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Introduction to Heavy-ion Collisions

Initial Hard QGP and Hadronization Hadronic phase
Stage Scattering Expansion o

Quark Gluon Plasma (QGP): New form o matter
* Quark and gluon degrees of freedom (deconfinement)
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» Strong coupling (perfect liquid, emergent properties)
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Introduction to Heavy-ion Collisions

Initial Hard QGP and Hadronization Hadronic phase
Stage Scattering Expansion o gt g
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Quark Gluon Plasma (QGP): New form of matter
* Quark and gluon degrees of freedom (deconfinement)

» Strong coupling (perfect liquid, emergent properties)

Heavy quark: Penetrating probe of QGP
* Dominantly produced in the early stage
* Experience the whole evolution of QGP
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Quarkonium Melting in QGP
In QCD medium

In vacuum
6 o —>

Dissociation in QGP due to color-screening

=>» Signature of QOGP formation T Matsui, H. Sazt, PLB174, 416 (1986)
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Quarkonium Melting in QGP

In QCD medium
In vacuum

=% —>

Dissociation in QGP due to color-screening

=>» Signature of QOGP formation T Matsui, H. Sazt, PLB174, 416 (1986)

02T, 0.74T, 11T 2.3T,

C

£ (GeV/ind) T, depends on quarkonium size

Y(3S) Y(25S)

=>» Sequential melting
Kb Y(1S)
A “ = QGP Thermometer

A A 1 ,: dissociation temperature
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Quarkonium Regeneration in QGP

Melting in QGP
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§ QGP melting
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Quarkonium Regeneration in QGP

Melting in QGP Regeneration in QGP

VS.

Cqflor Screening

J/ J/w
=, Y Y
.. =
Regeneration in QGP due to quark - Regeneration
coalescence =
=
=» Deconfinement is a prerequisite 'g
=z
x N fg =~ QGP melting
S
>
& Energy Density
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Quarkonium in Heavy-ion Collisions

Quarkonium production also modified by cold nuclear matter
(CNM) effects on top of hot matter effects |[sce P. Robbe’s talk]
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Quarkonium in Heavy-ion Collisions

Quarkonium production also modified by cold nuclear matter
(CNM) effects on top of hot matter effects |[sce P. Robbe’s talk]

Quarkonium production in heavy-ion collisions are the interplay
of color-screening/melting, regeneration and CNM effects

QGP melting

o
&
Regeneration 0
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Quarkonium in Heavy-ion Collisions

Quarkonium production also modified by cold nuclear matter
(CNM) effects on top of hot matter effects |[sce P. Robbe’s talk]

Quarkonium production in heavy-ion collisions are the interplay
of color-screening/melting, regeneration and CNM effects

QGP melting

Each of the effect has different
species, pr, rapidity,
collision centrality, energy, system ...
dependence

Regeneration C
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Observable: Nucl. Modification Factor R, ,

AA AA .

P dN 00 _ dN 00 0‘%

A4 . pp ) pp 0\
memy dNQQ N, dO’QQ /app ,

Number of Participants

—)

For hard processes: m:
R, = I, no suppression m Impact Parameter

R, <1, suppression

R, > 1, enhancement

N_. .. No. participants

part®
Npinary: NO. binary nucleon-

nucleon collisions
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Inclusive J/4p Suppression

"] RHIC: 200 GeV Au+Au collisions

O NA38/50/60

m PHENIX 124yi22 4 SPS: 17.2GeV Pb+Pb collisions

® PHENIX lyl0.35 ||

-~

NA38/50/60 syst 11%_-
/ Mid-rapidity:

* Strong suppression observed at
_ both SPS and RHIC
i * Increases towards central coll.

1

o
o
I T

lyl<0.35 syst 12%
L 1.2<lyl«2.2 syst 9.2%
! | ! | ) | ) ® ~
% 100 200 300 400 RHIC. SPS .
N Detailed balance of melting,

regeneration and CNM effects
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Collisions Energy Dependence

SPS RHIC LHC
c19L STAR: PLB771, 13 (2017) ]
- Theoretealeurve SPS: EPJC43, 145 (2005) 1
JE — primoral PLB477, 28 (2000) 1
e Regeneration ALICE: géllgl Zfii,afjl/ 4 ( 2014) H i
0.8~ mid-rapidity -
0.6 f_ Centrality: 0 - 20% _f
0.4 & -
p2- -
0: 1 1 |1"1'1|112 L 11111113 L 111:
10 10 5 (GeV

SPS>RHIC—>LHC

Primordial =2 Regeneration

ALICE: PLB766, 212 (2017)
LI B B I LI I I T LI I 1T ] LI I B I 11T I T T T I LI B | I T ]
Inclusive J/y — pu’ fOI’W&I’d N
® ALICE, Pb-Pb\s,, =5.02TeV,25<y <4, p.< 8 GeV/c 7
m ALICE, Pb-Pb s, =276 TeV,25<y < 4, p.<8 GeV/c

L O PHENIX, Au-Au |5 =02 TeV, 1.2< |y < 22,p_>0GeV/c —
i *
{fi 5.02 TeV -
ki E] CHC O ® @ @
M (]

Glae 2.76 TeV
88 o _
0.2 TeV a B
el JHENEX; PRL9S, 332301 (2007)
0 50 100 150 200 250 300 350 400
(N_)

e« 276 TeV = 5.02 TeV

Flat at N ,,>~100

Increase 1s not significant

Can consistently described by Transport models
From a CNM domain to a Regeneration domain
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Collision System Dependence

< LI L) I LI L L) I LI I LI B ) I LI I LI I LI B B I LI I 1
3 ]
c 14 ALICE inclusive J/y — p'u,25<y <4 ]

o Transport model (Du and Rapp) i _
® Pb-Pb \s,,=5.02 TeV - A —
\ﬂ Xe-Xe (J/y: - -direct, —regenerated)_] Xe 1 29
® Xe-Xe \ s =5.44 TeV

|Pb-Pb (J/y: - -direct, —regeneratei APb — 208

1.2

b,
: ALICE: arXiv:1805.04383 .
0.8 . E'EI " -
W 0 @ CRORCEE
0.6F ‘t\{:\$ @@”E p=tEg e,
0.4F .

-~

0.2:— "--:::::::::==::_:

111 ||||||||||||||||||||||||||||||||||||:
0 50 100 150 200 250 300 350 400

AN
part’ XeXe part’ PbPb

* Similar level of suppression seen in Xe+Xe and Pb+Pb

* Similar energy and N_, . => Similar melting and regeneration

part
Detailed balance
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High-p JAp: clean from Rege. and CNM

1.0

0.8

\/Syn=2.76 TeV Pb+Pb
Prompt J/¥ |y|<2.4

® CMS data
0-100%

0.6

Primordial

K. Zhou et al, PRC89, 054911 (2014) 1

Rpr

T ] T T T [ T T T [ T T T I T T T ] T T T l T T T
ALICE p-Pb \ s, = 5.02 TeV
Inclusive J/ly—e'e’, -1.37< y_ <0.43

-=- 2016 Sample (Preliminary), L, =256 ub™

04 —
0.2 \ -
..... N Regenerated
0.0 S L L
0 5 10 15

Regeneration contribution
decrease quickly with p;

Negligible at p>5 GeV/c

-=-2013 Sample (JHEP 06 (2015) 55), L, = 51 ub ' m

——
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0.4 [ EPS09 NLO (Vogt et al., Int. J. Mod. Phys. E22 (2013) 1330007)
- /7% CGC (Fuijii et al., Nucl. Phys. A915 (2013) 1)
0.2 - [7777] ELoss (Arleo et al., JHEP 05 (2013) 155)
- EPS09 NLO + ELoss (ibid.)
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R py Increase with prand

12 14
P, (GeV/c)

consistent with unity at high p

CNM effects not important at

high-p;
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High-p, JAp suppression

. STAR Prel., 0.2 TeV Au+Au, lyl<0.5, p,>5 GeV/c L % STAR Prel., 0.2 TeV Au+Au, 0-60%, lyl<0.5
1 4/— ® CMS, 2.76 TeV Pb+Pb, lyl<2.4, 6.5<p_<30 GeV/c 14
[ e ATLAS, 5.02 TeV Pb+Pb, lyl<2, 9<p <40 GeV/c “*L ® CMS, 2.76 TeV Pb+Pb, 0-100%, lyl<2.4
{ o[ ® CMS, 5.02TeV Pb+Pb, |y|<2.4, 6.5<p;<30 GeV/c { o[ ® ATLAS, 5.02TeV Pb+Pb, 0-80%, lyl<2
- "L m CMS, 5.02 TeV Pb+Pb, 0-100%, |y|<2.4
1+ - Ao b
< w N STAR: Preliminary
r g 0.8k CMS: arXiv:1712:08959
= I T ATLAS: arXiv:1805:04077
0.6l @@ i 0.6F %HM( i+l
0.4[- B @g 4 -1 OA%H%% -l .
- s = -
0.2~ = 0.2
O:||||||||||||||||||||||||||||||||||||||||||| o:|..||||||||||||||||||||||||||||||||||||
0 50 100 150 200 250 300 350 400 0 5 10 15 20 25 30 35 40
Nt p, GeVic
High-p. J/Ap R, , decreases towards central collisions
T AA
Strong suppression in central collisions T
QGP Melting 1n effect

RHIC/0.2TeV LHC/2.76TeV LHC/5.02TeV
RAA > RAA > RAA
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P (2S)/J/y

High-p Y(2S) in Pb+PDb vs. p+Pb

7|||||||||||||||||||||||||||||IIII|IIII|
o160 ATLAS RYV(2S)
% - Pb+Pb, s, =5.02 TeV, 0.42 nb” A
a4 4 pp. [s=5.02TeV, 25 pb Tl
E 9<p, <40GeV, lyl<2 RAA
1.2 arXiv:1805.04077
4| Prompt w(@S) to Jly doubleratio
E -¢- CMS, Phys. Rev. Lett. 118, 162301 (2017)
0.8 6.5<p;<30 GeV, |y|<1.6
0.6/ $ $
04§ $ + %
0.2
: PbPb
7I 11 | L1 11 | | | | | | | | | | | | | | | |

& (GeV/fm3)

5 pPb 34.6 nb™, pp 28.0 pb™"

117, 2.3T,

I R
- Prompt y(2S)
- ® 10<p <30 GeV/c

ATLAS

\\l\\\‘\\\‘\\\‘\\\x\\\‘\\\‘\\\l\

Rpr

0O 50 100 150 200 250 300 350 400

Stronger suppression than J/p
Double ratio smaller than in pPb

=» Sequential suppression

arXiv:1805.02248

+_1- " m

_DE_T i

t=]
|
|

—

pPb

Prompt J/y [EPJC 77, 269 (2017)]
®10<p <30 GeV/c
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Y(1S)R

Y'(1S) Suppression in A+A Collisions

0.27,

0.747,

11T,

& (GeV/fm?)

23T,

02T,
>R50 eV

* Y'(1S): smallest size, highest T,
* ~30% from excited states decay at low-py

Strong suppression in central collisions

Onset direct Y'(1S)
suppression?

_PbPb 368/464 ub PP 28,0 pb (5:02TeV)

v RO2TeV _ p276TeV
14 30;60% 10;30% 0;10% 1.6 -
L % Y(1S): STAR Au+Au@200 GeV, lyl<0.5
12} 4 Y(1S): CMS Pb+Pb@2.76 TeV, lyl<2.4 1.40
O .27
2 STAR Preliminary 1L
08} i
o :(( 0 8 L
0.6} @ o o
@Eﬂ 0.6/

D

0.4F

0.2F

04
0.2 N,,y uncertainty
0 | L | | |
0 100 200 300
part

p““ < 30 GeV/c
") <2.4

t Cent.
-m- s, =276 TeV + 0-100% -

-e— Vs, =5.02TeV

+  STAR: Preliminary
CMS: PLB 770 (2017) 357

CMS: CMS-HIN-16-023

hy .,

cms T

Preliminary |

i el

400 0:IIII|IIIIIIIIIllIIIIIIIIlIIIllIIII|IIII|I_—
0 50 100 150 200 250 300 350 400

part
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Excited Y Suppression in A+A Collisions

027, 0.74T, 1.1T, 23T,

eripheral centrl
RAAp P > RAA
RHIC: R, , Y535 <R, ,YU5) in central

& (GeV/fm?)

Ay
. Y'(3S) Y'(2S) Y'(1S)
| LHC: R, ,YG9 <R, ,YC) <R,
v’ X Jhp
Sequential suppression

- % Y(1S): Au+rAu@200 GeV, lyl<0.5 1.0 p”“ <30 GeVio CMS 1 ]
12 & Y(2S+3S): Au+Au@200 GeV, lyl<0.5 - |y””| <24 Preliminary | Cont ]

- Y(1S+25+3S): p+Au@200 GeV, lyl<0.5 I Y “ent.

(K YUSEESHS): prAue20 GeV S 1ﬂ ovirs o o0 ]

i STAR Preliminar i = Y(28) 1 a
0.8 % Y 0.8 1 Y@S)es%cCL | ]

I $ [ T Y(3S)95%CL | ]
0.6 - o 0.6 1 ]

’ A il o
04 0.4 0 + -

i E - ol o 1 H i
02} N uncertainty @ % 0.2k @ . T

0 I 1 . L . L . L . E + % + [i —E u’%l E
0 100 200 300 400 L | L,
00 50 100 150 200 250 300 350 400

part

RHIC LHC "=
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Y Family Suppression vs. TAMU model

T-dependent binding energy; Kinetic rate equation; Include CNM

and regeneration X. Du, M. He, R. Rapp PRC 96 (2017) 054901
Y(1S) Y(@2S) Y(3S) Vs (TeV) 0.2 276 5.02
T, (MeV) 500 240 190 T,2¢*(MeV) 310 555 594
14 0.60% 1030% 0-10% CMS: CMS-HIN-16-023, PLB 770 (2017) 357 TP 368464 ub, pp 26,0 pb”(5.02 TeV)
Au+Au@200 GeV, lyl<0.5 1:i PbPb @ 2.76'TeV [y]<2.4 "’ ] 1ok p, <30 GeV CcMS -
12| * STAR Y(IS) * STAR Y(25+3S) 13 e oMs vS) 3 <24 Supplementary + 1
| ETAMU Y1) EZATAMU Y(25+35) I 12 276 TeV | Yodnootom | 10 B0 Fe; h‘.h‘abb‘ﬁfzfé)‘“‘117{1‘667
| = s N Do e
0.9 £ Y(1S)n=11total 0.8 FAY(9) [ v(as) 68% oL T
08 { ¥E?§§ n_} <1)trgtaI < Y(3S) 95% CL |
07 : Y(25) ne1.0 160 C 06 ¥ -
0.6 iy
o X 0.4 g
0.3 R
0.2 ] 0.2 T
0.1 ¢ = u
0 - L " L R —— > oL . . —— =W T
0 50 100 RTT LO0TESTT 0 950 400 650100 150 200 250 300 350 400

* Good description of Y's suppression from RHIC to LHC energies
* Non-negligible regeneration, especially for Y(2S)
QGP Thermometer?
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Y data vs. lattice-potential model
Complex potential (1QCD); aHydro medium; No regeneration or

CNM B. Krouppa, A. Rothkopf, M. Strickland
PRD 97 (2018) 016017

Y(1S) Y(@2S) Y(3S) Vs (TeV) 0.2 276 5.02
T,(MeV) 600 230 170 T,QGP(MeV) 440 545 632
14 30:60% 10:30% 0:10% — P
Au+Au@200 GeV, lyl<0.5 10 iy 19| CMS: CMS-HIN-16-023 i1 <24
12| % STAR Y(S) * STAR Y(25+3S) m=2A76Te\{ I 1e CMS:' PLB 770 (2017) 357 Jﬁ:soz'rex
| KSU Y(1S) [ 1KSU Y(25+3S) I 08 } 2.76 TeV O<presooey osl \‘, O e
i STAR| 0.2 TeV
2 "8 - <09 t 5.02 TeV
< 1l <IN
- @ 04| ¢
04} # ¢ ¢ yas) ¢
I 02
02
| © N, uncertainty % % + + Y(2S)
l | | | 00
0 0 100 200 300 400 0 100 200 300 400

part

* Describe RHIC data reasonably well

* Consistently below the experimental data at LHC. Regeneration

help.
Mmay help QGP Thermometer? Stay tuned...
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Y'(2S) vs. high-p JA

027, 0.747g 1.1T, 2.3T,

PbPb 368/464 ub™’, pp 28.0 pb' (5.02 TeV)

. 1 _6 _l LI I T T 1T I T T 1T I T T TT I T TT I T I T 1T I T T TT I I__ ]
€ (GeV/fm®) B CMS T ]
1-4:_ Preliminary _:_ _:
1 1.2 — = Syy = 2.76 TeV 1 ]
° N y(2s,* Vs, = 5.02 TeV I cont 1
B , ]
ks 4 0-100% |
208 T .
c - il T ]
- M €1 _
: 0.6 = T _
Y(28) vs. Iy : g . H1gh—pT Jhp + ]
. . . . . 0.4 - . ____ __
Similar size = Similar 7, : .} $ @ 3 i :
0.2 I 7]
0: 111 I lx‘(%ﬁf[ 11 l+ l|lEl| 1 lf 11 I 1 lf IEI 1 ﬁ I :: m :

O 50 100 150 200 250 300 350 400

Npart

Y'(2S) exhibits significant stronger suppression than high-p, J/Ap

Velocity matters?

Formation time effect? Hadronic dissociation?

Zebo Tang (USTC) Charm2018, May 24,

BINP, Novosibirsk, Russian
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Summary

* Low-p; JA:
* Interplay of CNM, QGP melting and regeneration
* C(lear regeneration signal at LHC
* High-p; JAp:
* Clean probe of QGP melting
* Increasing suppression from RHIC to LHC
* Melting in QGP
* Y family and high-p y(2S):
* Consistent with sequential melting
* High-p; ¢ (2S) < high-p JAp
* Y(3S)<Y(2S)<Y(IS)
* More qualitative, rather than quantitative
* More efforts needed to extract QGP properties

* Experiments: Improve precision; new observables ...

Zebo Tang (USTC) Charm2018, May 24, BINP, Novosibirsk, Russian
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Very low-p, JA) in peripheral A+A

< O ALIGE, Pb-Pb (S = 276 TeV  Significant enhancement at very
6 25<y<4 . . .
5t B 0= p_<0.3GeVlc, global syst = = 15.7 % low pT e (Seml_)perlpheral
4 + 0.3 = p, <1 GeVlc, global syst = + 15.1 % Pb-'-Pb COlllSlonS
31 + 1= p_ <8 GeVlc, global syst = + 11.5 %
O Coherent photon-nucleus
2 ommon global syst = + 6.8 % . .
* interaction?
o :' | ' v E * A domain where regeneration 1s
0.7 o e
! i ? negligible
0.5 w
ol o Lo Lon Lo Lol e Almost at rest 1n the medium
PRL116, 222301 (2016)  * Nean!
E
Zie | |— Ann. Rev. Nucl.
S - + Part. Sci.55:271
e (2005)

\Y:p , @ q) ’ J\‘V
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Very low-pT JAp at STAR

5102: ' ' o';_‘10_3_| — T - —
© F STAR Prellmlnary n AutAu 60-80% 0 - STAR Prellmlnary ]
_ @9@ o Au+Au 40-60% 2 - — exponential fit .
i [&] + AutAu 20-40% 2 i Au+Au — interference shape |
o U+U 60-80% = _
10— E,] o U+U 40-60% _ g - 200 GeV centrality: 40 - 80% =
E [p+p baseline uncertainty = 199431 (GeV/c)-Z
n [ﬁ Il 60-80% N_, uncertainty % 10% |- — »2/NDF = 1.7/2 =
- [ﬂj Il 40-60% Ncoll uncertainty - © C % ' -
- [b [ I 20-40% N, uncertainty @ C — x*INDF = 4.9/4 n
(I i
1E : . i i
| w4 N |
: T BT 10° $ .
102 10" 1 10 R S M—— =
p, (GeVic) 0 0.02 0.04 0.06, o ())2]0
—— =p eVic
=1 > B = Au+Au 200 GeV STAR Preliminary i °
Bz T fuaeres Excess observed at p<0.1 GeV/ec,
u;"’ 10 é_ ¢ Expectation of hadronic production _E . o
- - yield has no obvious cent. depend.
oo f BB T S . oy
3 =« ¢ dist. consistent with interference
B . 0 L Slope consistent with that in UPC
107 = =
- g ! o <o1ceve | * Production mechanism under
y—— investigation
Npart
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Observable: Anisotropy Coefficient v,

Coordinate space: Momentum space:
Initial asymmetry Final asymmetry
Non-central Yy
A+A collisions

Pressure gradient =,

Il \

ZIZ 1+22v cos(n¢)

v, Elliptic flow
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Observable: Anisotropy Coefficient v,

Coordinate space: Momentum space: Ultra-clod

Initial asymmetry Final asymmetry [1:%1,’}1};;%28

Science 298, 2179 (2002)

Non-central
A-+A collisions

y

O 100 us
Pressure gradient =

200 ps
- - 3
X A 400 ps
d i
AN /| ]oo | 600 s
Collective flow 1s a general — =1+ 22 vV cos(n¢) -

feature of strongly interacting = "
systems v, Elliptic flow 1000 ps
Heavy quarks can obtain non-zero flow from the DS
system if interact with the system strongly oy
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D’ v, in Au+Au at 200 GeV

L 03| ep° oA  STARAU+AU |Sy = 200 GeV
> N 10-40%
A = 4 3
e 02| gC AQ 293 I
o - D%D o *3 -

& B §=$D§ Q Q’ —- ‘5
> B aa ;] X
2 01 s Gﬁ =
o - g ° $
§ | 7
2 Y4 STAR, PRL118, 212301 (2017)
T 0 a)
C | | | | | |
0 1 2 3 4 5 6
P, (GeVlc)
oD’ oA  STARAu+Au \sy, = 200 GeV
o LaT oK i 10-40%
gt E0 0

0.05 [~ g

Anisotropy Parameter, v2/ ng

05 1 15 2 25
(m_-mg) /n_(GeVic 2)

Follow mass ordering at low-p
Hadrodynamics

Follow meson/baryon separation
at intermediate-p
Quark coalescence

Charm quarks exhibit the same

strong flow are the light quarks
May be close to thermal

equilibrium “Brownian motion’

)

Regenerated J/p expected to
inherent charm quark flow

Zebo Tang (USTC)
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JAY v, in A+A Collisions

RHIC

Au+Au 200 GeV 0-80 % ® STAR J/y—e‘e Run10+11

0.25

0.2

0.15

IIII||IIIIIIIIIIII| Illlllllllllllllllllllll

0.05 ] maximum non-flow STAR preliminary
initially produced
0 coalescence from thermalized cT
-======= jnitial + coalescence
-0.15 — —  — initial + coalescence
0.2 1111_T1T1_11h1y1dr01d1y1nl 1llclllln1111111111111111111111
0 1 2 3 4 5 6 7 8 9 10
STAR, PRLI11, 052301 (2013) p, (GeVic)
And Preliminary

Consistent with 0 @ p>2 GeV/c

Not dominantly produced by
regeneration for p>2 GeV/c

LHC

0.25 ATLAS Preliminary

- ® ATLAS, PromptJhp, 5.02 TeV, |y| <2, 0-60%
0_2__ ® ATLAS, Non-prompt JAp, 5.02 TeV, |y| <2, 0 - 60%

| % ALICE, Inclusive Jhp, 5.02 TeV, 2.5 <y <4, 20 - 40%
- 4 CMS, Prompt J/y, 2.76 TeV, 1.6 <|y| <2.4,10 - 60%
0.15— = CMSs, Prompt Jhp, 2.76 TeV, |y| < 2.4, 10 - 60%

ATLAS-CONF-2018-013
ALICE: PRL119, 242301 (2017)

0.1 Iﬁ CMS: EPJC77,252 (2017) ]
o.os} I * H‘] -
: PR AN T R AN S SR S S A SO S N .

O 15 20 25 30
p, [GeV]

Significant v, observed

Agrees with regeneration

picture
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Experiments

Mid-y Forward
PHENIX e'e uw'nw  Decommissioned

RHIC STAR e'e
wn
ALICE e'e wru
ATLAS u High p- muon
LHC W M_ .g Pt
CMS utu High p; muon
LHCb uu-  pPband
(semi-)peripheral
PbPb

Challenging in heavy-ion collisions:
hard to trigger on; large (combinatorial) background
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