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RHIC experiment

RHIC accelerator

BNL, New York, USA
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e (Center of energy: 7.7 to 200 GeV
¢ Hot-dense QCD medium study: Au+Au, Cu+Cu, U+U, Ru+Ru, and Zr+Zr
¢ Cold QCD medium study: p+Au, and d+Au

¢ QCD vacuum in p+p collisions
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Jets 1n vacuum

(In p+p collisions)
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Jets 1n vacuum

In experiment:

Jet measurement in p+p collisions , ,
anti-kt sequential

: : recombination algorithm
Vacuum timelike parton shower 5

2
pp collisions at 200 GeV _ . ) ) ARij
Qo ~Aqgcp dij = min (pT,iapT, ) R2
Jet virtuality e and, dp = pT—lg
Q =E ejet o Tt
K 2 _ 2 2
‘& AR; = (vi— )" + (¢, — ¢)
Tt
partons ’ I sty Rt |
hadrons

Y. Mehtar-Tanti:
NPA 956 (2016) 168-175

e pQCD and non-pQCD effects at RHIC

. . Salam’ EPJC (2010) 67: 637-686
® To constrain parameters in parton shower models

® Vacuum-baseline for heavy-ion collisions (finite-temperature QCD medium)
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Jet substructure measurement in p+p collisions

SoftDrop jet grooming;:
IRC/Sudakov-safe

Lakoski, Marzani, and Thaler; PRD 91, 111501(R) (2015)

Parton Shower

Declustering jet branching history by removing
soft branch until 1t satisfies the condition:

min (pr;, Pryo)
g = > Zc:ut(Rg/ Rjet)ﬂ

g
Pr1t P12

p=0;
zait = 0.1 — no angular dependence; soft branch at least Courtesy: Raghav Elayavalli
10% of total momentum of the pair

Kinematics of each branching:

® Groomed jet radius, R,
® Groomed momentum sharing, Zg
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Vacuum splitting in p+p collisions at \/E = 200 GeV

STAR: PLB 811 (2020) 135846 Groomed jet substructure observables
Groomed momentum sharing (Zg ) Groomed jet radius (Ry)
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® 7, follows DGLAP splitting kernel

® Unlike zg, Ry shows a dependence on prjet above 25 GeV/e

® At higher prjec—> narrower substructure with asymmetric splitting in a jet

e STAR-tuned PYTHIA-6 Perugia 2012 describes the jet substructure observables at RHIC
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Jet mass 1n vacuum

p+p collisions 4/s = 200 GeV

STAR, arXiv: 2103.13286 (Accepted by PRD)

- R L I B B I SR ILALLE B ILRLEL B ILRLR F ML B ILALLE B ILALRL B I o * —
S0 fomimoim 3 o] Ungroomed Jet mass: M = | E ;|
Sy 04F §henHketsl<1-R 3 .. HERWIG7 f PYTHIA-8 et
Sosst{ SJe
S o3 i : R=0.6 E
; 0.25 E .
= 0.2 o . —_
Wi Groomed jet mass: Mg = | E pg|
0.1 . .
0.05f rejet
]
S % pe — momentum of the constituent in a groomed jet
(SD 0.5F é re L ur;;;;t-_..:____._".
0 10 5 10
M [GeV/c? M [GeV/c?]
S‘ E :E"l"‘l"'I"'l"'l"'l"'gg"'l"‘l"‘l"'l"'l"‘l"'g . .
§ 0:‘?5_ ‘ i Softdropz_, =0.1, p =0 EE"'PYTHIA-B parton jets :: STAR © : ® Mean and width increase:
%,o.asé : ;. 30<p, <40 GeV/c _ = PYTHIA-8 SD parton jets_i_ —PYTHIA-6 _ . . ) ) ) o
3 oaf! A | e With jet R — inclusion of wide-angle radiation
4 Eq I ]
S 0.25f
g oz e With jet pr — increasing radiation phase-space
0.15
I ® M, is smaller than M
s | Reduction of soft radiations
° f .
Qos Corel. uncert. 1, e STAR tuned PYTHIA-6 Perugia 2012
0 5

10 5 10 5 10 .
M, [GeV/c?] M, [GeV/c?] M, [GeV/c?] well-describes the measurements
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Jets 1n heavy-1on collisions at RHIC: Jet quenching
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RHIC early measurements

Discovery of “jet quenching” at RHIC

Yield in A+ A

Rpp =

Normalized Yleld in P i p Au+Au - 200 GeV (central collisions): STAR PRL 9 1 ? 072304 (2003 )
1 E || Direct vy, y* [PHENIX] '
Ryu>1 @l D ey ETa - n.bi ‘
= % A 02k — p+p min. bias (b) _
(Enhancement) : j# e g::.F\’IHeEn':I:;]y loss (dN%dy = 1400) - -[x|- * AU + AU Central -
Raa =1 I ! s { NN
(No suppression) ~ 17="%.- W‘H‘#H*H‘{f"°"s°a"“g—
- AN *
W 2 t et ki/\iA A ﬁ i_
RAA < 1 10_1 :Npan scaling T $F }}_‘
(Suppression) - | | | ‘ ] L ] 6 L ! | n}z L | ! | | | | |
— — — — — — I ‘ T .
0] 2 4 6 8 10 12 14 p (C-:‘qu/cz)o Aq) (radlans)

e Suppression of inclusive charged/neutral hadrons at high-pr
e Away-side jet suppression

e No suppression of direct photons

Indication of hot-dense QCD medium (QGP)
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Jet quenching physics and beyond

Physics probed by jet quenching in finite-temperature QCD medium:

* What is the medium response to an excitation?

* How can we quantify the parton energy loss in the medium?

Reduction of jet-medium coupling as

Modification of jet shape inside the medium

» Large-angle deflection of recoil jet and pr-broadening in the medium

Inner workings of QGP R VTRl
o o o
o
Q® -----
¢ LONG RANGE PLAN
for NUCLEAR SCIENCE
O
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Jet program at STAR

STAR Experiment

AurAu /s =200 GeV

Apr 06,2014 09:22:51 EDT

Run Number: 15096026 Event ID: 2056716

STAR Experiment at the Relativistic Heavy lon Collider
AR 2014-04-1509:30:43 EDT
ZARE  Aut+Au @ Vsw = 200 GeV

A Run Number / Event ID:15105019 / 204002
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Experimental techniques to measure jets in heavy-ion collisions

pp collisions at 200 GeV AuAu collisions at 200 GeV

\

\

\

® In heavy-ion collisions: large uncorrelated soft background

Different techniques used to mitigate and correct

g
/)

p+p — jet + jet Au+Au— X

Semi-inclusive jet measurement
Inclusive jet measurement STAR: PRC 96, 024905 (2017)
. STAR: PRC 102, 054913 (2020) R oo me0s e
'ZG Au+Au \sy,, = 200 GeV Pllead = S E 9.0 <p!" < 30.0 GeV/c 7
S S oemweion . o OGeve G L SOE L Y e
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q 1o Lot . = ?
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® Unfolding procedure to correct jet pr spectra e [Gevic]

By factorizing heavy-ion background and detector effects
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Inclusive charged-jet suppression at RHIC

| Y(pT,jet)AA
< Tan > Y(prje)PpPythia

RPythla

(pT,jet) —

< Tha > — Nuclear thickness factor

STAR: PRC 102, 054913 (2020)
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S« [ AutAuys,=200GeV R=02 § R=03 —— STAR charged jets f R=04 LBT, pT" =5 GeV/c
O < s 1 min T Hybrid Thodel
10% — 5GeV/
o P SEUEO | .pT"ea" . e ° 1 [ SCET (full jets)
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e Strong suppression of inclusive charged-jet yield in central collisions

® Raa shows no jet R dependence

¢ Different theory predictions consistent with the data (within uncertainties)
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Inclusive charged-jet suppression (RHIC vs. LHC)

1 Y( pT’jet)central
< TA A > Y( pT’jet)peripheral

Rep (pT,jet) -

< Txa > — Nuclear thickness factor STAR: PRC 102, 054913 (2020)
I ol |
| Pb+Pb \s=2.76 Tev‘%
10" | —%— ch. jets 0-10% / 60-80% anti-k;, R=0.2 _| —®— ch.jets 0-10% / 50-80% |
F—— ch. hadrons 0-5%/60-80% pm" -5GeV/c I ch. hadrons 0-5% / 60-80% R=03
i III L 1 lllllll l’ L IIIIllI 1 1 IIlIIII 1 1 IlllllI 1 1 IIlIIlI
1 10 10° 1 ) 10 ) 10°
¢ " (GeV/c
p T, jet’ P T ( )

e Strong suppression of inclusive charged-jet yield in central with respect to peripheral collisions
® Rcp shows no jet R dependence
e Similar level of suppression between inclusive charged hadron and jet yield (within the same pr interval)

e Same level of suppression at RHIC and the LHC (although different pr interval)

Full jet Rcp measurement will access higher jet prat RHIC.
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v+jet measurement at RHIC

STAR y+jet event display

Jet-like y+hadron correlation

v s Hadrons

y+Jet reconstruction

Y jet R

;. STAR Experiment
AutAu sy =200 GeV
~ Apr 06,2014 09:22:51 EDT
Run Number: 15096026 Event ID: 2056716
v + jet event
Er:17.6 GeV
pret=13.2 GeV/c
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RHIC jet-like y+hadron correlations measurements

Ao
Y w’x s Hadrons
’\/\/\/\/\.% prt: 12-20 GeV
STAR: PLB 760 (2016) 689

Y(z,) A4 LI I PR IR IR I SR LA A B
() = 2T s ab Away-Side  Au+Au 200 GeV (0-12%) =
AAMVTT Y(ZT) p+p 't Qinfy  -h'] "oy 1
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® Strong suppression at high zt

lAA

pr?: 5-12 GeV
PHENIX: PRC 102, 054910 (2020)

1 08 0.6 Zr 04 2

—— 0-40% Au+Au @ (s = 200 GeV

(a)e 5< pT <7 GeVic

(2007+2010+2011)
1A¢ - < /2 +
PHENIX )/L"—

—

CoLBT_Hydro, 5 < p} <7 GeVic

(b)m 7<p_<9GeVic

.
CoLBT_Hydro, 7 < pj <9 GeVic
= = « BW-MLLA in medium Ey, =7 GeV

\
| i
\

(c) a 9<p, <12GeVic
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o

0.5 1 & =In(1/zy) 15 2 25

1 08 0.6 0.4
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0.2

¢ A tendency of enhancement ( > 1) towards low zr (soft particles)

® CoLBT-hydro: jet-induced medium excitations — thermal nature of the produced soft particles

Nihar Sahoo, SDU, Light Cone 2021
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Semi-inclusive h+jet measurement

STAR: PRC 96, 024905 (2017) :
STAR experiment
iy 15 o U L — L L
) 5 (a) Au+Au, \s=200 GeV 5 1 (d) Au+Au, |s,=200 GeV
> : 9.0 <p.?<30.0 GeV/c > - 9.0 < p"™ < 30.0 GeV/c
() 10_1 = T [0} 10—1 | S pT
S - A >0.05,R=0.2 3 0, = A >0.65 R=0.5
102 NN 3 TH102E 0 S
B, F ORON T 1B S S
[CRRE- T S S T @ N - NG
571070 NN U = 5-10% TN
S - e N . ) - :
e 104L = 0%-10% R — ~» 104 & = 0%-10%
Q9 = @ 60%-80% S, 3 QO = mm 60%-80%
Z - __PYTHIA e - < - —PYTHIA
“© , [ --deFlorianNLO = o | [ ---de Florian NLO '
~ 107 E —stat. error = ~ 107 E —stat. error
Z'E E - syst. uncertainty 3 Z'E — syst. uncertainty
= 106 L _ = 106 L
= 10 i3 S S SRS BE= = 10 i3 S S T S S
TE E E
N |
O
107 F E 5 E
0 10 20 30 0 10 ) 20 30
ch C V
ps",, [GeVic] P [GeVic]

e Jcp shows pr-dependence of suppression

e Within uncertainty, /cp 1s consistent for two jet radii
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PYTHIA-8

Semi-inclusive y+jet measurement

STAR experiment
Y jetR=0.2 y jetR=0.5

AN @i@%@ AN g%@@ ket
2 — — 21 .. trig o ;
L NS <Ef<20Gev 4| R=02 | | psamst % 2Ro5
= = A 3 2 : :
[ E E N E
Zo03f 1 €3] ---vertue -
0.2 Y. +je|t Au+Au I200 GeV, IO 15 /o: élﬁﬂ -k I B} 0.2 Vitev et al. I I I i

| l | | I I I | | I I I | 1 1 1 | l | | | I 1 N I A N A N A O | 1 1 1 1 1 1 1 1
) 1 Oh 15 20 25 5 1 O 15 20 25
ps"  [GeV/c] peh_ [GeV/c]

e pr-dependence of suppression 1s different between theory predictions and data
e A hint of jet R dependence of suppression
Expect improvement in precision with data-taking in Run23-25

Jet-fluid: jet shower + medium response [Chang, et al., PRC 94 (2016), 024902
LBT: coupled LBT+hydro [Chen, et al., PLB 777 (2018) 707]
Vitev: Soft Collinear Effective Theory  [Sievert, et al., PLB 795 (2019) 502]
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Intra-jet broadening in heavy-ion collisions

Yield ratio for R=0.2 to 0.5 and comparison between A+A and p+p

STAR semi-inclusive h+jet

LHC/ALICE measurement Pb+Pb 2.76 TeV

G 1eiI”AILIII(l:EI]HIHIIl'II[]”]I]””]HHIHHII”:
e Jet-shape: spread of S | 0-10%, Pb-Pb |5, = 2.76 TeV ]
o 1ofF . ; . Il 1.4 Anti- k; charge jets -]
o : f energy inside a jet C © r-ap<06
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: C T ] e e e & o8- 3 =
& 107 F B T T v - :b¥|;’; E
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N. % 10 20 30 40 50 60 7% 80 90 100
o i o (o
C% 107"k 3 pT’jet(GeV/C)
0 10 20 30 Inclusive jet STAR: PRC 102, 054913 (2020)
pe"  [GeV/c]
T.iet ﬂ: '"'|""|""|:'"|""|""|""|""|'""|'"'|'"'Ii"'|""|""|""|""|
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g """""""""""""""""""""" ~
< e R
. . . . s - | '
No hints of intra-jet broadening in central - STAR, pi" =5 GV W a7, o~ 5 Gevie
heavy-ion collisions at RHIC and the LHC | Al (5, =200 GeV 7 STAR, basad regon | i mocel
4 10" | chargedjets, anti-ky -~ Herwig (p+p) i T sCET (ful jets)
: peripheral (60-80%) ___ PYTHIA (p+p) central (0-10%) . NLO pQCD (ful jets)
I A I I B B I A P P N SR R RS R S
051015750 25 50 35 40 5 10 15 20 25 80 35 40
P o OF pCh . (GeV/c)
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Parton energy loss: RHIC vs LHC jet measurements

Let us investigate recent measurements of jet yield suppression at RHIC and LHC.
STAR/RHIC

Semi-inclusive y+et Semi-inclusive htjet Semi-inclusive h+jet
STAR PRC 96 (2017) 024905
L L I A B R B g e (a) Au+Au' gsNN_ZOO GeV § A 10‘2_. L L B B L B L B 3
- 1E E 3 10 9°;p>;3f;°RGeg/; ‘G [ ALICE 0- 10% Pb Pb Vs = 2 76 TeV ]
< v, Het, R=0.2 ; = P N ) Je‘ antik, 3 S f Anti-k; charged jets ]
% — PYTHIA-8 i s10%E E (b) B T — A(D <0.6 7
S ol e PYTHIAS, STAR e | 55, b E O —— TT{20,50} — TT{8,9} l
;§ B B 15<Ef<20Gev (_’g.'_ E 7 E ~ . ——
S = 104 L =0%10% A N Q107 =
e Z : !g%fﬁ%/o . o —— \3 § - == .
N < ook ] i F oo ——— 1
b4 o m R= —— ]
-0.97 1E 3 . v g= 8 g |
F 10} 5 W ; 0% + A= | E
= 0 B = ] - Correlated uncertainty % .
i | | ‘ 107 ¢ , 1 3 -~ Shape uncertainty =
[ | | [ | | | [ | | | [ | | 0 10 20 30 |—|||||||||||||||||||||||||||||||||il|||
oth 1[%6\,/0]15 20 pT,, [GeVic] 20 30 40 50 60 70 80 90 100
T jet . . ch
Semi-inclusive m0-+iet Inclusive jet o™ (GeV/c)
cMi1-1NCluS1ive 7 c
J 102 STAR: PRC 102 (2020) 054913
S R A" NI o ez
S ol —:— n+jet R,=05 ] 8 el . iy |
= E E E ‘_,“6 B - B8 \:|correlated unc.
.g - C ] . ] g; 10° ?— **-_- I shape unc.
81072 ghiminary E F100E e -
-SQ_'; E E E '8:_ F o - [xx rocee) = . . .
g I : 2107 * T x10 Calculate horizontal jet pr shift
~ 3 | —PYTHIA-8 Q F STAR Au+Au == — 7
L2103 S o S & 10°E {5y =200 GeV mke=n E fi 11 th
> : 1 B9 <E™<11Gev E S e etk — : rom all these measurements
© - N 7 o of © arged jets, a T e
) - P e <E‘Tg<15 GeV . sz 10 = central (0-10%) s % 0.1 E
Z10% L EEl L L A@Ofwéﬁ:‘]";fifgewc oA
T 0 10 20 O 10 20 A T I TR T
ch ch z 0 5 10 15 20 25c 30 35 40
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Charged jet pr-spectrum shift : RHIC vs. LHC

Characterization of average out-of-cone parton energy loss

T T ‘ T T ‘ T 17 ‘ T 17 ‘
= b E 121
g - ydir+jet, R=0.2 N —_RHIC -STAR # LHC-ALICE
_ ) | . Au+Au 200 GeV Pb+Pb 2.76 TeV

& 1 E:I::ii STAR tune 1 O B ¢ R 02
5510 g B 15<E™<20Gev B + R=0.4 :
-gH I § 8— % R=0.5 : *
%‘ 31 i % 5 :_ PYTHIA-6 STAR tune pp reference ;
< (@) — PYTHIA-8 pp reference +
= 3 4 . ¢

2 =
Z 10° Q [ ©Oe i B B
" < 2 %

i [ 1 | l A I | ‘ I T ‘ [ [ | [ |' *
5 10 15 20 o o S S
Pl [GeVIC] D" 10-20 GeVie pi" 1020 GeVie | pS 116-25 GeVic | P 10-20 GeVic p*"_ 160100 GeVlc
_o __ STAR Prellmlnary | PRC102 (2020) 05491?3RC 96 (2017) 024905|' JHEPO09 (2015) 170
. , v . +jet nO+jet Inclusive jet h+jet h+jet
Another way to quantify jet-quenching: dir
Jet pr shift (ApTJet ) Note:
Initial parton energy loss can also be ® prjet ranges at RHIC and the LHC are different in the plOt
characterized by jet pr shift. ® Only charged-jets are compared here

Indication of smaller in-medium energy loss at RHIC than the LHC
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RHIC Jet results 1in a nutshell

e Jet-induced medium excitations and parton energy loss in QGP
e A hint of jet R dependence of suppression

e An indication of smaller in-medium energy loss at RHIC than the LHC

Future exploration:
e (ertainly need precision measurements at RHIC

® Also need to explore new measurement
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Upcoming RHIC experiments and data-taking plan
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Brand new
experiment

New sPHENIX experiment at RHIC

sPHENIX detectors

T

'-bi'l ‘ |
) |
,

Sy
q
n

H
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.. g
il
Y

Outer HCal

L ner ica

Solenoid
Magnet

Year | Species sy | Cryo Physics Rec. Lum. Samp. Lum.
[GeV] | Weeks | Weeks |z| <10 cm |z| <10 cm

2023 | Au+Au | 200 |24(28) | 9(13) 3.7 (5.7) nb~! 4.5 (6.9)nb~!

2024 | ptpt 200 |24(28) | 12(16) 0.3 (0.4)pb~! [5kHz] | 45(62) pb~!

4.5 (6.2) pb~! [10%-str]
2024 | p'+Au | 200 = 5 0.003 pb~! [5 kHz] 0.11pb~!
0.01 pb~! [10%-str]
2025 | Au+Au | 200 | 24(28) | 20.5(24.5) 13 (15) nb~! 21 (25) nb~?

Megan Connors (GSU): INT workshop 2021

Nihar Sahoo, SDU, Light Cone 2021
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X+Jet
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JASAAAA75 RHIC Today [ RHIC Tomorrow

RHIC and LHC complementarity

HAAAAAAZ, L HC Today [N LHC Tomorrow
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Ensemble-based
measurements
and x+hadron

correlations
add low p+ reach

7 R

L Y+Jets (prY)
W/ 70+ Jets (p,?)

[ Double b-Tag (pr;)
T
| | | | | I I 1 | | | 11 11 I | 1 1 | 11 11
10 102 103
pr [GeV/c]

Precision hard probes measurements

v+et, dijet, heavy-flavor jets, etc.



STAR 2023-2025 run plan and physics program

Kinematic coverage for hard-probes

@ sTAR UNti1 2015 @ STARToday () STAR 2023+2025 (1) LHC Published

STAR experiment and o Jethadron e
its forward detector
Jet R,,, Jet Sub., FF —
upgrade BN
S | SRR e =
@ B . et
9
YE, me A
1
Run plan ¥+ Jet 8 5 e
. A NS -
2021 2022 2023 2024 2025 ¢ D’+Jet - "ee——
ptp ' S A R — :
\/E =200 GeV - ? JVv, [N A R P
AutA ) . R ||
Completion p+p 510 GeV SNN l:;0‘(: GeV - g?;op:?ekS] " oY g Jy o B R E 11 & -
BES-II [16 Cryo-weeks] Cryo-weeks] - Y2 (S T
[FXT pro JRah [28 Cryo-wecks] p+Au R © =
31 pb-l S = 200 GeV L o e 1 _,
1.3 pb! l%. : : A EEaes —
I STAR forward detectors upgrade > R ———
¢ blcoe S
It includes Hot-QCD and Cold-QCD STAR programs. 1 2 345 10 20

. p. [GeV/c]
e Hot-QCD program: Study the microstructure of the QGP !

Precision jet and heavy-flavor measurements

Nihar Sahoo, SDU, Light Cone 2021 25



Summary and outlook

e p+p measurements to study vacuum shower and baseline for heavy-ion measurements
e [ecarn important information on jet-medium interaction in the QGP

e Need of precision measurements at RHIC

sPHENIX with precision measurements and STAR experiments complement

to study finite temperature QCD medium 1n upcoming RHIC runs

New RHIC results will be shown at Quark Matter 2022 1n Poland.

Thank you!
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