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The Solenoidal Tracker At RHIC (STAR)

MTD | 'BEMC!| TPC | | TOF | | VPD * TPC—tracking and PID (dE/dx, p) | |
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Momentum (GeV/c)

BEMC — high pr electron identification and triggering

Acceptance: || <1

- TOF—PID (1/B)
Acceptance: |n| <1

Momentum (GeV/c)
* MTD - muon identification and triggering
Acceptance: |n| <0.5

B * BBC & VPD— minimum bias trigger

by Maria & Alex Schmah AccepthCe 39 < |77 | < 5 - BBC
m]<1-VPD

W April 9, 2024 Veronika Prozorova, DIS 2024




Quark-Gluon Plasma (QGP) — strongly interacting matter at extreme

IntrOd UCtiOn temperature and/or density.

| Early Universe The Phases of QCD
l ey Heavy lon Collisions are used to explore the phase diagram and QGP

properties.
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Quark-Gluon Plasma (QGP) — strongly interacting matter at extreme

IntrOd UCtiOn temperature and/or density.

| Early Universe

l LHC Experiments
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The Ph f QCD o '
et Heavy lon Collisions are used to explore the phase diagram and QGP

properties.

* Heavy quarks: mgy >> Agcp, Mg >> Togp

 Dominantly produced in initial hard scatterings

Participate in the whole medium evolution

Production cross-sections can be calculated in perturbative QCD

» |deal probes of QGP
0 0.5 5 10

Heavy quarks
charm & bottom
[ ]

Color”~
Superconductor

Nuclear ,/
Matter Neutron Stars

I. | |
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Baryon Chemical Potential

Heavy quark diffusion
Thermalization, diffusion Energy loss
— Elliptic flow (vy) Nuclear modification factors
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Quark-Gluon Plasma (QGP) — strongly interacting matter at extreme

IntrOd UCtiOn temperature and/or density.

| Early Universe The Phases of QCD
l W Heavy lon Collisions are used to explore the phase diagram and QGP

properties.
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* Heavy quarks: mgy >> Agcp, Mg >> Togp

 Dominantly produced in initial hard scatterings

Participate in the whole medium evolution

Production cross-sections can be calculated in perturbative QCD

O » Ideal probes of QGP
Critical Point s, = 0 0.5 5 10

Color”~
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c <
170 MeV—+ -+ 220ror.

Heavy quarks
charm & bottom
[ ]

Hadron Gas

Heavy quark diffusion
Thermalization, diffusion Energy loss
» Open heavy-flavor — carry one ¢ or b quark — Elliptic flow (v,) Nuclear modification factors

»»> Quarkonia—cc or bb

Heavy-flavor (HF) —hadrons carrying charm or bottom quarks

N
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Inclusive eT from open HF hadron decays in p+p @ 200 GeV

Good agreement among the results

Precision improvement at pt > 6 GeV/c



Inclusive eT from open HF hadron decays in p+p @ 200 GeV
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et from open HF hadron decays in Au+Au @ 200 GeV

1 % dN,%lA/ dpy dy
Ncou dN;ZJp/ de dy

Ryp =

L4F Au+Au sy, = 200 GeV  0-10%
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Suppression by factor of 2 in central
collisions within 3.5 < pr <8 GeV/c

Significant energy loss of HQ in QGP
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et from open HF hadron decays in Au+Au @ 200 GeV

Ryp =

1 % dN,%lA/ dpy dy * Suppression by factor of 2 in central

Neou dNg,/ dprdy collisions within 3.5 <pr <8 GeV/c

L4F Au+Au sy, = 200 GeV  0-10%
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e Consistency with PHENIX results

* Qualitative description of data by
Duke and PHSD models
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Elllptlc flow of HFE in Au+Au @ 27 & 54.4 GeV

HE (HFE) — heavy-flavor electrons

N
do o<1+2 Z vy cos[n(ep —Y,,)]

e 54.4 GeV :significant v, of efF

@ﬁ q . ‘  Strong interaction of ¢ quarks with QGP

I * Hints of close to thermal equilibrium with the medium

=" O 200 GeV |y|<0.7 Au+Au Collisions ™|
L ® 54.4GeV |y|<0.8 0-60%
o - m 27 GeV|y|<0.8 i
non-flow
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i 3 _
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STAR: Phys.Lett.B 844 (2023) 138071
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'2 e 27 GeV: v, isconsistent with O within uncertainties

‘ * Hints of deviation of ¢ quarks from local thermal
equilibrium ?
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D° R,, in isobar collisions @ 200 GeV SR
Why isobar?

257 LeoRu %

Good for studying hot nuclear medium effects dependence on colliding
system size

Moderate size collision system, between
Au+Au and Cu+Cu

\M&j April 9, 2024 Veronika Prozorova, DIS 2024 8



D° R,, in isobar collisions @ 200 GeV e

. [ STAR Preliminary ® D°in Zr+Zr and Ru+Ru @ 200 GeV
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D° R,, in isobar collisions @ 200 GeV Hprelmnan

[ STAR Preliminary e D°inzr+zr and RUR 200 GeV
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Quarkonia

* Observation of quarkonium suppression in HIC = strong evidence for QGP formation, important probes of the medium T

 Hot nuclear matter effects:

» Dissociation due to color screening and regeneration
Dissociation Regeneration

e Sequential quarkonium suppression due to different binding energies
(quarkonium state size > Ay ~ 1/T)

02T,  0.74T, 11T, 2037

£ (GeV/fm3)

Y3S) (o)

A

I

W(2s)  Xe (Re)generation

e Cold Nuclear Matter (CNM) effects:
» Modification of PDFs, nuclear absorption, coherent energy loss,

co-mover absorption, ... - study in p+A collisions QGP melting

Quarkonium R, ,

AW Production mechanism - study in p+p collisions Energy Density

= ; “fl;rf‘ April 9, 2024 Veronika Prozorova, DIS 2024 9



J/Ap with jet activity in p+p collisions @200 GeV i

do,,/dN,, [nb]

Data / PYTHIA8
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10"

O O N W

STAR Preliminary  pap, (s = 200 GeV Constraining J/3 production mechanisms: comparing color
E o _ singlet vs color octet states, which should result in differing jet
= Inclusive J/y — p*u ..
x b T activity.
D pT“’ <10 GeV/c,ly" | <0.4
Charged jet, R = 0.4 _ _ _ o
= o >3 GeV/e, Iy < 1-R » Dependence of J/4) production cross section on jet activity
E T ’ for charged jets
_I Ldt=76.0pb" X * Larger fraction of J/A) produced associated with jet in
FJ ' Pythia than in data
- —¥—Data
i |:| Systematic uncertainty 1!‘
| — PYTHI.AB, STAR.HF tune ( ?<1 97) b b I
= 8% uncertainty of luminosity not included /
= | | |
T = g
0 1 5 J/ with O jet J/p with 1 jet J/ with 2 jets
Jet Activity
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CNM effects on J/p in p+Au

I:‘pAu
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Lansberg: nCTEQ15

— Eloss+Broadening
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DR

Comover

8 10 12
P, [GeV/c]

Significant CNM effects at low pr
Consistency with the model calculations within uncertainties

Consistency with unity above 3 GeV/c —*> =
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@ 200 GeV
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STAR VSNN =200 GeV

Roau lYI<1 Jy—e'e

Roau 1Y1<0.5 JAy—p'u

Raa ly1<0.5 J/ly—p'p 0-20%

0 2 3 6

Little CNM effects on J/Ap production

Au+Au: large suppression of J/Ap yield above 3 GeV/c due to hot medium effects
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Collision energy and system size dependence of J/3 suppression

pAu
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No collision system size dependence
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1.2 STAR Preliminary ‘
| ® This analysis: Au+Au, 14.6, 19.6, 27 GeV
0-5%
1- o0 Au+Au, 54.4 GeV
i Au+Au, 39, 62.4, 200 GeV 0-10%
0.8 ¢ Pb+Pb, 17.3, 2760, 5020 GeV
é i
e 06L 0-20%
= i H H "~ —Total (0-20%)
0.4 B @ - - Primordial
: _______ ~ -- Regenelation
0.21 R TR T
- STAR preliminary
0 ---------- Ll L L M R TR | I L R
102 10°
I'Sny (GeV)

No significant energy dependence within uncertainties up to 200 GeV

1

Interplay of dissociation, regeneration and cold nuclear matter effects
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J/Y elliptic flow in isobar coII|5|ons @ 200 GeV e

Why JAp vy ?

Distinguish J/Ap from dissociation or regeneration

o~
>

0.6

0.5

0.4

0.3

0.2

0.1

0.4

0

|

Zr+Zr & Ru+Ru, |s,,, = 200 GeV
HT trigger: TPC event-plane method

Centrality 20-60% STAR Preliminary
Jhy — e'e
J
<1
|:| Systematic Uncertainty

2 4 6 8 10

pi’“’[GeV/c]

& April9,2024

:l TTT | TTTT | TTTT ‘ TTTT | TTTT | TTTT | TTTT ‘ TTTT | TTTT | TTT |:

- 1<y’ < N

0.25 v’ E

- Isobar@200, MB, SP, 0-80% i

0.2~ —e Isobar@200, HT, EP, 0-80% -

0 15: —-= Au+Au@200, EP, 0-80%, PRL2013 ]

=" 0.1 =

0.05 =

- 1 §

Or .

~0.05= STAR Preliminary =

_0 :I 111 | [ | 1111 ‘ [ | 1111 | [ | 1111 ‘ [ | 1111 | 111 |:
b 4 5 6 7 8 9 10

P, (GeV/c)

* J/Y v, is consistent with 0 and with Au+Au results

l

Indication of small regeneration effects

* Uncertainty is dominated by statistical error
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STAR Preliminary

Y production in isobar collisions @ 200 GeV

oM b 1.2

1

B 1.2 — S000s
- Isobar |syy =200 GeV ® Yas) ® Isobar |5, =200 GeV Iy <1,0<p <10 GeV/e 2
. . B Y(2S) (95% C.L.) - 8
—  Centrality: 0-80%, |y|<1 - emcertainty ® AutAu |5y, =200 GeV, PRL2023 global uncertainty &
— u -

N, uncertainty

0sl STAR Preliminary
L , 0.8 STAR Preliminary =7
 Dissociation of quarkonium states < e
. . ~ e ’T @n 0.6~
(quarkonium state size > Ay ~ 1/T,) 0.6 LL =
l 0.4 0‘4__ E L] 4]
02T,  0.74T, (15 0% 2187 0.2 0.2
. - - , - B N_, uncertainty
1 | 1 ! I | | 1 1 1 | 1 | 1 1 | 1 1
% 4 6 8 10 % 50 100 150 _ 200 250 300 350
p. (GeVic) N art

» Different levels of suppression of
guarkonium states of different sizes

NS April 9, 2024

Sequential Y states suppression observed at RHIC energies in Au+Au

STAR: Phys. Rev. Lett. 130 (2023) 112301

* No significant pt dependence
* Indication of centrality dependence
* Nosignificant species dependence at the same <N ;>

Veronika Prozorova, DIS 2024 14



(2S) production in isobar collisions @ 200 GeV

40-80% 20-40% 0-20% 0-80%
3 1.8 T T |

£ 1 6' ® STARZr+Zr & Ru+Ru, Jy| < 1.0, 200 GeV - W piAg27 GeV |
I m  ALICE Pb+Pb, 2.5 <y <4, 5.02 TeV | F opw2reev

1.4 |_oF p+W 39 GeV |

I ¢ NA50Pb+Pb, 0 <y <1, 17.3 GeV i |

A d+Au 200 GeV
1.2 — —

S
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S
S

S
=
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STAR Preliminary

++++ -
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STAR Preliminary ‘

pp reference is the
average of

measurements in 0.07
p+p(d) by NA51, ISR
and PHENIX 0.06

0.05
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0.03

B, 2540, / By, dGy,,

0.02

0.01-

® e« O O[> I

PHENIX, p+p, 200 GeV (|y|<0.35)
STAR, p+p, 500 GeV (ly|<1)

E789, p+Au, 38.8 GeV (-0.03<x.<0.15)
STAR, Zr+Zr & Ru+Ru, 200 GeV (|y|<1)

¢ )

HERA-B, 42 GeV e’e channel (-0.35=x,.<0.1)
HERA-B, 42 GeV p'w channel (-0.35=x.<0.1)

P, (GeV/e)

First observation of charmonium sequential suppression in heavy-ion collisions at RHIC

Ratio decreases towards central collisions

Significantly lower than that in p+p and p+A collisions at py < 2 GeV/c

Veronika Prozorova, DIS 2024
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.ﬁ Recent heavy-flavor results from PHENIX :

Summary by Dan Richford at RHIC AUM "23

7 Recent J/U results measured with PHENIX:
by Tamas Novak at Rencontres de Moriond QCD 2023

Heavy quarks are good tool for studying QGP properties

Open heavy-flavor

Significant energy loss of heavy quarks for different energies: 200 GeV, 54.4 GeV

and for different system sizes: Au+Au and Ru+Ru, Zr+Zr

Quarkonia

* QObservation of sequential suppression in both charmonium and bottomonium states at RHIC

* Neither collision energy nor system size dependence of J/i suppression at similar <N,

Veronika Prozorova, DIS 2024 16
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Sequential Y states suppression in Au+Au @ 200 GeV

30;60% 10;30% 0]10% 0-60% e Suppression in all three centrality intervals
1.2 088 7
| Aut+Au 200 GeV, |y|<1,0< P, < 10 GeV/e &
| i e N e Hint of increasing suppression from 30-60% to 0-10%
STAR ® 1(1S) I l
0.8 0 Y(2S) | , , . : :
« ! . : Consistency with the expected increasing hot medium
m*ﬁ 0.6 $ v Y(3S) (95% C.L.) | | effect towards central collisions
0.4 - W - o , .
[ﬁ [ﬂ I | *  Upper limit of Y(3S) is estimated to be 0.17
0.2 B #ﬂ — . _ .
e Suppression level of Y(2S) (R,,= 0.26) is between
N,y uncertainty I I i Y(lS) and Y(3S)
0 | | | | | | |
0 50 100 150 200 250 300 350 l
STAR: Phys. Rev. Lett. 130 (2023) 112301 Npart Consistency with a sequential suppression pattern

observed at LHC
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Sequential Y states suppression in Au+Au @ 200 GeV

* Y(1S): consistency between the STAR and CMS data
within uncertainties

* Y(2S): hint of smaller suppression at RHIC energies in
peripheral collisions

* No clear pr dependence of the suppression for Y(1S)
and Y(2S)

e Consistency between the model calculations and data
within uncertainties

* Data overshooting by Heidelberg model due to the
lack of CNM effects

MG A
\ / o«

W= April 9, 2024

em STAR AutAu 200 GeV, |y|<1
I o0 CMS Pb+Pb 5.02 TeV, |y| < 2.4

5
@
@

N, uncertainty
,

5.02TeV §
502TevV

200 GeV
1200 GeV

- Transport Model
" OQS+pNRQCD

.-‘\ ‘ $ CMS YI(ZS) (950/“ C.L-) global uncertain

e

i\

| B e

0 50 100 150 200 250 300 350 400
N

part

t t t t t
1.2 Transport Model — Heidelberg Model
I 5] 0QS+pNRQCD [ | Coupled Boltzmann Eq.
S N_, uncertainty |

e® STAR AutAu 200 GeV, |y| < 1, 0-60%

STAR: Phys. Rev. Lett. 130 (2023) 112301
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Heavy-Flavor Electrons (HFE)

e Electrons from semi-leptonic decays of open heavy-flavor hadrons
* Relative contribution of D and B hadron decays depend on electron pt

e Semi-leptonic decays branching ratio (BR) > hadronic decays BR

&

o 1 \miemi—leptonic decay

Widely used to study heavy quark (HQ) production

C
c/ Decay processes of D° meson

g ﬁ%; April 9, 2024 Veronika Prozorova, DIS 2024



STAR Heavy-flavor program for Runs 23-25

* Run 23 + 25 Au+Au at 200 GeV: 20B MB and 40nb™t HT * Run 24 p+Au: higher statistics than in Run 15
events projected l
* Detector upgrades (EPD, ETOF, iTPC.. . .
Pe ( ) * Potential enhancement at high p for the STAR results
~ STAR Run23+25 J/y projection, Au+Au@200 GeV, 0-80%
0.3~ —e— v2(TPC), Run10, PRL 111.052301 14 . 00% 10-30% 0.10%
- “;_’"T'g%w’ SU”;() ST L Au+Au@200 GeV,0-60%, ¥ - p'u & ¥ —>e'e
AT e XZEEPD))’ Rlljrr:z::::zg( OB B+ 40ne D 1217 % yas)» v(2S) 2023+2025 (40 nb™)
o T s L & A
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* E.g. precise J/i v, measurement at RHIC energies s

* EPD for event plane reconstruction — less non-flow effect * Broader momentum coverage at RHIC
contribution
By * Enlarge acceptance : n coverage from 1.0to 1.5
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N suppressnon at forward rapidity in Au+Au @ 200 GeV

s [T PHENIX

1 1.4
B 2004 Aut+Au, |y|<0.35, globalsys. =+ 12%

1o e Suppression due to hot nuclear matter effects

o 2007 AutAu, 1.2<|y|<2.2, global sys. =+ 9.2%
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