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Jets from early stages of heavy-ion collisions undergo modified showering in quark-gluon plasma
(QGP) relative to vacuum due to jet-medium interactions, which can be measured using observ-
ables like differential jet shape and generalized angularities. Differential jet shape (𝜌(r)) encodes
radially differential information about jet broadening and has shown an average migration of
charged energy away from the axes of quenched jets from Pb+Pb collisions at the LHC. Measure-
ments of generalized angularities in presence of the medium from Pb+Pb collisions at the LHC
show harder, or more quark-like jet fragmentation relative to vacuum. Measuring these distribu-
tions in heavy-ion collisions at RHIC will help us further characterize jet-medium interactions in
a phase-space region complementary to that of the LHC.
In these proceedings, we present the first fully corrected measurements of 𝜌(r), jet girth (𝑔),
momentum dispersion (pD

T ) and momentum difference of leading and subleading constituent
particles (LeSub) observables, using hard-core jets in 𝑝 + 𝑝 collisions at

√
𝑠 = 200 GeV, collected

by the STAR experiment. Finally, the data are compared with model calculations and the physics
implications are discussed.
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√
𝑠 = 200 GeV Tanmay

Pani

1. Introduction

Hard scattered partons from early stages of high-energy hadron collisions undergo successive,
small-angle fragmentations, and eventually appear in the final state as collimated sprays of hadrons
called jets. In heavy-ion collisions, jets traverse the quark-gluon plasma (QGP) medium and are
modified relative to a 𝑝 + 𝑝 baseline. This is known as jet quenching [1]. Therefore, jets are used
as probes of QGP, containing information of interaction between hard partons and QGP medium.
One way to access the quenching information is by studying intra-jet angular distribution of energy
relative to the jet-axis through generalized jet angularities, calculated as:

𝜆𝜅
𝛽 =

∑︁
const∈jet

(
𝑝T,const

𝑝T,jet

) 𝜅
𝑟 (const, jet)𝛽 , (1)

where 𝑝T,jet is the jet’s total momentum, and 𝑟 (const, jet) =

√︃
(𝜂jet − 𝜂const)2 + (𝜙jet − 𝜙const)2

is the (𝜂, 𝜙) distance of a constituent from the jet-axis. Parameters 𝜅 and 𝛽 tune experimental
sensitivity to hard and wide-angle radiation, respectively. 𝜆1

𝛽
s are infra-red and collinear (IRC) safe

angularites [2], which probe the average angular spread of energy around the jet-axis. They are
radial moments of the jet’s momentum profile, also known as differential jet-shape (𝜌(r)), given by,

𝜌(r) = lim
𝛿𝑟→0

〈 1
𝛿𝑟

∑
|rconst−r |<𝛿𝑟/2 𝑝T,const

𝑝T,jet

〉
jets

, (2)

where rconst = (𝜂const − 𝜂jet)𝜂 + (𝜙const − 𝜙jet)𝜙, and it follows that,

𝜆1
𝛽 =

∫
jet
𝑟𝛽𝜌(r)𝑑r. (3)

The jet angularity based observables like jet-substructure measurements in Pb+Pb collisions
at √𝑠NN = 2.76 TeV at the LHC, have shown quenched jets, on average, have migration of charged
energy away from their axis relative to a 𝑝 + 𝑝 baseline [3] and possibly a survivor bias toward
harder, quark-like fragmentation [4]. Similar measurements using jets with lower 𝑝T,jet at RHIC,
will help understand jet-medium interactions in a complementary phase-space region to LHC.

In this proceeding, jet girth (𝑔 = 𝜆1
1), momentum dispersion (pD

T =

√︃
𝜆2

0) and the differential
jet-shape (𝜌(r)) are measured in 𝑝 + 𝑝 collisions

√
𝑠 = 200 GeV to set a baseline for heavy-ion

collisions at RHIC. We also calculate a non-angularity based jet observable LeSub which gives a
measure of the hardest splitting of the jet:

𝐿𝑒𝑆𝑢𝑏 = 𝑝
leading
T,constituent − 𝑝

subleading
T,constituent. (4)

2. Dataset and Analysis Method

The analysis uses data from 𝑝 + 𝑝 collisions at
√
𝑠 = 200 GeV collected in 2012 using

the Solenoidal Tracker At RHIC (STAR) detector system. Charged-particle tracks and neutral
energy depositions (towers) are measured using STAR’s Time Projection Chamber (TPC) [5] and
Barrel Electromagnetic Calorimeter (BEMC) [6] detectors respectively. Together, they provide
full azimuthal coverage with a pseudorapidity acceptance of |𝜂 | ≤ 1. The tracks and towers are
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√

𝑠 = 2 0 0 G e V Ta n m a y
P a ni

cl ust er e d i nt o j ets usi n g t h e a nti- 𝑘 T al g orit h m wit h a j et r es ol uti o n p ar a m et er 𝑅 = 0 .4 , i m pl e m e nt e d

usi n g t h e F astJ et li br ar y [ 7 ]. T o s u p pr ess c o ntri b uti o ns of f a k e tr a c ks a n d c o m bi n at ori al b a c k gr o u n d

( es p e ci all y i n t h e c o nt e xt of t h e l ar g er h e a v y-i o n b a c k gr o u n d), a “ h ar d- c or e ” c o nstit u e nt s el e cti o n

as w as d o n e i n pr e vi o us S T A R a n al ys es [ 8 ] is a p pli e d, w hi c h o nl y all o ws tr a c ks (t o w ers) wit h

𝑐 𝑝 T ,tr a c k( 𝐸 T ,t o w er) ≥ 2 G e V t o b e cl ust er e d i nt o j ets. T o e n h a n c e j et si g n al, o nl y Hi g h- T o w er ( H T)

tri g g er e d e v e nts, wit h at l e ast o n e t o w er wit h 𝐸 T ,t o w er ≥ 4 G e V ar e c o nsi d er e d. Aft er cl ust eri n g,

o nl y j ets c o m pl et el y f alli n g wit hi n a c c e pt a n c e ( |𝜂 j et| ≤ 0 .6 ) ar e k e pt. J ets wit h ar e a, 𝐴 j et < 0 .3 ar e

r ej e ct e d t o f urt h er r e d u c e t h e f a k e j et c o ntri b uti o n.

T h e distri b uti o ns of 𝑔 , p D
T a n d L e S u b ar e f ull y c orr e ct e d f or d et e ct or e ff e cts b y usi n g it er ati v e

b a y esi a n u nf ol di n g, i m pl e m e nt e d usi n g t h e R o o U nf ol d li br ar y [ 9 ]. T h e u nf ol di n g r e q uir es a r es p o ns e

m atri x b et w e e n p arti cl e-l e v el a n d d et e ct or-l e v el. T his is c o nstr u ct e d usi n g a n e m b e d di n g si m ul ati o n

w hi c h i n v ol v es P Y T HI A- 6 S T A R t u n e [ 1 0 ] e v e nts pr o c ess e d i nt o d et e ct or hits usi n g G E A N T 3 [1 1 ]

a n d a d d e d t o r e al z er o- bi as e v e nts fr o m 𝑝 + 𝑝 c ollisi o n e n vir o n m e nt. T o c al c ul at e 𝜌 (r ), a d diti o n al

ass o ci at e d tr a c ks n ot cl ust er e d i nt o j ets, b ut i nsi d e t h e j et c o n es ar e als o us e d. T his w as d o n e t o

l o o k at t h e c o m pl et e j et, ar o u n d its h ar d c or e. Gi v e n a j et, tr a c ks wit h 𝑝 T ,ass o c ≥ 1 G e V / 𝑐 a n d

𝑟 (ass o c , j et) ≤ 0 .4 ar e us e d. T h e 𝜌 (r ) is c orr e ct e d usi n g bi n- b y- bi n f a ct ors o bt ai n e d fr o m t h e

af or e m e nti o n e d e m b e d di n g si m ul ati o n 1.

3. R es ult a n d Dis c ussi o n

Di ff er e nti al j et-s h a p e as a f u n cti o n of 𝑟 = 𝑟 (ass o c , j et) fr o m t h e j et a xis is s h o w n i n Fi g. 1 .

Girt h ( 𝑔 ), p D
T a n d L e S u b distri b uti o ns ar e s h o w n i n Fi g. 2 . S yst e m ati c u n c ert ai nti es ar e s h o w n as

s h a d e d gr e y b a n ds. O n a v er a g e, l o w er e n er g y j ets wit h 1 5 ≤ 𝑝 T ,j et < 2 0 G e V / 𝑐 h a v e hi g h er 𝑔 ,

l o w er 𝐿 𝑒 𝑆 𝑢 𝑏 a n d m or e e n er g y a w a y fr o m j et- a xis t h a n j ets wit h 𝑝 T ,j et ≥ 2 0 G e V / 𝑐 .
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Fi g u r e 1: 𝜌 (r ) vs 𝑟 ( m a g e nt a st ars, n or m ali z e d t o u nit y) f or j ets wit h 1 5 ≤ 𝑝 T ,j et < 2 0 G e V / 𝑐 (l eft) a n d

𝑝 T ,j et ≥ 2 0 G e V / 𝑐 (ri g ht). T h e r es ults ar e c o m p ar e d t o P Y T HI A- 6 ( S T A R) ( bl u e) a n d P Y T HI A- 8 ( D etr oit)

(r e d). T h e l o w er p a n els s h o w t h e r ati o of t h e d at a c al c ul ati o n t o t h e P Y T HI A- 6 ( S T A R) ( bl u e) a n d P Y T HI A- 8

( D etr oit) (r e d).

1D et ails of cl os ur e ass o ci at e d wit h t h e u nf ol di n g c a n b e f o u n d i n sli d es 2 5- 3 3 i n t h e t al k ass o ci at e d wit h t his

pr o c e e di n g, htt ps:// w w ui n di c o. u ni- m u e nst er. d e/ e v e nt/ 1 4 0 9/ c o ntri b uti o ns/ 2 0 3 8/ att a c h m e nts/ 8 5 9/ 1 7 6 4/ H P 2 0 2 3. p df
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T h e r es ults ar e c o m p ar e d t o P Y T HI A- 6 ( S T A R) [ 1 0 ] a n d P Y T HI A- 8 D etr oit u n d erl yi n g e v e nt

t u n e [1 2 ]. All m e as ur e m e nts s h o w a g o o d a gr e e m e nt wit h P Y T HI A- 6, w hil e P Y T HI A- 8 is s h o w n

t o u n d er esti m at e j ets wit h hi g h er 𝑘 𝑅 𝑐 𝑝 𝐸 a n d l o w er 𝐸 v al u es. 𝜂 (r ) fr o m P Y T HI A- 8 u n d er esti m at es

t h e fr a cti o n of j et m o m e nt u m cl os er t o t h e j et a xis. Fi g ur es 3 a n d 4 s h o w S T A R d at a c o m p ar e d t o

P Y T HI A- 8 ( D etr oit) wit h ( a) all h ar d s c att eri n gs, ( b) o nl y 𝐴 𝑔 → 𝑝 𝑝 h ar d s c att eri n gs ( q u ar k j ets),

a n d ( c) o nl y 𝜌 𝑝 → 𝑐 𝑟 h ar d s c att eri n gs ( gl u o n j ets).
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wit h 1 5 ≤ 𝑔 T ,j et < 2 0 G e V / 𝐿 (l eft) a n d 𝑒 T ,j et ≥ 2 0 G e V / 𝑆 (ri g ht). T h e r es ults ar e c o m p ar e d t o P Y T HI A- 6

( S T A R) ( bl u e) a n d P Y T HI A- 8 ( D etr oit) (r e d). T h e l o w er p a n els s h o w t h e r ati o of t h e d at a c al c ul ati o n t o t h e

P Y T HI A- 6 ( S T A R) ( bl u e) a n d P Y T HI A- 8 ( D etr oit) (r e d).
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Fi g u r e 3: p D
T =

𝑘
𝑅 2

0 (t o p-l eft), L e S u b (t o p-ri g ht) a n d 𝑐 ( b ott o m) distri b uti o ns f or j ets wit h 𝑝 T ,j et ≥ 2 0 G e V / 𝐸 .

T h e r es ults ar e c o m p ar e d t o P Y T HI A 8 ( D etr oit) wit h all h ar d pr o c ess es (r e d), wit h o nl y 𝐸 𝜂 → 𝐴 𝑔 pr o c ess es

( bl u e) a n d 𝑝 𝑝 → 𝜌 𝑝 pr o c ess es ( or a n g e).

Si n c e gl u o n j ets h a v e s oft er, m or e s pr e a d- o ut r a di ati o n p att er n o n a v er a g e t h a n q u ar k j ets [ 1 3 ],

t h e y ar e li k el y t o h a v e l o w er p D
T , l o w er L e S u b , hi g h er 𝑐 wit h m or e m o m e nt u m ( 𝑟 (r )) a w a y fr o m t h e

j et- a xis. As e v e n q u ar k-j ets fr o m P Y T HI A- 8 ( D etr oit) s h o w s oft er fr a g m e nt ati o n o n a v er a g e t h a n

t h e S T A R d at a, it is li k el y t h at P Y T HI A- 8 ( D etr oit) u n d er esti m at es h ar d fr a g m e nt ati o n of p art o ns.

0. 0 5 0. 1 0. 1 5 0. 2 0. 2 5 0. 3 0. 3 5
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1−1 0(
0.

4)
Ψ

(r
)/

ρ  = 2 0 0 G e Vsp + p 

 j et s, R = 0. 4
T

a nti- k

| < 1. 0- R
J et

η|

 2 0 G e V/ c≤ 
T, J et

1 5 < p

Pr eli mi n ar y S T A R

 S T A R

 S y s. U n c ert.

0. 0 5 0. 1 0. 1 5 0. 2 0. 2 5 0. 3 0. 3 5

r

1−1 0 (
0.

4)
Ψ

(r
)/

ρ(r) drρ

0. 4

0
∫( 0. 4) = Ψ

 > 2. 0 G e V/ c
T

c o n stit. p

 > 1. 0 G e V/ c
T, A s s o c

p

 > 2 0 G e V/ c
T, J et

p

Pr eli mi n ar y S T A R

 P Y T HI A- 8 all

 q q→ P Y T HI A- 8 q q 

 g g→ P Y T HI A- 8 g g 

Fi g u r e 4: 𝜌 (r ) vs 𝑟 ( m a g e nt a) f or 1 5 ≤ 𝑟 T ,j et < 2 0 G e V / 𝑔 (l eft) a n d 𝑝 T ,j et ≥ 2 0 G e V / 𝑐 (ri g ht). T h e r es ults

ar e c o m p ar e d t o P Y T HI A 8 ( D etr oit) wit h all h ar d pr o c ess es (r e d), wit h o nl y 𝑔 𝐿 → 𝑒 𝑆 pr o c ess es ( bl u e) a n d

𝑢 𝑏 → 𝑝 𝑐 pr o c ess es ( or a n g e).
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4. Conclusions

First measurements of jet-shape observables 𝑔, pD
T , LeSub and 𝜌(r) from STAR using hard-core

jets 𝑝 + 𝑝 collisions at
√
𝑠 = 200 GeV are presented, setting the baseline for heavy-ion collisions

to measure the medium-modification at RHIC. With the hard-core jet definition and HT trigger
requirement, the sample of jets used here is biased towards hard-fragmented jets. The results show
good agreement with PYTHIA-6 (STAR). PYTHIA-8 (Detroit) is shown to underestimate harder-
fragmented jets, and needs further tuning of PYTHIA-8’s parton shower/hadronization parameters
to explain STAR hard-core jets.

This work is supported by the National Science Foundation under Grant number: 1913624.
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