle scatterings in transport models [6] in the
initial almond-shaped overlap area of two nuclei. However, similar
long-range azimuthal correlations have also been observed in small
collision systems at high multiplicities [7-13], where a consensus
on its origin has not been reached yet [14-17]. Note that similar
studies have been performed in ee and ep collisions [18,19], where
a ridge structure was not observed, and experimental upper limits
were set on the possible magnitude of flow harmonic coefficients.
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An interesting feature in two-particle correlations is the near-
side anticorrelation structure observed in baryon-baryon correla-
tions along the Ag direction at low transverse momentum (pr) in
pp collisions at /s =7 TeV [20]. A similar depression had been
reported in ete™ collisions at 29 GeV and was attributed to frag-
mentation [21-24]. However, fragmentation alone can not explain
the new experimental data from pp collisions at /s =7 TeV [20].
In our previous studies, the string melting version of a multi-phase
transport (AMPT) model [6] with an improved quark coalescence
has been shown to qualitatively describe the anticorrelation fea-
ture in baryon-baryon correlations at LHC energies [25,26]. Here
we further investigate the physics mechanism responsible for the
depression feature including the initial parton-level spatial corre-
lations, parton evolution and the quark coalescence.

2. Model

A multi-phase transport model [27] is used in this study. In this
model, the initial conditions are taken from the minijet partons
and soft string excitations from the HIJING event generator [28].
Then the two-body elastic parton scatterings are modeled with the
parton cascade model ZPC [29]. The conversion from partons to
hadrons is performed via either the Lund string fragmentation for
the default version or a quark coalescence model for the string
melting version [27]. Hadronic interactions are treated with an
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Fig. 1. Azimuthal correlations of (a) pp + pp, (b) pA + pA, (c) AA + AA, (d) pp, (e) pA + pA, and (f) AA in minimum bias pp collisions at /s =7 TeV from the default
AMPT model and the string melting AMPT model at 1.5 mb parton cross section for the normal configuration, the free streaming test, and a test without the initial state
momentum correlation. Filled circles represent the experimental data, long dashed curves represent the PYTHIAS8 results [20], and the dotted curve in panel (a) represents

the string melting AMPT model at O parton cross section.

extended version of a relativistic transport model ART [30]. The
string melting version of the AMPT model (AMPT-SM) [6] is ap-
plicable when the parton degrees of freedom are expected in the
initial state. For large systems at high energies, the model can si-
multaneously describe the pion and kaon rapidity distribution, pr
spectra, and elliptic flow at low pr [31,32]; it can also provide
valuable information to understand the vector meson spin align-
ment signals [33,34].

In addition, the model is able to describe the anisotropic flows
in small collision systems such as pPb collisions at the LHC
[35,36]. The recent improvement of the quark coalescence model
for hadronization in the AMPT model [37] improves the descrip-
tion of baryons and antibaryons [37,38]. In this new quark coa-
lescence model, a parton has the freedom to form either a meson
or a baryon depending on the relative distance to its coalescing
partners; this is more physical because it removes the artificial
constraint in the previous quark coalescence model that forces the
numbers of mesons, baryons, and antibaryons in an event to be
separately conserved through the quark coalescence process. Com-
pared to earlier versions of the AMPT model, it also provides a
better description of two-baryon correlations in pp collisions at
/s =7 TeV [25,26]; we thus use the same version for this study.

3. Results

Our analysis method for two-particle correlations is identical
to that used in the pp experiment [20]. The two-particle corre-
lation function C(An, Ag) is defined as the ratio of the same
event distribution S(An, A@) over the combinatorial distribution
B(An, Ap). Here, B(An, Ap) is the distribution of particle pairs
with one particle in one event and the other particle in another
event with a similar multiplicity, while both the S and B correla-
tion functions are properly normalized [20,25,26]. From the two-
dimensional correlation function C(An, Ag), an one-dimensional
Ag correlation function C(Ag) is constructed after integrating
both S and B correlation functions over a given An interval [25].

Fig. 1(a) shows the pp+ pp (i.e., two-proton as well as two-
antiproton) azimuthal correlation for minimum bias pp collisions
at /s =7 TeV from the AMPT model with different configurations.
We focus on pp+ pp correlations in this study, where protons
or antiprotons are selected within || < 0.8 and 0.5 < pr < 1.25
GeV/c for both the model results and data if not specified other-
wise. We also show other like-sign baryon correlations including

pA + pA in Fig. 1(b) and AA + AA in Fig. 1(c), where protons
or antiprotons (As or As) are within 0.5 (0.6) < pr < 2.5 GeV/c
for both the experimental data and model. We see that the string
melting version of the AMPT model at parton cross section op =
1.5 mb shows the anticorrelation features in the like-sign baryon
correlations, consistent with our previous results [25]. We also see
that the anticorrelation is not present in either PYTHIA8 [39,40] or
the default version of AMPT (AMPT-def), which means that neither
the fragmentation process alone nor fragmentation plus hadron
cascade can explain the anticorrelation in the data. In addition,
Fig. 1(a) shows that the AMPT-SM result at 0 mb parton cross sec-
tion does not show the anticorrelation feature either, suggesting
that the parton phase is necessary for the depression feature.

We have also investigated the pp -+ pp correlation from the
AMPT-SM model with two other configurations. First, we remove
the initial state momentum correlation (ISMC) by randomizing the
azimuthal angle of each parton’s initial momentum while keeping
all other variables (such as the initial py, p,, position and time
upon formation) unchanged. As shown in Fig. 1(a), the result of
the AMPT model without ISMC is very similar to the normal AMPT
result, indicating that the initial state momentum correlation in
the AMPT-SM model is unimportant for its depression feature in
pp collisions at /s =7 TeV. We note that ISMC in the color glass
condensate approach often plays an important role in final hadron
momentum anisotropies in small systems [41]. Second, we per-
form a free-streaming test, where the parton cross section is the
same as the normal AMPT-SM case but the scattering angle is set
to zero for every parton scattering. The C(A¢) correlation from the
free-streaming test, as shown in Fig. 1(a), is similar to the normal
AMPT-SM result. For completeness, we also show the unlike-sign
baryon correlations in Figs. 1(d-e), where results from the AMPT-
SM model are much closer to the experimental data than results
from the AMPT-def model or PYTHIAS.

To quantify the near-side depression (nsd), we define the aver-
age near-side depression of the correlation function C(A¢@) from
unity as

+7/2
(nsd) =1 — % / C(Ap)dAgp. (1)
—7/2

Fig. 2(a) shows the pp+ pp (nsd) results from AMPT model for
different parton cross sections in comparison with the value (cir-
cle) extracted from data in minimum bias pp collisions at /s =7
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Fig. 2. The average near-side depression in baryon-baryon (and antibaryon-
antibaryon) azimuthal correlations from the AMPT-SM model for (a) minimum bias
pp collisions at /s =7 TeV at different parton cross sections and (d) b = 0 collisions
after azimuthal randomization of different fractions of partons before coalescence.
Both model results and experimental data use hadrons within 0.5 < pt < 1.25
GeV/c. The corresponding average transverse space-momentum correlations (8 )
are shown in panels (b) and (e) and the corresponding freezeout times (tg,) are
shown in panels (c) and (f) for freezeout partons at midrapidity.

TeV. We see that the near-side depression from the normal AMPT-
SM model (black solid curve) first increases significantly with op,
changing from a negative value (i.e., an enhancement instead of a
depression) at op =0 mb to a positive value at o, =0.75 mb. It
then tends to saturate at larger op, although the (nsd) magnitude
is lower than that observed in the experiment.

To further investigate the cause of the depression feature, we
calculate the space-momentum correlation variable in the trans-
verse plane as [14]

(2)

(BL)= (L )= <H>

rppi

In the above, the bracket represents the averaging over particles
in the events, r; and p, represent the parton transverse position
and momentum vector, respectively, where the origin in the trans-
verse plane is the middle point between the two incoming protons.
The (B, ) values of mid-rapidity partons at freezeout from the nor-
mal AMPT-SM model as a function of the parton cross section are
shown in Fig. 2(b) (solid curve), which increase significantly with
op similar to (nsd). In addition, the magnitude of (8,) is closely
related to the average freezeout time of mid-rapidity partons (blue
solid curve). This is natural because a larger parton cross section
op delays the hadronization in the AMPT-SM model and a longer-
lived parton phase leads to stronger space-momentum correlation
of partons at freezeout.

These results bring up an interesting question: is the par-
ton cross section or space-momentum correlation responsible
for the observed depression feature? We emphasize that space-
momentum correlation and parton interaction-induced collectivity
(similar to the hydrodynamic collective flow for large systems at
high energies) are different [14]. For example, free streaming of
partons from a compact source will soon generate a positive space-
momentum correlation. Similarly, free streaming in hydrodynamics
has been shown to lead to a radial flow similar to or even stronger
than that from normal hydrodynamics [42]. To check this, we de-
sign the free-streaming test where the parton cross section is the
same as the normal AMPT-SM case but the scattering angle is set
to zero for every parton scattering. As a result, no parton changes
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Fig. 3. (a) A toy model event in the transverse plane for the formation of a baryon,
an antibaryon and three mesons from quark coalescence; (b) initial quark corre-
lations in spatial azimuth ¢ from normal AMPT-SM, the AMPT-SM model with
random initial parton (x,y) positions (AMPT-rndm), and the toy model; (c) pri-
mordial two-hadron ¢ correlations; (d) ¢s correlations of primordial pp + pp from
normal AMPT-SM at various parton cross sections.

its three-momentum, but the finite op enables the parton sys-
tem to expand to a finite size and then kinetically freeze out like
the normal case. As shown in Fig. 2(a-c), results from the free-
streaming test (dashed curves), including the average depression,
space-momentum correlation and parton freezeout time, are quite
similar to the normal AMPT-SM results. The C(Ag) correlation
from the free-streaming test in Fig. 1 is also similar to the normal
AMPT-SM result. The similarity between the normal case and the
free-streaming test indicates that an essential ingredient respon-
sible for the baryon pair depression is a finite expansion of the
parton system till hadronization, which introduces a finite space-
momentum correlation at hadronization. On the other hand, the
strength of the parton interaction is not important for the depres-
sion feature.

To further demonstrate the connection between the space-
momentum correlation and the near-side depression, we perform
another test by randomizing the transverse momentum direction
(i.e., the ¢ angle) of a fraction (f) of the freezeout partons and
then evaluating the (nsd) of the primordial (anti)baryons after
quark coalescence. Note that here we evaluate primordial hadrons
(i.e., hadrons formed right after quark coalescence) to remove the
effects from hadron scatterings and resonance decays. Figs. 2(d-f)
show the results of this test at different randomization fraction f
after the normal parton freezeout at o, = 1.5 mb in pp events at
b =0 fm. As expected, the parton (B, ) decreases linearly with the
randomization fraction. More importantly, the same trend is also
seen for the (nsd) of both primordial pp + pp and BB + BB corre-
lations, where a depression is seen in the normal AMPT-SM results
(i.e., at f =0) but not seen when all freezeout partons have ran-
dom azimuth in momentum.

We now construct a toy model to help understand how the
two-hadron spatial correlations are affected by quark coalescence
process. For simplicity, we consider events each containing a given
equal number of quarks and antiquarks, which are assumed to be
randomly distributed inside a 2-dimensional (2D) unit circle in the
transverse plane. As an example, Fig. 3(a) shows an event with
6 quarks (red dashed arrows) and 6 antiquarks (black dashed ar-
rows), which form a baryon (B3 7,12), an antibaryon (35,9,11), and
three mesons (M3, Mas5 and Mg 10). The quark coalescence is
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performed in the order of the parton number (1 to 12) and fol-
lows a procedure similar to this AMPT model [37]. Specifically, for
any available quark (antiquark), the toy model searches for the
two closest quarks (antiquarks) in 2D relative distance as poten-
tial partners for forming a baryon (antibaryon) and also search for
the closest antiquark (quark) as the potential partner for forming a
meson. Then a baryon (antibaryon) or a meson is formed accord-
ing to the coalescence criterion that depends on the coalescence
distances and the rgp; parameter [37]. The solid arrow for each
hadron in Fig. 3(a) represents the average of the position vectors
of its two or three coalescing partons. From Fig. 3(c), we see that
the two-hadron correlations in the spatial azimuth ¢s; from the
toy model (with 60 quarks and 60 antiquarks in each event) are
not flat, although the quark-quark and quark-antiquark ¢ corre-
lations are flat by design as shown in Fig. 3(b). However, the toy
model also shows a near-side depression in baryon-antibaryon and
meson-meson correlations, different from the normal AMPT-SM re-
sults.

We find that the initial quark-quark and quark-antiquark ¢g
correlations from the normal AMPT-SM model are not flat at all,
as shown in Fig. 3(b). Therefore, we have also randomized the ini-
tial transverse positions (x, y) of partons before the parton cascade
and obtained the AMPT-rndm results, which have flat initial two-
parton ¢; correlations like the toy model. We see in Fig. 3(c) that
the initial two-parton correlations indeed significantly affect the
two-hadron correlations after quark coalescence, e.g., the baryon-
antibaryon near-side correlation changes from a weak peak in the
AMPT-SM model to a strong depression in the AMPT-rndm model.
There are still large differences between the two-hadron correla-
tions from AMPT-rndm and the toy model although they have the
same initial two-parton correlations; this is presumably because,
unlike the AMPT model, the toy model does not consider parton
momentum in its quark coalescence. Note that the parameter rgy
that controls the relative probability of coalescing a (anti)quark to
a (anti)baryon or meson is set to 0.9 in the toy model to reason-
ably describe the ratio of baryons to mesons, and adjusting the
rgm value will change the baryon/meson production ratio and the
(nsd) but not the general depression feature. In addition, the re-
sults shown in Fig. 3(c) are for the parton cross section of 1.5
mb. The spatial azimuthal correlations of pp + pp from the nor-
mal AMPT model at various parton cross sections are shown in
Fig. 3(d), where the near-side correlation is a small bump before
parton scatterings but becomes a depression after, similar to the
momentum azimuthal correlations shown in Fig. 1.

A physics picture for the near-side depression feature emerges
out of these results: a parton matter is created and then ex-
pands to a finite volume, then the hadronization process (quark
coalescence in the AMPT model for this study) converts parton
degrees of freedom to primordial hadrons locally and produces
multiple hadrons relatively close in the coordinate space including
the spatial azimuth. The finite expansion of the parton matter cre-
ates a finite space-momentum correlation (often called the radial
flow), and the transverse flow velocity of a local parton volume
tends to change its hadrons from being close in spatial azimuth
to being close in momentum azimuth. Results from the AMPT-SM
model with a finite parton cross section are qualitatively consis-
tent with the experimental data. In addition, the PYTHIA model
with string fragmentation alone, the AMPT-SM model with no par-
ton expansion, and the AMPT-def model that is dominated by the
hadron cascade all fail to produce the depression feature. There-
fore, our study implies a finite parton expansion before hadroniza-
tion, where a prerequisite is the existence of parton degrees of
freedom, in pp collisions /s =7 TeV.
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Fig. 4. The average near-side depression in pp + pp azimuthal correlations and the
average transverse space-momentum correlation of freezeout partons at midrapidity
versus the number of tracks in pp collisions at \/s=7 TeV at o, = 1.5 mb, pPb
collisions and low-multiplicity Pb-Pb collisions at /sy = 5.02 TeV at 0 =3 mb
from the AMPT-SM model.

4. Discussions

Regarding the depression feature in larger systems, Fig. 4 shows
the average near-side depression (nsd) of pp+ pp correlation in
pp collisions at /s =7 TeV, pPb, Pb-Pb collisions at /Snn = 5.02
TeV as a function of Ny of charged particles within || < 3.0 and
pr < 5.0 GeV/c. The (nsd) shows a weak dependence on Ny for
a given collision system; on the other hand, its value at a given
Nik. clearly decreases with the collision system size from pp to
pPb and then to low-multiplicity Pb-Pb collisions. We also see
that the order of (nsd) with the collision systems is the same
as the order of the space-momentum correlation (8, ). Because of
the small initial volume, at a given Ny pp collisions have the
highest average number of collisions per parton (among the three
collision systems) and the largest (8,) in the AMPT-SM model.
Since a stronger space-momentum correlation converts the spatial
azimuthal correlations more efficiently into the momentum az-
imuthal correlations, pp collisions have the highest (nsd) in Fig. 4.
On the other hand, as Ny increases for a given collision system,
the production of a larger number of baryons in each event tends
to distribute the baryons more uniformly and thus dilute the de-
pression [26] despite the higher (8, ). Therefore, the study of the
two-hadron azimuthal near-side anticorrelation at LHC energies is
the most promising for pp collisions, which will be useful for the
investigation of collectivity in small collision systems [43].

Calculations from the AMPT model using PYTHIAS as the ini-
tial condition have explicitly shown [44] that the energy density
at early times of pp collisions at the LHC is much higher than
the typical energy density at the QCD crossover phase transition.
Therefore, we may expect theoretically that a partonic matter is
created in such small systems at very high energies. However, our
current results of pp collisions from the AMPT model are con-
sistent with the experimental data qualitatively but not quantita-
tively. As a result, they suggest the aforementioned physics picture
but cannot be used to extract the value of the parton cross sec-
tion, which is directly related to the properties such as the shear
viscosity [45]. Furthermore, the parton cross section directly deter-
mines the degree of equilibration of the partonic matter, where the
typical value of 1.5-3 mb leads to a small average number of colli-
sions per parton on the order of one [14,46]. In this case, the par-
tonic matter may be far away from local equilibrium [14,15] and
quite different from a quark-gluon plasma near equilibrium. Future
improvements of the initial condition [44] and the hadronization
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criterion [47] would make the AMPT model more reliable for quan-
titative descriptions of the depression feature in pp collisions. In
addition, it will be useful to study the full azimuthal distribu-
tion, including the near-side correlation as well as multi-particle
cumulants [48], to better constrain the model and investigate the
properties of the partonic matter.

5. Conclusion

To explore the physics origin of the near-side depression feature
of baryon-baryon or antibaryon-antibaryon azimuthal correlations
around A@ ~ 0 in pp collisions at /s =7 TeV, a study with a
multi-phase transport model has been performed using different
parton cross sections and a free-streaming test. The near-side cor-
relation is not a depression without the expansion of the parton
system. However, it becomes a depression with a finite parton ex-
pansion that leads to a finite space-momentum correlation of local
partons at hadronization. A strong space-momentum correlation
converts the spatial azimuthal correlations efficiently into the mo-
mentum azimuthal correlations. We have further investigated the
effect of hadronization with a toy model for quark coalescence. We
find that the resultant two-hadron spatial azimuthal correlations
in small systems have near-side structures such as a depression
even though the initial two-parton spatial azimuthal correlations
are flat; the initial parton-level spatial correlations are also found
to be important. Therefore, we conclude that the initial parton-
level correlations, quark coalescence and a finite expansion of the
parton system are all important ingredients leading to the near-
side depression. Our study suggests that a partonic matter with a
finite expansion and lifetime is created in pp collisions at /s =7
TeV, especially given that the PYTHIA8 model with string fragmen-
tation alone and AMPT model calculations with few or no parton
rescatterings all fail to produce the depression feature. Whether
the partonic matter is a quark-gluon plasma near local equilibrium
or far away from local equilibrium requires further studies.
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