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Abstract We present the first theoretical study of medium
modifications of the global geometrical pattern, i.e., trans-
verse sphericity (5 ) distribution of jet events with parton
energy loss in relativistic heavy-ion collisions. In our inves-
tigation, POWHEG + PYTHIA is employed to make an accu-
rate description of transverse sphericity in the p+p baseline,
which combines the next-to-leading order (NLO) pQCD cal-
culations with the matched parton shower (PS). The Lin-
ear Boltzmann Transport (LBT) model of the parton energy
loss is implemented to simulate the in-medium evolution of
jets. We calculate the event normalized transverse spheric-
ity distribution in central Pb+Pb collisions at the LHC, and
give its medium modifications. An enhancement of trans-
verse sphericity distribution at small S region but a sup-
pression at large S| region are observed in A+ A collisions
as compared to their p+p references, which indicates that in
overall the geometry of jet events in Pb+Pb becomes more
pencil-like. We demonstrate that for events with 2 jets in the
final-state of heavy-ion collisions, the jet quenching makes
the geometry more sphere-like with medium-induced gluon
radiation. However, for events with > 3 jets, parton energy
loss in the QCD medium leads to the events more pencil-like
due to jet number reduction, where less energetic jets may
lose their energies and then fall off the jet selection kinematic
cut. These two effects offset each other and in the end result
in more jetty events in heavy-ion collisions relative to that in

pP+p.

1 Introduction

Heavy ion collision experiments performed at the RHIC and
the LHC are designed to study the properties of the de-
confined Quark Gluon Plasma (QGP) which created shortly
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after these collisions [1-7]. Energetic partons produced at
the initial collision will traverse through this hot and dense
medium and lose their energies by interacting with such
medium, it is referred as jet quenching effect [8—10]. This
phenomenon can be quantified by various observables, from
single hadron production suppression RZ A [11-18] to the
observables within the productions of full jets such as inclu-
sive jets Rf:/i, dijets momentum imbalance A, and tagged
jets momentum imbalance z;, the angular correlations of the
leading two jets A® |, etc. The available of these full jets
observables are due to the improvement of jet finding algo-
rithm and jet reconstruction in the final state of the heavy
ion collisions at the LHC. The study of these observables is
mainly focused on the medium modifications of individuals
or the leading two jets in the final state of collision events
[19—-44]. It is of great interest to investigate the impact of the
jet quenching effect to the whole picture of produced events
with all the reconstructed jets in them. For such investiga-
tion, observables that can characterize the global geometri-
cal properties of the produced events are required, and the
medium alteration of these observables in A+ A collisions
might give insights into the mechanism of the jet quench-
ing phenomenon or even provide further constraint on jet
quenching modeling.

Event shape observables, named as thrust, sphericity, have
long been proposed to study geometrical properties and pat-
terns of the energy flow of the collisions, and thus provide a
probe of multi-jet topologies in an interaction [46-59]. For
example, the sphericity of an event was firstly proposed to
confirm the jet hypothesis for hadron production in electron-
positron collisions by Hanson and his collaborators at 1975
[45]. Recently, experimentalists show interests of the event
shape observables at large momentum transfer, ATLAS Col-
laboration at the LHC has measured the production distri-
bution of the transverse sphericity (S ) in p+p collisions at
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/s = 7TeV [58]. The larger transverse sphericity S is, the
more isotropic an event is.

In this manuscript, for the first time, we calculate the
medium modification of the global geometrical property, i.e.
the transverse sphericity distribution in Pb+Pb collisions at
the LHC, by including jet quenching effect in the QGP. We
found the event normalized S| distributions in Pb+ Pb colli-
sions are enhanced at very small S region while suppressed
at larger S| compared to the distribution in p+p reference,
indicating more proportion of the survived events are shifted
to pencil-like region (small S ) due to the jet quenching
effect. It seems however counterintuitive. To understand such
a result, we first studied the nuclear modifications of S| dis-
tributions for events with identical numbers of jets. Next, the
reduction of jet numbers in events due to the jet energy loss
effect during the in-medium evolution are therefore investi-
gated. It happens when jets are discarded because their pr
fall below the lower threshold of the jet selection. A similar
feature has also been pointed out in a study of di-jet momen-
tum imbalance in Pb+Pb collisions at the LHC [60]. We
further investigate the medium modification of the azimuth
angle correlation (A¢) and transverse momentum balance
(xs) among the jets in events to get a deeper understanding
on how relevant is the medium modification of the geometric
structure of the events to understand the medium modifica-
tion of the S distribution.

The paper is organized as follows. We will introduce the
setups of the p+p events generation and also the theoretical
framework to describe the parton in-medium evolution in
Sect. 2. After that, in Sect. 3, the theoretical predictions of the
event normalized S distribution in p+p and its modification
in Pb+Pb collisions at the LHC are presented. We further
explore the nature of such modification and also present both
the A¢ and x; correlations with S| for two jets eventsinp+p
and Pb+Pb collisions. A summary will be given in Sect. 4.

2 p+p events generation and parton in-medium
evolution

The transverse sphericity is one of event shape observables
defined in terms of all jets in the event, as follows [45,58]:

202

S| = —
+ A+ A2

ey

where A1, A» and A3 (A1 > Ar > A3) are the normalized
individual eigenvalues of this momentum matrix:

P2 PxiPyi  DxiP:i
M = Z Pyi Pxi Pii PyiPzi |, (2)
- 2
! PziPxi  PziDPyi Pz
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Fig. 1 Top: typical pencil-like selected event with S| = 0; bottom:
typical Sphere-like selected event with S| = 1

where i represents the ith jet in the event. The event is pencil-
like when transverse sphericity S| — 0, while the event is
sphere-like when S| — 1.

To further demonstrate the physical picture of the trans-
verse sphericity, we plot two typical events with S| = 0
and S| = 1 respectively in the py py plane shown in Fig. 1.
We can see that S| = 0 for an event with two jets pro-
duced back-to-back as shown in the top panel, and S| = 1
for an event with multiple jets distributed in the spherically
symmetry as shown in the bottom panel. It should be noted
that, in the definition of transverse sphericity, it only requires
A1 > A2 > A3, therefore transverse sphericity is not neces-
sarily defined in p, py plane. In the following investigation
on the jet quenching effect, we only focus on the modifica-
tion in the transverse plane (p, py plane), so we neglect the
p. of the final state jets.

To compute event shape observables a satisfactory theoret-
ical description needs both the fixed-order perturbative cal-
culations and the inclusion of the large contributions beyond
fixed-order when the event shape observables are very large
or very small [54]. In this paper, a NLO+PS Monte Carlo
event generation framework [72-75] is employed to sim-
ulate jet productions in p+p collisions as our baseline. In
this framework, NLO matrix elements for QCD dijet process
which provided by POWHEG matches with the final state
parton showering in PYTHIAG. FastJet package [70] is used
to reconstruct the final state full jets. Using the framework,
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Fig. 2 Event number normalized distribution of transverse sphericity
in p+p collisions at /s = 7 TeV form POWHEG +PYTHIA calcula-
tion compared with ATLAS data

one can nicely reproduce a number of jet production results
in p+p collisions [75]. In this manuscript, anti-k7 algorithm
is used to reconstruct full jets with the radius R = 0.6, the
same kinematic cuts as ATLAS publication [58] are imposed:
the selected events are required to include at least two jets
with (pr,1 + pr2) > 500 GeV in central rapidity region
}771,2] < 1.0, the other jets are required to have ]nj| < 1.5,
the lower threshold of the reconstructed jets pr is 30 GeV.
We plot the event number normalized production distribution
of transverse sphericity in p+p collision at /sxn = 7 TeV to
compare with the ATLAS data shown in Fig. 2. We find the
simulation using POWHEG + PYTHIA framework can pro-
vide fairly good description of the experimental data. There-
fore the produced reference p+p events can be served as a
reliable baseline for further investigation of their medium
modifications.

Before simulating the in-medium evolution of the pro-
duced parton jets, we firstly sample the initial positions of
the produced jets from Glauber model [76], and directly take
the initial events with PS process generated by POWHEG +
PYTHIA framework. A Linear Boltzmann Transport (LBT)
model is employed to consider both elastic and inelastic scat-
tering processes of both the initial jet shower partons and the
thermal recoil partons with the quasi-particle in the QGP
medium [64-66]. The elastic scattering process is simulated
by the linear Boltzmann transport equation,

3 3 3
- afap = — [ L2 s 1
(2m)32E, (2m)32E3 (2m)32E,
1
x5 2 Lap) fo(p2) = fe(p3) fa(p)l Mabcal?
b(c,d)
xSy(s, 1, u)(2)*8*(p1 + p2— p3 — pa) 3)

where fi—, p.cq are the phase-space distributions of jet
shower partons, |M,p—.q4| are the corresponding elastic
matrix elements which are regulated by a Lorentz-invariant
regulation condition S>(s,t,u) = 6(s > 2,uzD)9(—s +
u3 <t <—ur).us = g*T*(N. + Ny/2)/3is the Debye
screening mass. The inelastic scattering is described by the
higher twist formalism for induced gluon radiation as [61—
03],

2
dN, 205,C A P(x)§ K3 5 (t —z,-)
= s -]
dxdk? dt mk K+ x2M? 21
“4)

Here x denotes the energy fraction of the radiated gluon rel-
ative to parent parton with mass M, k; is the transverse
momentum. A lower energy cut-off x,,;, = up/E is applied
for the emitted gluon in the calculation. P (x) is the splitting
function in vacuum, 7y = 2Ex(1 — x)/(ki + x2M?) is the
formation time of the radiated gluons in QGP. The dynamic
evolution of bulk medium is given by 3+ 1D CLVisc hydro-
dynamical model [67,68] with initial conditions simulated
from A Multi-Phase Transport (AMPT) model [69]. Param-
eters used in the CLVisc are fixed by reproducing hadron
spectra with experimental measurement. In LBT model, o
is the strong coupling constant which is served as the only one
parameter to control the strength of parton-medium interac-
tion. Based on the previous studies [38,39,65,66], we choose
oy = 0.2 for the following calculations. LBT model has been
well tested that could provide nice description of a series
of jet quenching measurements, from light and heavy flavor
hadrons suppression to single inclusive jets suppression, as
well as bosons-jet correlation [38,39,65,66].

3 Results and analysis

We now can simulate the production of the jets in Pb+Pb
collisions at ,/syn = 5.02 TeV. In this manuscript, jets are
reconstructed with anti-k7 algorithm and radius parameter
R = 0.4 from the candidate partons in an event which are
required to have pr > 500 MeV. Events are required to have
at least two jets: the leading jet plTezldlrlg > 110 GeV and
the lowest requirement of jet p‘;li“ > 30 GeV. All the jets are
restricted in the central rapidity region |n| < 2.5. If the pr of
ajetin the survived event no longer meet the lowest threshold
of pITni“ > 30 GeV after in-medium evolution, then only this
jetis discarded. In order to study the hot nuclear alteration of
the S, distribution, we define the nuclear modification ratio
of the normalized distribution as a function of S :

dNaa 1 dNpp
AA—NAA s Npp dS1

S 1

&)

Demonstrated in Fig. 3 are the theoretical simulation of
the event normalized distribution as functions of /n(S}) in
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Fig. 3 Top: event normalized transverse sphericity distribution of the
total events in p+p and Pb+Pb collisions at /s = 5.02 TeV; bottom:
medium modification factor of event normalized S distribution of the
total events

the top plots and its nuclear modification ratio in Pb+Pb col-
lisions at /s = 5.02 TeV relative to the p+p counterpart in
the bottom plots. We find the normalized events distributed
widely peaked around /n (S, ) = —4.0 in p+p collision. The
normalized distribution in Pb + Pb collisions is shifted toward
smaller [n (S ), therefore leads to an enhancement at smaller
In(S1) regions (region 1 and region 2 in Fig. 3) and sup-
pression at larger /n (S ) region (region 3 in Fig. 3), and the
cross pointis around /n(S1) = —3.25 (S, = 0.03788). This
modification indicates that, there will be more proportion of
the survived events being pencil-like after ‘jet quenching’ and
leads to less events distributed at lager S| . At first glance this
result seems to contradict with naive expectation at leading-
order that the medium-induced radiative gluon may further
spread the energies of jets away from jet axis and then make
the energy flow of the system to be more isotropic.

As we mentioned in the Introduction, transverse spheric-
ity was proposed to describe the geometrical properties of an
event, it should be relevant to the number of jets and correla-
tion among these jets in an event. Thus, to explore the under-
lying reasons of medium modification of S distributions,
we start the investigation from studying the modifications of
S distributions for events with fixed numbers of jets. We
separate the events into two categories, events with 2 jets in
the final-state (njee = 2) and events with more than 2 jets
in the final state (njee > 3). Note that the total production
fraction of nje = 2 is very large (~ 57%) in p+p collisions
at the LHC energies.
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Fig. 4 Top: event normalized transverse sphericity distribution of
njer = 2 events in p+p and Pb+Pb collisions at /s = 5.02 TeV; bot-
tom: medium modification factor of event normalized S distribution
of nje = 2 events

Then let us look at the medium modification effect of event
normalized S distribution when only considering events
with njeq = 2. We plot in Fig. 4 the event normalized trans-
verse sphericity distribution of njeq = 2 events in p+p and
Pb+Pb collisions at /s = 5.02 TeV and also its medium
modification factor in the bottom panel. We find njer = 2
events are centered around /n(S1) = —5 in both p+p and
Pb+Pb collisions. The event normalized S| distribution is
moderately suppressed in [n(S1) € (—10.87, —=7) region
(region 1), but largely enhanced in In(S1) € (—3, 0) region
(region 3) in Fig. 4. In the region with [n(S1) € (=7, —3)
(region 2), the modification is minor. The medium modi-
fication to the njeq = 2 events is to reduce the proportion
of events that are originally distributed back-to-back, and
therefore enhance the proportion distributed at larger S . In
a word, nje; = 2 events are shifted towards sphere-like in
Pb+Pb collisions compared with that in p+p. The trend of
such distribution shifting is in agreement with what we may
expect for the jet quenching effect on the modification of
the S, distribution at leading-order estimation, that medium-
induced gluon radiation may carry way energies from hard
partons and make the two jets not exactly back-to-back and
the energy flow more isotropic. To benefit further discussion,
we also define RZ{Z‘ZZ to denote the ratio of the normalized
S distributionin A + A and p+p (plotted in the bottom panel
of Fig. 4):
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We further plot in Fig. 5 the event normalized transverse
sphericity S distribution for events with jets number nje; >
3in p+p and Pb+Pb collisions at /s = 5.02 TeV as well as
its nuclear modification factor defined as:

njet>3

mez3 1 dNyy
AA T >3 g8
Nya L

/ 1 AN -
Niet>3
NS

We find there is an enhancement at the [n (S, ) € (=7, —3)
bins (region.2) and suppression in the other S, region. It is
because in the region /n(S;) € (—10.87, —7), jets are rel-
atively balanced. After jet quenching, this kind of balance
will be broken and leads to a higher value of S, . Besides,
in njer > 3 events, jets are relatively softer as compared to
njey = 2 events, thus jets are earlier to lose energy due to jet
quenching effect and then fall below the lower threshold of
the jet selection, which makes nje; of such event to decrease
(referred as jet number reduction effect), for instance, from
Njet = 4 t0 njer = 3. The similar jet number reduction effect
of njer = 3 events to njer = 2 events has also been revealed
in [60], which showed that initial 3-jet like events in p+p
collisions, when quenched, are more similar to (imbalance)
di-jet events in Pb+Pb collisions [60]. As a consequence of
jet number reduction effect, the proportional distribution at
lager S| will be reduced significantly. The effect of jet num-
ber alteration due to the jet quenching may cause the multi-jet
events more pencil-like (or jetty), because there are less jets
in the final-state of events. We have plotted the nuclear mod-
ification factor of S| when only considering njer > 3 events
in the bottom panel of Fig. 5.

Now we consider the transverse sphericity distribution by
including both events with njet = 2 and events njer > 3. In
p+p collisions, the total event normalized S, distribution
can then be expressed as:

R

1 dN,, 1 N~ 1 dNpe= ©
Npp dS1 Ny, dS© Npp dS.

We plot in Fig. 6 the production fractions as functions of
S, for njee = 2 events and njer > 3 events respectively in
p+p collision at \/syn = 5.02 TeV. From the rapid fall of
the two jets events (nje; = 2) contribution shown in the black
line, we find the two jets events will give more contribution at
the lowest bin In(S1) € (—10.87, —7) than nje; > 3 events,
we refer the region [n(S1) € (—10.87, —7) as nje; = 2 dom-
inated area. While /n(S1) € (=3, 0) as njet > 3 dominated
area. The intermediate region [n(S1) € (=7, —=3) is njet = 2
and njet > 3 mixture area.

The jet number reduction effect will also cause the shift-
ing between of the relative production proportion of nje; = 2
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Fig. 5 Top: event normalized transverse sphericity distribution of
njer > 3 events in p+p and Pb+Pb collisions at /s = 5.02 TeV; bot-
tom: medium modification factor of event normalized S| distribution
of nje > 3 events
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Fig. 6 Relative contribution fraction of total event number normalized
transverse sphericity distribution of njey = 2, njet > 3 events in p+p
collisions at 4/s = 5.02 TeV

events and nje; > 3 events, which is important to under-
stand the medium modification of the event normalized S|
distribution. We demonstrate in Fig. 7 the total production
proportion of nje; = 2 events and nje; > 3 events in p+p
and Pb+Pb collisions at /s = 5.02 TeV. It shows that the

. . .. jel =2
proportion of the njer = 2 events in p+p collision f, ;;Jal

is 57%, and it will increase to £}~ = 70% in Pb+Pb
collisions. That is why we refer the variation of total produc-
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Fig. 7 The production proportion of njee = 2 events and njex > 3
events in p+p and Pb+Pb collisions at /s = 5.02 TeV

tion proportion of nje; > 3 events in Pb+Pb collisions as jet
number reduction effect.

Using the notation mentioned in the above discussion, we
can easily express the nuclear modification factor of trans-
verse distributions in the Eq. 5 as:

S
Ria
Niet=2 , Niet=2 Nier>3 (1 _ K”.i€(:2>
RZi::QdeJp K> N REZ} dN,p, AA
Nijet=2 Niet=2
ds; KpJ[) ds| (1 _Kp_]p[ )
= jet=2 jet=3
AN . ANys=
s s
(=2
Njet=2 Njer=2 ZJAI
=Ry, pp (S1) =2
pp
=2
1— K )
jet=3 jer=2 < AA
+RE (1= 1= s0) ©)

(1-x57)

Now we are ready to analyze the medium modifica-
tion of S, distributions at three S| regions as we shown

in Fig. 3. From the plots in Fig. 7, we can estimate the
njel=2 njeI:2

K —
A4 ~ 1.228 and % ~ 0.7. First, we look

Kpp'~ (1= Kpp'™)

at njee = 2 events dominated region (region 1). Since in

. . jet=2 . .
this region f:jyl ~ 1 (see Fig. 6), we can only consider
the first term to calculate Riﬁ4 in Eq. 9. Therefore in this

region, we have the total medium modification of §; dis-

njet=2
- Si o pleaa . Ne=2 Ay
tributions R, 4 Ry e with R 0.85 (see

pp
Fig. 4). We know RiLA ~ 0.85 - 1.228 = 1.04 in Fig. 3
in njer = 2 dominated region. This is the region where jet
number reduction effect playing an essential role to over-
come the trend of foj from suppression for njee = 2
events, toward enhancement for total events. Next, we look
at the nuclear modification ratio Rif4 at njee > 3 domi-

@ Springer

. . . . Niet>3
nated area (region 3). In this region, since f,,;f‘_ ~ 1,

we could neglect the contributions from njee = 2 events
even though the distributions of njee = 2 events are largely
enhanced. It is shown that the S, distributions of nje > 3
et>3 .
events are moderate suppressed (RZJ;lZ ~ 0.87 in the
second term of Eq. 9 ). By the effect of the jet num-

n‘c(=2
) A-K/5
ber reduction, we have RS, ~ R'Z3 . "AA T o
AA AA Hier=2
(] - Kpp )

0.6 at njee > 3 dominated area shown in Fig. 3. At
the mixed events region (region 2), the modifications to
the njey = 2 events are relatively small which could be
observed in Fig. 4 and the enhancement to the njy >
3 events will lead to the final enhancement shown the
Fig. 3.

Finally, to explore the underlying factors that could be
responsible for the medium modifications of the S distribu-
tions in events with identical jet numbers, we conduct cor-
relation studies in njer = 2 events, since nje; = 2 events are
clear in momentum space. The azimuth angle (A¢) and trans-
verse momentum balance (x;) between the two jets which
defined as

Ad12 = |p1 — ¢, (10)
xy =212 (11)
PT.1

respectively are the two observables related to S .

We plot the correlation between [n(S]) and Ag¢y for
njet = 2 events both in p+p and Pb+Pb collisions at
A/s = 5.02 TeV in Fig. 8. The comparison between the
upper and bottom panel shows a very mild correlation vari-
ation in A+A and p+p collisions even we find the jet
quenching effect will slightly suppress the event number
normalized A¢p, distribution by ~ 10% in the back-to-
back region (A¢;p ~ m) while largely enhance in the
Ap1p ~ 2.14 — 2.9 region by ~ 300% in the calcula-
tion which lead the nje; = 2 events to be more isotropic.
Noticing the medium modification of [n(S1) and A¢ia
correlation is not very visible, we also plot the correla-
tion between /n(S1) and x; both in p+p and Pb+Pb col-
lisions in Fig. 9. In p+p collisions, events are centered
around the region where the transverse momentum of the
two jets are balance (x; € (0.8, 1)). After the in-medium
evolution, events are centered around smaller x; region
(x; € (0.4,0.7)) and will naturally lead njeq = 2 events
to be more isotropic. We can conclude from the two com-
parisons that the medium modification of S| in nje = 2
events is more sensitive to the downshifting of the x; distri-
bution.
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Fig. 8 Correlation between S| and A¢ys for njer = 2 events in p+p
(top) and Pb+Pb (bottom) collisions at 4/s = 5.02 TeV

4 Summary

In this paper, we present the first theoretical results of
the medium modification of transverse sphericity distri-
bution due to jet quenching effect in heavy-ion colli-
sions at large momentum transfer. In our investigation,
POWHEG +PYTHIA is employed to provide the p+p base-
line up to the next-to-leading order (NLO) accuracy with
resummation by matched parton shower. The Linear Boltz-
mann Transport (LBT) model of the parton energy loss is
implemented to simulate the in-medium evolution of jets.
We calculate the event normalized medium modification fac-
tor as a function of transverse sphericity distributions in the
overall region. An enhancement at small transverse spheric-
ity region and a suppression at large transverse sphericity
region are observed in Pb+Pb collisions compared to their

0.005

— 0.004

| = 0.003

pp

0.002

0.001

N YA P U N S A PR PN O B 0
-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

In(s,)

0.0025

0.002

- 0.0015

AA
X

— 0.001
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0 s s ww WA NN 0
-0 -9 -8 -7 6 -5 -4 -3 -2 -1 0

Fig. 9 Correlation between S and x; for njey = 2 events in p+p (top)
and Pb+Pb (bottom) collisions at 4/s = 5.02 TeV

p +p references, which implies medium modification of the
event shape is towards pencil-like relative to that in p+p.
To further explore the underlying reasons of the medium
alteration of transverse sphericity distribution, we catego-
rizes the events into two types: njey = 2 and njee > 3
events. Shifting of nuclear modification for njer = 2 events
is towards sphere-like, and that for njec > 3 events towards
pencil-like. Moreover, we found the fraction of nj; = 2
events will be enhanced after jet quenching in Pb+Pb col-
lisions compared with that in p+p. This will lead to the
enhancement of events distributions inlow S region because
njer = 2 events give main contribution of the distributions in
In(S1) € (—10.87, —7) bins. While in larger /n (S ) region,
events are dominated by njer > 3 in which jets usually have
relatively smaller energies and may fall off the jet selection
kinematic cut after their energy loss in the medium. This jet

@ Springer



865 Page 8 of 9

Eur. Phys. J. C (2020) 80:865

number reduction effect will lead to the suppression at large
S region for njer > 3 events. The overall trend of the global
geometric pattern of events in Pb+Pb is more pencil-like (or
jetty) relative to that in p+p, because jet number reduction
effect is more pronounced.
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