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Relativistic Heavy-Ion Collisions
made by Chun Shen
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Heavy Quarkonia

* Produced in initial hard scatterings (<0.1fm/c)
© Mg, My, >>Togp

» EXxperiences the entire evolution of QGP
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Nuclear Modification Factor

Dissociation === Results in a decrease in quarkonia yield

Ry — Jinel d?N a4 /dydpr 1 d*N g4 /dydpr
(Neou) d?opp/dydpr (Taa) d?opp/dydpr
R, 4 <1 suppression
R,4 =1 no net medium effects
Credit: Q. Yang RAA > 1 enhancement
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Sequentlal Suppression

e T Wap—

sequential suppression pattern

02T, 0.74T, 1.17T, 2.37,

E (GeV/fmé) | X I,) | Xb
Y(3S) Y(2S)

Y(1S)
Ay

v X W
S. Diagl, P. Petreczky and H. Satz, PLB514, 57 (2001)
» Other effects:
« Regeneration
« Cold nuclear matter effects
* Feed down
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Systematically analyze

Energy dependence

P, centrality dependence
System size dependence
Binding energy dependence
Polarization



the Solenoidal Tracker at RHIC

e — e ———

S ——

Time Projection Chamber
Tracking, momentum and energy loss
Acceptance: n|<1;0< ¢ <2n

Time Of Flight Detector
Time of flight, particle identification
Acceptance: n|<1;0< ¢ <2n

Barrel ElectroMagnetic Calorimeter
e trigger and identification
Acceptance: n|<1;0<¢ <2mn

Muon Telescope Detector
u* trigger and identification
Acceptance: n| < 0.5, ~45% in ¢

2024/6/12 Wei Zhang @ RHIC-AGS User's Meeting 6



Au+Au Collisions at STAR
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STAR Collaboration Phys. Lett. B 771 (2017) 13-20 (S (GeV)
> Beam Energy Scan Il S :
« 10-20 times higher statistics than BES-I » Collision energy dependence of J/y production
«  Unique opportunity to study the collision * AutAu collisions at /sy = 14.6, 19.6, 27 GeV

energy dependence  Smaller regeneration effect
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Energy Dependence of J/iy R,

Jy R

This analysis: Au+Au, 14.6, 19.6, 27 GeV
Au+Au, 54.4 GeV

O Au+Au, 39, 62.4, 200 GeV

¢ Pb+Pb, 17.3, 2760, 5020 GeV

0-5%

0-10% H

~" —Total (0-20%)

= -Primordial

-- Regenelation

_—— - - - -

STAR preliminary
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| | |
10° 10°
ISy (GeV)
X. Zhao, R. Rapp, Phys. Rev. C 82 (2010) 064905 (private communication).

L. Kluberg, Eur. Phys. J. C 43 (2005) 145.
NA50 Collaboration, Phys. Lett. B 477 (2000) 28.

» Data at /s,y = 14.6, 19.6 and 27 GeV follow
global trend

» No significant energy dependence of J/y Raa

In central collisions is observed within
uncertainties up to 200 GeV

» Regeneration dominates at LHC energies

» Model qualitatively describes the observed

energy dependence

ALICE Collaboration, Phys. Lett. B 734 (2014) 314
STAR Collaboration, Phys. Lett. B 771 (2017) 13-20
STAR Collaboration, Phys. Lett. B 797 (2019) 134917
ALICE Collaboration, Nucl. Phys. A 1005 (2021) 121769
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Jy RAA VS. p+ In AU+Au CoII|3|ons

—_————————— ———— _— e —

2r
18 AutAu, 0-80%, |y|<1 STAR preliminary
165_ A 200 GeV
"I e 27GeV
148w 19.6 GeV
1.2F ¢ 14.6 GeV i S
ol R  — §
Z F { N
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0.6F % i H n
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» Low pt suppression, R, , increases with pr for /s,y = 14.6, 19.6 and 27 GeV
» No significant pt dependence at 200 GeV
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I Rpa VS. (Npare) in Au+Au Collisions

— T —

2r
1 8k Au+Au Collisions STAR preliminary
1 65_ A 200 GeV, p_>0.15 (GeV/c)
F ¢ 27 GeV, p.> 0 (GeV/c)
141 ¥ 19.6 GeV, p_>0 (GeVlc)
< 1.2F ¢ 14.6 GeV, p_> 0 (GeV/c) S
e R N\
E— - # §\
S osf _ >
0.6 [ﬂ ¢
o L @@
0.4_— (Al
0.2 - N, uncertainty
0' : , : : M
107
Npart

» Hint of decreasing trend as a function of centrality
» Raashows no significant energy dependence at RHIC for similar <N, >.
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Zr+Zr & Ru+Ru Colhsmns at STAR

e e —__ _—

Isobaric
- collision _ o
Number of © » High statistics enables measurements of:
. 5 Au+Au 200GeV collisions . - - - -
minimume- °
s oot , , | Jhy prod_uctlon Wlth-hlgh precision
(billion) .  Sequential suppression of Jhy, w(2S), Y(1S), Y(2S)
1 . .
0 = * J/y polarization
mRunl8 ®mRunl6 ®Runl4 =Runll m=RunlO
<
B > A moderate size collision system
L soson  Unique opportunity to study the
‘ " IrIrsRwRs system size dependence

A A A Cu+Cu
40-60% 0-20%

(N,
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I Rpn VS. (Npgre) at RHIC

R - e —— ——
2 °F
Dﬁn - @ Ru+Ru&Zr+Zr@200 GeV, p_ > 0.2 GeV/c, e'e, |y|<1.0
1.8 !
< — Cu+Cu@200 GeV, p_ > 0 GeV/c, e'e”, |y|<0.35, PRL2008
< — T
@ 16 ¥ p+Au@200 GeV, p_ > 0 GeV/c, p', |y |<0.5, PLB2022
» L O Au+Au@200 GeV, p_ > 0.15 GeVic, i, |y1<0.5, PLB2019
1.2
1_<%Globalmcerta'm'*l
0.8 H E| r |
u e
0.6 @ ™ [I - % g
0.4 < @ |
02— STAR Preliminary
O [ 11 | 1 l 1 1 1 1 1 1 |
10 10°
(N

» No significant collision system dependence observed at RHIC
» Driven by overlap size rather than collision geometry

2024/6/12
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Jy RAA VS. pr In Zr+Zr & Ru+Ru Collisions

—_————————— e ———_ _———
s 2,51 s 25
e - \Syy = 200 GeV 4 [ VS =200 GeV
B ¢ Isobar, 10-20%, |y|<1, (N rt) =116 - ® Isobar, 50-60%, |y |<1, <Npart) =252
pa r . e .
2(— W Isobar(BHT2, not statistically independent), 2| M Isobar(BHT2, not statistically independent),
i 10-20% r 50-60%, (N ) =24.0
[ O AutAu, 20-40%, |y |<0 5 (N =141 - ¢ Isobar, 60-80%, |y |<1,(N_)=12.2
1.5 15— O Au+Au, 60-80%, |y|<0.5, (Npan) =205

0.5:—@ﬂ o ,Hm v E Agf 0.5 E
:E STAR Preliminary STAR Preliminary
O_ 1 1 1 I 1 | 1 I | 1 1 I 1 1 1 ‘ 1 1 1 | 1 0 L1 1 | I L1 1 1 I | | | I | I | I | I I | L1 1 1 I 11 1 I 11 |
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STAR Collaboration, Phys. Lett. B 797 (2019) 134917

» Highest precision measurement at RHIC to date
» Significant suppression observed in central collisions

» Consistent with Au+Au results at similar (N,,,.¢) range
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y(2S) Signal in Zr+Zr & Ru+Ru Collisions

103_; B Background (train)

_ w(2S) signal (train)
Isobar, vsyy = 200 GeV Background (test)

~ ¢
1072 ¢ w(2S) signal (test)
] w(2S)-»ete~, 0.2 < pr < 8.0 GeV/c

101-5
100‘5

10_1§

1072 -

0.0 0.2 0.4 0.6 0.8 1.0
BDT Output

» A machine learning method is employed to
reconstruct the y(2S) signal

25000~ m

Isobar Zr+Zr & Ru+Ru 200GeV — y(2s) signal
p,: 0.2 - 8.0 GeV/c — residual
20000+ | | _
'7: | Centrality: 0-80% ! ¥2/ NDF: 19.4/ 20
o I I
> 15000(- | | Ny 741 £ 181 -
o I i .
= s s
= ! ! :48 =:0.04
I | B
E 10000 | . IS+B i
E o [
4 - . : :
e
5000 T e N . ++—

| |
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» Combinatorial background subtracted (mixed event)
» Fit with y(2S) signal lineshape (simulation) and
residual background (linear function)
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e

v(2S) to J/y Ratio In Zr+Zr & Ru+Ru Collisions

40-80% 20-40% 0-20% 0-80%
[ [ [

®  STARZr+2Zr & Ru+Ru, |y| < 1.0, 200 GeV | |
©  PHENIX p+p, ly| < 0.35, 200 GeV

=

=

[ ]

tn
T

g Yionid average (29:200 ooV pp reference is the average of

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

0.005- $ B N PHENIX, Phys.Rev.D, 85,092004 (2012)

| STAR Preliminary NA51, Phys.Lett.B 438 (1998) 35-40
ISR, Nucl.Phys.B 142 (1978) 29

"0 20 a0 0 80 100 120 140 160
. _ Npart ] ) . _ _
» First observation of charmonium sequential suppression in heavy-ion

collisions at RHIC (3.50, 0-80%)

> Hint of ratio decreases towards central collisions

2024/6/12 Wei Zhang @ RHIC-AGS User's Meeting 15



Double Ratio

— T S ——

40-80% 20-40% 0-20% 0-80%
| | |

W piAg 27 GeV |
i ® STAR Zr+Zr & Ru+Ru, |y| < 1.0, 200 GeV | pWw27Gev |
1.4 o7 p+W 39 GeV —| [(Bda¢(25))/(Bda]/¢)]AA

" A d+Au200 GeV | [(Bdo-l,b(ZS))/(Bdo-]/lp)]pp'pd

\ pp reference is the average of
measurements in p+p(d) by

0.6 — * — NA51, ISR and PHENIX
0.4 — —
0.2 STAR Preliminary - — PHENIX, Phys.Rev.Lett. 111 (2013)
s - - PHENIX, Phys.Rev.D, 85,092004 (2012)
o ! ! I R N R R I L I NASO, Eur.Phys.J.C 48, (2006)
10 10° E772, Phys.Rev.Lett. 66 (1991) 133-136
Npart

» y(2S) over JAy double ratio is smaller than that in p+A collisions

2024/6/12 Wei Zhang @ RHIC-AGS User's Meeting 16



Double Ratio

e

e o N
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s 1.6 L _
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10°
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[(Bdoy(as))/(Bday )1, ,

[(Bdoyzs))/(Bdayy)l,,

pp reference is the average of
measurements in p+p(d) by
NA51, ISR and PHENIX

PHENIX, Phys.Rev.Lett. 111 (2013)
PHENIX, Phys.Rev.D, 85,092004 (2012)
NAS0, Eur.Phys.J.C 48, (2006)

E772, Phys.Rev.Lett. 66 (1991) 133-136

» y(2S) over J/y double ratio is smaller than that in p+A collisions
» Centrality dependence trend seems to be more similar to that at SPS than at LHC

2024/6/12
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y(2S) to J/y Ratio vs p+

B, 240 2s) / By, Sy,

vV HERA-B, 42 GeV e'e channel (-0.35<x:<0.1) = - -
0070 & HERA® 42 eV iy channel (0,35 <0.1) » y(2S) to J/y ratio increases with pr In
O  PHENIX, p+p, 200 GeV (|y|<0.35) . - ..
006 O STAR. pep. 500 Gev (yi<) Isobaric collisions
¢ E789, p+Au, 38.8 GeV (-0.03<x.<0.13)
0.05- ® STAR, Zr+Zr & Ru+Ru, 200 GeV (|y|<1)
» Significantly lower than that in p+p and p+A
0.04 -
O - -
' . collisions at pr <2 GeV/c
0.03
| 0 %
0.02# } + +
! *‘%@ 3 % % i | ¢=

0.01 %

STAR Preliminary

00 i 2' é "1 é STAR, Phys.Rev.D 100 (2019)
PHENIX, Phys.Rev.D, 85,092004 (2012)
P, (GeV/o) HERA-B, Eur.Phys.J.C 49 (2007)

E789, Phys.Rev.D 52 (1995) 1307, 1995.
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Y Raa VS. (Npart) in Au+Au Collisions

—— e —— e —__ _— = e o N —

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

1.2 e
| AutAu 200 GeV, |y|<1,0<p <10 GeV/c |

global uncertain

| | LT T T T P PP PPEPEPERNEPE - PPty £ - SR -
- STAR e Y(1S)
0.8 B O T(ZS) 1
< ! i i
m«n 0.61 qﬂ ¥ Y(3S) (95% C.L.) | |
0.4 - W
| " L _
02} %]
- N, uncertainty i I iy STAR, Phys. Rev. Lett. 130 (2023) 112301
0 | | | | | | I
0 50 100 150 200 250 300 350
Npart

» First measurement of suppression of three Y states separately at RHIC
» > 30 difference for Y'(1S) and Y'(3S)
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Y Rya VS. (Npart) in Zr+Zr & Ru+Ru Collisionsiss

e e —

1.4 o Isobar Y(1S) VSan = 200 GeV
B Isobar Y(2S)

1.2:_ . AutAu Y(1S) 0<pT<10 GeV/e, ly|<1

- Aut+Au Y(25) global uncertainty
1.__ ....................................................
- STAR Preliminary
< 0 8—[ N
Y T
iy i
0.6 I &]

0.4;— @ Eﬂ

0.2 L]

- [IIN_,, ungertainty 4] I
O L1 1 1 ‘ 1 | ‘ L1 1 | | L1 1 | | L1 1 1 | L1 1 1 | L1 111 | 1

Isobar 0-80% -

Au+Au 0-60%_|

0 50 100 150N 200 250 300 350

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

part

e o N

» Hint of sequential suppression pattern

> Isobar covers lower (Np,,.¢) range
than Au+Au

» R, A Shows a smooth trend from isobar
to Au+Au collisions
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JAy Polarization in Zr+Zr & Ru+Ru Collisions

— - T —— e o N —

» Study J/y production mechanism in heavy-

1on collisions

» JIy polarization could be modified by QGP

- / quarkonirlél;:
« Suppression of feed down / frame
Faccioli et al, EPJC 69 (657-673), 2010
o Regeneration Helicity frame (HX) and Collins-Soper frame (CS)
Jhy polarization can be extracted via the angular distribution of the decayed positron:
W(cos8,p) « 1+ Agcos*0 + A,sin*Ocos2¢ + Aggpsin26cose Ainy = Ao + ?"5
1 —
¢
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J/\|1 Polarization Parameters VS. PT

e e —__ _—

Ru+Ru&Zr+Zr \s . =200 GeV

0.4F .. E o
 Helicity - Collins-Soper
0.3 -

0.2F

O $

RN Jﬁ%ﬁ% +

» Ag,A¢g consistent with zero In HX and CS

—

o Iy—> e, [y|<1

:Z:Ce“‘r”"’“'““’ _ frames
< wﬁ % %ﬁéﬁ > overall no significant py dependence in
# either HX or CS
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0.4F - _é_

Lt 4
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Jhy Polarization Parameters: HI vs. pp

RutRu&Zr+Zr \s . =200 GeV

= = 2r —
O4F Helicity F Collins-Soper | STAR (@) p+p \s = 200 GeV (b)
3 7 E O Jiy—e'e, HX, lyl<1.0 - | O Jy—e'e, CS, lyl<1.0
0.2 3 1~ @ Jy—-u'u, HX, lyl<0.5 E ¢ Jy-uty, CS, lyl<0.5
0.1 - [
4 F | Jﬁl i : S—
o | :
r Jhl-'_>e e, |.“'|{l F ; ¢
03¢ Centrality: 0-80% | _1 , CZJICEM (prompt) 1.2<m < 1.5 GeV 1 T
02_ -_ [ 1_ (d|reCt) (C) - (promp‘)oc lyl<1.0 E51yl<0.5 (d)
= F | 5 NLO NR! D1: - N -
0.152— — "h 0.5-_ CGCANRQCD: § IyI<1 0 Iy'<0'5 NLO NRQCD2: lyl<1.0 =lyl<0.5
J$L i 4 @
0.05F 5 & i
& 05_] I |$$ < 0
oo il Y.
A z
-0.15F- E 1+ 3
_02;_ 1 1 1 1 1 1 L 1 1 I; 1 1 1 1 1 1 1 1 1 1 0 5 10 O 5 10
o 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
p, (GeVic) p, (GeVic) p, (GeVic) p, (GeV/c)

STAR, Phys.Rev.D 102 (2020) 9, 092009

» g, Ap consistent with p+p results within uncertainties
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J/\|I Polarization Parameters vs. Centrality

—_————————— ———— _— e —

Ru+Ru&Zr+Zr |5 =200 GeV

E Helicity C llins-Soper
0.2 -

wﬂﬂ _+_ o > No significant centrality dependence is

& Sy e, il i i #ﬁ%‘ﬁ% observed

04 02«:13 <10. GeV/e

0.3F

0-80%

Q

0.15F : -
C 1 r

NN | -
ﬁﬁr J$_ ﬁ%_H:% %%, n 4% %—;H% ; » Ainy are consistent between HX and CS

frames within uncertainty as expected

Q

;ézolzwwﬂﬁﬁ_ ;-%JF o _é_ @

Centrality [%] Centrality | %]
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Summary

» Significant suppression of charmonia and bottomonia in central heavy-ion collisions

» No significant collision energy dependence of J/y R, , With BES-11 data

» Jly R, INcCreases with p+, hint of decreasing with centrality

» No significant dependence of the J/y R, , on the collision system size is observed
when comparing isobar and Cu+Cu to Au+Au collisions

» First observation of sequential suppression for charmonia and bottomonia at RHIC;

» First measurement of J/y polarization in heavy-ion collisions at RHIC, consistent

with zero and p+p results
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Outlook

V/Snn | Species Number Events/ Year
v" Run 23-25, ~18B minimum bias Au+Au events; (GeV) Sampled Luminosity
_ o 200 p+p 142 pb~1 /12w 2024
high statistics p+p samples 200 | prAu | 0.69 pb~1/10.5w 2024
200 | AutAu | 18B / 32.7 nb /40w | 202342025
> AU+AU 200 GeV drupal.star.bnl.gov/STAR/system/filessSTAR BUR Runs24 25 2023.pdf
 Sequential suppression studies Y(1S), Y(2S) L
§ """ Run23.25 AuAU@200 GeV 60-80% -e- UnlikeSign
* Opportunity to measure y (2S) in Au+Au collisions  § f ™™ — LikeSign
0 qgrl v = 16568.0 = 155.2 — RawSignal
30-60% 10-30% 0-10% g ? #y(28) = 305.0 + 56.0
1-2_‘ AutAu 200 GeV, [y| < 1,0<'pT< 10 GeVie % 3 il "’jf:};iﬂ =0.02 + 0.0036
L ettt e oo oeemnaeeeeeeeeeooeoenneaeeeeeemeeenenaas 107
£ 1 O Y(1S) O Y(2S) 2011+2014+2016 8 -
2 08} | - o®e
> [ ¢ Y(1S) = Y(25) 2023+2025 (20B MB + 34 nb") 2
.g 0.6 ’(:) 10
0l ﬂ A 1 :
=~ | ;*Jf o 1ol
0.2
00 50 100 150 200 250 300 350 28 3 3.2 3.4 36 3.8 2
Nopart Mee (GeV/c?)
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https://drupal.star.bnl.gov/STAR/system/files/STAR_BUR_Runs24_25_2023.pdf

Back up
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Raw J/y Signal

N e —= P ————___ e— = e ——

Tinel |d°Naal/dydpr

Raa =
<Ncoll> d? Opp/dyde

© AAu@27Gev  —+ UnLike-Sign » The function used to fit UL-Sign (UL) consists of

R | Centrality: 0 - 80% —&— Mix Event UL. ° J/\Ij template
1000

% 0 <P.< 4 Gevic — Signal Template
O S U o W p— Residual Background .
g | ° » residual background
S sool » Extracted combinatorial background shape from
5 mixed-event UL-Sign.
W » Residual background parameterized using a first-

i J l | order polynomial.

g1 oo Loy L [ROR AN T Y S TR A
88 29 3 31 32 533 54735

M.. (GeV/c?)
VSyy = 27 GeV
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Inclusive J/y Invariant Ylelds

T — R e N T S ——

Tinel |d2 Naay dydel

Raa =
<Ncoll> d? Opp/dyde
& Au+Au, 0-80%
‘*; @ Jy e +e
& 10°F C o 27 GeV
’%‘ m 19.6 GeV
_g_'_ 03 ¢ 14.6 GeV
tc:;1 07 F ®
QN
Z ly|<1
A
L0108 23 _
2] - STAR preliminary [ﬂ
0 | 1 | 2 3 4
P, (GeVl/c)

Inclusive J/y invariant yields as a function of p; at mid-rapidity
(ly| < 1) in Au+Au collisions at /s, = 14.6, 19.6, 27 GeV.
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Systematic Uncertainty

» Systematic uncerfainty from J/y yield measurements
Source:
Track quality cuts

« nHitsFit
: gl;l;tz[;)ne];dx Analyzed bin | 27GeV | 19.6 GeV | 14.6 GeV
Sianal extraction 0-80% 124% | 112% | 132%
J . Ty templates 0-20% 132% | 123% | 131%
. Fitting range 20-40% 121% | 115% | 150%
« Residual background function form 40-60% SR T
»  Combinatorial background function form 60-80% 144% | 161% o
. Bin Width 0-1GeVic 128% | 125% | 14.6%
Electron Identification cuts 1-2Gevic 144% | 11.6% | 127%
. no, efficiency 2-4GeV/c 11.6% | 150% | 241%

* 1/B efficiency
« TOF Matching efficiency
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PP Inelastic Cross Section

G, (Mb)

e T e R —

Oinel] A°Naa/dydpr - _
Raa = 5 Oinelastic — Ototal — © elastic
<Ncoll> d Upp/dyde
1 \/TNN (GeV) Ginelastic (mb) Error
108 oo /Jf/h{:;jf—;; 200 43.3960 0.766915
Til = 27 32.9876 0.163660
W inelasic 19.6 32.0776 0.137064
ol aaste 173 31.7791 0.131443
- PDG 14.6 31.4194 0.125273
- | e izt PDG 115 30.9905 0.124518
| | \. S o 9.2 30.6478 0.130914
10 o 1o 1o IS (Gelgs

Data from PDG (Particle Data Group)
https://pdg.Ibl.gov/2022/hadronic-xsections/
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Jhy polarization in isobaric collisions

e

Angular distribution of the decayed leptons:

o

‘[ Centrality: [0,80%] “[ o raw signal CS Frame
_ _ [02<p. <10.0GeV/ic - - scaled Axe
W (cos8,$) < 14+ Agcos?*0 + Aysin®Ocos2¢p + Aggpsin26cosg A R b
Z [ 5 Z T '_D_-@-\,,@,, _@_.—Q—_@_
OI‘__ -'"9""’ _O_‘ 0.0556-'_@_ ‘_G_“@"—@-_Qd =T
production plane y L o I u:_
/ - y¥indf = 23.4/ 19 " e corrected signal
/ °‘5j;e = 332 f ggg **F —— simultaneous fit
/ s LheT T = .ub STAR Preliminary
>o < g L —o— —a— g
b] bz :E N 5 ourf— + _+_
o = i =+ M
COlLlIs1I0Nn .06 —
Q centre / quarkonium i - _+_
| of mass / rest i 005:_ ‘ . A
/ frame / frame T B (:0359 s T e (Y) o
F6) = 3 1+ Agcos?0 v 2 x A )
Helicity frame(HX) IR TIEETD) @) = s G+ 19"

Collins-Soper frame(CS)
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