QCD Phase Structure 111, Jun 6-9, 2016, CCNU, Wuhan, China

Probing Hot Nuclear Matter
with Quarkonium

Zebo Tang (JEE)
Department of Modern Physics
University of Science and Technology of China (USTC)




r{ f } Slide borrowed from Pengfei Zhuang, Seminar at ICTS@USTC

Tq nghua Univer %h-
pressure heat quark-gluon

B4 PR E Il -
—> it & # F & & o
—> RREkWFA A

r LT FFF4, QGP

JEarly universe (LHC, RHIC) ‘
Xt
o ® e ‘_',.:
lé scrtical point 7 . quark_gluﬂn p|ﬁsma
o T
(1)]
(o
e
= colour
uperconductor
QCD 4
Phase
vlagram 2o Neutron stars

Zebo Tang (USTC) QCD Phase Structure III, CCNU, 6/6-9, 2016



Probing hot matter with quarkonium
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If high energy heavy ion collisions lead to the formation of a hot quark-gluon plasma, then colour screening
prevents cc binding in the deconfined interior of the interaction region. To study this effect, the
temperature dependence of the screening radius, as obtained from lattice QCD, is compared with the J/y
radius calculated in charmomium models. The feasibility to detect this effect clearly in the dilepton mass
spectrum is examined. It is concluded that J/y suppression in nuclear collisions should provide an
unambiguous signature of quark-gluon plasma formation.

r

It is concluded that J/y suppression in nuclear collisions should
provide an unambiguous signature of quark-gluon plasma formation
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Jhy suppression observed in HIC

200 AGeV O+U collisions
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NA38, PLB220, 471 (1989)
Figure 1: First observation of the J/v suppression effect in O(200 AGeV)-U collisions in the NA38
experiment at CERN-SPS. When comparing the invariant-mass spectrum of muon pairs produced in
peripheral collisions (characterized by a small transverse energy Ep < 34 GeV; left panel) with that in
central collisions (at high transverse energy, Er > 85 GeV; right panel), a reduction of the J/v signal
over the Drell-Yan continuum is apparent (from [8]).
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Nuclear absorption

Inelastic J/y scattering (dissociation) on primordial target and projectile
nucleons

—> Suppression of J/y before the formation of QGP

—> Nothing to do with QGP

—> Cold nuclear matter (CNM) effect

C. Gerschel and J. Hufner, PLB 207, 253 (1988)

I ] omesse-toms | Observed Jhy
sS4 = exp[—pocasL(A, B)], = SUppl’ESSIO-n
Y] _bﬁ“ o well described I_Jy
U}\ = AB x Sip. 10 | nuclear absorption

only

0
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Anomalous J/y suppression

Anomalous J/Psi suppression in Ph-Pb interactions at 158 GeV/c per nucleon
Physics Letters B410 (1807) 337 PS file

J/Psi and Drell-Yan cross-sections in Pb-Pb interactions at 158 GeV/c per nucleon
Physics Lerters B410 (1007) 327 PS file

The NAS( segmented target and vertex recognition system
Nuclear Instrionents and Merhods in Physics Research A308 (1007) 180 PS file
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Fig. 3. The ] /¢ *‘cross-sections per nucleon-nucleon collision’’ ] . . .
as a function of L. The results obtained at 450 GeV /¢ and the Fig. 5. The ratio of I /4 to Drell-Yan cross-sections as a function
Pb-Pb cross-section are rescaled as explained in the text. of L.

Zebo Tang (USTC) QCD Phase Structure III, CCNU, 6/6-9, 2016 6



Evidence of deconfinement?
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On the contrary, the behaviour seen in our data follows the stepwise pattern expected
In case the matter produced in the Pb-Pb collisions undergoes a phase transition into
a deconfined state of quarks and gluons. Therefore, we must conclude that the J/y
suppression pattern observed in our data provides significant evidence for
deconfinement of quarks and gluons in the Pb-Pb collisions probed by NAS5O.
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P+ dependence

<p;2 > vs. centrality J/y suppression vs. py
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Theoretical calculations

Transverse momentum dependence of anomalous J /1
suppression in Pb—Pb collisions 2001

b

Jorg Hiifner ®, Pengfe1r Zhuang

: . : PHYSICS LETTERS B
Time structure of anomalous J /v and v/" suppression

1n nuclear collisions 2003

www. elsevier com/locate/npe

Jorg Hiifner?, Pengfei Zhuang®

PHYSICAL REVIEW C 67, 067901 (2003)

Leakage effect on J/ir p, distributions in different centrality bins for Pb-Pb collisions
at E/A=160 GeV 2003

Pengfer Zhuang and Xiangler Zhu
Physics Department, Tsinghua University, Beijing 100084, China
(Recerved 13 March 2003; published 3 June 2003)
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Describes data well

Threshold model with time structure
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RHIC Experiments

Mid-rapidity: e*e”, In|<0.35, A¢=2 X /2

PHENIX Detector

PC3

Mid-rapidity: e*e, In|<1, A¢=2= full coverage
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Time-Of-Flight (TOF):
China-US detector (MRPC)

Fully installed since 2009-2010
Muon Telescope Detector (MTD):
Forward rapidity: p*p-, 1.2<[n|<2.2, A¢p=2n China-US detector (LMRPC)
Fully installed since 2013-2014

Zebo Tang (USTC) QCD Phase Structure III, CCNU, 6/6-9, 2016 11




Jhy suppression at RHIC

- EPJC71,1534 (2011) EKS98 CNM baseline
i ® PHENIX y=0

0 NA38/50/60
Iy 200 GeV AutAu | 2 PHENIX 1.2<lyl<2.2 1

o PHENIX lyk035 ||

NA38/50/60 syst 11% |
Mike Leitch, QDM2011

® NAGBO In-In

i ;

EuaPhyS.wd Gvilid 534,2011 EI]
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N n=0

. o Similar anomalous suppression
Mid-rapidity: PP

Similar suppression as SPS

Raa / Rys(CNM)

02F lyl<0.35 syst 12%
1.2<lyl<2.2 syst 9.2%

Forward rapidity:

. o . Two Puzzles!!
More suppression than in mid-rapidity
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Color screening vs. (Re)generation

v Y
_ Jhy Jy
Quarkonium melting in QGP Quarkonium (re)generation in QGP

Braun-Munzinger & Stachel, Thews et al., Rapp et al, Zhuang et al., ...
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Transport approach

Xianglei Zhu, Li Yan, Yungpeng Liu, Zhen Qu, Kai Zhou, Baoyi Chen, Zhengyu Chen,

Nu Xu and Pengfei Zh
i AR ANGFENITEL ENUA L) = fii @) + freg®)

Review talk
initially production: :
1)Cronin effect in the initial stage, given by Prof. Zhuang
2)strong low p, suppression and high p, leakage effect on Quark Matter 2015
= jnitial p, broadening L T R —
1T < ]
o ; fregei‘ia.__ ’ Finitial
regeneration. 0.8l SO
1) coalescence mechanism f v/
2) energy loss induced thermalization 0.6, y/
= low p; regeneration 0.4 If"e,__‘
[ /G
[ /
5.5TeV central Ph+Pb, ©-2 SN |
Liu et al., 2009 e S S S
2 a4 6 8 10 12
P, (GeV/c)

,,,,,, 2 _ e raa,
{p) I fpe)dpy
Is not sensitive to the nPDF and controlled by the hot effects.

Pengrfei Zhuang (Tsinghua) 13 QM2015 Kobe, October 2
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Comparison with data

Z.Qu, Y. Liu, N. Xu, P. Zhuang, NPA830, 335c (2009) X. Zhao, R. Rapp, PRC82 064905 (2010)
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Quarkonium in heavy-ion collisions

» Hot nuclear matter effects (QGP effects)
— Suppression due to color-screening
— Enhancement due to (re)generation

 Cold nuclear matter effects (CNM effects)
— Gluon (anti-)shadowing

1§ gluons in Pb f gluans inp
1 1 IIIIIII| 1 AT

— Absorption mf ] D
S Y S = CO-MOVers
— Gluon saturation o)

" .'.m..l' . .u.:..l' L lisnn
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Iow X
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Go to high-p+

250 200GeV d+Au, 0-100% centrality

C o |y|<0.35 (7.8%) :

2:_ «  1.2<y<2.2 (8.2%) _

:
315 ]

0 1 2 3 4 5 L 7 8

9
PHENIX, PRC 87, 034904 (2013) Pr [GeV/c]

Strong suppression at low-p;
No suppression at pr>4 GeV/c
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High-p+ J/y In 200 GeV Au+Au

1.6 —Au+Au @ 200 GeV 0-20% Model calculation
_ if 7r STAR Jiy—e's,lyl=1 — Zhao et al.
1.4
B # STAR Jiy—u*y’, Iyl = 0.5 --- Liu et al.
1.2
1 EI | N SR
¢ i
I —
0.8 I |
0.6[T % T
n @_ ,Jﬂ@'—’——_———_??f
STAR PLB 722 (2013) 55 04— Lkl — ‘E’ -
? > — &
STAR PRC 90, 024906 (2014) - STAR preliminary

Y.-p. Liu, et al. PLB 678 (2009) 72 0.2
X. Zhao et al. PRC 82 (2010) 064905

|
8
P; (GeV/c)

* Suppression seen at high-p+ in central Au+Au collisions

* Increase trend from low to high p; can be described by
theoretical calculations
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Centrality dependence

- Au+Au @ 200 GeV
18 5 STAR Uy, Iyl <05, p_ >4 GeVic
180 @ STAR Jiy—e'e’, lyl <1, p, =5 GeVic

C _m Liveral, pr =5 GeV/c
1.4 - Zhaoetal, p_=5 GeV/c
1.2

& P
.
0.8
0.6
0.4
0.2
1] l l I I I I I

350
N|JII'|
STAR: PLB 722, 55 (2013), PRC 90, 024906 (2014)

Yunpeng Liu, Zhen Qu, Nu Xu and Pengfei Zhuang, PLB 678:72 (2009)
Xingbo Zhao and Ralf Rapp, PRC 82,064905(2010)

Consistent with unity in
peripheral

Significant suppression in
central
- May indicate QGP melting

Models including color-
screening and (re)generation
describe data
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High-p+ Jhy at LHC

50-100% 40-50% 30-40% 20-30% 10-20% 0-10%

i b) |
| @STAR. 200 GeV Au+Au, |y|<1.0, p>5 GeVic (b)

- g CMS, 2.76 TeV Pb+Pb, |y|<2.4, 30>pr:>6.5 GeVic

STAR, PLB 722, 55 (2013) -

B @ = Lo _

-|C.M.S.’|‘].I_.".EP|1.2.O.5.’ |O.6.3. (.2|O.1.2.). Lo b Ly

0 50 100 150 200 250 300 350
N

part

Rppp X Rppp at LHC

| ALICE inclusive J/y — e'e’
’ | ® Rp(-1.37<y_ <0.43), | 5, = 5.02 TeV A L I C E
:_ B Ropon{1Y [ <0-8), | Sy = 2.76 TeV, 0-50 %
- { — }
A .
P I | | | L
0 2 - 6 8 10
P, (GeV/c)

Significant suppression in central collisions at RHIC and LHC

Stronger suppression at LHC than RHIC
May explained by stronger shadowing effect at LHC

Zebo Tang (USTC)
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Upsilon at RHIC
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(Re)generation negligible
for Upsilon

Similar suppression from
d+Au to mid-central Au+Au

Stronger suppression in
central collisions

Agree with model based on
lattice QCD calculation of
melting in hot medium
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Upsilon at LHC
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CMS, PRL109 (2012) 222301 and HIN-15-001 Npart 0.41 - 7

STAR, PLB735 (2014) 127 and preliminary U+U - i .

Significant Upsil i 02" :

Ignitican pSHON Ssuppression - . %
Feeddown is not enough to explain 0. et

- May indicate QGP melting N

Help to constraint potential
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Low-p+ at LHC — (Re)generation

1.4

1.2

503—}
o |
0.6

0.4

0.2-

I mid-rapidity
[ T T R T A T S S B RT

o NA38/50/60, 17.2 GeV
e PHENIX, 200 GeV, |y|<0.35
= ALICE, 2760 GeV, |y|<0.9

o PHENIX, 39/62 GeV, 1.2<|y|<2.2
e PHENIX, 200 GeV, 1.2<|y|<2.2
= ALICE, 2760 GeV, 2.5<|y|<4

1 _________________________________________________________________________________________ —
2038 EL'H: |
o6 LT[ .
" . @ = = @ i L] il
0.4 - -
, e - ,
0.2~ L. ®l |
' CI
- forward rapidity
T T T T T T T T T T O T T T T T T S B |
0 0 50 100 150 00 250 300 350 400
Npart

Zhao, Rapp (a) 0-60% |
[ --Liu et al.

% [ ALICE inclusive J/y — e*e’

£1.4F

[ ®A2,(-1.37<y_ <0.43), |5, =5.02 TeV
£1 2 [ W Anally,,,|<08), | Sy =276 TeV, 0-50 %

OII‘2‘I|4‘II6‘II8‘II1O
pT(GeV/c:)

Less suppression at LHC at low-p+
Different p; dependence
Strong indication of (Re)generation

Zebo Tang (USTC)
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Jhy flow

Primordial: little or zero v,
Regenerated: inherit v, from charm quarks

0.25-
0.3 T T T T T T T T qu_Au+Au2DﬂGe\fﬂ-Bﬂ% ® STAR Jfy—e'e Run10+11
F Au+Au ?OOGeV, -80% Non-flow est. ] = —_
0.25r @ D EP 7 015
O K ] -
0.2} -] uJE_
E m m ::‘ 0.“5;—
0-15F i R ) <T> = oF
- o ° . = - R
0.1 ®© * o - % E 0.05F [ ] maximum non-flow STAR preliminary
S =R, WL S, A + v = Initlally produced
=3 : -01 E m— coalescence from thermallzed cT
0.05 @@ ] 016 LI L TE T Initlal + coalescence N
] -9 ==« == [nitlal + coalescence + o
0 @ ----------------------------------------- _E _u- :I 1 ITITTI IhI?Idruldllylnla]mlllcl 1 I | T | I J/IWI ?l? 1 Igll? I1D
STAR Preliminary 1 2 3 4 5 6 7 ap (GeVic)
0. e e ittt STAR, PRL 111 2013) 052301 T
0 1 L. Yan, B Zhuang, and N, Xu, PRL 97 (2006) 232301
Transverse Momentum p_ (GeV/c) V. Greco, CM. Ko, and R. Rapp, PLB 505 (2004) 202
T X Zhao and R. Rapp, arXiv: 0806.1239

K Liu, N. Xu and P Zhuang, NP4 834 (2010) 317
LW, Heinz and C. Shen, (private communication)

Significant D-meson flow Consistent with no flow at p>2 GeV/c
Disfavor dominantly produced by
thermalized charm quark coalescence
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Jhy flow at LHC

CMS mid-rapidity ALICE forward rapidity

Pb+Pb Collisions at vs,,, = 2.76 TeV

0.3
T T T T . .
14 ’ = B ALICE (Pb-Pb = 2.76 TeV), centrality 20%-80%, 2.5 4.0
Mo:)el.aglarompt‘) .,J.fw @ CMS prompt Jy [ ® L I{E ; bf::N . eV), centrality <y =
it tm (10-60%, lyl<2.4) [ | = Y. Liu et al, rmalize
12 |- e Non-collective, e8=25m? - - eenas Y. Liu et al, b not thermalized
[ essse Non-collective, e8=0 0.2 __— ¢+ X. Zhao et al,, b thermalized

-
o

[ ... Cooctive, oB=0

2
>N
>
S sf -
2 =
T 6
Q. ] = — —
g , | ...
g ®
3| $
[ 0.1F  globalsyst=+1.4%
0 Sl Tt -
| | | | | Coa o la sl s alasa s loosoloss s loasa It lossslsiag
0 2.5 5 7.5 10 125 15 0 1 2 3 4 5 6 7 8 9 10
Transverse Momentum p; (GeV/c) p.. (GeV/c)
Low-p- data still missing Favors calculation with (Re)generation

and even B thermalized
High-p+ requires different mechanism
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p+ nuclear modification factor r,,
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Sensitive to medium properties
Significant energy dependence of the trend
Decreasing trend at LHC reproduced by transport models
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Summary

Quakronium production in heavy-ion collisions may involves the combination
of CNM effects, QGP melting and (re)generation

High-p; J/w and Upsilon:
Significant suppression in central heavy-ion collisions
- QGP melting

Low-p; Jhy: Significantly less suppression at LHC than at RHIC
Jhy elliptic flow: no flow at RHIC, significant flow at LHC
- (Re)generation at LHC

P nuclear modification factor ry,:

Sensitive to nuclear modification mechanisms

SPS: CNM effects dominant

RHIC: Competing between (re)generation and suppresion
LHC: (Re)generation dominant

Thank Prof. Pengfei Zhuang!
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