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Introduction

Large mass scalem, >> A, T

® Produced via Hard Processes from early stage

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

» Invacuum NR potential (or NRQCD) e.g V(r)=-a,/r+kr
---spectroscopy well described

® O o
» In medium Color screening O%':-"'o g’f
0 09, ©

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

® Thermometer

e.g for V=U=F+TS (satzetal 06) F from IQCD :

T/ T 1/(r) [fm1]
Y(15)

%, (1P)

state II J/U(18)

YA1P) | ¥ (25) II T(1S) | xa(1F

) | T(2S) | xs(2P)

J/¢(1S) Y'(2S)

T(3S) %'(2P) Y"(3S)

T4/T. || 2.10

1.16 1.12 II =~ 4.0 1.76

1.60 1.19

2(1P) wr(2s)
1. 07

\'—-—"‘

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

(A.Capella

et al) (J.W.Cronin et al)

~ Cold matter effects: nuclear absorption,

(A.H.Mueller, R.Vogt, et al)

Cronin, Shadowing
~ Collisional break-up: gluo-diss.(G.Bnanot and M.H.Peskin) quasi-free diss.(R.RAPP)

» Regeneration/recombination: coalescence (PBM, Thews, R.Rapp...)

~=1 No effect

. N "OCD .
® Observation R, , = J/'/’pp ~ "Q medium_ < < 4 Suppression
NcollNJ/l// QCl)vacuum
~>1 Enhancement
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Introduction

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

§2III‘TIIPP Yl2'716l1|. T T TT |‘I|III|III| lIIIlIIIIII
- bPb s, = e/ 3 B —_ 1
o L NN a & T - |
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KA AuAu {5 = 200 GeV 1 12 | R O100; M =24
148 = PHENIX: |y|<0.35 = .-
' > PHENIX: 1.2<|y|<2.2 i 1!
1.2; vr STAR: p_ =5 GeVic, |y]<1.0 AuAu |5 =200 GeV
1 08— Y - o PHENIX: Jly (|y|<0.35) —
1, ] & 1 C j 5 PHENIX: Jiy (1.2<|y]=2.2)  _
08 "-” i P (both PRL 98 (2007) 232301)
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_ sohe T ] AT Cent. 0-60%, Jy]=1.0
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'-_Jn,l PIS 0 Gh) IO o W WV O O O W ] L PO I T T T B I g By 1%y gy Ly i1
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N, o P, (GeVic)

v Unifed model including interplay of Cold and Hot matter effects

v With increasing coll.energy, will hot medium effects increase? where?

v To higher energies (eg. FCC) what would happen? (thermal charm ?)
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Transport Model

Transport(cold&hot) + Hydrodynamic

A
finitially produced J/ N
egenerated J/y
At HG \ Hydronnamlc
hot nuclear | suppressio Evolution
matter effects .. y 0,T" =0
~ 1)Dissociation 0,j"=0
Transport | 2)Regeneration + EoS
| X/
Equation < gic:)fléic:lsuclear matter ) AT
1)Absorption z
2)Cronin effect
3)Shadowing effect
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Transport Model- transport equation & hot effects

@ quarkonium distribution function in phase space ¢, (5,31

Otf +Ur - Vrf+0v.0,f =—af +0 i—l_qj(_)Q—l_ﬂQ

1) Gluon dissociation :

1 o dk N /T
[ O AF 0 £ (e x) 4 2/ )

2E, 7 (27)'2E,
o (w) Spectral Function
g c . ‘ | 7
>< in Vacuum  OPE (Peskin,1979)
(w/ey — 1)%2
v : 76 = Ao T
€y = const, for T; & I < T4
in Medium spectral peak dissapear above
some tem. Td

9] 5 10 15 20 25 30
w [GeV]
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Transport Model- transport equation & hot effects

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

Of +Tr-Vof +v:0.f =—af + B[ &7 T2

1) Gluon dissociation :

1 &’k N /@' 1)
= O 4F k,x)«T —=
2F, I Qn)2E, & erfs (o)

B 25
g>< ° in Vacuum  OPE (Peskin,1979) A

W/€h — 1 32
v C ag(w) = Ao- ( /(i/ﬁ)g E |
€y = const, for T; < 42 TG !
i di <ry" >(T) *

N Me ium O-g\p(T):O-g\y(T:O) b4

T Jbg T ..

<r, >(T=0) T
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Transport Model- transport equation & hot effects

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

Of +Tr-Vof +v:0.f =—af + B[ &7 T2

2) in-Medium Regeneration :
1 f d’k d’g, d’g,
2m,° 27)’2E . (27[)32EQ (2x)’ 2E,

p= (27)' S (p+k—q, =gV, () fp(k,x) f5 (K, x)

_4 (s—my)

. . — '
> Detailed balance : O,.(s) 7~ Ouiss.(5)
3 s(s—4my)
& [T e T I IO 2 e e e 1
0.6 ALICE 4 © PromptD°|y}<0.8. v.{EP} ‘CE( 18 Pb-Pb, Sy = 2.76 TeV E
Pb-Pb, -276Tev Syst:fromdats a3

» heavy quarks are assumed to be
kinetically thermalized:

1.6) .
e Average D°, D*, D™ |y|<0.5, 0-7.5%

1>2} ) 1.4f owith pp p,-extrapolated reference

« Charged particles, fn|<0.8, 0-10%

(ks x) = N(x)n, (x) /(""" +1)

Centrality 10-30%
.................................... FETE FEWH FUTE NUTE FETY FUTE FUNY AATURTH |
2 4 6 8 10 12 18 2 4 6 8 10 12 14 16 1

TV RET 8 | P I Y P FUTU P ST T
p, (GeV/c) P, (GeVic) 0 5 10 15 20 25 30 35 40

[ (GeVlc)
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Transport Model- transport equation & cold effects

@ Initial condition f(5.%.1,) for transport eq.

Glauber superposition from pp collisions along with modification from
cold medium effects:

Nucleareriectie
ab i

{

 Absorption <<ty so it's neglected at LHC

coll

Cronin effet

Cold

Effects Cronin  Gassian smearing treatment

e

gluons in Pb / gluons in p
LILJ il T T LILBLRLRLI

l"l lll,'l””m
> ‘o

113 Al ]"I'"[ 1
12} iLHC:

I: Il"l'[ . L
RHIC

e Ll A= 208 14_)0003ch3,’"‘4"‘*; 1
: SOENSLI?. /A

NQ;’ G : "_4/;:',«..}, y\ _
\ Shadowing <ip ==z )/ At N nPDF vs. free PDF

ol = e e o i R.Vogt et al. PRL91 (2003)
e s Lo X 142301 PRCT1(2005) 054902
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Results—Yield's Cenftrality dependence

Nuclear Modification Factor R,
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» Regeneration plays an important
roll in most of centralities, and
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» Competition leads to platform

0.6 ' iti
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02 s A
POl LS "
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Results—pT dependence : RAA(pT)

08

06 e

0.4

0.2

0.0

- (a)0-20%

I
® ALICE data

Pb+Pb\'s,,=2.76 TeV -
Inclusive J/\V 2.5<y<4 |

0.8

0.6

0.4

0.2

0.0

0.8

0.6

Nuclear Modification Factor R,,

0.4}—

» Initial production:

® Cronin effect in initial stage

® strong low pt suppression and
high pt leakage effect

—> initial pt broadening

» Regeneration:

® coalescence mechanism

® energy loss induced
thermalization

—> low pt regeneration

0.2—\\ )
o PRC89,054911(2014)
t ’ ) p_(GeVic)
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Results—Modification for Trans. pT :

a I ) = L v 1 O I
N,\“ 1.6 = (a) Mid-Rapidity e Y epg 2
Q._

8  NAS50 Data |y|<1
® PHENIX Data |y|<0.35
N 1 N 1

I ’ 1 + 1
1.6~ (b) Forward-Rapidity

T IITIIIIIIIIII IIIIII‘IIIII 1)

14

12

lllll"]l'

10HE

08
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llllllllllll

°_ll'ii[l'lli1l

06 ® PHENIX Data 1.2<|y|<2.2 LHC
B ALICE Data 25<|y|<4.0
04
: 0 300 700
PRCS9 054911(2014) N....

rAA

SPS: Cronin effect for
initial production

RHIC: competition betw.
initial Vs. regeneration

LHC: dominant regeneration

,H LI

NuekPhys-A834,249C(2010)
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Results—Modification for Trans. pT: rAA

a [T I 1 1 O 4
,\‘1 1.6 — (a) Mid-Rapidity = TR ‘rsps T <p£ >
o E = o= A4
14 — 44 <p2>
£ a T
_: A / S NN T QGP T i

T N e e 3
E @ RHIC x
08} fa
3 4| hotter
8 NA50 Data |y|<1 _v
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i 1 1 4

i ¢ ) + 1 ' t a
1.6 [~ (b) Forward-Rapidity 37

Clearly showes
a hotter medium
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b ” {1 LHC!
l L L 3(1)0 " 450
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NuekPhys-A834,249C(2010)

,H LI

Kai Zhou Trento ECT* Quarkonium 2016 13



Results—Bottomonium differs V=U or V=F
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Thermal Charm Production--Motivation

When we go to higer and higer energy collisions (eg. FCC) -

the medium become much more hotter and denser

{ hotter means thermal partons are more energetic (~ s)

Q
2

denser means a higher PDF in the medium

O'AB—)[CE](S) = Z _[dX1dXQOQU_)[CE](x1x2S7mzalu)fiA(xl’/u)fjg(xz”u)
i,j

! T
—@— ALICE (total unc.) P
4| [ ALICE extr unc. 2 o]
10 10" E- 25— Anas preiminary (otal unc) . =
o F [ Amasextr unc. P b
E HCb Preliminary (total unc.) L ]

JHEP 1207 (2012) 191
T T T

ssssssss
EEEEEEEE
NNNNNNN

11 VAR TR E ) PR M R R I U |
10 102 10° 10
\s (GeV)

— secondary in-medium thermal charm production rate

can be large

Theoretically, would dynamical .
Charm flavor also contribute to 4
bulk medium properties? 3
like EOS, transport coefficients... >

M.Laine, K.Sohrabi, Eur.Phys.J.C 75 (2015) 80 L

(e-3p)T*

IFH
%

HTL N~=4
continuum limit N -i+1 /3
N=2+1+1 @ 214 MeV —o
N=2+1+1 N=6 —o—
N=2+1+1 N&=8 —o—
NF=2+1+1 N=10 —5—

ertal-Budapest 2014

Kai Zhou
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Thermal Charm Production--Motivation

When we go to higer and higer energy collisions (eg. FCC) -

JHEP 1207 (2012) 191
T T T

Q
2

the medium become much more hotter and denser

ATLAS extr. unc.

ssssssss
EEEEEEEE
NNNNNNN

{ hotter means thermal partons are more energetic (~ s)

denser means a higher PDF in the medium

_ . _ Fint ',’. ,.’I.l...‘ ML SUEN 1 O N
o () = Y [dvdr 601 s, m ) £ G i) (e
i,

10° 10
\s (GeV)

— secondary in-medium thermal charm production rate

can be large

Phenomenologily, — ny&' " ~nio - i\;(ie—‘; \
e Garenr €°
\ u V
_ \ ofev: __----
Charmonium Enhancement ? 3 —————
-
Kai Zhou Trento ECT* Quarkonium 2016 16



Thermal Charm Production

Rate equation for charm quark density:

uo_
a,unc T Rgain B Rloss
Rgain = Rgg—)cE(g) + Rq@—)g*é(g) (Nason, Dawson & Ellis, 1988)
]
R, .. :from detailed balance with R, =
ain z
©

do._/dn

4

n, (g, %, |p) = T, (%)T, (%, —b)R 1 (x,, %, )R (x,, %, —b)

thermal production in Pb+Pb becomes
remarkable at 5.5 TeV and 39 TeV.

Kai Zhou Trento ECT* Quarkonium 2016
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25

e——

1 1
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— Pb+Pb |s,=2.76 TeV  y=0

w. shad | w. thermal pro.

Pb+Pb |s,,=5.5 TeV

Ncoll*pp
G——

only shadowing

T Pb+Pb \'s)=39 TeV




I N 1 N 1

NEW Results—RAA(Npart)

T ® ALICE Data 1

. 2 . E . ;- -
since NV peneraii n ~ Nz , thermal charm production A = i E
can enhance the charmonium regeneration i =
. : : 0of -

upper dotted-lines : without shadowing i =
@2.76TeV :ZE_ Pb+Pb |5, =55 TeV %

. T 1 a5 s, =

® weak thermal charm production i =
@5.5TeV = it

-
----------
...........
---------

® regeneration enhanced ~40% (quatratic in c) Z““ ______ | |
o.c_— : : : —-
@39TeV TR P =
® wide plateau -2 clearly increasing trend 1_0:,._'?.'?:?'_’ R B i
® central coll. 0.2 0.75 ( 3 times!) otk iritianiity, .
® production sourced directly from thermal 4.\
medium but not initial produced charm Gk o . thermal pros

w. shad | w/o thermal pro. i

oo ., ., T
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Results—RAA(pT)

Pb+Pb

Initial production dominate high pT,
regenration dominate low pT.

@2.76TeV

® regeneration mostly from initial charm

@5.5TeV

® sizeable enhancement ~ 40% at low pT

@39TeV

® RAA >1 at low pT~enhancement
® slight bump impling thermalization (flow)

Mid-rapidity, central collision

\Syn=2-76 TeV

........................................

.
.

|'w. thermal pro.

Kai Zhou

Trento

VSyn=39 TeV

w. shad HM/O\‘ ermal pro.

5 10
pT(GeV/c)



not that hot

a little hot

[ O NAS50 Data ly|<1

v ‘l ® PHENIX Data ly}<0.35 LHC —
3 1 » 1 i

1 4 1] r T

very hot !

4
+
—

since N,pwwion ~ Nz, thermal charm production  ___--

. - == idey

can enhance the charmonium regeneration,__.----= Slar CoMide
. " mgm ? F“t\ll'ec \

source for charmonium changed from |n|t|a1‘ 39Te\7_- ______
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Thank You !
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Transport Model- test of cold matter in p-Pb

LEL LI LB L L [ LA L I L LN L NN BLNLEL L BN

1.4 Incluswe Y(1S) LHC 5.02TeV p-Pb‘

. b=5fm —o— LHCDb data 3
- L ! 0.2 —o— ALICE data |
5 4 -3 -2 -1 0 1 2 3 4 5 0,00l bl N WO IR, N | A

'-5-4-3-2-1 0 1 2 3 4 5
rapidity y

p-Pb 5.02 TeV

0.6f @ ALICE Preliminary

RAA

Cronin + Shadowing(EKS98)
can describe the p-Pb(5.02

04l P-Pb \su=5.02 TeV, Inclusive Jiy |

0of  -A46<y, <-2.96
Bt 1 . 1 TeV)data well
0 2 4 6 8
pT(GeV/c)

Kai Zhou Trento ECT* Quarkonium 2016 22



Results—Eilliptic flow v2

e Pt T R % O e (L 60 I | T T T

1af- / | A
- / Pb+Pb\/s,,=2.76 TeV
12} / Prompt J/¥ |y|<2.4 -
10|~ Regen. // b=8.4fm =
8 » remarkable v2 from the
& regeneration = reflect
& ! heavy quark thermalization.
-
g o
g LI 1 » "ridge" structure due to
= 10 JI 1 two component competition:
5: thermalB _ :
S s pacos | - {hard (initial. jet)
o i oY ? : soft (regeneration. bulk)
- Inclusive J/'¥ 2.5<y<4 T A
10~ e
- & ALICE data 0-90% 4

LR S T T s
PRC89,054911(2014) P (GeVie)
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Backup—Yield's Centrality depen. (pT bin)

Mid-Rapidity
$1.0¢ PbiPb\s =276 TeV
IC | PromptJw |y|<2.4 * CMSiDala 1
0.8 .
0.6 .
B I pTe[6.5,30](GeV/c) 1
0.4- i E Wy, "
; 1 Note the "kink"----
0.2 - .
: Melting Tempereature from
0.0 ; l ; l ; l . L] COlOf’ Screening
0 100 200 300 400
Npart

PRCS9,054911(2014)
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Results—Modification for Trans. pT: rAA

< -
h( - o ////// pQCD charm :
g Lz, (p})
B T/ 44

1.0 <% imimime- (mimim e - R, S -
2N

08

os|- 1, sensitive to the degree

E of heavy quark thermalization
| : ——+——+ =--energy loss.

vak E:

iak R e — .
)\ msmasonna ] 2, DOt sesitive to the cold

! %] huclear matter effect------
i LIS | .
wf  Shudowing <zl Shadowing effect.
04~ ® ALICE Data25<|y|<4.0 - clearly indicates QGP's medium
T 1 - —T effects
PRC89,054911(2014) Npan
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Fixed Target Pb+Pb 2.76A TeV (AFTER) ~ s =72GeV

1-0 lower border : w/o Shadowing

[ STAR Data62.4 GeV

L8 upper border : with Shadowing
< 0.6
-1
oA Ay=tanh™ =43
T JY
0.2 . 7 ] . .
| Fixed Target Pb+PDE =276ATeV,y, =43 ] Jer"d_y (lab_y=43) - Ant|_ShadOW|ng
npl— 1+ . . 7 _
- | for-y (lab-y=2.3) : Shadowing
I R:‘:’ =4.3/R1|:=2.3 —
g - a
3 10¢ / Sensitive probe to gluon distribution
o]
o | % A
05 v "’”}},7};;}/4‘;/0}}0:03}'0‘0'0'0'0'0’0’0':0:
"| Fixed Target Pb+Pb E,,276ATeV, Jy
0 100 200 300 400
Npart
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Transport Model- solution of transport equation

o 1 9 B}
[Cosh(y - 7))(‘_,)—’_ + —sinh(y — 77)()_’7 + T - Vt] f=—af+ 03

f(‘ﬁt' Y, “Ft.' 1, T)

= f(pt? y*,'rt(T()),} (T()),T())G fTO
i T 7
+ / 0 Bl p. (), V() 7)o S Gy I

TO
g = 2E
t z,
(') = & — ¥ [rcosh(y —n) — 7’ cosh(A(y — n))]
Y(r') = y-A(y—-n)

_ a(Peyy, Telr!), Y (') y1")
cosh(A(y — 7))

- i B\ s vl Yol ) 7")
By, (7)), Y (7)), 7)) tcosht(A(l/ e

_—

Aly—n) = a,rcsinh(”l—/ sinh(y — 1))

/

Both Initial production and Regeneration suffers Suppression
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Results—Yield's Centrality depen. (pT bin)

1.0

0.8
0.6

0.4

1.0

0.6

0.0

Nuclear Modification Factor R,

0.2

0.0

" 1 1 ]
0 100 200 300 N

0.2f

0.0|=

0.8

0.4}
-

0.2

1.0f
0.8}
0.6/\Z

0.4}

N T T Y T T
(a) p;= [0,2])(GeVic) @ ALICE data -

Pb+Pby(s,,=2.76 TeV Inclusive J/¥ 2.5<y<4 |

[III
|

Forward Rapidity

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

Regeneration is mostly
contributed in low pT part.

2. Jpsi naturally provide two
probes:

a) Hard Probe: high pT,
Color Screening

b) Soft Probe: low pT,
Thermalization

4 PRC89,054911(2014)

rt
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Transport Model- cold nuclear matter effects

gluons in Pb / gluons in p

y 137

Shadowing r'(x )= ¢ 5Hr) 12 |

g \"F AfNucleon(x U ) o~ L1}

g PTES Q10

for open & hiden heavy mesons e L
[ b 5 o =
07 = g as Gev*
0.6 ".1 Lo i ,..l.ul? . : X
10”0 10° 100 107 10! 1
J/p
ha
g
s (2->1)process o Jm2 + p? e
2 : ,
— Color Evaporation Model S
do?, do
= el
pp M Idygxlxz f(xlﬂluF)f (X5 14r) i
L Qr)y  do)l, .
AAS (B3 = — L f dzadzppa(Xr.24) -

E; coshyy dy | TA(Rr)
Re (X7, x, 1) = 1+ Npp[R, (x, pyp) — 1] T20)

8(Zr — b, 2)R.(Rr, X1, lis) -
pB(X b)Reg(X7, X1, ff) R Vogt et al. PRLOT (2003) 142301

= B e £ b = o PRC71(2005) 054902
([{g(~‘7' - b* -\2~/’1./‘)fpp(l7'l'- XT,3A, «-B) ( )
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Transport Model- ideal Hydro dynamics

® 2+1D hydrodynamics( 1, =0 )

r 0,0r+V-(PV)=0 (p,(%,,1)=7-n'") ¢mm Kinetic thermalization for HQ
0.E+V,. M,=—(E+p)lt

O.M, +V, (M) =-M I7-8,p
OM,+V,-(My,)=—M,/7-0,p

9, ﬂT =0
{ Boost Invariance in z-direction

E=(8+p)7/2—p M =(c+ p)y*v

® Equation Of State:
ldeal Gas with quarks and gluons for QGP

2500} ALICE m Pb-Pb
feiloaad B ., 1 "0-5%
PRL 106 (2011) 032301 3 i =2 76TeV
¢ FMD ( 108 *‘ \SI\'N—Z‘—/O &

®hits & Preliminary *3-10%

& HRG fOF Hadror“C phase z(x,(,_i;’gb " 10-20%

= 20-30 %

@ Initialization:
Glauber model & constrained by
fitting Charged Multiplicities sop-
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