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Relativistic Heavy-Ion Collisions
made by Chun Shen

Electromagnetic probes, i.e, dielectron and photon—
* Interact by QED [aqen~ 1/137 vs. a.~ O(0.1) to O(1)]

e Mean free path larger than size of fireball (/ > ~10 fm)
* Produced at all stages of the evolution in heavy-ion collisions
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Relativistic Heavy-Ion Collisions
made by Chun Shen

Electromagnetic probes, i.e, dielectron and photon:.
e Interact by QED [oqen~ 1/137 vs. o~ O(0.1) to O(1)]

e Mean free path larger than size of fireball (/ > ~10 fm)
* Produced at all stages of the evolution in heavy-ion collisions

Hard probes, i.e., jets and heavy-flavors.:

e Produced by hard-scattering (momentum transfer, Q >> Aqcp)
e Produced at very early stage of the collisions ( At ~ 1/Q)
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Relativistic Heavy-Ion Collider (RHIC), Brookhaven Nation Laboratory, New York, USA

Heavy ions - time evolution of Au+Au

' 2016 Aut+Au

; 2014{Au+Aju

Integrated nucleon-pair luminosity Lyy [pb]

201 1 AutAu

2010 Au+Au |
2007 Au+Au |
‘ 2004 Au+Au
2001 Aut+Au

8 10 12 14 16

Time [weeks in physics]

Center of energy: 7.7 to 200 GeV

QCD medium: Au+Au, Cu+Cu, U+U, Ru+Ru, Zr+Zr, pt+Au, d+Au
QCD vacuum: p+p
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At RHIC energy,

What is the temperature and property of the medium ?

How does an energetic (heavy/light) quark/gluon interact with the finite

temperature QCD medium?

What are the underlying mechanisms of jet quenching at RHIC energies?
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Electromagnetic probes

i.e, dileptron and photon.:
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Non-prompt direct photon emission in QGP

PHENIX: arXiv:2203.17187

- (b) 20%-40%

Direct y it N, scaled pp fit:

P%q& o This paper

AL

1. High pr (> 5 GeV/c) :
Neol-scaled p+p results and pQCD calculation

— Prompt direct photon

(c) 40%-60% (d) 60%-93%

2. Low pt (<5 GeV/e) :

0 PRC 91, 064904 | :
' - PRL 104 132301 ' PHENIX Au + Au Excess yield compared to prompt photon

i% » PRL 109, 152302 | \'S\ = 200 GeV
E& Being emitted from hot-expanding fireball
| [ — Non-prompt direct photon
[\f?u
v| ot
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Temperature of medium: from photon measurements

From non-prompt direct photon measurement

d°N
~ A .exp(—p;/T, :
prdprdy P(=Pr/Ler) PHENIX: arXiv:2203.17187

Nonprompt y T4 extraction range

> This paper —0.8-1.9 GeV/c PHENIX Au + Au, |s,, =200 GeV

o PRC 91, 064904 —2.0-4.0 GeV/c N t
onprompt y

T.4 extraction range

® 08< p, < 1.9 GeV/c
o 20< p, < 4.0 GeV/c

376 MeV/c

<
>
O
O,
=
3]
—

PHENIX Au + Au
sNN =200 GeV

I

1078 [(c) 40%-60% . |, “. (d) 60%-93%. |

2 6 8\ 4 6
P, [GeV/c] P, [GeV/c]

High-pT (Terr= 376 MeV): from earlier phase the evolution
Low-pT (Terr=260 MeV): from QGP phase until FO. — Blue shifted PRHS o gglﬁ’ )Fé%a%:%
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Temperature of medium: from photon measurements

From non-prompt direct photon measurement

d*N
prdprdy ~ A exp(=pr/len) PHENIX: arXiv:2203.17187
11t
Why blue shuft: PHENIX Au + Au, |/s,, =200 GeV
Transverse flow of medium .6 [~ Nonprompt y

T.4 extraction range

® (08«< p, < 1.9 GeV/c
20< p, < 4.0 GeV/c

1 —
To=T 1-/ p=vlc
L+4 ey 5
260 MeV/c
True temp. at thermal rest frame, T < Ter 400
IO G R Sndaeicged ~110-170 MeV dN,/dn Inz 0

C. Shen et al., PRC 89, 04491 (2014)
High-pT (Ter= 376 MeV): from earlier phase the evolution
Low-pT (Ter=260 MeV): from QGP phase until FO. — Blue shifted  pre st por)) oedo06
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Temperature of medium: from dilepton measurement

Dileptons in heavy-ion collisions

Dileptons in heavy-ion collisions

- T

Primordial dileptons Thermal dileptons Dileptons from decays

Tripolt and Geurts (review)

of long-lived resonances )
arX1v:2210.01622

/\

Drell-Yan other sources

Hadron gas

STAR preliminary, QM2022

STAR Au+Au 54.4 GeV (0-80%)

e Emitted early in collisions STAR Au+Au 27 GeV (0-80%)
—— u+Au eV (0-80%

e Temperature without blueshift effect
fit by M*2 x e™T

Tom €€V = 338 + 59 MeV
TareY = 301 = 60 MeV

ch

e unlike direct photon
e thermal rest frame, T = Tesr
e Accessible through in-medium spectral function

S
o)

it by (a*BW+b*M3/2) % e-M/T
73446V _ 174 + 15 MeV
Tﬁ,,ﬁev =167 = 20 MeV

STAR Preliminary

dN=°e*s/dM/dy)/(dN /dn) (20 MeV/c?)’

(LMR)
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QGP medium temperature with dileptons

: 32
Fit function: M~* exp(—=M/T) STAR preliminary, QM2022

STAR Au+Au 54.4 GeV (0-80%)

STAR Preliminary L

s> IMR % LMR STAR
$ IMR 4 LMR NAG60 (In+In)
¥ LMR HADES ‘

—— STAR Au+Au 27 GeV (0-80%)

fit by M*2 x e™T
Thia @V = 338 + 59 MeV
T2 eV = 301 = 60 MeV

ch

9

——OEQF‘_ﬁ_—O——ﬂ:*Q *. Y FYS

fit by (a*BW+b*M*?) x e™T
54.4 GeV

Tot%Y =174 + 15 MeV
27 GeV

TI_MRe =167 =20 MeV

STAR Preliminary
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Tpe LQCD
o T, SH T,GCE  eT, SCE

(LMR)

Low Mass region (LMR): 0.2 < Mee < 1.2 GeV/c2
Intermediate Mass region (IMR): 1.2 < Mee < 3 GeV/c?

IMR thermal dielectron: Timr ~ 320 MeV

First QGP temperature measurement at RHIC
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Hard probes

i.e, Heavy-flavors and jets
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Heavy flavor in QGP

T 1/¢r)

e Heavy flavor

450 MeV Y(15) mq >> Aqgcp and Tqep

%s(1P) o Quarkonium (Hidden heavy flavor) c¢, bb, etc .
240 Mev [Mll T/w(1S) e Debye screening
200 MeV %.(1P) e Effect of temperature
C
Vacuum QGP

Finite Temperature
QCD medium

Bound state of cc
Iy, vy...)

Melting of cc
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Quarkonium melting 1n the QGP

Studying different states of bottomonia provides
information of thermal and dynamical properties of QGP

30-60 % 10-30% 0-10% 0-60 %

STAR, arXiv: 2207.06568v1

N_ , uncertainty

coll

0
0O 350 100 150 200 250 300 350
N

part

Observed sequential suppression of different Y (nS) states

[Y(1S) > Y(2S) > Y(39)]
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Parton energy loss hierarchy in QGP

* Hierarchy depending upon parton mass and color factor
e RHIC Measurement: electrons from semi-leptonic decays of open charm
and bottom hadrons (heavy flavor hadron decay electron- HFE)

PHENIX, arXiv:2203.17058

PHENIX
Au+Au, MB
\'S\n=200 GeV

Duke PHSD * bse

---b—>e - b-e

— PHENIXb — e
—-PHENIXc — e
© STARb —e

STARCc — e

Raa of bottom-decay electron less than

that of charm-decay 8
AE(c) > AE(b) pe [GeVic]
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Hard probes

jets measurement in heavy-ion collisions at RHIC
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Jet quenching at RHIC

Au+Au - 200 GeV (central collisions):
' . = Direct y, y* [PHENIX]
p+p min. bias Inclusive h* [STAR]
7° [PHENIX]

*  Au+Au central n [PHENIX]

GLV energy loss (dN”/dy = 1400)

ol 5 }\.
rt i ] - L4
RARE B

16 18 20
P, (GeV/c)

e Suppression of inclusive charged/neutral hadrons at high-pr

e No suppression of vector boson (y) — Taa scaling holds
e Away-side jet suppression

Jet quenching consequences:

1. Jet energy loss

2. Jet shape modification

3. Jet substructure modification
4. Jet acoplanarity
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R-dependence of jet yield: jet shape modification

Vacuums parton shower Medium-induced gluon radiation

Jet virtuality
Q =Lt ejet

Jet virtuality - 0¢
Q = jStE 8

]’__ — elctL

Tt
K
Tt
]t

Jet transverse

partons pt-broadening 2=qL size

hadrons

Yacine Mehtar-Tani, arXiv: 1602.01047
Simultaneous effect of vacuum shower and medium-induced gluon radiation

Jet shape: spread of energy insideajet )= ° "=
Strategy: R : &

® Take jet yield ratio of smaller over
large-R 1n the same system

®* And compare with p+p and heavy-ion
collisions

22-31 Nihar Sahoo (SDU)



R-dependence of jet yield: jet shape modification in QGP

+jet  AutAu (0-15%), 11 <E.° < 15 GeV
— - PYTHIA-8 Monash Jet—shape: spread of

energy inside a jet

------
-------------------------

.......

. e

.

'et,Ch)Sma’H_R STAR Preliminary ".‘.‘...""':'---........---....-...-.--"'
T— LN 1 ’ 'l
'et’ch)large—R

‘IIII‘IIII‘IIIIIIII
T

First indication of jet shape modification due to
medium induced gluon radiations at RHIC

23-31 Nihar Sahoo (SDU)



R-dependence of jet yield: jet shape modification in QGP

+jet  AutAu (0-15%), 11 <E.° < 15 GeV
— - PYTHIA-8 Monash Jet—shape: spread of

energy inside a jet

R=0.5
B )
ALIcE [nclusive jet measurg
pp Vs =5.02 TeV W[
. Numer. Denom. 3 N\ A
Antisky | 7mer 1 <05 | nPom 1 <O7-R) 12

POWHEG+PYTHIA 8 A14
Systematic unc.

R0.2 /RO.S
RO.Z /ROA

Systemati + 20-2 ;ZO'S Odlﬁcatlon due tO
ations at RHIC
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Physics mechanisms for acoplanarity of y+jet in heavy-1on collisions

¢ Rutherford Scattering: Energetic parton
resolves microstructure of QGP

Large-angle deflection of hard Dijet Angular Correlation at RHIC

partons off quasi-particles ’ Med%um effect:.
multiple scattering

and medium induced
gluon radiation

® Vacuum soft gluon radiation

D’Eramo, Rajagopal, Yin, JHEP 01 (2019) 172;
D’Eramo, et. All, JHEP 05 (2013) 031

A¢ Jet A¢ Jet

Azimuthal correlations between trigger particle and recoil jet: Ag = ¢y, — i
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Semi-inclusive y+jet and n%+jet azimuthal correlation in Au+Au collisions

R=0.2 11 < E;rig <15 GeV R=0.5

STAR Preliminary

Au+Au Vs =200 GeV, 0-15%
—o— y+jet
—u— n04+jet
— — PYTHIA-8

STAR Preliminary

Au+Au Vs, =200 GeV, 0-15%
—o— y+jet
—a— ml+jet
— — PYTHIA-8

anti-k,, R=0.2

11 <E;° <15 GeV

10 < pjjjet <15 GeV/c

anti-k;, R=0.5

trig

11<ET <15 GeV

10 < pf‘jet <15 GeV/c

S
Data
PYTHIA-8

o
|
i

>_

o

—h
<
N

First evidence of significant medium-induced jet acoplanarity in
QGP for jets with R=0.5
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Medium-induced jet acoplanarity at RHIC and LHC

STAR y+jet and n0+jet ALICE h+Het

R

STAR Preliminary R=04,In |<05 10<p <20GeV/c F

Au+Au V' s, = 200 GeV, 0-15%
—e— vy+jet
—u— n%4jet

— — PYTHIA-8

— b
o o
N b

A,..o; (GeV/C x rad)”
=

anti-k;, R=0.5
11 <E;° <15 GeV

=
—
-

10 < p;“jet <15 GeV/c

-t
o

Data
PYTHIA-8

16 18 2 22 24 26 28 3
Ag (rad)

e Mixed-event subtraction method e TT(20,50)-TT(5,7)

e Jet R=0.5 e JetR=04
Same observation: Medium-induced acoplanarity with jet (pr ~ 10 GeV/c) and large R (0.4-0.5)
What happened to larger Sudakov broadening at the LHC?
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RHIC experiments and future plan (2023-2025)
STAR and sPHENIX
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RHIC experiments and future plan

/‘.
| N\ \ 0|V YR
- A ’ '

\myyy e e e ST v

e STAR sPHENIX )

71

Precision measurements for hard probes to study the properties of QGP
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STAR Hard-Probes physics program for Run23+25

2022 ‘ STAR Until 2015 STAR Today STAR 2023+2025 LHC Published

The STAR Beam Use Request for Run-23-25

The STAR Collaboration

Jet+hadron [ I I O B

JetR,,, Jet Sub., FF

Run: 23099024
EventId: 1731 +
p+p at 510 GeV h /no + Jet

YE

T

2024 2025

pHp
\/5s =200 GeV

AutAu
AutAu [28 Cryo-weeks]
Completion of p+p 510 GeV S 200 GeV 235 pb‘l SNN = 200 GeV

BES-II [16 Cryo-weeks] [28 C ki
i ryo-weeks]
[FXT progiil 400 pb- [28 Cryo-weeks] ptAu 31 pb-!

31 pb! /5 =200 GeV
1.3 pb! 1 2 345 10 20
P, [GeV/c]

Heavy Flavors

—————— STAR forward detectors upgrade =———————————p>

It includes Hot-QCD and Cold-QCD STAR programs

® Hot-QCD program: Study the microstructure of the QGP (Precision jet and heavy-flavor measurements)
¢ (Cold-QCD program will help for future EIC program
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Variety of physics topics ongoing at RHIC from hot
QCD to Cold QCD sides

Upcoming RHIC data taking year2023-2025 will be
crucial for RHIC scientific mission
(Particularly high precision measurement)

Thank you!
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