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Proxies for hard scattered partons

Production explained by pQCD

Clustering algorithms use final state particles to
reconstruct jets

Jet substructure holds information about

fragmentation and hadronization processes



Jets in vacuum

Parton Shower

—— e Proxies for hard scattered partons
* Production explained by pQCD
g * Clustering algorithms use final state particles to
E reconstruct jets
— g  Jet substructure holds information about
A j 9 'c': fragmentation and hadronization processes
- %‘\\ """ ‘a" 0 . T
Hard Scattering \/. ‘ 0 v’ Can we disentangle perturbative and
/) __ hon-perturbative physics in vacuum?
Jet Clustering v Can we use jet substructure to

understand hadron formation better?
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Jets in medium
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Jets in medium
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Images by Caitie Beattie
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Jet Broadening



Jets in medium

Pa rton Shower Images by Caitie Beattie
> Elastic Inelastic
collisions collisions
. (collisional) (radiative) 7.
| dlum Effects e o R )
"2 SN B
)
< i v’ Is suppression system size and
N . 0 geometry dependent?
X o
Hard Scattering y ) v' Does the medium change the chemistry
/ ") ' of the hard scattered jets?
) v’ Does the flavor of the parton influence
Jet Clustering

medium effects?
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| Time Projection Chamber

v' Measures momenta of charged

tracks [|7] < 1,0 < ¢ < 2]
v PID using dE/dx

Images: NSWW
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https://nsww.org/projects/bnl/star/sub-systems.php
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Time-Ofv-Flight Detector
v" PID using TOF measurement

[In] <1,0 < ¢ < 2m]

| Time Projection Chamber

v' Measures momenta of charged

tracks [|7] < 1,0 < ¢ < 2]
v PID using dE/dx

Images: NSWW
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https://nsww.org/projects/bnl/star/sub-systems.php

H

| — — ) Ty —
Time-Of-Flight Detector Barrel Electromagnetic Calorimeter

v" PID using TOF measurement

v Measures neutral component of jet

[Inl <1,0 < ¢ < 2r] energy [|[n] < 1,0 < ¢ < 2m]

| Time Plgjection Chamber

v Measures momenta of charged

tracks [|7] < 1,0 < ¢ < 2]
v" PID using dE/dx

Images: NSWW

August 1, 2024 .—> BOOST 2024, Diptanil Roy 9



https://nsww.org/projects/bnl/star/sub-systems.php

STAR at RHIC

Time-Of-Flight Detector

v" PID using TOF measurement
[In] < 1,0 < ¢p < 27]

| Time Projection Chamber

v Measures momenta of charged

tracks [|7] < 1,0 < ¢ < 2]

August1,202¢  —— STAR
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Barrel Electromagnetic Calorimeter

v Measures neutral component of jet

energy [|In] < 1,0 < ¢ < 2m]

| Heavy Flavor Tracker (2014-2016)

v Improves position resolution for

secondary vertices

v" PID using dE/dx

Images: NSWW
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Isolating pQCD and npQCD in vacuum

AM = M — M, [GeV]

Image: Larkoski, Marzani, Thaler, Xue, PRL 119 (2017) 13, 132003
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Image by Youqi Song S ~ eaeaeeeeeccacacacaaa .

*  SoftDrop: Groom a reconstructed jet to remove wide-angle soft
7, = Shared momentum fraction

g
radiation R, = Distance of subjets at split
. : min(pr.1,pr.2) ik =1l
* CollinearDrop: Difference of an observable for an ungroomed Zy = n % Bl el i )® | 30
PT,1 T+ PT,2 ' =
vs groomed jet = Access to soft component of jet - |
g J p J min(pr.1,pr.2) > 0.1
« Iterative SoftDrop: Access to 1%, 2nd 3rd gplits of the shower pr1+pr2
August 1, 2024 ‘—» BOOST 2024, Diptanil Roy 12



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.132003

Isolating pQCD and npQCD in vacuum

Z,= = Shared momentum fraction

R, = Distance of subjets at split
AM = M — M, [GeV]

Perturbative
Larger R, = Smaller (AM /M) > Steeper z,

Non-perturbative
Smaller R, > Larger (AM /M) -> Flatter z,

st -¥ 0=R;<0.15 STAR Preliminar 8
15t split Nm B y ’
P s ¥ 015<Rg<020 p+p Vs = 200 GeV -
Z 8% 030=R=040  antik, +C/A,R=04
= [ SoftDropz =0.1,=0
o = 6 cut ]
’,’,,—’ N | : ¥ 205p7,1e1<25Gew° -
. | ]
t \ 4- ¥ .
> : - \ ]
a x
ol g<[) Zg 2; X i i x x B
S ‘ B x i
-~ B ¥y % i i
07‘ | L A R B R
0.1 0.2 0.3 0.4 0.5
Zq
8 T T T T
% 0<Rg<0.15 —— PYTHIA8 Detroit tune
7T % 015<Ry<0.3 ~—t+- HERWIG7LHCtune 1
6 0.3<Rg<0.4
5 STAR Preliminary
p+p Vs =200 GeV
4 anti-kt full jets, R=0.4, |n|<0.6 -
: (Zcutr, B1)=(0,0), (Zcut2, B2)=(0.1,0)
3 3/\ MultiFolded with pr, Q, M, Mg, Rg, 251
2 20 < PT,jet < 30 GeV/ic o

02 04 06 08 10
AM/M
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Isolating pQCD and anCD In vacuum

1st, 2nd_ 3rd gplits
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Image by Raghav Kunnawalkam Elayavalli

1/N dN/dR,

1/N dN/dz,
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Z,= = Shared momentum fraction

R, = Distance of subjets at split
AM = M — M, [GeV]

R, becomes narrower from 1° to 3" split
Change from soft wide-angle to hard collinear

splitting

z, becomes flatter from 1°* to 3" split

Perturbative to Non-perturbative transition

Can we pinpoint a distinct transition region?

14



Time evolution of jets In vacuum

Energy-Energy Correlators d(Z, 3 E{Ej
: 1 et ST jet?
Normalized EEC = i d
DIPPI L d (AR)
Jets MJPT,]etZ > s -
1 0 3 0

Formation Time: ty « ARZ Apolinério, Cordeiro, & Zapp EPJC 81 (2027)\

10 T T T T T T T T T T T T T 1 1 T T T T T T T T T T T 1} —] 10 = 1 1 1 I 1 1 Ll 1 1 1 1 1 T I 1 1 |l 1 U 1 1 1 I 1 I 1 =

(ll:llJ-j = ' ' ' ' """ 'STAR Preliminary 3 O ET """ 'STAR Preliminary >
NOE . — — .
g B —’—‘—‘\ — E — —-m-—-——‘ﬂ— .i ]
T 1 B 5 3 F B =
% - p+p, VS = 200 GeV —— Corrected Data - E B —— Corrected Data  —*~ .
z [ ’ ] 2 [ i

Constituent p_> 0.2 GeV/c - et al Lee et. al

10 JetR=04, mJet| <0.6 — 10 JetR=04, mJeJ <06 .
E 15< Prjet<20 GeVic Hadron Model | = = 30 < Prjec<50 GeVic Hadron Model =
= : n ~ - = _. |

102 B§ § = z = 102 = S = § =
E ks = ) ] = g 2 0 =
- s = = - ™ T 7 2 -
B 8 & 8 ] B 8 8 3 i

= = o I ~ B O 7]

10—31 [T (T T T N T . | PR [N T N TN T TN S NN TN SN M T SO W 10‘31 oS 5 Sy A | Ny Sy o | A0 1 T T T T T

10—1 6 10—1 4 10—1.2 10—1 10—0.8 —0.6 10—04 1 0—0 2 1 A R 1 0_1 6 10_1 4 . 10_1 O—OAB 1 0—0_6 1 0—0,4 1 0—02 1 A R
Lee, Mecaj, Moult, arxiv:2205.03414 . . Jet Jet
Transition Region at ARryrmover X P ~2—3 GeV > No pr dependence
Universal scale for confinement of quark/gluon to hadrons
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https://link.springer.com/article/10.1140/epjc/s10052-021-09346-8

Probing npQCD region in vacuum

Charge Correlators

T ||||I'I'I| T |.||||I'l| T ||||I'I'l| T |||||I'I'|_ITI'I'I'I'I'
perturbative non perturbative
—> = |
dahlle/dX o dO‘hlﬁ2/dX b UHH' : LkLS 208 2/!36-\/27)5
ro(X) = 1 o = } i | transition O ol
C Uh1hz/ + Uhlhz/c M ’ d Charge-neutral pair 0 . region A
h,h,: same charge hadrons H ooo AN
&’ , _— v
h,h,: opposite charge hadrons - u mage by Mrigania Henda! {)O ° o 00°% ° $
rC § 3 ° ® Y e 2 ® 0 g [ J ¢ ]
Chien, Deshpande, Mondal, Sterman, PRD 105 (2022) 5, L051502 { o PYTHIA  Herwig
—05 o o ® gt or*
ltorm = Z(l _Z)p/ki £t oO " OKi
with p = p™ + ph |°°0..29.pp oFP i
* 1, can probe for evidence of string-like fragmentation and z = p"2/p B vadi? é
. . . . .
* In vacuum, can establish baseline for studying medium 1 coee8sidd * é
modification of hadronization 1 0—1 1 1 0 1 02 1 03
form (fm)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051502

Probing npQCD region in vacuum

Charge Correlators 0.1 — : : ; —
0.0 " STAR Preliminary .— Random bath
- p+p Vs =200 GeV j
-0.1r anti-kt jets, R=0.4, |n| < 0.6 Jets with no
[ +~ hetcharge
0.2} - — p=-——F———bk—-—————- F-—————- I
¢J - ]
2 -03f —- 5 : -
A — : -
S -04f — F :
S _
-0.5 |+ Corrected STAR data |
061 HH  HERWIG7 default tune |
| HH PYTHIAS Detroit tune |
_0.7L HH PYTHIA6 STAR tune ]
| 14 Random track pairs in jets (STAR data)
-0.8 ' : :

20 25 30 35 40
full jet pt [GeV/C]

First measurement in p+p: Both string-like and cluster hadronization underpredict STAR data
More model tuning required.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051502

Jets in medium

Elastic Parton Shower
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Inelastic
collisions
(radiative) /...
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Event shape engineering

Images by Caitie Beattie
Q2—<chos<2¢> Zw sin(2¢)), ¢, = | G, 11/ M,
=1 w;: nMIP weight, M: multiplicity

v, = (cos(2(¢p — '¥,))

Au+Au, \/s 200 GeV

~ ] = s e R m — — — o
-4 455 ‘ = jms gz o 10-1E Au+Au, \f =200 GeV j
w A5E ElE 3 E
AR = I 102k Centrality
- 1 <100 E 65-70% %
v 35F * 4 310 - E
< F —— I o F 25-30% 1
< %F = 1 107 0-5%
- — 1 3 - =
=, 255 s 4l |

o 2:_ e g 10 E
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1.5E E 10°
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1:_ —O——O——O—_O__O__o_ = 10 6:
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80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 05 1 15 2 25 3 35 4 45 5
centrality % q, (2.14 < 1 <5.09)

* Centrality and q, are correlated, event selection based on both centrality and q,
* Charged particle spectra from TPC, g, from EPD-W to avoid autocorrelation
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Event shape engineering

Images by Caitie Beattie

2—(chos(2¢) Zw sin(24)), ¢, = | 0, |1/ M, Y_Q

=1 w;: nMIP weight, M: multiplicity
v, = (cos2(¢p — ¥,))

N L DL DL | UL L L L
c;,.1.15 — STAR Prellmmary —
2 [ Au+Au, \s, =200 GeV ’
& [ Centrality 20-40% -
< 'L Ch.trks., Inl <1 -
N ¥
1.05 e + —
- —— = . . .
- " o - * Hardened charged particle spectra in high-q,
B .'."' . .
L PP — events, flattened at high py
0.05 - [Fdata low: 10% smallest q, E * Consistent with ALICE results at 2.76 TeV
PO TN T TS TN T TSN NN S S T S N S AT S T ST T S S W A S S
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.034916

Jet substructure in medium

. .. soft/hard radiation 1 ;
Generalized Angularities p A ~ collinearity sensitive A1 = g - girth
K .
PT,const g Y .
A = E (—Conb x r(const, jet)” Az - thrust
constejet \ PTiet A2 = (pP)? - momentum dispersion
(@]
° B STAR Preliminary
= L ¥ |0-20%
© L
= L, * [40-80%
* Angularities, tunable sensitivities to T s ==

‘1IIIII|

%

energy, angular scales — some of them

are IRC safe

Au+Au \[sNN =200 GeV
15< P,y = 20 GeV/c

. . . . . Bl _
e (Can probe the modification of radiation anti-k jets, R = 0.4

- m I<1.0R
: : C A5 >04 . . .
pattern in medium C o o 0aevi Girth CO{lSlStent in c.efltral and
— Noonst 22 peripheral collisions
— | | | | | | | | | | | | | | | | | | |
X 2 ;_ Systematic uncertainties assumed uncorrelated
2 1sf t Better handle on systematics and
g 1 =  —v— - —— + . .
== — sample bias being explored
Q0.5
0 0.02 0.04 0.06 0.08 0.1
e g
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Jet chemistry

° ° + -
Baryon-To-Meson Ratio in p+p and Au+Au p"+p
nt 4+~
1.2
E - STAR Preliminary Anti-k,
(ol B p+p, Vs =200 GeV Jet p'T"" >10 GeV/c
1 n p?““' > 2.0 GeV/c
a —@& - p+p, Jet R=0.5
0.8—
n —& - p+p, Jet R=0.3
B — - p+p, Track-Track
0.6—

Inclusive

[PRLB637(2006)161]

PR P PR PRI PR ST SN B R N
2 2.5 3 3.5 4 4.5 5
p, [GeV/c]

Pion production preferred over proton in jets

Stronger preference for pions in jets compared to inclusive p+p
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Jet chemistry

Baryon-To-Meson Ratio in p+p and Au+Au

STAR Preliminary
p+p, Vs =200 GeV

Anti-k
Jet p'T"' >10 GeV/c
p?“" > 2.0 GeV/c
—@& - p+p, Jet R=0.5
—& - p+p, JetR=0.3
— - p+p, Track-Track

IIIIIII]IIII

0.6

/lllllllll‘lllll

72 7R
7,

Inclusive

LU0 p+p
[PRLB637(2006)161]

STAR Preliminary

Au+Au, szN =200 GeV, 0-20%

p+p, Vs =200 GeV

PRSI BRI M
4.5 5 2
p, [GeV/c]

45 5
P, [GeVic]

Anti-k,
Jet p;"" >10 GeV/c
p;°“" > 3.0 GeV/c

—8— Au+Au, JetR=0.3

—& - p+p, JetR=0.3

Inclusive

Au+Au, 0-20%

[PRLO7(2006)152301]
S pep

[PRLB637(2006)161)

Pion production preferred over proton in jets No significant difference in Au+Au p/m ratio compared to p+p

Stronger preference for pions in jets compared to inclusive p+p Hard-core selection bias (?) Survivor bias(?)

Studies ongoing with jets with different hard-core definitions

2 WM, 2
%
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Flavor dependence — D jets

‘—- = = -~ X1 03
— "l §~ N: i T T | T T T T | T T T T ]
B ',' o L STAR —e— Data i
! % L Au+Au \/s = 200 GeV — Gaus + pol3 .
@ .: s 8- 0-80% e Signal —
. ':' [ 1<p [GeVicl<t0 L. Background §
N F _
Primary T\D’
vertex c 6
3
ODCAl  TTS-gaconetructed D O
4
Image by Ondrej Lomicky
. . . 2
* Topological cuts to improve signal .
significance of DY i "
O L 1 | Ao’ 1 1 [ee L ! L |
* Yield calculation using sPlot method 1.8 1.9 2
& m(Kn) [GeV/c?]
_ . sPn (mK 7r,z')
S Plot Efficiency Correction sPn(mgn;) —
e(Mir,i)

Pivk, Diberder, Nucl. Instrum. Methods Phys. Res., A (2005) 555
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https://linkinghub.elsevier.com/retrieve/pii/S0168900205018024

Flavor dependence — Fragmentation of D? jets

PTiet " Prpo . == -

LIDO, Phys. Rev. C 98, 064901

T T T T T
e Central (0-10 %)(x 100)
1 02 —®— Midcentral (10-40 %)(x 10)
—a— Peripheral (40-80 %)(x 1)
10 L[ ] Sys. Unc.
| — LIDO (MPI = off) Stat. Unc. Only
=10
Z|O_ 0
| 2
N
8 103
N 10
s
~—|__ L
Z -
STAR Preliminary
-5
10 AU+AU {Syy = 200 GeV
B . Full Jets, anti-k,, R=0.4, In _|<0.6_
B 1<p_,[GeV/ic]<10
_7 T.D
107 5<p, . [Gev/c] <
‘ | ' | |

20

0 0.5

1

Zjw =P, P2
Jet T.Jet™ Tp% " T, Jet

* 2D unfolded with pr

« LIDO overestimates hard fragmented D jets — Data shows softer fragmentation

August 1, 2024 0—»
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Flavor dependence - Fragmentation of D? jets

PTiet " Prpo . == -

LIDO, Phys. Rev. C 98, 064901

d°N

Ne,, zdz, dn
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]
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T T T T T T T T
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1 02 —®— Midcentral (10-40 %)(x 10)
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10 L[ ] Sys. Unc.
| — LIDO (MPI = off) Stat. Unc. Only
107
107°
STAR Preliminary
-5
10 AU+AU {Syy = 200 GeV
B . Full Jets, anti-k,, R=0.4, In _|<0.6_
B 1<p_,[GeV/ic]<10
70 T,D
1 O i | | | | | °< |pT'Jet !:GeV/|C] ) 2|O

0 0.5

1

2
Z,, = . /
Jet pT,Jet pT,DO pT,Jet

2D unfolded with pr

2
1.5
QR
o
© 0.5
o
v
S~
5
r 2
1.5
]
0.5

ZJet —

o

C —x— Data '
- [ Sys. Unc.
- B T,, Unc.
- —— LIDO (MPI = off) Stat. Unc. Only
- M
- | T %
.| D SR
- Central (0-10%)
I I I I Il I I n
- ' STAR Preliminary
- Au+Au |s =200 GeV
- Full Jets, anti-k, R=0.4,In | <0.
n 1< P, [GeV/c] <10
L % M 3 5<p, . [Gevic]<20
~ T
R i e
- MidCentral (10-40%)
" " " " 1 1
0.5 1

Jet ™ pT,Jet'pT,D” pT,Jet

DT Jet |2

..... R™ ~
~ [,
....... R
K- T[+ e B — —/
V<. . /
\ i /
\D /
\ /

Suppression for hard fragmented D jets in central collisions

« LIDO overestimates hard fragmented D jets — Data shows softer fragmentation
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Flavor dependence — Radial profile of D? jets

LIDO, Phys. Rev. C 98, 064901

= E . — Data
C —e— Central (0-10 %)(x 100) 3 1.4 ] Sys. Unc.
10 4 :_ = Midlcentral (10-40 %)(x 10) _: . @ T,, Unc.
3 —a— Peripheral (40-80 %)(x 1) 3 1oL LIDO (MPI = off) Stat. Unc. Only
o [ 1Sys. Unc. . )

—— LIDO (MPI = off) Stat. Unc. Only

Q)
10° —’ii ERE R e RS—————
wi~ 1 %9t | :
5|9 102 —=—— — 71 Roshk * 2D unfolded with pr e
SIS E —— == il e
— 3 - - = . STAR Preliminar 7 ., - . .
‘Z 10 g—‘xi . 3 &U " Au+Au mi 20(? éev 1 ¢« LIDO quahtatlvely explams radial
E 3 i Full Jets, anti-k, R=0.4, I _|<0.6] : :
B STAR Preliminary . - 1.2 — 1<p_ [GeVic]<10 ] prOﬁle trends’ ?long Wlth ratio Of
TE  Auhufsp=200Gev = E 5<p,, [GeVic]<20 ] central and peripheral
CFull Jets, anti-k,, R = 0.4, | <0.6 3 1E ]
10" - 1<p_,[GeVv/c]<10 ] B -
= 5<p__[GeV/c]<20 E 08 N
C 0 0 1 y‘e T R B T L ' I~ Midcent‘ral (10'400/0) ‘ ‘
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Ar Ar

Ratio of radial profile consistent with 1
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What’s next for STAR?

STAR Projection

-0.1 -0.05 0 0.05 0.1

Increased statistics for jet-
substructure measurements

Use jet substructure as taggers
Access to high pr jets
Access to wide-angle radiation

Increased resolution in angular

llll[lllllllllllllllllllllllllllllll]ll—

|40| L1

® 08T T
0.75— [ sTARNow
Jsnn (GeV) Species Sampled Luminosity Year 065_ [ wsmarzs
- w/ STAR 25'
200 Au+Au&p+Au [AuAu 32.7 nb-1/ pAu 0.69 pb-1| 2023+2025 05F-
200 p+p 142 pb-1 2024 0 45_
03F-
EPD for triggering 02f
Independent event-plane determination otE-
Event shape Engineering N
. 0 10 20 30
. . dir
Recoil Jets triggered by y e ——
. ) ] ) 1} Au+Au (0-15%) STAR Projection =
IAA:Yvleld n Au+Au/ Yleld m p+p —_ - anti-k,, R=0.5 Semi-inclusive y + jet - .
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Jetp_ [GeV/c]

scale

Wider kinematic range for I, and
acoplanarity measurements

Access to forward rapidity

Larger statistics = Improved uncertainty
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What’s next for STAR?

HIJING, Au+Au |'s_, = 200 GeV w0
Quenched Unquenched 0'2;
”:t N 0'—— —e-
—0.25 . 1
* Charge correlators in heavy ion collisions it e waf 4 oo E T+
w* & 06
 HERWIG tune to RHIC kinematics ongoing R=0.4, pi* > 10 Gevic
R A
.= z(1-z)p/ki
* Jet chemistry in unbiased sample (constituent p; dependence) Esha, Hard Probes 2023
0.100 Two—Point Energy Correlator
. o . . 0.050
» Generalized angularities for D%-jets
-~ 0.010 o
* Higher order EECs, charge dependence, medium modifications oE. '
7 0,001 g =20 GeV3fm™! -_l”'"
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Event shape engineering: Probing event-plane angle dependence T bt b O I | i
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Andres, Dominguez, Kunnawalkam Elayavalli, Holguin, Marquet, Moult, PRL 130 (2023) 26, 262301
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.262301
https://indico.uni-muenster.de/event/1409/contributions/2576/attachments/864/1771/HP_poster.pdf

Summary

o [ L3
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Flavor dependence — Generalized angularities

soft/hard radiation

Generalized Angularities p A ~ collinearity sensitive
K N
1 — g Z PT,const - . \G
A KISt const€jet PT,jet

A2 = (p})? - momentum dispersion

ot 10°E Raw data e 0-10% §Z 3 E Raw data STAR run14, Au-Au, {Sy, = 200 GeV
10° ;_ —a— 10-40%| © 10* :g inclusive D’jets, 1 < P, [GeVic] < 10
= L. —a— 40 - 80 % ; - :-:+I+ anti-k;, R=0.4,I |<1-R
— e e - - =
- - . e — —o—
? BT n s S-ii-age ST 107 24— — e -
10 5 +*+++—‘—ﬂ_°_+"‘:::+1 :3:+"’4:+:::¢ - S Ty o Hﬁ&—#—
B ,
105 aahin ST RE SRR 10, |+ SR ,
= IT—fﬁPFTﬁ =giin ol T4 o+ T
_ 1 T |
U E
10"k 107k T
E L | L ) N | L ) . ] L L L | L 5? L 1 L 1 (l) L A L L é L 1 " L 110 L L
0 2 4 6 8 o - Al

P
Ongoing measurements for angularities

* Unphysical results caused by median background subtraction — Unfolding required
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