Medium response to jets in heavy ion collisions
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Abstract. A short overview on recent progress in studies of medium response to jet
quenching in heavy ion collisions is presented. We show the typical features of medium
response and give comment on their connection to jet observables by introducing the
work done by the author and collaborators as an example.

1 Introduction

The deconfined state of quarks and gluons, so-called quark-gluon plasma (QGP), has been created and
explored experimentally in heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC) and the
Large Hadron Collider (LHC) [1]. In particular, the observation of the large anisotropic flow patterns
indicates the collective behavior of the bulk QGP, which implies the strong interactions among the
constituents. Various relativistic hydrodynamic models have been developed and very successful in
explaining the space-time evolution of the bulk QGP [2-10]. As another remarkable feature of the
strongly coupled QGP, jet quenching, namely the large energy loss of jets, has also been revealed
in heavy ion collisions [11, 12]. The jets are collimated sprays of particles resulting from the QCD
showering of high-pr partons produced in early stage hard scatterings. Under the existence of the QGP
medium, partons in jets collide and exchange the energy and momentum with the medium constituents
via the strong interactions during the penetration in the medium. In addition, the successive collisions
inside the medium cause bremsstrahlung in QCD and induce additional partonic showering in the jets
(medium-induced radiation). Through the collisions and medium-induced radiations, the structure
of the jets is significantly modified, and their modification patterns provide the information of the
interactions between jets and QGP medium.

Medium response, the effect of the wake generated by the jet propagation in the medium, is another
possible contribution to the medium modification of the jet structures and has recently been focused
[13—19]. The energy and momentum deposited by the jets are supposed to excite the medium, and
induce flows following the jets. The jet-induced flow carries the deposited energy and momentum
and enhances the hadron emission from the medium around the jet axis direction. Since the medium
response happens only together with the jet propagation, these enhanced hadrons correlated with
the jet propagation cannot be subtracted with background and detected with the fragments from the
energetic jet shower.
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(@) () —
[ p,,>120Gevic 0-30% ]
40[ p,, >50GeVic ]
[ a0,,> %:: I, J<1.6 ! i
[ .
Subleading \ Leading Jet g o '_“—{i E
Jet . 9 % vl
e S o
=i —— A

e

1

<PT
N
=}

® >0.5GeV/c
[ 0.5-1.0GeV/c

.> 8 GeVic [ 1.0-2.0GeV/c
-40- [ 2.0-4.0 GeVic
D4—8 GeVic [ 4.0-8.0 GeV/ic cms
B > 8.0 GeVic Pb+Pb \s,=2.76 TeV
[J1-4 cevie A A T I

0.1
J

Figure 1. (a) Azimuthal angle distribution of transverse momentum in the transverse plane in a dijet event
at LHC observed by CMS Collaboration. Each color in histgrams represents the contribution in a transverse-
momentum range. Figure is adapted from the slides of Ref. [20]. (b) Missing transverse momentum (;ﬂ) =
(=2 piT coS(¢h; — PrLeading Jer)) as a function of dijet asymmetry ratio A; = % measured for dijet events in

PbPb collisions at LHC by CMS Collaboration [21]. The solid black circles show the total ( Ijb and each color
in histograms represents the contribution in a transverse-momentum range. Figure is adapted from Ref. [21].

Detailed measurements of fully reconstructed jets and their correlated particles provide us infor-
mation on a lot of physics over a wide range of energy-momentum scales involved in jet quenching
phenomenon. For example, CMS Collaboration observed dijet events with large p’;t-imbalance in
PbPb collisions at the LHC [21]. Figure 1 (a) is the azimuthal angle-distribution of the transverse mo-
mentum in a dijet event. One can see two peaks; the taller peak on the right side for the leading jet and
the shorter peak on the left side for the subleading jet. As a consequence of the jet quenching effect,
the transverse momentum of the leading jet pr; and the subleading jet pr, are uneven and the large
asymmetry (pr,; > pr2) can be seen. However, at large angles from the jet axes, a huge enhancement
of low-pr particles is observed together with the jets. When the contribution of these low-p parti-
cles is taken into account, the whole transverse momentum in a dijet event turns out to be balanced.
This transverse-momentum balance is confirmed for any asymmetric dijet events [Fig. 1 (b)] (further
details can be found in Ref. [21]), and shows evidence of momentum conservation in dijet events in
heavy ion collisions. The enhanced low-pr particles originate from the energy and momentum of the
jets redistributed through the jet quenching effect, and can naturally be considered as a consequence of
the medium response because their transverse momenta are sufficiently low [15, 22, 23]. Accordingly,
to study the full picture of jet quenching phenomenon it is necessary to consider the effect of medium
response.

Medium response effect may give a manifestation of the QGP’s fluidity associated with jets and
information about the bulk QGP properties, e.g. sound velocity, and transport coefficients. For the
QGP fluid, the energetic partons in jets can be considered fast-moving sources depositing the energy
and momentum, which are supposed to excite the conical shockwave, so-called Mach cone, as a hy-
drodynamic medium response [24-28]. The shockwave front propagates toward a specific angle from
the direction of the moving source which is determined by the sound velocity of the fluid. The shape
of the Mach cone can also be affected by the finite viscosities of the QGP fluid, e.g., the shockwave
front can be smeared by the shear viscosity [29-36]. Furthermore, medium response involves the



QGP transport properties related to how part of the jet energy and momentum relaxes into the hydro
mode in the QGP medium. This relaxation process has not been studied well but is very important to
define the scale separation between the hard jet part and the soft fluid part, and to obtain the space-time
profile of the energy-momentum deposition into the QGP fluid [29, 37, 38].

3 Modelings for medium response in recent studies

Recently, various models for numerical simulation studies with inclusion of the medium response
effect have been developed and used to show the contribution of the effect on the jet sub-structure
observables. Some event-by-event models for in-medium jet evolution include the medium response
as recoil partons. In this approach, when they consider a two-particle (t-channel) scattering between
a jet parton and a medium constituent, a sample of parton from the medium is taken with the thermal
distribution. Then after the scattering, the scattered parton from the thermal medium is called the
recoil parton and tracked as part of the jet partons. Jet Evolution With Energy Loss (JEWEL) [18,
19, 39, 40], the jet-quenching Monte-Carlo code based on the BDMPS-Z formalism [41—45], has the
option to include the recoil partons traveling freely in the medium without any further interaction.
In the recent version of Linear Boltzmann Transport (LBT) model [13, 46—48], the recoil partons is
implemented together with the in-medium partonic radiation based on the higher-twist formalism [49,
50]. In LBT model, the recoil partons also take part in the interactions with the medium constituents,
and the appearance of the Mach cone-like structure that can also be seen in jet studies with Boltzmann
Approach of MultiParton Scatterings (BAMPS) model [32, 33] or A Multi-Phase Transport (AMPT)
model [23] is shown.

When part of the jet energy and momentum is thermalized and deposited into the QGP fluid,
the dynamics of the medium response can be described by relativistic hydrodynamics. To study the
hydrodynamic medium response, the hydrodynamic equation with source term,

OuThia(®) = J'(), ey
is commonly used [16, 17, 22, 29-31, 51-62]. Here, Tg:i 4(x) is the energy-momentum tensor for
the medium fluid, and J”(x) is the source term representing the space-time profile of the energy and
momentum deposited by jets. In the recent studies of full jet shower with hydrodynamic medium
response, Eq. (1) is solved while being coupled to jet transport equations; the source term in Eq. (1) is
calculated from the solutions of the jet transport equations based on the energy-momentum conserva-
tion for the combined system of the jets and the QGP fluid. It should be noted that the hydrodynamic
simulation with the jet source term must be performed in full (3+ 1)-dimensional space time for a com-
plete theoretical treatment, since the jet-induced flow, e.g. Mach cone, always has a three-dimensional
structure and violates the boost invariance that the fluid profile is supposed to have as an approximate
symmetry around midrapidity. The hadrons from the medium fluid with medium response are ob-
tained by using Copper-Frye formula [63], which is most commonly used in hydrodynamic models
for heavy ion collisions. After the background subtraction, the hadrons from the medium fluid are
summed to the final-state particles calculated from the jet transport equation. Then, the jet including
the contribution of the hydrodynamic medium response is obtained. An example of this approach is
the model used in Ref. [16] (we refer it as Jet Shower Transport + Hydro model below). In this model,
it is assumed that all partons scattered by the jet partons instantaneously rethermalize in the medium
fluid. As another example, Coupled LBT Hydro model [17] is a full event-by-event model employing
LBT Model for the jet evolution calculation. In this model, they assume that all the jet partons in LBT
simulation with energy below a certain cutoff energy are completely absorbed in the medium fluid,
and deposit their energy and momentum. In this framework, the contribution of both hydrodynamic



medium response and recoil partons can be handled. Incidentally, most recently, it is suggested to use
Eq. (1) not only for the medium response to jets but also for the early space-time evolution of the QGP
fluid that gradually forms while receiving the energy and momentum deposited by the matters in the
pre-thermalized (or pre-hydronized) state [64, 65].

In addition, also the latest version of Hybrid Strong/Weak Coupling model [15, 66] contains a
simplified description for the medium response. The lost energy and momentum of the jet calculated
by N = 4 supersymmetric Yang-Mills theory [67] are stored into a boost-invariant Bjorken fluid as
a perturbation, and then the hadrons enhanced by the perturbation are obtained by using the linear
expansion of Cooper Frye formula. In this approach, the space-time evolution of the jet-induced flow
is not described.

4 Full jet study with Jet Shower Transport + Hydro model

Here we briefly introduce the full jet study by Jet Shower Transport + Hydro model [16] and show
the typical features of medium response contribution in jet observables. Some calculations with other
models show different results but mostly they are the consequences of the competition with the effects
other than the medium response.

4.1 Jet Shower Transport + Hydro model

In Jet Shower Transport + Hydro model, the relativistic hydrodynamic equations with source term (1)
is numerically solved in (3 + 1) dimensional space-time to study the space-time evolution of the
medium with energy-momentum deposition from the jet. Neglecting the small viscosity of the
medium, the medium is modeled as an ideal fluid here. The initial profile of the medium fluid for
central PbPb collisions at 2.76A TeV is generated by the optical Glauber model with the impact pa-
rameter b = 0. The jet shower evolution is described in terms of the energy and transverse momentum
distributions of the partons in the jet shower, f;(w;, klzl, t) = dNj(w;, kl L t)/da),dklzl, by solving the
transport equation [68],

i _ (5,00, ] 243, ) Zj;lw]dkz d e —f| @
dt ow; da)idkl.zJ_dt du)]dk2 dt

The first two terms describe the energy-momentum changes via the scatterings with the medium
constituents in the longitudinal direction (collisional energy loss), and in the transverse direction
(transverse momentum broadening), respectively. The last two terms account for the medium-induced
radiations. In this framework, all the strengths of the medium effects are determined solely by the jet
quenching parameter for quarks g, (see Ref. [68] for the details of the model for the jet shower evo-
lution, and Ref. [16] for the choice of the parameters).

Assuming that the energy and momentum transferred to the medium partons from the jet are
quickly thermalized, the source term J”(x) in Eq. (1) is constructed by using the solution of Eq. (2) as
follows:

) dw;dk? d¢, olfs 8,1 et ki
T'(x) = Zf [( ot 290V )f(w,, ,l,t)] ¥ (x—x’o‘— Jt). 3)
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Here, the jets are generated by the Glauber model+PyThia [69, 70], and assumed to be created in the
transverse plane at 7, = 0. The initial proper time of the hydrodynamic medium evolution and jet-
medium interaction is set as 79 = 0.6 fm/c. Hereafter we refer to the contribution of particles in jet
shower described by Eq. (2) as shower part, and to that of particles coming from the hydrodynamic
medium response as hydro part.



4.2 Results
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Figure 2. (a) Total pJ;l loss as a function of initial pie‘, and (b) nuclear modification factor for inclusive jets in
central PbPb collisions at 2.76A TeV with the jet-cone sizes R = 0.2,0.3, and 0.4 [16]. The solid lines show the
results for jets with hydro part, and the dashed lines shows those for jets without hydro part. Experimental data
are measured by the CMS Collaboration [71]. The colored shaded boxes denote the systematic uncertainties.

The jets in the final state are contributed from two parts: the shower part and the hydro part. The
shower part loses energy due to three types of mechanism:

1. The collisional energy loss reduces the energy of all the jet shower partons.
2. The transverse momentum broadening tends to kick the jet shower partons out of the jet cone.

3. Medium-induced radiated partons outside the jet cone carry away the energy from the jet
shower.

On the other hand, some of the particles from the hydro part carring the energy deposited by the jets via
the mechanisms 1 and 2 are emitted inside the jet cone and detected as part of the jet. In this way, the
lost energy from the shower part is partially recovered by the hydro part. To see this effect, the mean
value of the total transverse momentum loss (A pJ Y= p'T it p’T inary fOr inclusive jets as a function

T,init
of Tmlt is shown in Fig. 2 (a). One can see the feature that the total p’T loss with the hydro part is
smaller than that without the hydro part due to the partial energy-momentum recovery mentioned
above. Also, the jet cone size dependence becomes stronger when the hydro part is included. This is
because more energy and momentum carried by the hydro part are recovered by the increasing of jet
cone size. These effects of the hydro part can be seen also in the nuclear modification factor for single
inclusive jet spectrum Ras = (1 /<Nmu>)(d2zvfg;*/dn,,dﬁ;‘) /(NP /dn,dpy') shown in Fig. 2 (b).

Figure 3 shows the jet shape function for leading and subleading jets in dijet events. The jet shape

function is defined as

1 Ztrke(r or/2,1+61/2) pT

p(r) = 2 l 5r ; “

IVJet

where r = \/(np — Nie)? + (¢ — Pjer)*. In the small-r region, the hydro part does not affect much the
jet shape. However, the contribution of the hydro part becomes larger by increasing the value of r,
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Figure 3. Jet shape functions for (a) leading and (b) subleading jet in dijet events at 2.76A TeV [16]. The dijet
events are selected with the leading jet, py, > 120 GeV/c, the subleading jet, py, > 50 GeV/c, and the relative
azimuth angle between the leading and subleading jets, A¢;, > 57/6. The solid lines and dashed lines show
the results for jets with and without hydro part in central PbPb collisions, respectively. The dashed dotted lines
are the hydro part contribution in the jets with hydro part. The dotted lines are the results for p+p collisions
obtained by Pytria. Experimental data are measured by the CMS Collaboration [71] (the shaded boxes indicate
the systematic uncertainties).

and finally in the very large-r region (r 2 0.5), the contribution of the hydro part dominates the jet
shape function. The result including the significant broadening by the hydro part provides a good
description of the experimental data from the CMS collaboration [71] in the whole region (0 < r < 1),
and indicates that jet-induced flow can spread quite widely around the jet axis. This means that the
particles emitted at large angle regions with respect to the jet axis direction provide a good opportunity
to study the medium response.

5 Conclusion, comments and outlook

Medium response to jets in heavy ion collisions appears as the excitation of the QGP medium caused
by the jet energy-momentum deposition. The jet-correlated hadrons emitted by the excited medium
can be detected as part of the jet and affect the energy and structures of jets in the final state. In
the full jet study with Jet Shower Transport + Hydro model, the sizable contribution of the energy-
momentum recovered by the medium response has been seen. The hadrons from the medium response
are supposed to have small pr compared with the hadrons fragmented from the hard intrinsic jet
shower, and modify the hadron pr distribution in jets. In Ref. [17], the y-triggered jet fragmentation
function and y-hadron correlation as a function of & = —In p% /p} are calculated at RHIC energy
by Coupled LBT Hydro model, and the significant enhancement of soft (large-¢) hadrons due to
the jet-induced medium excitation is shown. Also in a study with JEWEL [19], they show that the
soft hadrons from the recoil partons modify the z,-distribution in jets. The energy and momentum
deposited in the medium are redistributed to the wide-angle region around the jet axis direction by
the medium response. As a result, increase of the jet-cone size dependence in jet energy loss and the
strong enhancement of jet shape at large-r have been seen in the results from Jet Shower Transport +
Hydro model. The large number of soft particles at large angles from the jet axis due to the medium
response effect is shown in the calculations of missing transverse momentum from various models
such as hydrodynamics with source term [22], Hybrid Strong/Weak Coupling model [15], and AMPT
[23] as well.



Medium response may provide new approaches to extract the QGP’s transport properties from jet
events. The shear viscosity dependence of the jet-induced flow pattern and the resulting jet-hadron
correlation have been studied in several approaches based on linearized hydrodynamics [29-31, 34—
36], or BSMPS model calculation [32, 33]. For further detailed study to connect them to realistic
observables in heavy ion collisions, full (3 + 1)-dimensional viscous hydrodynamic model simulations
would need to be done. While we have mostly focused on the dynamics of the deposited energy
and momentum after their relaxation into the hydro mode, the detailed mechanism of the relaxation
process is not fully understood but needed to be considered when obtaining the finite structure of the
source term in Eq. (1). It is one of the essential problems of the jet study in heavy ion collisions,
which defines the separation between the hard intrinsic jet scale and the soft medium fluid scale.

Thanks to a wealth of the experimental data and their sophisticated analyses, observables con-
taining rich information of jet structures have become available. Medium response is an essential
ingredient for an integrated theoretical framework for the jet study which should be developed for
the interpretation of the experimental data from various aspects in order to achieve a comprehensive
understanding of the jet quenching phenomenon.
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