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Two-dimensional low-p7 dihadron correlations in azimuthal angle ¢ and pseudorapidity » in high-energy
heavy-ion collisions are investigated within both the HIJING Monte Carlo model and an event-by-event (3 + 1)D
ideal hydrodynamic model. Without final-state interaction and collective expansion, dihadron correlations from
HIJING simulations have a typical structure from minijets that contains a near-side two-dimensional peak and an
away-side ridge along the 7 direction. In contrast, event-by-event (3 + 1)D ideal hydrodynamic simulations with
fluctuating initial conditions from the HIJING 4+ AMPT model produce a strong dihadron correlation that has an
away-side as well as a near-side ridge. Relics of intrinsic dihadron correlation from minijets in the initial conditions
still remain as superimposed on the two ridges. By varying initial conditions from HIJING + AMPT, we study
effects of minijets, nonvanishing initial flow, and longitudinal fluctuation on the final-state dihadron correlations.
With a large rapidity gap, one can exclude near-side correlations from minijet relics and dihadron correlations can
be described by the superposition of harmonic flows up to the sixth order. When long-range correlations with a
large rapidity gap are subtracted from short-range correlations with a small rapidity gap, the remaining near-side
short-range dihadron correlation is shown to result mainly from relics of minijets. Low-transverse-momentum
hadron yields per trigger (plTrig <4 GeV/c, pF*° <2 GeV/c) owing to this short-range correlation in central
heavy-ion collisions are enhanced over that in peripheral heavy-ion collisions and p + p collisions, while widths
in azimuthal angle remain the same, in qualitative agreement with experimental data. The enhancement owing to
influence by the transverse expansion of the bulk medium is also shown to increase with centrality and colliding

energy but to be insensitive to the kinetic freeze-out temperature.
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I. INTRODUCTION

Jet production has been the focus of many studies in high-
energy heavy-ion collisions. Minijets with moderate transverse
momentum contribute to an increasingly large fraction of the
initial energy density of partons [1-6] that thermalize (or
partially thermalize) and form a new state of matter called
quark-gluon plasma (QGP). High-transverse-momentum jets,
however, have been proposed as hard probes of the dense
matter formed in high-energy heavy-ion collisions through
jet quenching [7]. Propagation of the energy momentum
deposited in the medium by jet-medium interaction can also
induce medium excitations which can be used to study
transport properties of the QGP [8-18]. Measurements of
dihadron correlations have been proposed in all of jet-related
studies in high-energy heavy-ion collisions, from anisotropic
expansion of hot spots of minijets to jet quenching and
jet-induced medium excitations.

Within the lowest-order perturbative QCD (pQCD) parton
model, jets in hadronic and nuclear collisions are produced in
pairs. They are approximately back to back in the azimuthal
angle A¢ ~ . For moderate transverse momentum far away
from the kinetic bounds, the rapidity differences between the
two jets can vary in a large region Ay < 21In(y/s/2pr) owing
to different initial momentum fractions of the two colliding
partons. The corresponding two-dimensional dihadron corre-
lations in azimuthal angle ¢ and pseudorapidity n from dijets
therefore have a typical structure intrinsic to dijet events. It
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has one near-side peak at (A¢ = 0,An = 0) by hadron pairs
from the same jet and one away-side ridge along the An
direction at A¢ = by hadron pairs from two jets separately.
The shapes of the near-side peak and away-side ridge in A¢
are approximately Gaussian because of initial-state radiation,
intrinsic transverse momentum of the initial partons, and
final-state jet fragmentation.

The mechanism for initial jet production in high-energy
heavy-ion collisions remains basically the same as in nucleon-
nucleon collisions, except for some cold nuclear modification
of the initial parton distributions. The initially produced jet
partons, however, will have to traverse strongly interacting
matter that is formed in heavy-ion collisions. Minijets with
small and moderate transverse momentum will interact with
each other and other soft partons from multiple coherent
nucleon-nucleon collisions. They become part of the bulk
QGP medium approaching local thermal equilibrium. Relics
of the intrinsic parton correlations from the initial minijets
should appear in the final-state dihadron correlations from
the bulk medium that does not reach complete global ther-
malization. Jets with large transverse momentum, however,
will also interact with the bulk medium as they propagate
through the medium. Such multiple interactions of high-pr
jet partons will lead to parton energy loss and suppression of
both leading hadrons [19-21] and the back-to-back dihadron
correlation [22], a phenomenon known as jet quenching.
Energy lost by high pr jets, furthermore, is transferred to soft
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partons via radiated gluons and recoil medium partons. These
soft partons in the form of jet-induced medium excitation
on top of the expanding fireball should also affect the final
dihadron correlations in heavy-ion collisions.

Dihadron correlations in high-energy heavy-ion collisions
were measured at the Relativistic Heavy Ion Collider (RHIC)
in search of jet-induced medium excitations. After subtraction
of contributions from elliptic flow owing to collective expan-
sion of an anisotropic fireball, a double-bump structure was
found in the away-side low-pr dihadron correlations [23-28]
around A¢ = w £ 1.1 in Au + Au collisions at RHIC. In the
meantime, a near-side ridge structure along the n direction
in the two-dimensional dihadron correlation is also observed
[29-32] underneath a peak from the residual correlation of
jets that have survived jet quenching and thermalization.
Many theoretical explanations have been proposed to explain
the near-side ridge [33-38] and away-side double-bump
structure [8-10,17,18,39,40] in heavy-ion collisions. The
consensus now is that both the near-side ridge and the away-
side double-bump have a common origin. They arise mainly
from higher-order harmonic flows, especially the triangle
flow [41] owing to anisotropic expansion of the initial energy
density with geometric fluctuations. This picture of expansion
of anisotropic fireballs is unambiguously demonstrated by
measurements of dihadron correlations and harmonic flows
in Pb + Pb collisions at the Large Hadron Collider (LHC)
[42—46]. With a large rapidity gap, one can exclude contribu-
tions from minijets in the dihadron correlations, which appear
only in the short-range (in rapidity) correlation on the near-side
(in azimuthal angle). The measured dihadron correlations are
identical to that from superposition of harmonic flows up to
the sixth order. The same picture also emerges from AMPT
Monte Carlo simulations [18,47].

Minijets via semihard processes contribute to the initial
energy density and its fluctuation. In hydrodynamical models,
one assumes local thermal equilibrium of these minijets in
terms of initial energy density with nonvanishing local fluid
velocities. Because of such local thermalization, effects of
minijets on the magnitudes of anisotropic flows at low and
intermediate transverse momentum are limited once their
contributions to the local energy density is constrained by
the global hadron multiplicity. The nonvanishing local fluid
velocities owing to minijets also do not have much effect
on the elliptic flow at both RHIC and LHC energies [48].
This picture of local thermalization is supported by the recent
observation of weak energy dependence of anisotropic flows
up to pr =3 GeV/c from RHIC beam energy scan to the
LHC energy [49,50], though the fraction of contribution to
initial energy density from minijets increases significantly. At
higher pr, one has to consider the interplay between hadrons
from hydrodynamic expansion and fragmentation of jets that
are not completely thermalized [51,52]. Eventually, at very
high pr hadron spectra and their azimuthal anisotropy will
be dictated by jet quenching and there should be noticeable
energy dependence [53,54].

While a systematic study of anisotropic flows and their
energy and centrality dependence is important in light of the
recent data from LHC and RHIC energy scan [49,50] experi-
ments, the focus of our investigation in this paper is instead on
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the short-range (in rapidity) dihadron correlation on the near
side (in azimuthal angle) on top of the long-range correlation
which is responsible for the ridge structures and anisotropic
flows. Through this short-range dihadron correlation with
long-range correlation subtracted, we explore how minijets
survive the initial thermalization and hydrodynamic expansion
and contribute to dihadron correlations in final states and
how fluctuations in the longitudinal direction (pseudorapidity)
influence the shape of the ridge structure in rapidity.

We first use HIJING Monte Carlo model [55-58] to study
the intrinsic dihadron correlations in p 4+ p and A + A col-
lisions from minijets without final-state interaction. We then
use a recently developed (3 + 1)D hydrodynamic model [48]
to investigate how locally thermalized minijets in an expanding
anisotropic fireball contribute to the final dihadron corre-
lations in heavy-ion collisions. To study the contributions
of anisotropic flows to dihadron correlations, we use the
HIJING model plus parton cascade in the AMPT model [59]
to provide fluctuating initial conditions for event-by-event
hydrodynamic simulations [48]. Fluctuating initial conditions
with the MC-Glauber model [60], MC-KLN model [61],
NeXus model [62,63], EPOS model [64], and UrQMD
model [65] have been used for the study of two-dimensional
dihadron correlations [66—68] and anisotropic flows [69-71]
in heavy-ion collisions with event-by-event hydrodynamic
simulations. In this paper, we focus on the relics of minijets
and the effect of longitudinal fluctuations on the final low-py
dihadron correlations in heavy-ion collisions using an ideal
(3 4 1)D hydrodynamics with fluctuating initial conditions
from the HIJING + AMPT model. Introduction of viscosity
into (3 + 1)D event-by-event hydrodynamic simulations can
change the numerical results quantitatively. However, our
conclusions remain qualitatively the same.

The remainder of this paper is organized as follows. In
Sec. II, we use the HIJING model to study the structure of
two-dimensional dihadron correlations in p + p and Au + Au
collisions at RHIC without hydrodynamic expansion. We also
investigate the influence of jet quenching on the modification
of dihadron correlations from minijets. We then calculate
dihadron correlations within an ideal (3 + 1)D event-by-event
hydrodynamic model with fluctuating initial conditions as
given by the HIJING + AMPT model in Sec. III. To isolate
contributions to dihadron correlations from minijets especially
on the near side, we subtract dihadron correlation with large
rapidity gap from that with small rapidity gap. The obtained
charged particle yields per trigger from ideal (3 + 1)D event-
by-event hydrodynamic simulations are compared to PHENIX
(Au + Au /s = 200 GeV /nucleon) and CMS (Pb + Pb /s =
2.76 TeV /nucleon) data. In Sec. IV, we study the influence of
minijets and their fluctuations in the longitudinal direction
on the dihadron correlations by varying the fluctuation in both
initial energy density and flow velocity. We also compare direct
dihadron correlations with that reconstructed from harmonic
flows. Finally, we give our summary and conclusions in Sec. V.

II. DIHADRON CORRELATIONSIN p+ pAND A + A
COLLISIONS FROM HIJING

Jet production with large transverse momentum transfer
can be described by pQCD. At the lowest order of pQCD, jets
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in hadronic and nuclear collisions are normally produced in
pairs. They are back to back in azimuthal angle ¢ with the
differential cross section as given by [72]

dajet

— < - - (x1, p? ,p2)doy,/df, (1
Py ;xlf (x1,p3)%2 fo (X2, p})doap/di, (1)

where o, are the pQCD cross section of two-parton scat-
terings. The rapidities y; » of the two jets are determined by
the longitudinal momentum fractions x; » of the two colliding
partons,

207 s
B2 = T e, @)

and the final jet transverse momentum py. For jet production
with moderate transverse momentum far from the kinetic limit
pr K 4/s/2 or x1, < 1, parton distribution functions have a
power-law behavior f;(x, p%) ~ 1/x'*® with & > 0 [73] and
the parton scatterings are dominated by ¢ or u channels. In
this kinetic region, the rapidity distribution of jets will have
an approximate plateau with a half width ~In /s /2 pr. In this
lowest-order pQCD collinear parton model, dijets will have
a back-to-back correlation in azimuthal angle A¢ which is
extended in the rapidity over a plateau of An ~ 2In/s/2pr.
Higher-order corrections to the leading-order pQCD results
from initial-state radiations and initial intrinsic transverse
momentum of the two colliding parton will give rise to a
broad back-to-back correlation of dijets in azimuthal angle
A¢. Taking into account the transverse momentum from
final-state interaction and hadronization, one should expect to
see a dihadron correlation that has a near-side two-dimensional
peak for hadrons from the fragmentation of a single jet.
Hadrons from separate fragmentation of two back-to-back jets
will give a back-side dihadron correlation that has a broad
peak in azimuthal angle A¢ and an extended flat plateau in
pseudorapidity A7 in the shape of a ridge, therefore referred
to as the ridge structure.

The above picture of dihadron correlations from minijets
is based on the pQCD collinear parton model. However,
recent experimental data at LHC show a ridge structure in the
near-side dihadron correlation in the high-multiplicity events
of p + p collisions [74] that cannot be explained within the
above collinear parton model. Such a near-side ridge structure
is also seen in high-multiplicity events of p 4+ Pb collisions at
LHC [75-77]. To explain such a surprising ridge structure in
near-side dihadron correlation in p 4+ p and p 4+ A collisions,
one can go beyond the collinear parton model and consider
the initial transverse momentum distribution in a nucleon
in the limit of gluon saturation at small momentum fraction x.
The interference in multiple parton scattering is shown [78—81]
to give rise to a near-side ridge in dihadron correlations that
agrees well with the experimental measurements in p + p and
p + Pb collisions at LHC.

The charged hadron multiplicity in p 4 p collisions at
A/s =7 TeV has to be larger than 110 when one starts to
see a ridge in the near-side dihadron correlation. This is
equivalent to semicentral Cu + Cu collisions at the RHIC
energy where collective expansion of a dense matter is clearly
observed. Concentrated within a transverse area much smaller

PHYSICAL REVIEW C 89, 064910 (2014)

than in semicentral Cu + Cu collisions, the produced partons
in the high-multiplicity events of p 4 p collisions should
experience final-state interaction that could lead to some form
of collective behavior. Indeed, hydrodynamic models have
been applied to p+ p and p + A collisions and one can
also qualitatively describe the measured dihadron correlations
with a ridgelike long-range correlation in rapidity [82—84].
The most compelling evidence for collective flow in central
p + Pb collisions at LHC is the observation of the mass
(or flavor) dependence of the anisotropic flow in dihadron
correlation [76]. While the justifications for fast thermalization
and the use of ideal hydrodynamic model for large multiplicity
p + pand p + A collisions are still up for debate, it is safe not
to consider such collective behavior or any initial-state effect
in minimum-biased events of p + p collisions in this section.
In this paper, we use associated hadron yields per trigger
particle to study dihadron correlations for charged hadrons
in p+ p and A + A collisions. This method is widely used
in RHIC and LHC experiments and is described in detail in
Ref. [46]. Trigger particles are defined as all charged hadrons
within pseudorapidity window |[n| < 2.4 with transverse
momentum ptTrlg. The averaged number of trigger particles
per event is denoted as Ny,. Particle pairs are constructed
by associating each trigger particle with all other charged
hadrons referred to as associated particles within || < 2.4
with transverse momentum pi**°.
The dihadron correlation is defined as

S(An,A¢)

Cp(An,A¢) = Bon.0p)

3)
through ratios of associated yields per trigger, where An,A¢
are the differences in 1 and ¢, respectively, of the trigger and
associated particles. S(An,A¢) is the signal-associated yield
per trigger particle in the same events,

1 d2Nsame
Ntrig dAUdA¢> ’

S(An,A¢) = < “)
and B(An,A¢) is the background-associated yield per trigger
particle from mixed events,

1 dZNmixd
> , (5)

B(An,A¢p) = — ————
(An,A¢) <ngdAnqu>

where the hadron pair is constructed by associating trigger
particles in one event with associated particles in another
random event. The average is carried out over events in which
N, trig ?é 0.

Shown in Fig. 1 is the dihadron correlation for charged
hadrons in p + p collisions at /s =200 GeV/nucleon.
The two-dimensional distribution has the basic structure of
dihadron correlation, as expected from minijets. There is one
near-side peak from the single jet fragmentation and one
away-side ridge at A¢ = m from back-to-back jets whose total
longitudinal momentum is often nonzero in the center-of-mass
frame of p + p collisions. Because HIJING employs the
pQCD collinear parton model for jet production and does
not allow any final-state interaction among produced partons
in p 4 p collisions, there should not be any near-side ridge
structure in dihadron correlation.
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HIJING P+P {s=200 GeV/nucleon

C12(An, A9)

FIG. 1. (Color online) Dihadron correlation for charged hadrons
in p + p collisions at /s = 200 GeV /nucleon given by the HIJING
Monte Carlo model. The transverse momentum range for trigger and
associated particles are ptTrlg € (2,3) GeV/c and p5*° € (0,2) GeV/c,
respectively.

To study dihadron correlations from minijets in the environ-
ment of heavy-ion collisions without collective expansion, we
show the HIJING results in semicentral (10%—-20%) Au + Au
collisions at /s = 200 GeV/nucleon without and with jet
quenching in Figs. 2 and 3, respectively. When jet quenching
is turned off, there is no final-state interaction even in A + A
collisions in HIJING. Minijet production is just the super-
position of binary nucleon-nucleon collisions. The nuclear
modification of parton distributions in HIJING does not affect
dihadron correlations of the final-state hadrons. The shape of
the near-side peak in dihadron correlation in Au 4+ Auremains
the same asin p + p collisions. Because of the definition of the
associated yield per trigger particle in Eq. (3), the magnitude
of dihadron correlation above the underlying background
should be inversely proportional to the total multiplicity. The
ratio of back-side to near-side signal should, however, be
proportional to the average total number of minijets per event
which is, in turn, also proportional to the number of binary
nucleon-nucleon collisions in A 4+ A collisions. One can see
these two features through the comparison between Figs. 1
and 2.

Au+Au (10-20%) /s=200 GeV/nucleon

C12(An, A9)

FIG. 2. (Color online) The same as Fig. 1 except in semicentral
(10%-20%) Au+ Au collisions at /s = 200 GeV /nucleon from
HIJING without jet quenching.
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Aut+Au (10-20%) Vs=200 GeV/nucleon

C12(An, Ad)

FIG. 3. (Color online) The same as Fig. 1 except in semicentral
(10%-20%) Au + Au collisions at /s = 200 GeV/nucleon from
HIJING with jet quenching.

Jet quenching in HIJING is implemented through a simple
model of interaction between jet shower partons and the
soft strings representing the bulk medium [55-58]. It is
expected that jet quenching in HIJING should diffuse parton
distributions both inside jets and between jets. This will lead
to diffusion of dihadron correlations. One can indeed see such
diffusion in Fig. 3 for charged dihadron correlation in central
Au + Au collisions with jet quenching as compared to that in
Fig. 2 without jet quenching. To illustrate quantitatively the
diffusion of dihadron correlations owing to jet quenching, we
show in Fig. 4 the near-side peak (A¢ = 0) of the dihadron
correlation as a function of A#n in central Au + Au collisions
from HIJING with (dashed line) and without (solid line) jet
quenching. The near-side peak along Ay is clearly broadened,
and the dihadron correlation outside the peak at 2 < |An| < 4
is enhanced by jet quenching as compared to the case without
jet quenching. To illustrate the enhancement of the dihadron
correlation outside the jet peak, we show in Fig. 5 the dihadron
correlation with large rapidity gap (2 < An < 4). While the

LOIFHIJING Au+Au(10-20%) E

L008 [\s=200 GeV/nucleo E

%\ : T —w/o jet quenching ]
2— 1.006[—- - W/t jet quenching -
S 1.004F =
T :
q  1.002 -
— C ]
© 1+ =
0.998}; =

WA=t Ll A

4 -3 -2 - 0 1 2 3
An

FIG. 4. (Color online) Near-side dihadron correlations for

charged hadrons as a function of An in central Au 4 Au collisions at
/s = 200 GeV /nucleon in HIJING with (dashed line) and without
jet quenching (solid line). The transverse momentum ranges for
trigger and associated particles are py.® € (2,3) GeV/c and pi e
(0,2) GeV/c, respectively.
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1.04—r————T——— T
- HIJING Au+Au (10-20%)

= 1.0035(5 =200 GeV/nucleon - 7;
<.1‘ 1.002F= — W/o jet quenching 3 =
v E -- w/t jet quenching E
= 1001 E
a4 - : =
V 1 ; - ! -'ui
S ]
S 0.999 - -
o 117 A
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0.998
0.997‘\""\““\““\““\““\“‘

FIG. 5. (Color online) Dihadron correlations for charged hadrons
with large pseudorapidity gap (2 < An < 4) as a function of A¢ in
central Au + Au collisions at /s = 200 GeV /nucleon in HIJING
with (dashed line) and without jet quenching (solid line). The
transverse momentum ranges for trigger and associated particles are
pre € (2,3) GeV/c and p¥® € (0,2) GeV/c, respectively.

azimuthal angle distribution of the away-side ridge remains
almost the same, there is clear enhancement of the dihadron
correlation on the near side owing to jet quenching. However,
this near-side enhancement is distributed evenly around A¢ =
0; therefore, there is no ridge structure, contrary to the
momentum kick model [38]. Therefore, jet quenching cannot
explain the long-range correlation structure in p + p, p + A,
and A + A collisions at LHC [74-77]. As we show in the
next section, the slight enhancement of near-side long-range
correlation owing to jet quenching will be overwhelmed by
ridgelike dihadron correlations from the collective flow of the
expanding anisotropic medium.

In addition to jet production, the underlying soft and coher-
ent interaction also contributes to low-transverse-momentum
hadron production in p + p collisions. Hadron production
from this coherent process is modeled by fragmentation of
strings between valence quarks and diquarks in HIJING. There
should be a short-range near-side dihadron correlation in rapid-
ity for hadrons from such production mechanism. Momentum
conservation also gives rise to away-side dihadron correlation
for these soft hadrons in p + p collisions. However, at
high colliding energies such as RHIC and LHC, dihadron
correlations from this soft and coherent process become
insignificant, in particular at large transverse momentum, as
compared to hadrons from minijets [85].

III. DIHADRON CORRELATIONS FROM (3 +1)D
EVENT-BY-EVENT HYDRODYNAMICS

Because of the large energy density produced in the early
stage of heavy-ion collisions and strong interaction among
the initially produced partons, one can assume approximate
local thermalization during the early stage of heavy-ion
collisions. The evolution of such anisotropic hot matter can
then be described by hydrodynamic models. We have recently
developed an ideal (3 4+ 1)D hydrodynamic model [48] for
heavy-ion collisions that uses fluctuating initial conditions
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from HIJING and parton cascade in the AMPT model for
event-by-event simulations.

A. (3 4+ 1)D ideal hydrodynamic model

Hydrodynamic models of high-energy heavy-ion collisions
can be considered as effective models for the long-wavelength
dynamics of dense-matter evolution. Local thermal equilib-
rium is assumed at some initial time 7y and the evolution of the
system afterwards can be described by conservation equations
for energy-momentum tensor and net baryon current,

9,T" =0, (©6)
9, J" =0, )

where the energy-momentum tensor and net baryon current
can be expressed as

T" = (e + P)utu’ — Pg"’,
®)

J* = nut,

in terms of the local energy density ¢, pressure P, metric
tensor gV, net baryon density n (or any conserved charges),
and timelike flow velocity u* with u> = 1. Short-wavelength
dynamics is included in the equation of state (EoS), for
which we use the parametrization EoS s95p-v1 by Huovinen
and Petreczky [86] based on lattice QCD calculations. For
simplicity, we assume zero net baryon number density in our
calculations, which is a good approximation at LHC and the
highest RHIC energy.

In high-energy heavy-ion collisions, minijets are a dom-
inant source of the initial energy density that evolves into
an expanding QGP. Therefore, fluctuations in the number
of minijets, their initial correlation and thermalization will
dictate the later anisotropic expansion of the fireball and the
final dihadron correlations. To incorporate initial fluctuations
and correlations from minijets in event-by-event (3 4 1)D
hydrodynamic simulations, we use the AMPT model [59]
to provide the local initial energy-momentum tensor in each
hydrodynamic cell. The AMPT model uses the HIJING
model [55-58] to generate initial partons from hard and
semihard scatterings and excited strings from soft interactions.

We use the 4-momenta and spatial coordinates of partons
from the AMPT model with a Gaussian smearing function to
determine the local energy-momentum tensor as the initial
conditions for our event-by-event (3 4+ 1)D hydrodynamic
simulations,

Tﬂv(r()?x?yvns)
nv 1

gy ]

i
. Pior 271077{

(x=x)*+ =y (=) 9
*exp 202 202 ’ ©)
r 779

2
2mo;

where pf = mir cosh(Y; — i), p; = pix. P] = piy, and
pi" = m;7 sinh(Y; — n;;)/7to for parton i, which runs over all
partons produced in the AMPT model simulations. We set
o, = 0.6 fm, 0,, = 0.6 in our calculations. The transverse
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mass mr, rapidity Y, and spatial rapidity n, are calculated
from the parton’s 4-momenta and spatial coordinates. The
scale factor K and the initial time 7o are the only two
parameters that are adjusted to fit the experimental data on
central rapidity density of produced hadrons. The smearing
is necessary to provide the initial condition from discrete
particles to a continuous initial energy density distribution.
It can also be considered as an effective process of local
thermalization.

With the energy-momentum tensor 7" given by a Gaussian
smearing form in Eq. (9), the initial energy density is
determined through a root finding method by iterating the
equation

2
e=T" — L (10)
T + P(¢g)
with the given EoS and an initial value ¢ = 7" for the
iteration. Here M? = (T™4)? 4 (zT™)?. The flow velocity is
given by

Uy =T™HT™ + Pe)], (11)
v, = tT”’/[T” + P(e)]. (12)

In the above initial condition from the AMPT model, jets
that consist of collimated clusters of partons in phase space
will appear as a local density fluctuation or hot spots on top of
the underlying background of bulk matter. Such local density
fluctuations or hot spots will eventually contribute to the
same-side dihadron correlations after anisotropic expansion
according to the hydrodynamic equations. Because jets carry
large transverse momentum (and longitudinal momentum
in large rapidity region), these hot spots should also carry
nonvanishing initial fluid velocity. Propagation of hot spots
with nonvanishing fluid velocity will be equivalent to jet
propagation through medium with the strongest jet-medium
interaction and induced medium excitations. It should there-
fore influence the near-side dihadron correlation. Because jets
are often produced in pairs, dijets in the above initial condition
will appear as two hot spots with fluid velocities back to back
in the transverse direction. Such back-to-back hot spots should
contribute to away-side dihadron correlations in the final

Hadron spectra from the ideal hydrodynamics can be
calculated through the Cooper-Frye formula [87] at freeze-out
for particle i with degeneracy g;,

dN; dN; .

d*p  dnprdprd¢
where d %, is the normal vector on the freeze-out hypersurface
beyond which the temperature falls below the freeze-out

temperature 7 and hadrons are assumed to follow the thermal
distribution,

gi/EP“dEuﬁ(pu), (13)

1 1
(27)3 elPu=rd/TOI £ 1

filpu) = (14)
where £ stands for fermions and bosons, respectively, u is
the flow velocity, and y; is the chemical potential for particle
species i, where we set ;t; = 0 to be consistent with the EoS we
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0-10% AutAu |5, =200 GeV, p__ € (1,2) GeV/e
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FIG. 6. (Color online) Charged hadron distributions in 7 and ¢
within pr € (1,2) GeV/c from two typical hydrodynamic events of
0%-10% Au + Au collisions at /s = 200 GeV /nucleon.

use in this paper. Resonances are assumed to freeze-out from
the same hypersurface and decay into stable particles whose
spectra are summed together with direct hadrons from the
freeze-out to give the final hadron spectra. Bulk hadron spectra
and elliptic flow from this (3 + 1)D ideal hydrodynamic model
are found to be in reasonable agreement with experimental data
at RHIC and LHC [48].

One can evaluate the above hadron spectra in each event
with a given initial condition. The spectra should fluctuate
in rapidity and azimuthal angle and vary from event to event
with fluctuating initial conditions. Shown in Fig. 6 are charged
hadron distributions in 1 — ¢ within pr € (1,2) GeV/c from
two typical hydrodynamic simulations of central 0%—10%
Au + Au collisions at /s = 200 GeV /nucleon. These illus-
trate the typical azimuthal anisotropies of hadron production
and their fluctuations in pseudorapidity n. The event-by-event
fluctuations in azimuthal anisotropies and pseudorapidity
distribution of charged hadron spectra from hydrodynamic
simulations are completely dictated by the fluctuations in the
initial conditions. The smooth distributions do not contain
statistical fluctuations owing to finite number of particles
within each bin.

One can calculate dihadron correlation in terms of bin-bin
correlation in azimuthal and pseudorapidity,

Ci(An,Ag) = S(An,Ap)/B(An,Ad) 5)

— (NirigNgsso/Nttéitil)same (16)

- (N][fig N;sso/leig ’

total )mix
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where
trig(asso)

3
trig(asso) __ i ) )
N o7 g o
denotes multiplicity for charged particles at pseudorapidity 7;
and azimuthal angle ¢; with transverse momentum integrated
within the range for the trigger (associated) particles and
(- - )same(mix) denotes averaging over events where trigger
and associated particles come from the same event (different
events). The above dihadron correlation is also averaged over
all values of n; > and ¢, » with fixed difference | — n2| = An
and |¢p; — ¢»| = A¢ to increase the statistics and the final
results should be symmetric in An and A¢. For mixed
events, we randomly rotate each event in ¢ to remove the
correlation caused by the same reaction plane used in the
AMPT model. Comparing to the dihadron correlation in
experiments and the HIJING calculation in Eq. (3), the above
dihadron correlation from hydrodynamic simulations neglects
statistical fluctuations owing to the finite number of hadrons
within each bin. One may improve upon this calculation
with statistic sampling within each bin in the calculation of
the dihadron correlation. The statistical fluctuations might
influence the overall magnitude of the dihadron correlation but
not the shape. In addition, hadrons from resonance decays [67]
also contribute to short-range correlations, which we neglect
here. This can be taken into account with a Monte Carlo
resonance decay within the statistic sampling in freeze-out. For
moderately high pr ranges of trigger and associated hadrons
that we consider in this study, the effect of resonance decay on

dihadron correlations is expected to be small.

i=12, 17

S
7=
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B. Dihadron correlations at RHIC

We first study dihadron correlations in heavy-ion collisions
at RHIC. Shown in Fig. 7 are dihadron correlations for charged
hadrons from event-by-event (3 4 1)D ideal hydrodynamic
simulations of Au+ Au at /s =200 GeV/nucleon with
initial conditions from the AMPT model for four different
centralities. As we show later, dihadron correlations shown
in this figure are dominated by anisotropic collective flow
owing to the expansion of the fireball with fluctuating initial
conditions. Because the dominant initial fluctuation of energy
density in the transverse plane is geometric in nature, it
should be common along the longitudinal direction in 1 at
each transverse position. Such coherent fluctuation from the
initial parton production in HIJING [18] is the main cause
of the ridge structures at both near-side and away-side of
the dihadron correlation from event-by-event hydrodynamic
simulations. As compared to HIJING results in the preceding
section, such dihadron correlation generated by anisotropic
flow is much stronger than the intrinsic dihadron correlation
from minijets in heavy-ion collisions. Relics from minijets
in these dihadron correlations from (3 + 1)D event-by-event
hydrodynamic simulations appear as a peak at Ay = 0 on top
of the long ridge on the near side.

For most noncentral and peripheral collisions, elliptic flow
v, is the most dominant and is driven by the overall geometric
shape of the overlapping region of A + A collisions. This is
the reason for the two ridge structures on both near-side and
away-side of dihadron correlations. The amplitudes of these
two ridges in C, increase with the average value of v,, which
in turn increases with the eccentricity as one can see in the

FIG. 7. (Color online) Dihadron correlations for charged hadrons from (3 4 1)D ideal hydrodynamic simulations of Au + Au collisions at
/s = 200 GeV /nucleon with four centralities. The trigger and associated particles lie in the py ranges € (2,4) GeV/c and € (1,2) GeV/c,

respectively.
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FIG. 8. (Color online) Dihadron correlations for charged hadrons
with large rapidity gap An =2.5 as a function of A¢ from
(3 + 1)D ideal hydrodynamic simulations of Au + Au collisions at
/s = 200 GeV /nucleon with four different centralities. The trigger
and associated particles lie in the py ranges € (2,4) GeV/c and
€ (1,2) GeV/c, respectively.

figure. In the most central 0%—10% collisions, the amplitudes
of v3 and v4 are comparable with v, for transverse momentum
range pr € (2,4) GeV/c in the ideal (3 + 1)D hydrodynamic
simulations [18,88,89]. The large v; and v4 component of the
fluctuation is the reason for the double ridges on the away
side of the dihadron correlation, as seen in the hydrodynamic
results for the 0%—10% Au + Au collisions.

To illustrate dihadron correlations from anisotropic flows
and their centrality dependence, we show in Fig. 8 dihadron
correlations for charged hadrons with large rapidity gap
An =2.5 as functions of A¢. The correlation strengths
on both near side and away side increase from central
to semiperipheral events. For very peripheral events, vis-

Hydro Au+Au 200 GeV/nucleon

(a) 0-10%
|An| <1
Bl 2 <|An|<4

*—o

Npair
dA
[
—
N

- 11.0

—

10.8

(c) 20-30%
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cous corrections become more important and the correlation
should decrease again. In the most central collisions, higher
harmonic flows become more dominant and the shape of
away-side dihadron correlations becomes flatter with multiple
bumps.

To exam the structure of the minijet relics amid anisotropic
flows, we define the associated yield per trigger and per unit
of phase space in (An,A¢),

1 dZNpair
Nuig dAnd A

B(0,0)
AnAg’

= Cpp(An,A¢) x

(18)

which is obtained by multiplying the dihadron correlation
Cy, with the yield of background pairs from mixed event
B(An =0,A¢ = 0). Dividing by An and A¢ will ensure the
associated particle yield per trigger independent of the bin
size. The per-trigger particle yield in one selected rapidity
difference window as a function of azimuthal angle difference
A¢ is defined as

1 dNPpar _ 1 /n"‘“ 1 g?Npar d
Ntrig dA¢ Nmax — Nmin Jy, Ntrig dAndA¢

'min

An
19

In Fig. 9, we plot the associated yields per trigger for
charged hadrons as functions of the azimuthal angle difference
A¢. We can see that the associated yields per trigger on
both the near-side and the away-side increase with centrality
monotonically, reflecting the increased collectivity in more
central collisions.

Because minijets do not contribute to long-range dihadron
correlations on the near side, as we have seen in p 4+ p
collisions without collective expansion, one can subtract the
long-range (large An) correlation from the short range (small
An) to focus on the structure of dihadron correlation on the
near side purely from minijets. Shown in Fig. 10 are the

€[1,2]GeV/c

ptTrig €[2,4]GeV /c, pF*°
8.8

(b) 10-20%

(d) 30-40%

FIG. 9. (Color online) Associated yield per trigger for charged hadrons at short range |An| < 1 (solid circles) and long range 2 < |An| < 4
(solid squares) as a function of A¢ from (3 + 1)D ideal hydrodynamic simulations of Au + Au collisions at /s = 200 GeV /nucleon with four
different centralities. The trigger and associated particles lie in the pr ranges € (2,4) GeV/c and € (1,2) GeV/c, respectively.
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FIG. 10. (Color online) The short-range (|An| < 1) yield per trigger with long range (2 < |An| < 4) subtracted for charged hadrons as
a function of A¢ from (3 + 1)D ideal hydrodynamic simulations of Au + Au collisions at /s = 200 GeV /nucleon with four centralities
(open diamonds and open circles), compared with HIJING p + p results (dashed histogram) and PHENIX data [28] (solid diamonds), where
v,v3,04(W4) contributions are ZYAM subtracted from the short-range per-trigger particle yield. The trigger and associated particles lie in py
range € (2,4) GeV/c and € (1,2) GeV/c, respectively. See text for explanation on scaled hydro results.

long-range subtracted per-trigger charged hadron yields as
functions of A¢ from (34 1D) event-by-event hydrodynamic
simulations of Au + Au collisions at 4/s = 200 GeV /nucleon
(open circles) compared with PHENIX experimental data
(solid diamonds) [28] and HIJING results on p + p collisions
(dashed histograms). We consider the same kinematic cuts as
in PHENIX analysis when we calculate two-dimensional per-
trigger particle yields as functions of An and A¢ for charged
hadrons in |n| < 2.4 from which the associated yield per
trigger (1/Nyig)d N Pair /4 A¢p as a function of A¢ is calculated
following Eq. (19). We then subtract the long-range associated
yields per trigger in 2 < |An| < 4 from the short-range ones
in |An| < 1. We see modest but systematic increase of long-
range subtracted per-trigger yield from peripheral to central
heavy-ion collisions and significant enhancement over that in
to p + p collisions. One might regard this as the consequence
of interaction between minijets and the expanding medium as
the radial flow boots the particle yields within the relics of
minijets in hydrodynamic simulations.

In the PHENIX experiment, charged hadrons within || <
0.35 are used to calculate the dihadron correlations as
functions of A¢, where the flow contributions v;,v3,v4(W4)
are subtracted by using the zero yield at minimum (ZYAM)
method [25]. The data (solid diamonds) shown in Fig. 10
are the ZYAM subtracted per-trigger particle yield and the
hashed region represents systematic uncertainties propagated
from higher-order flow harmonics. The PHENIX data shown
in Fig. 10 are divided by a factor of 0.7 owing to the
small rapidity window |n| < 0.35 to get the associated
yield per unit of rapidity. The long-range subtracted per-

trigger yields from event-by-event hydrodynamic simulations
in Fig. 10 are systematically higher than the PHENIX
results. The difference could be caused by the ZYAM
method of subtracting background from high-order harmonic
flows.

The magnitude of the per-trigger particle yield is deter-
mined by the event averaged number of associated particles,
which in turn is proportional to single inclusive hadron spectra
in hydrodynamic simulations. We compare our ideal hydro-
dynamic simulations [48] of pr spectra for charged hadrons
in Au + Au collisions at /s = 200 GeV /nucleon to PHENIX
datain Fig. 11. Intheregion pr € (1,2) GeV/c, hydrodynamic
results are consistently larger than experimental data. Inclusion
of viscous corrections in hydrodynamic simulations will likely
improve the hydrodynamic results on pr spectra. For a more
accurate comparison to experimental data on associated yield
per trigger, we should take into account such an overestimate
of hadron spectra in ideal hydrodynamic simulations. For this
purpose we define a scale factor C as the ratio between the
integrated number of associated hadrons from experiments and
event-by-event ideal hydrodynamic simulations in the range of
transverse momentum Apz of interest,

Apr 2
dprd*N /dndp
C= ( ! Do . (20)

(prT dedzN/dnde)Hydm

In Table I, we list these scale factors for Au + Au collisions
at /s = 200 GeV/nucleon for four centralities. The scaled
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FIG. 11. (Color online) (Top) The transverse momentum distri-
bution of the charged hadrons in Au+ Au collisions at /s =
200 GeV /nucleon from event-by-event (3 + 1)D hydrodynamic sim-
ulations (open symbols) [48] compared with PHENIX experimental
data (solid symbols) [90,91] and (bottom) their ratio. The shaded
region indicates the pr range for associated hadrons in our calculation
of dihadron correlations.

hydrodynamic results on associated yield per trigger are
plotted in Fig. 10 and are, on average, about 30% below the
original hydrodynamic results.

Long-range subtracted hadron yields per trigger have also
been measured in Au + Auand d + Aucollisions by the STAR
experiment at RHIC [92,93] and found to be similar. This
might not be surprising given the recent discovery of collective
behavior such as anisotropic flows and ridge structures in
p + Pb collisions at LHC [75-77] and d + Au collisions at
RHIC [94]. It is therefore important to compare results in
A+ A and p(d) + A to p + p collisions.

We should note that the subtraction of the long-range cor-
relation removes contributions from all order harmonic flows
to dihadron correlation on both the near side (A¢ = 0) and the
away side (A¢ = ), as well as the jet contribution on the away
side. Because uncertainties from high-order flow harmonics
exist at both short range |An| < 1 and long range 2 < |An| <
4, the long-range subtraction method should significantly
reduce the systematic errors arising from direct and high

TABLEI The scale factor C which is defined as the ratio between
the integrated number of charged hadrons with pr € (1,2) GeV/c
from PHENIX data and event-by-event ideal hydrodynamic simula-
tions in Fig. 11.

Centrality 0%—-10% 10%-20% 20%-30% 30%—40%

C 0.671 0.670 0.645 0.669

PHYSICAL REVIEW C 89, 064910 (2014)

harmonic flows as compared to the ZYAM method where only
flow contributions are subtracted. This is particularly important
for our calculations in this paper because ideal hydrodynamic
models are known to produce larger direct and high-order
harmonic flows [71] than experimental data. Inclusion of
viscosity will improve the hydrodynamic calculation of high
harmonic flows and it might also influence quantitatively
the long-range subtracted correlations. Long-range subtracted
dihadron correlations can also avoid uncertainties related to
the ZYAM method for subtraction of flow contributions [95].

C. Dihadron correlations at LHC

For Pb+Pb collisions at the LHC energy ./s =
2.760 TeV /nucleon, we also calculate the per-trigger charged
yield as a function of An and A¢. At such a high colliding
energy, the initial energy density is much higher than at
RHIC. There are also many more minijets contributing to
the fluctuation and correlation in the initial conditions for
hydrodynamic studies.

Shown in Fig. 12 are the per-trigger particle yield in Pb +
Pb collisions at /s = 2.76 TeV /nucleon for four centralities
from event-by-event (34 1D) ideal hydrodynamic simulations,
where the transverse momentum ranges for trigger and
associated particles are (3,3.5) GeV/c and (1,1.5) GeV/c,
respectively. Again, slopes of pr spectra for charged hadrons
from our ideal hydrodynamic simulations [48] of Pb + Pb
collisions at /s = 2.76 TeV /nucleon are a little bigger than
experimental data, as shown in Fig. 13. They also make the
event-averaged number of associated particles in the transverse
momentum range (1,1.5) GeV/c from hydrodynamic simula-
tions bigger than in the experimental data. This brings about
25% more overall per-trigger particle yield in the most central
collisions and 35% more in semicentral collisions than CMS
data [43]. Viscous corrections in hydrodynamic simulations
will bring down the pr spectra and give a better fit to the
experimental data on the magnitudes of per-trigger particle
yield, especially in peripheral collisions.

To compensate for the effect of viscous corrections to
the overall spectra and the magnitude of per-trigger hadron
yields, we scale our per-trigger associated particle yields from
ideal hydrodynamic simulations by a scale factor C for each
centrality range in Eq. (20). It is defined as the ratio between
the integrated number of associated hadrons from ALICE [44]
and event-by-event ideal hydrodynamic simulations [48]. In
Table II, we list these scale factors for Pb + Pb collisions at
/s = 2.76 TeV /nucleon for four centralities.

In Fig. 12, we again see the difference between short-
range and long-range associated hadron yield per trigger
on the near side |A¢| < 1.1 due to relics of minijets. On
the away side at A¢ ~ m, the ridge of per-trigger particle
yield is approximately flat from mostly the superposition of
anisotropic flows and some small contributions of back-to-
back jets. However, a careful examination reveals that there
is a small concave feature along the ridge on the away side,
especially for most central collisions, which is also observed in
CMS [43] data for Pb + Pb collisions at 2.76 TeV /nucleon and
STAR [29] data for Au + Au collisions at 200 GeV /nucleon.
A smaller but similar concave feature along An on the away
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FIG. 12. (Color online) Associated yield of charged hadrons per trigger from (3 + 1)D ideal hydrodynamic simulations of Pb + Pb
collisions at /s = 2.76 TeV /nucleon with four different centralities. The trigger and associated particles lie in the p7 ranges € (3,3.5) GeV/c

and € (1,1.5) GeV/c, respectively.
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FIG. 13. (Color online) The transverse momentum distribu-
tion of the charged hadrons in Pb+Pb collisions at /s =
2.76 TeV/nucleon from event-by-event (3 + 1)D hydrodynamic
simulations (open symbols) [48] compared with ALICE experimental
data (solid symbols) [44]. The shaded region indicates the pr range
for associated hadrons in our calculation of dihadron correlations.

side is also seen in HIJING results for p 4+ p collisions at
200 GeV in Fig. 1. We have also checked that such a concave
feature along the away-side ridge still exists if true rapidity y
is used instead of pseudorapidity 5. One possible mechanism
for the enhanced concave feature along the away-side ridge in
heavy-ion collisions is the influence of longitudinal expansion
on back-to-back jet correlations. This might be worth further
investigation in future studies.

To study the centrality dependence of minijet relics, we
show in Fig. 14 the long-range subtracted associated hadron
yields per trigger from Fig. 12 (open diamonds) compared
with CMS experimental data for Pb 4 Pb (solid squares) and
p + p (dashed lines) at 2.76 TeV /nucleon. The difference
between hydrodynamic results and experimental data on the
magnitudes of the near-side yield per trigger is consistent with
the difference in the overall single-hadron spectra in the pr
range of the associated hadrons, as we have noted before.
Using the scale factors in Table II, the scaled hydrodynamic
results (open circles) agree with the CMS data very well on the
long-range subtracted per-trigger hadron yields. Compared to
the p + p result (dashed lines), the per-trigger hadron yield

TABLE II. The scale factor C defined as the ratio between the
integrated number of charged hadrons with pr € (1,1.5) GeV/c from
ALICE data and event-by-event ideal hydrodynamic simulations in
Fig. 13.

Centrality 0%—5% 10%-20% 20%-30% 30%—-40%

C 0.728 0.717 0.693 0.635
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(b) 10-20%

FIG. 14. (Color online) The difference between associated yield per trigger for charged hadronsin |An| < 1 and2 < |An| < 4 as afunction
of A¢ from ideal hydrodynamic simulations (open circles and open diamonds) of Pb + Pb collisions at /s = 2.76 TeV /nucleon with four
centralities, compared with CMS data for Pb + Pb (solid squares) and p + p (dashed) collisions [43]. The trigger and associated particles lie
in the pr ranges € (3,3.5) GeV/c and € (1,1.5) GeV/c, respectively. See text for explanations on scaled hydro results.

from minijet relics in heavy-ion collisions is significantly
higher. One can attribute such enhanced per-trigger yields to
the jet-medium interaction and the influence of radial flows
on minijet relics. The enhancement in Pb 4 Pb collisions
decreases in more peripheral collisions and eventually should
approach that in p + p collisions. We should note again that
the subtraction of long-range dihadron correlations reduces
the influence of higher harmonic flows on the near-side
correlation and consequently of viscous corrections to the ideal
hydrodynamic results.

D. Colliding energy and freeze-out temperature dependence

In our hydrodynamic study, initial energy density and fluid
velocity are determined from initial parton production from
the HIJING + AMPT model. There are intrinsic short-range
correlations in rapidity in this initial energy density distribution
which will be reflected in the final charged hadrons from
freeze-out after the hydrodynamical expansion in terms of a
near-side peak of two-dimensional dihadron correlation. Two
mechanisms can potentially influence the per-trigger hadron
yield in the near-side two-dimensional peak. It can be boosted
by the collective flow of the bulk medium. Because initial
near-side correlation can come from both minijets and soft
parton production, relative fraction of partons from minijets
and soft production might also influence the per-trigger yield.

The number of minijets in heavy-ion collisions is approxi-
mately proportional to the number of binary nucleon-nucleon
collisions. More central collisions will have an increased
fraction of minijets relative to the soft parton production
which is proportional to the number of wounded nucleons.
The fraction of initial energy density from minijets should
also increase with colliding energy. In the meantime, increased
centrality and colliding energy will also lead to stronger
collective expansion. These all might lead to some nontrivial

centrality and colliding energy dependence of the near-side
per-trigger hadron yields.

In the previous sections, per-trigger particle yields on
the near side are observed (Figs. 10 and 14) to increase
with colliding energy from RHIC to LHC in the same class
of centrality. They also increase from peripheral to central
collisions at the same colliding energy. This trend is consistent
with the picture of increased contribution to the initial parton
production from minijets and influence by the collectivity
in more central collisions and at higher colliding energies.
However, the per-trigger yields in p + p collisions at RHIC
and LHC energy are very similar even though the fraction
of contribution from minijets to the initial parton production
increases significantly. Therefore, the observed increase of
per-trigger hadron yield on the near side with centrality and
colliding energy supports the picture of collective expansion
boosting the short-range dihadron correlation on the near side.

For further illustration of the dependence on colliding
energy, we compute the long-range subtracted hadron yields
per trigger for Au 4 Au collisions at three different colliding
energies /syy = 19.6, 62.4, and 200 GeV, as shown in
Fig. 15. The magnitude of the per-trigger hadron yields on the
near side increases with colliding energy following the same
trend from RHIC to LHC energies as shown in the previous
subsections.

To further investigate the influence of collective expansion
on short-range dihadron correlation, we show in Fig. 16 the
per-trigger hadron yields for Au + Au at ,/syy = 62.4 GeV
from hydrodynamic simulations with different kinetic freeze-
out temperature 7y = 0.136, 0.140, and 0.150 GeV. With
smaller freeze-out temperatures, the expanding fireball has
a longer lifetime, which gives rise to bigger flow velocity
and higher multiplicity on the freeze-out hypersurface. The
higher multiplicity will give rise to both enhanced short-range
and long-range per-trigger hadron yields. However, after the
long-range part (2 < |An| < 4) is subtracted, the remaining

064910-12



RELICS OF MINIJETS AMID ANISOTROPIC FLOWSIN ...

Au+Au 20-30%, pi® €[2,4]GeV /c, i €[1,2]GeV/c

3 A ]
= —o /5y=19.6 GeV ]
% 0.25 a5, =62.4 GeV ]
& — /s;n=200 GeV ]
«ire 0.20 —_
e -
= ]
ﬁ|%,° 0.15 3
Z ]
BN 1
— -
v 0.10 ]
= ]
< 0.05 .
Zl= 0.00

&

"|§ PSR I U S S (TS S S S NS S S N

Ag

FIG. 15. (Color online) The short-range (|An| < 1) yield per
trigger with long range (2 < |An| < 4) subtracted for charged
hadrons as a function of A¢ from (3 4 1)D ideal hydrodynamic
simulations of Au+ Au collisions at /s = 19.6 GeV /nucleon
(solid circles), /s = 62.4 GeV /nucleon (solid squares), and /s =
200 GeV /nucleon (solid diamonds) with centrality 20%—30%. The
trigger and associated particles lie in the pr ranges € (2,4) GeV/c
and € (1,2) GeV/c, respectively.

short-range (|An| < 1) yield per trigger is independent of
the freeze-out temperature. This indicates that the enhanced
short-range hadron yield per trigger must come from collective
expansion at a much earlier time and the initial thermalization.

We should note that results shown in this section are only for
a qualitative study. In our hydrodynamic simulations zero net
baryon density is assumed, which is no longer true for lower
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FIG. 16. (Color online) The short-range (|An| < 1) yield per
trigger with long range (2 < |An| < 4) subtracted for charged
hadrons as a function of A¢ from (3 4+ 1)D ideal hydrodynamic
simulations of Au+ Au collisions at /s = 62.4 GeV /nucleon
with freeze-out temperature 7y = 0.136 GeV (solid circles), Ty =
0.140 GeV (solid squares), and T, = 0.150 GeV (solid diamonds)
with centrality 20%—-30%. The trigger and associated particles lie in
the pr ranges € (2,4) GeV/c and € (1,2) GeV/c, respectively.
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RHIC beam energy scans. The total number of associated
particles is also not scaled to fit experimental data for the
given transverse momentum range. For different freeze-out
temperatures, we did not try to adjust the global scaling factor
for the initial energy density to fit the overall hadron spectra
and anisotropic flows. These can all influence quantitatively
the magnitude of the short-range hadron yields per trigger.

IV. RELICS OF MINLIJETS AND LONGITUDINAL
FLUCTUATIONS

As we have seen in the last section, relics of minijets
produce additional dihadron correlations that sit on top of
two ridges from anisotropic flows owing to expansion of the
fluctuating initial energy density that is coherent along the
longitudinal direction. Such relics of minijets in dihadron
correlations result from the initial correlation intrinsic to
minijets that survive anisotropic expansion of the fluctuating
fireball. In this section, we examine the structure of minijet
relics in detail.

A. Longitudinal fluctuations and initial flow

To study the influence of the intrinsic correlations on final
dihadron correlations, we first switch off the longitudinal
fluctuation and correlation from minijets by multiplying the
initial parton density at central rapidity n = 0 with an envelope
distribution function along n direction,

H(®) = exp [ — 0(Inl — no)(Inl — no)* /20, ], 21

to obtain a tubelike initial rapidity distribution, where ng is
the half width of the central plateau in rapidity and o, is the
Gaussian falloff at large rapidity, which are used to fit the
charged hadron rapidity distribution [48].

In Fig. 17 we compare dihadron correlations from event-by-
event (3 + 1)D hydrodynamic simulations with the full AMPT
fluctuating initial conditions (top panel) and tubelike AMPT
initial conditions (middle panel) in semicentral 30%—40%
Au + Au collisions at /s = 200 GeV/nucleon. Within the
rapidity window of the plot, the tubelike AMPT initial
conditions give two ridges which are very flat along the
An direction. Therefore, any variation in rapidity of the
dihadron correlation as compared to that from the tubelike
initial conditions is caused by initial intrinsic correlation from
minijets and the underlying soft and coherence initial parton
production. To illustrate the relics of minijets in dihadron
correlation, we show in the bottom panel of Fig. 17 the
ratio of dihadron correlation from hydrodynamic simulations
with full AMPT and tubelike AMPT initial conditions. The
ratio has a two-dimensional peak on the near side and a
long ridge on the away side. They resemble the dihadron
correlation from minijets in p + p collisions shown in Fig. 1,
though the near-side peak of the ratio is much broader in the
n direction than that in p 4 p collisions. Such broadening
of the near-side peak in the relic dihadron correlation from
minijets represents the effect of thermalization and jet-medium
interaction. Mechanisms such as local charge conservation in
hadronization and resonance decay [67] can also induce a
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FIG. 17. (Color online) Dihadron correlations from event-by-
event ideal hydrodynamic simulations with full AMPT initial con-
ditions (top) and tubelike AMPT initial conditions (middle) in semi-
central 30%-40% Au + Au collisions at /s = 200 GeV /nucleon,
and their ratio (lower). The trigger and associated particles lie in the
same momentum range pr € (2,3) GeV/c.

two-dimensional central peak in dihadron correlations which
is in addition to the relics of minijets.

Because of momentum conservation, transverse momen-
tum of jets will be transferred to the local medium through
jet-medium interaction even if one assumes a complete local
thermalization. Therefore, hot spots from minijets in the
fluctuating initial condition should have nonvanishing fluid
velocity. This nonvanishing fluid velocity of hot spots is found
to increase the final hadron multiplicity, the slope of hadron
transverse momentum spectra and the differential elliptic flow
at large transverse momentum [48]. It should also affect
both near-side and away-side dihadron correlations. Shown
in Fig. 18 are dihadron correlations with full fluctuating initial
condition from AMPT (top panel) and initial conditions in
which the local transverse fluid velocity is set to zero (middle
panel). One can see that the near-side peak in the case of
full fluctuation is more collimated in pseudorapidity An than
that without initial flow. To quantify the effect of initial flow
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FIG. 18. (Color online) Dihadron
10%-20% Au+ Au collisions at /s = 200 GeV/nucleon from
ideal hydrodynamic simulations with full AMPT initial conditions
(top) and AMPT initial conditions without initial transverse fluid
velocity (middle) and their ratio (bottom). The trigger and associated
particles lie in the same momentum range pr € (2,3) GeV/c.

correlations in  central

in the dihadron correlation, we show the ratio of dihadron
correlations with and without initial flow in the lower panel
of Fig. 18. One can clearly see the relic of minijets in this
ratio whose structure resembles that of dihadron correlations in
Au + Au collisions from HIJING simulations in Fig. 4, which
do not have contributions from anisotropic flow. However, the
effect of the initial flow on the dihadron correlation is quite
small, on the order of a few percent of the overall magnitude
of dihadron correlations.

B. Dihadron correlations and harmonic flows

Though our analysis of (3 + 1)D hydrodynamic simulations
with different initial conditions can illustrate the relics of
minijets in dihadron correlations on both the near side and
the away side, the striking feature of dihadron correlations
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that is unambiguously from minijets and can be extracted
from experimental data is the near-side peak on top of the
ridges from harmonic flows. An alternative method to quantify
the difference in dihadron correlations within and outside the
near-side peak region is to carry out a harmonic analysis of
dihadron correlations.

We use the event plane as constructed from hadrons at
large rapidity 3.3 < |n| < 4.8inPb 4 Pbcollisions at the LHC
energy /s = 2.76 TeV /nucleon,

(pr sin(ng))

ep_ |
W = — arctan , (22)
n (pr cos(ng))
where the average,
2w dN
d¢ O(pr.n.®) 705 dds
Owrm =T it (23)

2 dN
fO d¢ dnprdprde

for each event is over the azimuthal angle of all final hadrons
weighted by their spectra. Note that final hadron spectra from
the Coorper-Frye formula are continuous distribution func-
tions. Therefore, the calculation of WE in our hydrodynamic
simulations will not introduce plane resolution, contrary to
experimental analyses where there are only a finite number of
particles per event. Harmonic flows with respect to the event
plane are defined as

v (pr.n) = (cos [n(¢ — ¥F)]). (24)

where additional average over events is implied. In our current
event-by-event (3 + 1)D ideal hydrodynamic simulations,
higher-order harmonic flows are always larger than experimen-
tal data. Introduction of viscosity in a viscous hydrodynamics
will bring down higher harmonic flows [71]. For our purpose
of study here, dihadron correlations can be reconstructed
from harmonic flows within the same hydrodynamic events
self-consistently.

With harmonic flows determined from hydrodynamic
events, one can construct the corresponding dihadron
correlation as

6
C3 (Ag) = agcos(Ad) + by |:1 +23 oot cos(nA¢)i| :
n=2

6
CH(A¢) = aj cos(Ap) + b |:1 +2 Z v cos(nA¢):| ,

n=2

where C1E2P (A¢) and Cf%(A(f)) are constructed from event-
plane harmonic flows vEF and mean-square-root harmonic

flows v22, respectively. The mean-square-root harmonics flows
are defined as v?? = ,/(vEPUEP) and take the event-by-event
fluctuations into account. Because we cannot determine the
directed flow v; in our hydrodynamic calculations we will just
adjust parameters ag,a; and by,b; to fit to the calculated raw
dihardron correlations. The fitting parameters are shown in
Table II1.

Shown in Figs. 19 and 20 (middle and bottom panels) are
directly calculated dihadron correlations with zero rapidity
gap (solid circles) and large rapidity gap 2 < |An| < 4
(solid squares) as compared to dihadron correlations recon-
structed from harmonic flows (solid lines) in central (0%—-5%)
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TABLE III. The fitting parameters ag,by and a;,b, for harmonic
flow decompositions of dihadron correlations in Pb + Pb collisions at
/s = 2.76 TeV /nucleon with (0%—5%) and (10%—20%) centrality.

a by a b
0%—-5% 0.00754 1.0098 0.00754 1.00967
10%-20% 0.01049 1.00597 0.01049 1.00524

and semicentral (10%-20%) Pb + Pb collisions at /s =
2.76 TeV /nucleon. The momentum range for both trigger and
associated hadrons is pr € (2,3) GeV/c. The corresponding
two-dimensional dihadron correlations are shown in the top
panels. Harmonic flows vEP and v?? for n = 2-6 are also
calculated with p7 integrated over the same range. Contri-
butions from each harmonic flow to dihadron correlations are
superimposed in the figure (dashed lines).

=
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1.1(b) PbPb 2.76 TeV/nucleon, 0-5% —
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o
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FIG. 19. (Color online) The v, reconstruction of dihadron
correlations for 0%-5% central Pb+Pb collisions at /s =
2.76 TeV /nucleon with pr € (2,3) GeV/c.
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FIG. 20. (Color online) The same as Fig. 19, except for seminal
central 10%-20% Pb + Pb collisions.

As we can see from Figs. 19 and 20, there is very
little contribution from minijets to dihadron correlations with
large rapidity gap 2 < |An| < 4, where harmonic flows from
anisotropic expansion dominate. Therefore, raw dihadron
correlations (solid-square lines) can be described well by
correlations reconstructed from mean-square-root harmonic
flows (solid lines in the bottom panels) in both central
and semicentral collisions. Short-range (An = 0) dihadron
correlations (solid-circle lines) on the away side also agree very
well with that reconstructed from harmonic flows. However,
they differ significantly at the near side, indicating strong
nonflow effect in short-range dihadron correlations. The excess
in the raw dihadron correlations over contributions from
harmonic flows is from the relics of minijets in heavy-ion
collisions.

In central collisions (Fig. 19), triangle flow (n = 3) is the
most dominant contribution to dihadron correlations, while the
quadratic flow is comparable to elliptic flow at the selected
transverse momentum range. The reconstructed dihadron
correlation from harmonic flows (n = 2-6) therefore has a
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double bump on the away side, corresponding to the double
ridges on the away side in the two-dimensional dihadron
correlation. In semicentral and peripheral collisions (Fig. 20),
however, elliptic flow becomes dominant as a result of the
overall geometric shape of the overlapping region. Dihadron
correlations on the away side have a single peak, corresponding
to a single away-side ridge in the two-dimensional dihadron
correlations.

V. CONCLUSIONS AND DISCUSSIONS

We have used both the HIJING Monte Carlo model
and an ideal (3 4+ 1)D hydrodynamic model with fluctuating
initial conditions from HIJING + AMPT model to calculate
two-dimensional dihadron correlations in An and A¢. We
investigated the influence of initial local fluctuations from
minijets on the final dihadron correlations. Because HIJING
does not have final-state interaction to produce any collective
expansion of the bulk medium, dihadron correlationsin A + A
from HIJING are found to have a similar structure as those in
p + p collisions. It has a peak on the near side and a ridge
along An on the away side. Jet quenching is found to broaden
the near-side peak in both An and A¢ but does not produce
any ridge structure on the near side.

Within a (3 + 1)D ideal hydrodynamic model with fluctu-
ating initial conditions from the HIJING + AMPT model, we
found that dihadron correlations are dominated by harmonic
flows from the expansion of the anisotropic fireball, especially
for charged hadrons with a large rapidity gap where influence
from minijets is expected to be small. Short-range dihadron
correlations with a small rapidity gap show a similar two-ridge
structure, however, with an enhanced dihadron correlation on
the near side owing to intrinsic correlations from minijets in
the fluctuating initial conditions. These intrinsic correlations
seem to survive the anisotropic expansion and still show
up in near-side dihadron correlations in final states. The
intrinsic away-side correlation from minijets, however, seems
to disappear in the final state after hydrodynamic evolution.
This is consistent with the picture of jet quenching which
suppresses the back-to-back dihadron correlation because the
away-side jets have to traverse a large volume of dense matter,
while the near-side correlation remains about the same because
of trigger bias toward surface emission of jets with little
attenuation.

Because near-side dihadron correlations from minijets are
limited to short range in rapidity, one can extract their
contributions by subtracting long-range correlations owing to
anisotropic flows. The near-side correlations from relics of
minijets extracted with this method are not sensitive to values
of harmonic flows and therefore their sensitivity to viscous
corrections should also be reduced. The long-range subtracted
per-trigger hadron yields on the near side are found to be
significantly enhanced in central heavy-ion collisions over that
in peripheral and p 4+ p collisions, owing to influence of radial
flow during the hydrodynamic evolution. The hydrodynamic
results on the long-range subtracted per-trigger hadron yields
are in qualitative agreement with experimental data at RHIC
and LHC. The enhancement of the short-range hadron yield
per trigger on the near side is also shown to increase with
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colliding energies and be insensitive to the values of kinetic
freeze-out temperature.

By comparing dihadron correlations from hydrodynamic
simulations with full AMPT initial conditions, tubelike AMPT
initial conditions and AMPT initial conditions without initial
fluid velocity, we illustrated the influence of minijets on the
final dihadron correlations on both the near side and the
away side. The longitudinal correlations and fluctuations in
minijets have a much stronger effect on the near-side dihadron
correlation than the away-side correlation. The effect of initial
fluid velocity from back-to-back dijets enhances the dihadron
correlation about 1% on both the near side and the away
side. We also used harmonic flows calculated from the same
hydrodynamic events to reconstruct dihadron correlations and
found that they can describe the raw long-range (with large
rapidity gap) dihadron correlations very well, whereas they
differ from the raw short-range dihadron correlations because
of contributions from relics of minijets, as expected.

We should emphasize that our study of dihadron corre-
lations within the (3 + 1)D ideal hydrodynamic model is
still semiquantitative. It has been shown [71] that viscous
corrections to the harmonic flows and therefore dihadron
correlations are large, in particular, for higher harmonic
flows at high transverse momentum. Therefore, our ideal
hydrodynamic results on the overall dihadron correlations and
per-trigger hadron yields will differ from experimental data
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by the amount of viscous corrections, especially in higher pr
regions. We should emphasize that our study is only limited
to the low-transverse-momentum region. At much higher pr,
nonequilibrium corrections become too big and one has to
resort to other approaches such as transport or jet quenching
models.

Note added. A recent study [96] shows that quenching of
dijets could influence the anisotropic flow of the soft bulk
medium. If this effect is not uniform in rapidity, it could
also potentially affect our subtraction scheme (long-range
subtraction) and should be investigated in future studies.
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