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Introduction

large mass scale m, >>A,,,T

@ produced via Hard Processes from early stage

@ "calibrated" QCD Force---Heavy quark interaction

@® In vacuum NR potential (or NRQCD) e.g V(r)=-a. /r+kr

---spectroscopy well described

® O o
@® In medium Color screening 0%':,). g’f
a8 5 °

Satz and Matsui: PLB178, 416(1986):
J/Psi suppression as a probe of QGP in HIC
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Introduction

T/ T 1/r) [fm1]

@ Thermometer

Y(15)

=l)= . P

e.g for V=U=F+TS (H.Satz et al, 06) F from IQCD : XD
J/$(1S) Y'(25)
state " 1/9(1S) | x.(1P) | v(25) [I T(1S) [ xs(1P) | T(25) | xs(2P) | T(35) «(2P) Y-(3S)
»(1P) wr(2s)

Ty/T. || 2.10 1.16 1.12 II =~ 40| 176 1.60 1.19 1.17

\’—‘ ——

@ Not so simple, many other effects affecting...

(A.Capella et al) (J.W.Croninetal) (A.H.Mueller, R.Vogt, et al)
® Cold matter effects, nuclear absorption, Cronin, Shadowing

@® collisional break-up, gluo-diss.(G.Bhanot and M.H.Peskin) quasi-free diss.(R.Rapp)
® Regeneration/Recombination (PBM, Thews, R.Rapp,et al)

~=1 No effect

NAA "QCD oon
@ Observation R,, = L ~ = medim- < <1 Suppression
“ N collN 5 71// QCD/acuum

~>1 Enhancement
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Introduction

from SPS, to RHIC, Now, we are at LHC era

T T T
Pbe \S —276 TeV

m CMS: 6.5<p <30 GeVi/e, |y|<2.4

® ALICE: 2.5<y<4.0
AuAu s =200 GeV

o PHENIX: |y|<0.35

o PHENIX: 1.2<|y|<2.2

<+ STAR: P> 5 GeVie, |y|<1.0
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® NABO, In-in syst =+ 11% 1.4 PbPb s, =2.76 TeV =

v NASO, Pb-Pb, syst_, =+ 11% m CMS: prompt J/y .

B oot e | 1o :

O . Au-Au 1.2<ly| -,SYSm—_ 2% - 6.5 < pT<SOGeV/c -

a E

s AuAu s, =200 GeV 3

)8 o PHENIX: J/y (ly|<0.35) —

o PHENIX: Jiy (1.2<]y|<2.2) ]

(both PRL 98 (2007) 232301) 7
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v/ Unifed model including interplay of Cold and Hot matter effects

v’ With increasing coll.energy, Hot medium effects increase? where?

July 7, SQM2015

Kai Zhou:Heavy Quarkonium in HIC



Transport Model

Transport(cold&hot) + Hydrodynamic

T
\wﬂv

A

finitially produced J/

anomalous HG > Hydroglynamm
hot nuclear Suppresiio Evolution
matter effects Q&
~ 1)Dissociation
Transport | 2)Regeneration
' %7
Equation < :;)fledc:lsuclear matter — (T
(1)Absorption
2)Cronin effect
3)Shadowing effect
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Transport Model- transport equation & hot effects

@ quarkonium distribution function in phase space f, (.%.1)

B B g+VY o 0+0
atf T Vg + va T Uzazf e —O(f £ id 6 o /8
1) Gluon dissociation :
1 d31€ guy/T_
AR g N
2FE,. Y (2x) 2Eg -
o (w) Spectral Function
g ¢ o L
in Vacuum  OPE (Peskin,1979) N |
(w/ey — 1)3/ 2 05| M FAN\ 27
¢ og(w) = Ao- /)’ LA
€y = const, for Té < I < Tg; 2 ::::/ —
in Medium spectral peak dissapear above 0;: -
Some tem Td OO 2 b ‘I.U ‘llb é() éb 30

w [GeV]
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Transport Model- transport equation & hot effects

@ quarkonium distribution function in phase space f,(p.%.)

Of +Tr-Vrf +v:0.f =—af + B[ &7 T2

1) Gluon dissociation :

R f d’k

- 3
(27)°2E,

Oy 4F 1, (k,x)

2F,
g ¢
in Vacuum  OPE (Peskin,1979) 2t
(w/ep —1)*2
\ c og(w) = Ao- ‘ 15}

w/es)?

€y = const, for T. < T < Ty, x

<r,” >(T)

in Medium 0 (T) = 0 (T = 0)

T Jog T “

<r,” > (T =0) i
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Transport Model- hot nuclear matter effects

@ quarkonium distribution function in phase space f, (p.%.1)

Of +Tr-Vrf +v:0.f =—af + B[ &7 T2

2) in-Medium Regeneration :
1 f d’k d°G, d’g,

p= 2m)' 5 (p+hk—q,— 0, )W, (5) fo (k%) f5 (k. x)

2m,° (27)’ 2E, (27[)32EQ (27r)32EQ
4 (s—m)
® Detailed balance : T.(s) == o i ()
3 s(s—4my)

. . . ) ompt O° 1<0.8, v.(EP) 1" b POPb. (=276 TeV E
® Distribution for heavy quarks is =

assumed (strong interation limit) as:
So(@,%) = N(x) o, (x) /(""" +1)

1.6 5
o Average D°, D', D" |y|<0.5, 0-7.5%
owith pp p,-extrapolated reference

Centrality 10-30%
.................................... TR FETL FATE FURY FETI PN FARY AATURTH |
2 4 6 8 10 12 18 2 4 6 8 10 12 14 16 18

14 16
P (GeV/c) Py (GeV/c)

July 7, SQM2015 Kai Zhou:Heavy Quarkonium in HIC 9



Transport Model- cold nuclear matter effects

@ Initial condition f(p,x.7,) for transport

Glauber superposition from pp collisions along with modification from

CNMs:

Cold
Effects

Nucleareroiectie
ab

r Absorption

{

coll

Cronin  Gassian smearing treatment
gluons in Pb / gluons in p
|.3 RBLILAALLL B LR LLLL B R LA RLLL P Ivnlﬂ| e | T
12| (LHC RHIC | 4PS
o LI Amaes 1<x)(X)§chi,«i‘§'\;*;: 1
Q: 1.0 |eeotenene sia .....A.’.:,.f‘;'g/v’, R A, Q-
\ N R )
Shadowing <resb - --2redegp [ A A
087 . =T pF* /Shadowing 7
07 =TT @=25GevE
e : ! Y o
ot P e I DN T UM O o

107

10

10°

.2
10~

107"

<<1y so it's neglected at LHC

Cronin effet

nPDF vs. free PDF

R.Vogt et al. PRL91 (2003)
142301.PRC71(2005) 05490
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Transport Model- test of cold matter in p-Pb

RAA

® ALICE Preliminary

p-Pb \s\,=5.02 TeV, Inclusive J/y

-4.46<y  <-2.96

2 4 6
pT(GeV/c)

LELEL I BB B L L NLELELNLEN SLELE

EEEAE ]
Inclusive Y(1S) LHC 5.02TeV p-Pb]

E —o— LHCbdata
0.2 —o— ALICE data

RS FRETE FERTE FRTWE FRTEE FTers

|
5 -4 -3 -2 -1 0 1 2

rapidity y

p-Pb 5.02 TeV

Cronin + Shadowing(EKS98)
can describe the p-Pb(5.02
TeV) data well !
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Results—Yield's Centrality depen. (all pT)

Nuclear Modification Factor R,

1.0  (a)2.5<y<4 e ALICE data =
Pb+Pb\/s,,=2.76 TeV |

v Inclusive J/¥ p>0 1. Regeneration plays an important
0.6 - roll in most of centralities, and can

- be dominant.
0.4
&2}' P __::::122=H—~==:::::§

i /////// .
0.0/ ‘ ‘ -

1.0 (b)|yl<0.9

0.8 agn
2. Competition leads to platform
0.6\ structure in most centralities.
0.4
0.2}
0.0 , . . , ,
100 200 300 400
PRC89 054911(2014) N
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Results—Yield's Centrality depen. (pT bin)

ol T T X L v
19 (a) p;= [0,2])(GeVic) @ ALICE data .

0.8 Pb+Pby\s,,=2.76 TeV Inclusive J/'¥ 2.5<y<4 —:

Forward Rapidity

0.6

: 1. flat structure gradually
dissappears with pT.---->

0.2}

0.0}=
1.0

0.8

Regeneration is mostly
contributed in low pT part.

0.6

04

0.2}

2. Jpsi naturally provide two
probes:

a) Hard Probe: high pT,
Color Screening

b) Soft Probe: low pT,
Thermalization

ool | . | —:OPRC89,05491 1(2014)

0.0/
1.0f

0.8k

Nuclear Modification Factor R,,

0.6 1\G

0.4}

0.2}

0 100 200 300 N 40

part
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Results—Yield's Centrality depen. (pT bin)

Mid-Rapidity
<1.00 pbiPb\s,=276TeV
o " Prompt JIV |y|<2.4 ¢ CMSiData 1
0.8} g
0.6} ]
- I p,<[6.5,30](GeV/c) 7
0.4 : [ :
: 1 Note the "kink" ===
0.2 = .
: Melting Tempereature from
oor . . . . . . . .1 Color Screening
0 100 200 300 400
PRC89,054911(2014) Noart
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Results—RAA(pT)

(a) 0-20% ® ALICE data |

08
Pb+Pb\s,,=2.76 TeV -

Inclusive J/'¥ 2.5<y<4—_ Forward Rapid |ty

| 1. Regeneration -- low pT
- Initial -- high pT.

06

0.4

0.2

0.0

0.8

2. Competition leads to slightly
y "Valley" struture

0.6

0.4

0.2

0.0

[T@aosee 3. The decreasing behavior
: indicates regeneration

0.6

Nuclear Modification Factor R,,

0.4}—

0.2}~ —
_—

o __ | PRC89,054911(2014)

1 1
( 2 4

p_(GeVic)
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Results—Modification for Trans. pT: rAA

a _l > I L 1 - O I
N,\"‘ 16 (a) Mid-Rapidity o0 U oog 1
S =
U o -
< ™~ -
< - -4
o122 #a
o K 5
v = =
1.0 BEh ey o o __-
B RHIC -
08} =
06— P =
[ O NAS50 Data |y|<1 _ &
04~ @ PHENIX Data ly|<0.35 LHC —
1 i L L L A 1 i 1

! ¢ ' | Ll 1 LI
1.6 (b) Forward-Rapidity =
e { | S
; : ° RHIC 1
12 = -
10H& -
08| =
06— ® PHENIX Data 1.2<|y|<2.2 L HC '
-~ @ ALICE Data 25<|y|<4.0 3
04l A
[ . 1 1 . 1 . [ =

0 100 200 300 400
PRC89,054911(2014) Ny

SPS: Cronin effect for
initial

RHIC: competition betw.
initial & regeneration

LHC: dominan regeneration

Nuel Phuae AR24 240C (20 ﬂ)

1 NVNULViL. L LLJ el LUJ_I',A‘_I'/ \J\L{V AV
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Results—Modification for Trans. pT: rAA

I > ' 2 1
-

[ (a) Mid-Rapidity

T O NA50Data |y|<1
04— @ PHENIX Data |y|<0.35
1 L

-+

l A
T ' I
— (b) Forward-Rapidity

——

06 :— ® PHENIX Data 1.2<|y|<2.2 L HC
[ @ ALICE Data 25<|y|<4.0 1
0Af -
| R 300400
PRC89 054911(2014) Npan

T\T nl Dl« i AR24 240C 0010

R, T OGP T

hotter

Clearly showes
a hotter medium
been created at
LHC !

Del AU Tow I U\ ULV
- ’ \ J
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Fixed Target Pb+Pb 2.76A TeV (AFTER) ~ sy, =72GeV

_ Preliminary Results

lower border : w/o Shadowing

0.8; [] STAR Data62.4 GeV upper bOrder W|‘th ShadOW|ng
< 0.6f
oat Ay=tanh™ B =43
Y i
:i Fi)I(ed Tarlgel Pb:l-Pb E[a|h=2.76:!\TeV, ?"abﬂs. mld-y (|ab-y=43) : Anti-ShadOWing
—  Lfor-y (lab-y=2.3) : Shadowing

Double Ratio

A ——
I R;‘: =4.3/R1|:=2.3 1
. =4. : =2.3
o / Sensitive probe to gluon distribution

NS v
LRRRLRRLLRLLRRS

"’I’)}"’~'t'A'A'A',51010!0'.01020:010'0'0'0‘0‘0'0'0'
0

SO OI,99.0.4
_4_/77.7

0.8
Fixed Target Pb+Pb Emﬁ=2.76A TeV, Jiy
1 I 1 1 I 1 I
0 100 200 300 400
Npart
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=1 not that hot

\ —— =1 1 a little hot

[ O NAS0 Data |y|<1
AL @ PHENXData <035 LHC —
l ' l ' A
1 o 1 o 1 ¥ 1 id 1

very hot !

O Finite chemical potential 's effects, which is relavent for lower
energy case : FAIR

O Event-by-event simulation for both open and hiden heavy mesons
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Thank You !
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Transport Model- ideal Hydro dynamics

® 2+1D hydrodynamics

{@TW R
: p
0,j" =0 Jo =nu

® Equation Of State:
|ldeal Gas with quarks and gluons for QGP
& HRG for Hadronic phase

zf|—.,’7 25005
& PRL 106 (2011) 032301
FMD

4/

@ Initialization:
Glauber model & constrained by
fitting Charged Multiplicities

1500

1000

500]

ALICE

®hits
| ¥VO
SPD

-

<=

& LR

Pb-Pb
\Sx =2.76TeV

& Preliminary

"0-5%

*5-10%
= 10-20%
= 20-30 %

*Tracklets %r
='!L
TR
& i
==
At
L,
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Backup—Yield's Centrality depen. (pT bin)

Mid-Rapidity
<1.0C PbiPbys,, =276 TeV N
oc " Prompt J/¥ |y|<2.4 ¢ ChsiDags
0.8} =
0.6 .
i I pTe[6.5,30](GeV/c) i
0.4 i 3 .
; 1 Note the "kink"----
0.2 = .
: Melting Tempereature from
oo . . . . . . . .1 ColorScreening
0 100 200 300 400
Npart

PRC89,054911(2014)
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Backup—RAA(pT)

Mid-Rapidity

Nuclear Modification Factor RAA

1.0 T l !
Pb+Pb\ s,,=2.76 TeV ¢ CMSdata
0.8 Prompt J/V |y|<2.4 0-100% -
0.6 =
= -| "Valley" struture more clearly
=
0.2 2
.
00y 5 16 T

PRC89,054911(2014) P (GeVic)
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Backup-- Trans. pT: rAA

h:tt i pQCD charm 3
12 -
7 2] T
1.0 <2 \ S v e S A eyt S e =Sk b e Tt Sl rAA - ) A4
<pT >pp

08

lllill

06

1, sensitive to the degree
of heavy quark thermalization
--energy loss.

04

L L R B
-
-
-

12

2, not sesitive to the cold
nuclear matter effect------
Shadowing effect.

0af- ® ALICE Data25<ly|<4.0 - clearly indicates QGP's medium
0 N [ effects
PRC89,054911(2014) Npan
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Results—Eilliptic flow v2

T I I I T_]

14 // Pb+Pb\s,,=276 TeV -
o S Femumwet 2 4. remarkable v2 due to
= - b=8.4fm = .
of ’ important regeneration !
6 -->Refletc energy loss of heavy
2 af quark.
>'N 2
3
2 of
L 15F .
= { 1 2, "Ridge"struture from two-
w E ] .
5: thermalB | component'
- pacDB | | hard (initial. jet)
op—r~J>le— —— — T ——— —= .
: .- soft (regeneration. hydro)
-5 Pb+Pb\ s),=2.76 TeV -
- Inclusive J/'\¥ 2.5<y<4 T 7 ] ] ]
OF o ALICE data 0-00% L9 3 v2 for high pT indicates B
g meson’s thermalization

PRC89,054911(2014)  Pr(GeVd
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Transport Model- test of cold matter in p-Pb

0.2 inclusive Jpsi  LHC 5.02TeV p-Pb

N INENE SN NE SN EE NN TS NN

_lllllllllllll
00543

i (TR )
2 -1 0 1 2

14—
1.2F
1.0F

0.8

I:{AA

0.0k ' '

rapidity y

0.6f  ® ALICE Preliminary
04l P-Pb \'sy=5.02 TeV, Inclusive Jiy

02:_ '4.46<ycms<"2-96

0 2

4
pT(GeV/c)

LELEL I BB B L L NLELELNLEN SLELE

1.4 Inclusive Y(1S) LHC 5.02TeV p-Pb]

C b=5fm —o— LHCb data
0.21- —o— ALICE data |
00'1.IJ,u;luulu..J..“l“ul“uh“11““11“—
5 4 -3 -2 -1 0 1 2 3 4 5

rapidity y

p-Pb 5.02 TeV

Cronin + Shadowing(EKS98)

can describe the p-Pb(5.02

TeV) data well !
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Transport Model- solution of transport equation

2, 1 2, _
[cosh(y —n) oy + —sinh(y — 77)()_77 + T - Vt] f=—af+ 03

/

f(]j}. Ys ft? 17, T)

' e [T drt )
[ B A6, Y6, e

+
T0
S —
, E,
7i(t") = & — ¥ [rcosh(y —n) — 7' cosh(A(y — 1))]
Y(') = y—-Ay-n)

_ a(Dy 12 (1), Y ())s 1)
cosh(A(y — 7))

B vy B i i BlPiu:re () ¥l )ert)
B(pt.y, (1), Y(7),7) = tcosht(A(u—ll))

—

Ay —n) = a.rcsinh(i—/ sinh(y — 7))

/

Both Initial production and Regeneration suffers Suppression
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Results—Bottomonium differsV=U or V=F

<1-2_""‘I""I""I""I""l""l""l""_ 1.2_"_"l“"I""l""l"“I""l""l""
< | | Pb-Pb |s,=2.76TeV . %l | Pb-Pb\/s,,=2.76TeV i
— ToaI(ig) - .0 T —— Total Y(1S) j
------- Primordial Y (1S) sicaie: PHMGHAIBIYS) —:
o Regenerated YX(12) — — Regenerated Y(1S) |
T .
...................... . - — AL :
-U 1 - ® CMS:Y(1S)

= 0.2 |y<24 ]
————— —|_—|——|_—_|_ ] NNl e b e P T T T T T T
1O_'"‘I""I'"'I""I""I""I""l"'_ 1 R N B R I '_
:tt T Pb-Pb \s,,=2.76TeV | < '0? Pb-Pb\ s,,=2.76TeV ]
_ | < i 4
oc 0.8[-\® CMS:Y(2S) —— Total Y(2S) o oc 0.8[} * cms:v(2s) —— Total Y(2S) .

i ly|<24 - Primordial Y (2S) 1 lyje24 = = @ s Primordial Y (2S)
0‘6__ — — Regenerated Y(2S5) ] 06-— — — Regenerated Y(25) |
V=U , i 04__ [ : V=F N

50 100 150 200 250 300 350 400 00 50 100 150 200 250 300 350 400

Npart Npart
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Transport Model- cold nuclear matter effects

Absorption x e—O'abs(T.ﬂ:-ﬁ ZA o) +TR(x; —l;.—oo.:g))

t. ; <<ty (soat LHC can safly be neglected)

coll

Cronin pT broadening (use Gaussian
smearing)

"2
Pr

- - - 1 P ](" 2 45 ) - !
fpp(pTaxTaZAaZB): " d”pre e fpp(| Pr—Dr )
mgN'l(xTazAazB)

agN — Az (ﬂ)o';';fZaSiticpo agN — O]SC;QV2 /c2 @ LHC Pb-Pb 2.76TeV

Init.J.Mod.Phys.E.12,211(2003)
Phys.Rev. C 73, 014904(2006)
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Transport Model- cold nuclear matter effects

muonswle/QMOn5|np
: flOsm) TR e |
Shadowing R'(x,u,)= T F = (o
g x5 F Ql.() :.. .
. (-3 B . : -
for open & hiden heavy mesons oo ;_,;_,»Sbg#}wm& ) dow.,;g-
0.7 ::':--‘::';""' o EQ_Q_ 25 GpV. -
107 10 10° 10” 10” 1
J/p
Aa
5 (2->1)process . Ami+pl
> X = (2
g . 1,2
— Color Evaporation Model S
do?, do
- A = d xx x R x R ﬂ
PP dedyw jygl2f(1ﬂF)f(2ﬂF) s

(27{)3 d(TI’I’

LT coshyy dy

AAs fy(B. %) =

—;
f dzadzppa(Xr, 24) -

PB(-ﬁ‘ - b,z )(Rg(f'r. X1, ;l‘/') ;

— i r ¢ = v - .
(R‘,‘;(.\"[' -, X2, Hf )fpp(p'l'~ XT,2A,2B)

Re(Fr, x.ptp) = 1+ Nap[R) (x, pty) — 1]

R.Vogt et al. PRL91 (2003) 14230]1.
PRC71(2005) 054902
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Transport Model- ideal Hydro dynamics

® 2+1D hydrodynamics( x, =0 )

0,0 +V,-(pVr)=0 (p.(3,,7r)=7-n"") 4mm kinetic thermalization for HQ
0.E+V, -M,=—(E+p)lt

N OM, 4V, (M5 =M, 1 t-0,p
OM,+V,-(My,)=—M,/7-0,p

{8ﬂT”V:0

Boost Invariance in z-direction

E=(s+p)y’ —p M =(g+p)y’v

® Equation Of State:

. s e P‘."P"j “0-5%
|deal Gas with quarks and gluons for QGP | e ey T
& HRG for Hadronic phase ™0
*:Frucklels + o "20-30%
'=-..
1500 .f:}?:{mr.. | _:%{:{_; "ﬁ
@ Initialization: + i
. 1000—
Glauber model & constrained by
fitting Charged Multiplicities sop
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