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Interplay between collective expansion and Mach cone
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Abstract. By using a hybrid dynamical model which describes space-time evolution of
the bulk medium, (mini-)jet propagation and interactions between medium and (mini-
)jets, we study hydrodynamic responses to (mini-)jet propagation in high energy nuclear
collisions. When an energetic jet traverses the bulk matter, it loses its energy into the
matter and forms a Mach-cone like structure. On the other hand, the bulk matter expands
radially due to pressure gradient. As a result, there happens an interplay between radial
expansion and the Mach cone. We discuss possible phenomena and observables related
with this in asymmetric gamma-jet events. We also discuss phenomena in which many
mini-jets propagate the bulk matter at once in an event and calculate higher harmonics of
azimuthal angle distribution.

1 Introduction

One of the important findings in ultra-relativistic heavy ion collisions at the LHC energy is a clear sig-
nal of jet quenching, namely, a phenomenon in which hard partons lose their energies during traversing
a dense medium. In an asymmetric di-jet event, a few hundred GeV jet is dragged by a dense medium
with temperature of the order of a few hundred MeV [1]. This kind of striking phenomenon attracts a
lot of theoretical and experimental interests [2].

Dynamics of how the jet loses its energy has been focused in the conventional theoretical analyses.
On the other hand, we focus on where the lost energy and momentum go in the medium and, in partic-
ular, how the medium responses to the energy and momentum deposited from the jet. To investigate
them, we developed a fluid jet model [3] in which we solve relativistic hydrodynamic equations for
space-time evolution of the quark gluon plasma (QGP) fluid with energy and momentum source terms
from jet energy loss.

In our previous study, we analysed asymmetric di-jet events at the LHC energy by using this
model and found energyomentum transport away from the jet axis results from the hydrodynamic
response to the jet propagation [3]. In the present analysis, we study asymy¥jetrévents to obtain
more information about the hydrodynamic responses to jet propagation. Further details on this topic
can be also found in Ref. [4]. Furthermore, we also study an event in which many mini-jets traverse
the QGP medium at once. These mini-jets are expected to disturb bulk evolution of the QGP fluid [5].
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To see this, we analyse higher order harmonics of the azimuthal angle distribution of final hadrons in
low and intermediate transverse momentum regions.
Throughout this paper, we use a natural unit ¢ = kg = 1.

2 Model

Relativistic hydrodynamics works quite well in description of space-time evolution of the bulk QCD
matter in relativistic heavy ion collisions. We employ a fluidet model to study hydrodynamic
responses to propagation of jets.

We solve relativistic hydrodynamic equations with source terms

BT =3, (1)
i

whereT#” is energy momentum tensor of the fluid altds four vector of the source term. We neglect
dissipative &ects of the fluid for simplicity, then the energy momentum tensor can be written as

T = U’ - P(g" — U'W). )

Heree is energy densityP is pressure is four flow velocity andg”” = diag(1-1,-1,-1) is
Minkowski metric. As for the equation of stale= P(e), we employ a recent result from lattice QCD
simulations [6].

We assume jets lose their energy and momenpfrand that the deposited energy and momentum
are quickly equilibrated at the position of jet partorgt), in the QGP fluid. Thus we parametrise the
source term as

J = def

"= g0 (X% (). 3

Since the purpose of the present study is to investigate hydrodynamic responses to jet propagation
we employ a rather simple parametrised formula for energy loss of jet partons. The amount of energy
loss per unit length is assumed to be proportional to parton density of the QGP fluid and, in turn, the

cube of temperature in an ideal gas limit. Thus the energy loss formula can be

af (M)d_E

L
dt To dl

where a reference temperatureTis = 0.5 GeV and the amount of energy loss per unit length at
that temperature idE/dllp = 15 GeV/fm in the case ofy-jet events andlE/dl|y = 5 GeV/fm in
many mini-jets cases. The former value leads to reproduce the nuclear modification factor for jets at
p ~ 100GeV at the LHC energy [7].

Once we set initial conditions, we are able to describe space-time evolution of the QGP fluids by
solving Eq. (1) numerically. In the actual simulations, we employ the Milne coordinatesy(t2 — 22,
ns = (1/2) In[(t+2)/(t—2)]) in the longitudinal direction and the Cartesean coordinates in the transverse
plane. In the following, we suppose very cential<{ 0 fm) Pb+Pb collisions aty/Syy = 2.76 TeV.
Initial entropy density profile can be factrised into the transverse prafiind the longitudinal profile
H as

(4)

s
0

S(TO’ )?J.’ 775) = pJ.(Z_L)H(TISL (5)
where the initial time is taken to bg = 0.6 fm. By using the optical version of the Glauber model,
we estimate the transverse profile as
npart()?J_)

2

pJ_(XJ_) = TEO (1 - a’hard) + ahardqcoll()?J_) . (6)
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The longitidinal profile can be parametrised as

_ (nsl = 7/ 2)?

202 6 (Insl — n1iat/2) | O(Ybeam— Ins))- (7)
0-77

H(ns) = exp

Herenyar andngon are the number density of participants and that of binary collisions, respectively.
C = 414 is a parameter to control the overall normalisation of the multiplicity at midrapidity. A
fraction of hard components i, = 0.08. The rapidity region of Bjorken-like longitudinally boost-
invariant flat profile [8] isyna: = 3.8 and the width of half Gaussians to smoothly connect the profile
to vacuum near the beam rapiditfheam iS 0, = 3.2. Initial transverse flow is set to vanish and
longitudinal flow velocity is taken from Bjorken’s solutiants(rg) = 0 [8]. Initial profile and its
parameters are taken from Ref. [9].

We solve Eq. (1) all the way down ® = 0 MeV. However, we assume hadrons are kinetically and
thermally frozen in a hypersurfagdefined byT (7, X, ,5s) = Tz = 145MeV. We calculate momen-
tum distributions of hadrons by using the Cooper-Frye formula [10]. Here we neglect contribution
from resonance decays throughout this paper.

In the analysis of-jet events, the initial jepr spectrum can be parametrised as

dN 1(po)
— o — | — . (8)
dpf'dy po[ ft)

Herepy = 205GeV ande = 6.43 are chosen to fit the data i, p collisions at+/Syy = 2.76 TeV

[7]. Neglecting higher order corrections, we suppose a photon and a jet are emitted in the opposite
directions ¢, = 0 for a photon an@, = « for a jet) with the same transverse momentum. When we
analyse many mini-jet propagation on top of bulk QGP fluid evolution, we utilise an event generator
PYTHIA [11] to generate mini-jet spectra. The number of mini-jet at midrapidity wifi"* > 2

GeV is estimated to be 600. Here each binary collision in a RPb collision is simulated with
PYTHIA and the number of binary collisions at some transverse point is estimated by using the
Glauber model. We put all these mini-jets into the source term (3) in this analysis. Spatial distribution
of the jet production points in the transverse plane is assume to be proportional to the number density
of binary collision. These mini-jets move along their eikonal paths at the speed of light until either
their energy decreases to 2 GeV or temperature of the fluid at the position of them goes down to
T = 160MeV. In the analysis of mini-jet propagation, freezeout temperature is takenTpbd60

MeV.

3 Results
3.1 vy-jet events

We first show results iry-jet events at the LHC energy in this subsection. We calculate azimuthal
angle distribution of charged pions at midrapjty: 0 in y-jet events in PbPb collisions ab = 0 fm.
Trigger conditions ar&00 < p’ft < 110GeV for jets andl10 < p} < 120GeV for photons. To see
the dfect of jet propagation, we subtract an azimuthal angle distribution without any jet propagation
<A AN, > dN,=
n=0

as a background:
)~ (G o)
d¢pd77 =0 d¢pd77 d¢pd77

Here(---) is event average and there is no contribution from jet fragmentation. Figure 1 (left) shows
difference of azimuthal angle distribution of charged pions between with and without jet propagation

(9)

n=0, no jet
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Figure 1. (Left) Difference of azimuthal angle distribution of charged pions between with and without jet prop-
agation. Triggered jetyf transverse momentum is 169 p’Tet < 110 GeV (110< p! < 120 GeV). Transverse
momentum of charged pions are irklpr < 2 GeV. (Right) Distribution of production point of a photon and a
jet under this trigger condition.

as defined in Eq. (9). A clear peak locate@gt= 7 results from deposition of energy and momentum
from a jet to a fluid. Note that a jet and a photon are emitted in the opposite direciigns: 0
for a photon andp, = = for a jet. On the other hand, two dips appeawgt~ +3. This is a
consequence of interplay between Mach cone propagation and radial expansion. A dipfgreufid

—3) is originated from jets produced in the positive (negativeggions. When jets propagate in the
negativex direction, the Mach cone is supposed to be composed of two lateral wakes propagating in
the direction at=(5 + 6), whered is Mach angle. However, Mach cone structure is shoved by radial
expansion and consequently is tilted slightly. As the action-reaction law, the lateral wake of the Mach
cone propagating in the direction®t 6 prevents the matter from expanding in the directiopat 5
when jets start their propagation from negativegions. A similar phenomenon happens when jets
starts from positivey regions. This is the reason why particle emission is suppressed in these two
directions. These results indicate one has a chance to obtain information about the production points
of jets.

3.2 many mini-jets traversing QGP fluid

We utilise the QGP fluid+ jet model when multiple mini-jets traverse the QGP fluid and deposit
their energies and momenta. The bulk QGP itself expands isotropically in the transverse plane if
one neglects the source terms in Eq. (1) since it starts from a perfect circular shape in this study.
Nevertheless, many mini-jets are expected to disturb transverse expansion of the QGP fluids due to
random momentum direction of each mini-jet in the transverse plane. To sef¢tis we calculate

flow codficients of azimuthal angle distributions of charged pions in very centraPBlzollisions at

VSun = 2.76 TeV. Here we employ the event plane method to analyse Fourifii@ents of azimuthal

angle distributions. For thieth event, we first calculate the event plane angle

i (sinngp)i
tann¥,, =

~ (cosngp)i’ (10)
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Figure 2. Fourier codficients 6 = 1-5) of the azimuthal angle distributions of charged pions in centraPBb
collisions when~ 600 minijets traverse the smooth QGP matter at midrapidity.

In a single event, an angle bracket in Eq. (10) means

fo ded¢p
dprd
Oy = — 0% . (12)

dN AN
fdprdqb prdép

When we calculate the event plane angle above, integration with resppetisgperformed in the
whole pr region at midrapidity. Averaging over all events, we obtain

Nev

== Z<cosn(¢p ¥ (12)

Our preliminary results opr dependences of flow cfiients with the limited number of events,

Nev = 30, are shown in Fig. 2. Since the bulk QGP does not generate any anisotropic flove,famee
attributed solely to minijet propagation. Although statistics is limited, we see considerable amount
of flow codficients. In the lowpr region,v; is the largest among them. On the other hand, in the
intermediatepy region @ < pr < 3 GeV),v; is larger than the others. It would be interesting to see
how large the disturbingfBect due to minijet propagation is when the initial profile of the bulk QGP
fluctuates, which will be discussed in the future publication.

4 Summary

In this study, we utilised the QGP fluiget model to investigate hydrodynamic responses to (min-)jet
propagation in central R{Pb collisions at the LHC energy. We found one clear peak and two dips in
azimuthal distributions of charged pions with respect to jet axis in asymmejgicevents under some
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trigger condition. The peak results from energy and momentum deposition by a jet, while two dips
appear as interplay between Mach cone propagation and radial flow. We also found multiple minijet
propagation changes bulk QGP expansion from radially to anisotropically due to random directions
of minijet momenta. This can be quantified by flow flaments of azimuthal angle distributions. In
addition to conventional initial fluctuations of bulk matter profile, it can be regarded as a new source
of anisotropic flow.
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