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Heavy-ion collisions: QCD and more

Nuclear matter transitions into the deconfined QGP phase at high temperatures

| : i ' | ' !
S i D - Understand the properties of the QGP
D i Quark-Gluon Plasma phase
— oy Poin L | » Study QCD phase structure, nature of
S B i, phase transition
= N 7;
g
O 78 o » Also,
- * Non perturbative QCD - hadronization,
= baryon transport ..
0 . . L  Nuclear matter properties at high ps,
0 500 1000 1500 relevant for study of neutron stars
Baryonic-chemical Potential l (MeV) » Internal structure of hadrons
STAR: Phys. Rev. Lett.126 (2021), 092301 » UPCs, beyond SM physics, ....
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Heavy-ion collisions: Experimental programs

156

Temperature T (MeV)

Experimental programs over a wide region of phase space
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STAR: Phys. Rev. Lett. 126 (2021), 092301
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» LHC, top RHIC energies

- RHIC Beam Energy Scan Phase |, I

» FAIR, SPS, NICA ..
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Understanding the Quark Gluon Plasma
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Advances In |et quenching measurements

Sooraj Radhakrishnan

 Suppression of high pr jets a

feature of color charged QGP o
» Understand energy loss

mechanism, transport properties

of QGP
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Advances In |et quenching measurements

 Suppression of high pr jets a
feature of color charged QGP
Understand energy loss
mechanism, transport properties

of QGP

< L T T T 1 |
- ATLAS Preliminary
1.2— 2018 data

— 2017 pp 5.02 TeV, 260 pb’

{|—-€918 Pb+Pb 5.02 TeV,1.72nb"

RAA

0.8
0.6— 1
0.4 x $ 7 i
i = 0-10%, anti- k R=0.2 jets
_ 3t Inclusive, lyl <2.0 (2018)
0.2—
Ol |

2015 data
2015 pp 5.02 TeV, 25 pb
2015 Pb+Pb 5.02 TeV 0.49 nb™

0-10%, anti-kt R=0.4 jets
ar Inclusive, lyl < 2.8 (2015)
O Inclusive, lyl <2.1 (2018)
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P, [GeV]
©

Nb

Inclusive ~ 40-50% quark jets

Elossg > Elossq > ElossHQ

» Flavor dependence of suppression

* Photon tagged jets — more quark jets

» Difference more than from the Casimir
color factor?



Flavor dependence of jet suppression

 Suppression of high pr jets a

Nb

feature of color charged QGP

» Understand energy loss

mechanism, transport properties
of QGP

1_4 L T 1 T T |
- ATLAS Preliminary
1.2— 2018 data

— 2017 pp 5.02 TeV, 260 pb”’
— 2018 Pb+Pb 5.02 TeV 1.72 nb”

I:*AA

0.8
0.6—
B 2%
i 0-10%, anti- k R=0.2 jets
3¢ Inclusive, lyl <2.0 (2018)
02 . -20%, anti-k_R=0.2 jets
O: X b-jets, IyI<21 (2018)

2015 data

2015 pp 5.02 TeV, 25 pb

i VIS EBIEDabUedon e D 2015 Pb+Pb 5.02 TeV, 0.49 nb _

0-10%, anti-kt R=0.4 jets
ar Inclusive, lyl <2.8 (2015)
O Inclusive, lyl <2.1 (2018)
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200

300 400 500

p_[GeV]
/

Dead cone effect for HQs, less
suppression

Elossg > Elossq > ElossHQ

» Flavor dependence of suppression
* b-tagged jets less suppressed than gluon

jets

« Comparable to suppression for photon

tagged jets



Flavor dependence of jet energy loss

» Steepness of pr distributions in p+p different for different
flavors

Nb

- Alternate ways, look at pr shift 2018 Pb+Pb 1.7 nb 2017 PP 260 pb \]sNN =5. 02 TeV

e 2 B S s e M e A et | | | —
% 60 —ATLAS Pb+Pb Centrallty 0 10% =
L% Ratio (Rex) CMB 2016 = = antik; R=04jets == Inclusive jets =
A4 Inclusive Jet QI— 50 - 17%'1<2.8 --== Inclusive jets (corrected for isospin+nPDF) -
2ot 4 40 — For y-tagged jets = y-tagged .:ets . _ =
— 101 — p! >50 GeV ---- y-tagged jets (corrected for isospin+nPDF) -
dprdn = 'l;l <237 =
=0 : =
nb 30 = Ag(y jet) > 7n/8
GeV |10~ B T R R T
20 e m s —__ T
L2 = : —
_3| =€ pp B e -
10 o Prhio K] e 10 o= e m oo oo™ -
00 B0 0 h . i LA M AR i P s =

pr [GeV] 100 120 140 160 180 200 220 240 260 280 300

_ ATLAS, Phys. Lett. B 846 (2023) 138154 Jet p T [GeV]
» Flavor dependence of suppression
* Photon tagged jets — more quark jets, less suppressed

 Difference more than from the Casimir color factor?
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Jet sub-structure modifications

H

c I
.."‘ "‘. --'.‘ }
X/
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< 1 .6 | | T | | | | | | O I | |

< B - )
g B p’ft > 158 GeV ATLAS 3
1.4 0-10 %—
B Caucal et al. B
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B 017<a,_.,<0.35 .
e 5
(18: H E} 'E
0.6/ 2 \ -
e E =
0.4 B E E H H Hi
0.2 e
| pp 5.02 TeV, 260 pb’ anti-k, R = 0.4 jets, lyl <21 _
- Pb+Pb 5.02 TeV, 1.72 nb” Z200 8-0" =
0 E | | L1 1 1 | | | | | | I | | i

0.003 0.01 0.02 0.1 0.2 0.3
ATLAS, Phys. Rev. C 107 (2023) 054909 ”
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* Increase Iin suppression towards larger rg
 Models with medium induced decoherence describe data
 However, need to understand biases in selection
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Do jets with different sub-structure see different modification?
* g — angular scale of hardest splitting
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CMS Preliminary
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» For photon triggered jets no rydependence of
suppression seen, unless selected for recoll jets with
large energy loss
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Constraints on QGP transport properties

Model + System ]
12 - Y Physics Model
E =100 GeV, 0-10% central data Parameters

Prior 90% Credible Interval (Cl)

dn = : i 0 g .
S e et ada bl Experimental Gaussian Process |
Jet Raa + substructure: Posterior 90% Cl
Data | Emulator

mM
(%_ 6 - MCMC —

Posterior
Distribution

1

4 —
Bayes’ Theorem

JETSCAPE Preliminary

oL . , , , | | , » Using Bayesian analysis to constrain the

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 -
T (GeV) QGP transport properties

» Transport coefficient for energy loss well constrained by data
» Caveats: Modeling uncertainties, biases in observable selection
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Speed of sound in the QGP

» High statistics, look at ultra central collisions
» Fixed volume, temperature fluctuation vs entropy

CMS PAS HIN-23-003
Pbe (0.607 nb ) S. 02 TeV

1005 pT>O GeV (extrapolated) h1I<O 5
e Data
1.02}- — - Fit to extract (c /c)°
- --- Trajectum
Lok Gardim et. al.

(C /c) = 0.2410.002 (stat) £0.016 (syst

at Toge = (p7)°/3 =219 +8 (syst)MeV |

085 0.9

095

- Extracted cs. Consistent with lattice predictions
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CMS Preliminary PbPb (0.607 nb™) 5.02 TeV

non-interacting limit

® CMS Ultra-Central Data g
—— Lattice Quantum Chromodynamics -
Trajectum Hydrodynamic Simulation _

Nat. Phys. 16 (2020) 615
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QGP formed at ~1 fm/c

HQ ti

Heavy flavor: study hadronization

ization 5-10 fm/c

me formation < 0.1 fm/c

“u‘x ®
LA

i H |::::::::::::::::::..,,
§ ‘_:-‘ roauction ‘

» HQs — produced in initial hard
scatterings, mass >> Tqap

» Ideal to study hadronization and its
modification in presence of QGP

Sooraj Radhakrishnan
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STAR, Phys. Rev. Lett. 124|(2020) 172301 Au + Au, \[s, = 200 GeV

Heavy flavor: Ac enhancement " P

------- Catania (10-80%) @ STAR (10 — 80%)

. ™ — — Tsinghua (10 - 80%)
\ XK T‘ f f = .+ Enhancement of baryon "é f e i
production ?
\ e » Significantly higher than < /
fragmentation ratios e

QGP formed at ~1 fm/c

measured In ete-

HQ time formation < 0.1 fm/c

~

« Seen at both RHIC 0

beam beam

and LHC
» Described by
+ HQs — produced in initial hard coalescence model
scatterings, mass >> Tagp calculations
» Ideal to study hadronization and its
modification in presence of QGP ALICE, Phys. Lett. B 839 (2023) 137796
ete- :
—> -

Sooraj Radhakrishnan 13



ALICE, Phys. Lett. B 829, 137065 (2022)

| I | |
Non- umversallty of HQ hadronization £ ALCE g 5 33T g5 30 <0
1.0~ 4 ALICE pp V5 =13 TeV (dN h/dn |,,,|<05 10.5, |y| < 0.5 ~
= , o | | | | 4 ALICE pp VS =13 TeV (dNcn/dn)|jg <05 = 37.8, |y| < 0.5
io . ALICE pp, lyl <0.5 = 12 & AGE op, (s = 5.02 TeV = .
- s=5.02TeV | T PYTHIA 8: JHEP 08 (2015) 003 |
- Vs=7TeV 4 = Monash 2013 .
PYTHIA 8: - B CR Mode 0
------------- CR Mode 2
— Monash . & . CR Mode 3 | c>D 0.6 _+_ =
-~ CR Mode 2 0.8 [- - £
I i & B < | .
05 :M::@ﬁ H 0.6 | g 0.4 * *
o b @ 0.4 U e i _+_ i
Joh B i j et+e- 02 5. i +
i @ E T e + +
. e 0.2 - ; b o= _—
AW“A—/;"{_ B —_— : 0 0 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
. | | 0 | | | kst | | > 4 "6 B8 10 12 14 16 18 20 27 74
0 0 | | | | 5 | | | | 10 | | | | . *+ . - pT (GeV/C)
pT (GeV/C) D D DS AC Eg Qg J/w i | L llllll 1 1 llllll I LI llllll

4<p <6GeV/c

o
ALICE, Phys. Rev. Lett. 127 (2021) 202301 @l T :
ALICE K .
< -

ALICE, Phys. Rev. D 105, L011103 (2022)

dh pp, Is =13 TeV
SPD multiplicity classes i
PLB 829 (2022) 13 065 1
pp minimum bias, ¥s =5.02 TeV

» Enhancement already in p+p collisions
* Non-universality of c-quark fragmentation o Chus-aw O 104, o5ests

VOM multiplicity classes i =
ALICE Preliminary 08 i i

» Enhancement seen for =¢ as well VB ‘{L_cé“ﬁ | _
. . \F;BMPmu ‘?p c_lt)t;> c(:)lgszz\s/ 0.6 3
* PYTHIA with CR can describe Ac enhancement P 55 b1 157 ; + ;
0.4¢ o
» Multiplicity dependence for enhancement 02| .

» AA and p+p not directly comparable PO L L

10 107 10°
Sooraj Radhakrishnan 14 (AN g/dn), 05



Bottom baryon enhancement in p+p

I HCb pp Vs =13 TeV
p,.>0GeV/ic 541b" - Bottom baryons also enhanced in p+p

preliminary  Multiplicity dependence
41— - Approaches e+e-value at very low
multiplicity

» Higher statistics data to come from
LHC Run3 - more precise
measurements in A+A, more

differential measurements, heavier

“~NB baryons

VELO VELO
N tracks / <N tracks

&% LHCb Preliminary
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What carries baryon number?

QO O

» Naive expectation B/AQ x AZ/A =1

* Models cannot describe both baryon
transport and charge transport

» Is valence quark model insufficiency?
baryon number carried by gluon junctions?

Sooraj Radhakrishnan

» Study baryon transport vs charge transport
- Utilize isobar collisions at RHIC

16

20

b
&)

B/AQ x AZ/A
o

0.0

. v snn =200 GeV, |Y| <UD H
|
i @
R IAARN
S 9 Data
Trento

OO

STAR Preliminary
Isobar (Ru + Ru, Zr + Zr)

~—4 UrQMD
=<'z HERWIG 7 p+p




QCD Phase Structure
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Search for the QCD critical point

0'C
C,~E,Cy~ ¢ Ci/Co~ Xy /x5 xP=-7F

LHC SPS AGS SIS 8&';
. e » Cumulants of net-baryon number distributions
> | Lattice QCD ~ NICA Quark-Gluon Plasma : : :
2 oliei related to correlation length in medium
- 156| g2 Critical end point? - Cumulant ratios give ratio of susceptibilities
) - Expect non-monotonous behavior near critical point
©
S 78
=
Q
'_

Gas-Liquid
._ Hadron Gas
0 e 1 | : 1 L ® 1 1 1 =
0 500 1000 1500

Baryonic Chemical Potential pug (MeV)
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Search for the QCD critical point

LHC SPS AGS SIS

I / ! ' I : I

RHIC RHIC FXT
<= 4444444 FAIR
% | LatticeQCD | NICA Quark-Gluon Plasma .
-2— pugl T < 2
~— ug/T =2 a :
|— 156 sosememnecnee.s  Critical end point?
o |I e
| -
)
-
Q0]
O
O 78
-
()
-
Gas-Liquid
Hadron Gas :
0 e 1 J 1 1 . 1 1 e
0 500 1000 1500

Baryonic Chemical Potential pug (MeV)

* Non-monotonous beam energy dependence seen

at 3.10 level from BES-| data

« Results from 3 GeV consistent with hadronic

transport models

* Precision measurements from BES-IlI ongoing e —

Sooraj Radhakrishnan

C,~E5Cy~ & Cu/Cr Xi/Xs X = A

- Cumulants of net-baryon number distributions
related to correlation length in medium

- Cumulant ratios give ratio of susceptibilities

» Expect non-monotonous behavior near critical point
STAR, PRL 128, 202302 (2022)

4_| ’;-.\ 1 I | | 1 | 1 11 I I
Cy/Co S Most Central Au+Au collisions
B Net-proton g
- 3l- §% 0.4<p_<20GeVlc,lyl<05 _
o8
o o ©
L E Fae @ STAR Data 7
C L o i _
2Qv Projected BES-Il —
e, = stat. uncertainty
(@) - N
p -
a 4«8 ___ B
|
el
D .
Z
OFBw - S
_ c Vv
S 7
{1 &L s
| | | | L1 1 I |
2 5 10 20 50 100 200

19 Collision Energy \s,,, (GeV)



Higher order cumulant ratios

 Ordering of cumulant ratios predicted by lattice QCD calculations

O o e R e (6

| | | | 1 | | |
39 GeV | 200 GeV
20 |
BES| [ BEsI

0-40% Au+Au Collisions
Net-proton, |y| < 0.5

0.4 < P = 2.0 GeV/c

Cumulant Ratios
)

|
N
o
I

| | l l
6. & 5 @
= =t =4

[
C4
¢ G

O

1 2 1

10x more statistics from
BES-Il for 7.7 - 200 GeV

STAR, PRL 130, 082301 (2023)

» Cumulant ratios from data consistent with the ordering for v/snn =7.7 - 200 GeV
» Ordering violated at 3 GeV, but reproduced by hadronic transport model calculations
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Anisotropic flow, constituent quark scaling Reaction ﬁ

plan
» Anisotropic flow: from pressure driven IN 00 p\ Q& //
expansion of produced matter ap X1t 2 uncosn(¢p — @) s T
» Access to medium properties and EoS n=1 ‘ 7
j \\ | K
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Anisotropic flow, constituent quark scaling

» Anisotropic flow: from pressure driven
expansion of produced matter
 Access to medium properties and EoS

016 1 Au+Au 200 GeV 0-30%0 — 7 +7 _
0.14 | O0=-= K +K
: e UL g+ﬁ
. W e—
0.12 G [0
S 01 _— 0040
\N 0.08 | average
S e~ G van v gy A
0.06 & 2 — “"—.'-'-I
0-04 B e e I = ‘~L
o02f 9= - T s,
0 0.5 1 1.5 2 2.5 3
Et/n(GeV/c?)

- v2 of all hadrons fall on one curve when
scaled by Number of Constituent Quarks

» Taken to indicate flow develops in the
partonic phase

Sooraj Radhakrishnan

dN

0.1

-
=,0.05

Ratio (Data/Fit)

M. Wang et al, Nucl. Sci. Tech. 33, 37 (2022)

o0
x 1+ ZZ v, cosn(p — b,
n=1

Reaction

plan\

/
-
<+ “ '
&7/

STAR prelir'ninari/

AutAu |s,, = 14.6 GeV

Centrality: 10-40%

Particles

2
(mT-m_o)Inq(GeV/c )

~

* Also holds
for down to
14.6 GeV

collisions
« BES-I| data



NCQ scaling breaking, disappearance of partonic collectivity

0.06

0.04

0.02

v/,

0

—0.02

-0.04

* V1, V2 well described by hadronic transport
model calculations with baryonic
meanfield interactions

» Hadronic interactions dominate the matter
produced in lower energy collisions

AR e L2 oV |

;

Ant OK'

Centrality: 10-40%
ly| <0.5 +

t

el
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. . : . s K
STAR preliminary +*Ks op | +K°
B ! I ! I ! I ¥.A , | ! I ! I ! I ! I -
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
(mT-mo)/nq(GeV/cz)

» NCQ scaling breaks for 3.2 GeV and
below — disappearance of partonic
collectivity

STAR, PLB 827, 137003 (2022)
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EoS of high ug matter and neutron stars

- HIC only way to reach densities few times saturation density on earth,
comparable to densities of neutron stars

»L AuAu, b =6 fim, averages inr <2 fm
_ | ! i |
502 26 .
= il >
rd el > . *
1(2: — [ ] ]
©
z. i (b} OF---------------- | e e [ i Gt R T L ey S T T —~
E 1+ ! Q. = =
| E.. [AGeV] o STAR preliminary Ly JAMZ
£ b [AGe ]: Au+Au, 10-40% | Ko Mean Fleld
w B 1 ] i E 39 GeV Tc+ | S MF w/o Spectator -
0.5t B 2 ! WepP - - - . TE 0 ! ey ]
- - 0.5 1 0.5 1
| . 12 Transverse Momentum p_ (GeV/c)
o - 32
LS S S * Multiple observables and energies —> should allow
np/ng extraction of EoS with a Bayesian analysis

D. Oliinychenko et al, PRC 108, 034908 (2023)
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Hypernuclei production at high s

Hypernuclei — study YN interactions. Important for understanding neutron stars
High 1s enhanced production of hypernuclei

CERN Rep. + J.G.Congleton
64-1, 63(1964) - - 1992

0.2 STAR 2021

L0 _ 0-10% collisions ¢ AysAu (2022) s Dalitz et al (1966) A. Gal (2021) 4
9 B P ot . H -= Congleton (1992) average H
=, s “ ; ® Au+Au (prelim. new) A -+ Kamada et al (1998) A
~ B Au+Au (prelim. QM22) g Gal et al (2019) \ .
2 107%F STAR Preliminary eagS | --- Hildenbrand et al (2020) 1k o
& = PE T
N I Xl ||
% i = A ==HF HypHI (2013)
- = " . Assumlng B. R( H : STAR (2021) n
High precision _ o + ) 228 il i fena
E TE_ Siash iy g S. Avramenko et al (1992)
measurements 10°F 31 et s> Philips, Schneps (1969)
. E A = .. -IS'_._:!_ it E E > Y. W. Kang et al (1965)
- .- - —— W
Of yl e I d S y i T i : e > > Prem, Steinberg (1964)
br an Ch | na r atl 0 - --Thermal-FIST " — . ¢ = N. Crayton et al (1962)
g y il —Coal. (UI'QMD) . T—O—— G. Keyes et al (1973)
lifetimes from — | . ‘He
3 4 5 6 7 8 910 20 —— i i G. Bohm et al (1970) VoA A
B E S - I I V SNN (GGV) ¢—> Phillips, Schneps-(1969) @ STAR preliminary
- 5 . G. Keyes et al (1968) ﬂ—h J. D. Parker (2007)
g [~ World Average Pz;z)gi, < E 5 Prem, Steinberg (1964) E——Q:— H. Outa et al (1995)
. B, (MeV [ | ]
™ < 0.6 NC26, NPB186, G il
L 840(1962) 77(1970) """" 0.4 1 I | | | 1 1 1 1 | | I | | | el I R | | | [T N ] | l I 1 1 1 | I 1 1 1 | | | SN e N | I 1 1 1 | I | N R B |
L M . - - = . __ _ . . 0.3 100 200 300 400 500 100 200 300 400 500
819(1968) PRC57, . .
B $ NPB67, gSTAR 2017 1595(1998) =mi= 0.2 L|fet|me [pS]
04— 0 289(19r3) . L
E % + B e 0.1
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ernuclei collectivity
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S
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i : =
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P e ::
E o Model Data -
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! O Lightnuclei |
: I I ] ] ] | ] ] 1 l | I 1 I I | 1

Particle Mass (GeV/c?)

Au+Au Collisions at RHIC |

Centrality 5-40% STAR Preliminary _
Hyper-Nuclei E -
m 3.0 GeV i
e 3.2 _
A 3.5 i :
v 3.9 i =
4 -
3 AH -
: e
' :

1 2 3 4

Particle Mass (GeV/c?)

» Hypernuclei <pt> and v1 follow mass number scaling —> Coalescence production
from light nuclei and Lambda
» Access to YN interactions
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Light nuclei - A interactions from correlation femtoscopy

» Pair momentum correlations of light nuclei and A.
* Provides access to source size and final state interactions. Lednicky-Lyuboshits approach

25 | STAR Preliminary
| H o-A Au+Au Vsyy = 3 GeV
. a0 10-20%
X
©5l o~ Data
- — L-L fit (total)
Al
20 |
| d-A
4.1
15 o
x
— LI\ -o- Data
O 10 - — L-L fit (total) — 14
| .-~ Doublet 40 60 80 160 120 |
: S Qual’tet k* (MeV/C)
ST
0 L L " " 1 1 " 1 " "
0 50 100 150
k* (MeV/c)
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Ultra peripheral collisions: uniqgue opportunity in HIC

» Large photon flux associated with ions, enhanced by Z4 g
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Ultra peripheral collisions: uniqgue opportunity in HIC

350

» Large photon flux associated with ions, enhance by Z4n
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Summary & Outlook

» Top energies, QGP properties
» Flavor dependence of parton energy loss
- Bayesian extraction of QGP transport properties
» Speed of sound of QGP consistent with LQCD calculations
» Modification of hadronization in p+p and A+A collisions

- Beam energy scan, QCD phase structure
* Non-monotonous energy dependence of C4/C2 from BES-I. BES-II higher precision
measurements awaited
- Medium dominated by hadronic interactions at 3.2 GeV and below
* Y-N interactions through hypernuclei measurements and correlation femtoscopy

» QOutlook
* RHIC runs 2023 - 25: High statistics A+A and p+p data, sSPHENIX experiment
» LHC Run3 2022 - 25: ALICE upgrades
- HL LHC, Run4 and 5: ALICE, CMS, ATLAS upgrades. High precision measurements
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Back Up
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Quark jet fractions - photon tagging
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Medium response to jets § .
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» Sensitive to medium response.
Medium wake? Need further
understanding

- Significant dijet acoplanrity measured in AA
» Details of how jets lose energy in the medium
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