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It is now well established that jet modification is a multistage effect; hence a single model
alone cannot describe all facets of jet modification. The JETSCAPE framework is a multistage
framework that uses several modules to simulate different stages of jet propagation through the
QGPmedium. These simulations require a set of parameters to ensure a smooth transition between
stages. We fine tune these parameters to successfully describe a variety of observables, such as the
nuclear modification factors of leading hadrons and jets, jet shape, and jet fragmentation function.
Photons can be produced in the hard scattering or as radiation from quarks inside jets. In this work,
we study photon-jet transverse momentum imbalance and azimuthal correlation for both ? − ?
and %1 − %1 collision systems. All the photons produced in each event, including the photons
from hard scattering, radiation from the parton shower, and radiation from hadronization are
considered with an isolation cut to directly compare with experimental data. The simulations are
conducted using the same set of tuned parameters as used for the jet analysis. No new parameters
are introduced or tuned. We demonstrate a significantly improved agreement with photons from
%1 − %1 collisions compared to prior efforts. This work provides an independent, parameter free
verification of the multistage evolution framework.
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1. Introduction

Prompt photons are produced directly in hard sub-processes, and most of the time they are
produced even before the production of quark-gluon plasma (QGP) in relativistic heavy-ion colli-
sions. They are often identified as a calibrated probe of QGP since they can be used to estimate
the energy and the direction of jet-initiating partons in photon-jet events before energy loss. Even
though identifying prompt photons is relatively easy in theoretical simulations, it is impossible to
exactly pinpoint them in actual high energy particle collisions. Hence, an isolation criterion is
necessary to identify them. The isolation criteria are different for different experiments depending
on the detector specifications and methods of analysis [1, 2]. Since photons do not interact with
the QGP medium, usually they are isolated within a cone of a significant radius. But there can be
isolated photons within the criteria that are not prompt photons. Even though that is a very small
portion of all isolated photons, that can have some effect on the final results.

In this study two of themost widely used observables related to photon triggered jets, photon-jet
transverse momentum imbalance (G� distribution) and azimuthal correlations (Δq distribution), are
studied using JETSCAPE framework [3, 4]. We followed the experimental analysis criteria exactly
in order to make a better comparison with experimental results. Since there is no fine-tuning on
either the framework or any modules used inside the framework, this can be considered as an
independent, parameter-free verification of the multistage evolution framework.

2. Photons in the JETSCAPE framework

JETSCAPE is a general, modular, and extensive framework that can be used to simulate
both p-p and heavy-ion collisions. Since no single model can describe all stages of jet evolution
simultaneously, JETSCAPEuses amultistage approach. In thismultistage approach, the JETSCAPE
framework switches between different stages depending on the virtuality and the energy of the
intermediate shower partons. There are number of different modules available in the framework by
default. In this study, PYTHIA is used for the initial hard scattering. PYTHIA is terminated after
the hard scattering and all the partons are fed into the energy loss modules. The intermediate shower
is done inside the energy loss modules (in this case only MATTER [5, 6] for p-p and MATTER
combined with LBT [7, 8] for Pb-Pb). After the intermediate shower, all the partons were again
fed into Pytha for string hadronization using the colorless hadronization scheme developed inside
the framework. In the colorless hadronization, the color information is randomly assigned to the
partons before hadronizing them using PYTHIA string fragmentation. Pre-generated hydro profiles
with initial conditions were used for Pb-Pb collisions. The leading hadron and jet results for both
p-p [9] and Pb-Pb [10, 11] collisions are available in the literature. The same set of parameters
were used in this study without any further tuning.

Even though themedium-induced terms for energy loss are included in the energy lossmodules,
medium-induced photon emission terms are not included. Therefore there is more room for
improvement in theoretical approaches. All the photons from the shower are included in this
analysis. That includes the prompt photons, intermediate shower photons, and the photons radiated
by hadrons in the process of hadronization. Isolated photons were identified by using the same
isolation criteria and the same azimuthal cut used by the experimental analysis. The azimuthal cut
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�훾 -j et c orr el ati o ns usi n g J E T S C A P E fr a m e w or k C h at h ur a n g a Siri m a n n a

is us e d t o m a k e s ur e t h at t h e p h ot o n a n d t h e l e a di n g j et ar e b a c k t o b a c k. A c o n e s urr o u n di n g t h e

dir e cti o n of a p h ot o n is us e d t o d es cri b e a n is ol at e d p h ot o n. T h e r a di us of t h e c o n e, Δ �푅 is i d e nti c al

t o t h e e x p eri m e nt ( C M S a n d A T L A S i n t his c as e). If t h e t ot al tr a ns v ers e m o m e nt u m, �푝 �푇 wit hi n

t h e c o n e is l ess t h a n a gi v e n is ol ati o n m o m e nt u m, �푝 �푖 �푠 �표
�푇 , t h e p h ot o n is c o nsi d er e d t o b e a n is ol at e d

p h ot o n. Si n c e p h ot o n tri g g er e d j ets ar e r ar e t o o bs er v e, 2 7 milli o n e v e nts (i n 5 4 p T h at bi ns) w er e

us e d f or t h e p- p a n al ysis at 2 .7 6 �푇 �푒 �푉 a n d 6 6 milli o n e v e nts (i n 6 6 p T h at bi ns) w er e us e d f or t h e

P b- P b a n al ysis at 5 .0 2 �푇 �푒 �푉 .

3. R es ults a n d dis c ussi o n

B ot h �푥 �퐽 a n d Δ �휙 distri b uti o ns ar e st u di e d f or p- p c ollisi o ns at 2. 7 6 Te V. T h e F astj et s oft w ar e

p a c k a g e is us e d t o cl ust er j ets usi n g t h e a nti- �푘 �푇 j et cl ust eri n g al g orit h m wit h j et r a di us, �푅 �푗 �푒�푡 = 0 .3 .

T h e p ar a m et ers ar e s et t o Δ �푅 = 0 .4 a n d �푝 �푇 < 5 �퐺 �푒 �푉 t o i d e nitf y t h e is ol at e d p h ot o ns. T h e tr a ns v ers e

m o m e nt u m of t h e j et, �푝
�푗 �푒�푡
�푇 , a n d t h e r a pi dit y, �휂 , i nt er v al ar e s et t o �푝

�푗 �푒�푡
�푇 > 3 0 �퐺 �푒 �푉 , �휂 �훾 > 1 .4 4 , a n d

�휂 �푗 �푒�푡 > 1 .6 t o m a k e a r e as o n a bl e c o m p aris o n wit h t h e e x p eri m e nt al r es ults. T h e A- 1 4 t u n e is us e d

t o g e n er at e P Y T HI A si m ul ati o ns as it is t h e o nl y t u n e t o gi v e b ett er d es cri pti o n of e x p eri m e nt al

r es ults. Si n c e t h e e x p eri m e nt al r es ults ar e s m e ar e d t o m a k e a b ett er c o m p aris o n wit h P b- P b r es ults,

t h e s a m e s m e ari n g f u n cti o n [1 ] is us e d t o g e n er at e b ot h J E T S C A P E a n d P Y T HI A r es ults.

Fi g ur e 1 s h o ws t h e �푥 �퐽 distri b uti o ns f or t hr e e di ff er e nt �푝
�훾
�푇 i nt er v als. A n a zi m ut h al a n gl e b et w e e n

t h e l e a di n g j et a n d t h e p h ot o n w as r estri ct e d b y usi n g t h e c o n diti o n Δ �휙 �훾 − �푗 �푒�푡 > 7 �휙
8 i n or d er t o m a k e

s ur e t h e p h ot o n a n d t h e l e a di n g j et ar e i n d e e d b a c k t o b a c k. As s e e n i n Fi g ur e 1 , b ot h J E T S C A P E

a n d P Y T HI A pr o vi d e e x c ell e nt d es cri pti o ns of t h e e x p eri m e nt al r es ults.
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Fi g u r e 1: P h ot o n-J et tr a ns v ers e m o m e n u m i m b al a n c e r es ults f or p- p c ollisi o ns fr o m J E T S C A P E a n d
P Y T HI A( A 1 4 t u n e) c o m p ar e d wit h C M S r es ults.

Fi g ur e 2 s h o ws t h e Δ �휙 distri b uti o ns f or �푝
�훾
�푇 > 8 0 �퐺 �푒 �푉 . O n e pl ot c o m p ar es t h e e x p eri m e nt al

r es ults wit h J E T S C A P E a n d P Y T HI A r es ults, a n d t h e ot h er pl ot c o m p ar es t h e e x p eri m e nt al r es ults

wit h t w o v ersi o ns of J E T S C A P E, 1. 0 a n d 3. 0. As s e e n i n Fi g ur e 2 , e x c ell e nt a gr e e m e nt is o bs er v e d

b et w e e n e x p eri m e nt al r es ults a n d t h e t h e or eti c al r es ults b y J E T S C A P E 3. 0 a n d P Y T HI A. Si n c e

J E T S C A P E 1. 0 di d n ot s u p p ort i nt er m e di at e s h o w er p h ot o ns, w e s e e a si g ni fi c a nt s u p pr essi o n i n

t h e l o w Δ �휙 r e gi o n.

T h e �푥 �퐽 distri b uti o n g e n er at e d f or m ost c e ntr al (0 − 1 0 % ) P b- P b c ollisi o ns at 5 .0 2 �푇 �푒 �푉 is s h o w n

i n Fi g ur e 3 . T h e a nti-�푘 �푇 j et cl ust eri n g al g orit h m wit h j et r a di us, �푅 �푗 �푒�푡 = 0 .4 is us e d t o cl ust er j ets

t hr o u g h F astj et. T h e p ar a m et ers ar e s et t o Δ �푅 = 0 .3 a n d �푝 �푇 < 8 �퐺 �푒 �푉 t o i d e ntif y t h e is ol at e d
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Fi g u r e 2: P h ot o n-J et a zi m ut h al c orr el ati o n r es ults f or p- p c ollisi o ns at 2 .7 6 �푅 �푝 �푇 fr o m J E T S C A P E ( 1. 0 a n d
3. 0) a n d P Y T HI A( A 1 4 t u n e) c o m p ar e d wit h C M S r es ults.

p h ot o ns. T h e c ut o ff v al u es f or �푝
�푖 �푠�표
�푇 a n d �푇 i nt er v al ar e s et t o �푒

�푉 �푇�푒
�푉 > 3 1 .6 �푥 �퐽 �휙 , �푘 �푇 > 2 .3 7 wit h

e x cl usi o n of 1 .3 7 < �푅 �푗 < 1 .5 2 r e gi o n, a n d �푒 �푡 �푅�푝 > 2 .8 . Si n c e t h e a m o u nt of d at a g e n er at e d is

st atisti c all y i ns u ffi ci e nt t o d es cri b e t h e l o w �푇 �퐺 r e gi o n of t h e s p e ctr u m, w e ar e c urr e ntl y g e n er ati n g

m or e st atisti cs t o o bt ai n b ett er r es ults f or t h es e o bs er v a bl es.
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Fi g u r e 3: P h ot o n-J et tr a ns v ers e m o m e n u m i m b al a n c e r es ults f or P b- P b c ollisi o ns at 5 .0 2 �푒 �푉 �푝 fr o m
J E T S C A P E c o m p ar e d wit h A T L A S r es ults.

4. S u m m a r y a n d o utl o o k

B ot h P h ot o n-j et tr a ns v ers e m o m e nt u m i m b al a n c e a n d a zi m ut h al c orr el ati o n r es ults fr o m

J E T S C A P E ar e i n e x c ell e nt a gr e e m e nt wit h e x p eri m e nt al r es ults fr o m C M S i n p- p c ollisi o ns at

2 .7 6 �푗 �푒 �푡 . Als o, J E T S C A P E c a n d es cri b e P h ot o n-j et tr a ns v ers e m o m e nt u m i m b al a n c e r es ults

fr o m A T L A S i n P b- P b c ollisi o ns at 5 .0 2 �푇 �휂 �푝 wit h s o m e st atisti c al fl u ct u ati o ns at l o w �푗 �푒 r e gi o n.

T his d e m o nstr at es t h at t h e m ulti-st a g e e v ol uti o n c a n d es cri b e all t h e st a g es of j et e v ol uti o n si g-

ni fi c a ntl y b ett er t h a n si n gl e m o d ul e e v ol uti o n. Als o t h e s a m e s et of p ar a m et ers us e d t o d es cri b e

l e a di n g- h a dr o n a n d j et s p e ctr u m ar e us e d t o d es cri b e p h ot o n o bs er v a bl es. T his e m p h asi z e t h at

t h e J E T S C A P E fr a m e w or k c a n d es cri b e m ost o bs er v a bl es usi n g t h e s a m e s et of p ar a m et ers f or
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different center of mass energies. Therefore, this can be considered as a parameter-free verification
of multi-stage evolution.
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