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Quarkonium in a hot medium
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== Sequential melting

J/1 SUPPRESSION BY QUARK-GLUON PLASMA

FORMATION Differences in the binding energies of
P the quarkonium states lead to a
i i T sequential melting of the states with
H“ m increasing temperature
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ABSTRACT

i ey by ol e g Quarkonium is a thermometer of the initial

gluon plasma, then colour screening prevents ¢ binding in the deconfined

interior of the interaction region. To study this effect, we compare the QG P tem pe ratu re
ture depend of the ing radius, as obtained from lattice

QCD with the J/3 radius ealculated in charmonium models. The feasibil-

ity to detect this effect clearly in the dilepton mass spectrum is examined.

We conclude that J/1 suppression in nuclear collisions should provide an

unambiguous signature of quark-gluon plasma formation.
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Quarkonium in a hot medium

(Re)combination

Increasing the collision energy the cc pair multiplicity increases

Central AA RHIC LHC
collisions 200 GeV | 2.76TeV

Ncpa/€VENL : ~10 ~75

enhanced quarkonia production via (re)combination
at hadronization or during QGP stage

P. Braun-Muzinger,]. Stachel,

. .- PLB 490(2000) 196
Statistical R. Thews et al,
regeneration Phys.Rev.C63:054905(2001)

J/y production probability

energy density 4



Cold Matter Effects

Cold Matter Effects (CNM)

on top of mechanisms related to hot matter, other effects have to
be taken into account to interpret quarkonium A-A results:

nuclear parton shadowing
energy loss
c¢ in medium break-up

investigated through p-A collisions

Nuclear modification factor

Medium effects are quantified comparing the quarkonium yield in AA
with the pp one, scaled by a geometrical factor (from Glauber model)

Ran = 1 2 no medium effects
Rap # 1 > hot/cold matter effects




Quarkonium studies in Heavy-lon collisions

~\
Quarkonium as a probe of the hot

medium created in the collision (QGP)
Suppression vs (re)combination )
Investigation of cold nuclear matter )
effects (shadowing, energy loss...)

Crucial tool to disentangle genuine

QGP effect is AA collisions y

Reference process to understand behaviour )
in pA, AA collisions

Useful to investigate production mechanisms
(NRQCD, CEM models...) y




Quarkonium in Heavy-Ion collisions

SPS NA38 S-U 19 1986-1992
NA50 Pb-Pb 17 1995-2003

p-A 27-29
NA60 In-In 17 2003-2004

p-A 17-27

RHIC PHENIX/STAR Au-Au, Cu-Cu, 200, 193, 2000-2015
Cu-Au, U-U 62, 39

p-Au, d-Au 200
LHC ALICE/ATLAS/ Pb-Pb 2760 2010-2012
CMS/LHCD p-Pb 5020 2013

=) pp collision program has also been scheduled at RHIC and LHC



Quarkonium in Heavy-lon collisions

SPS NA38 S-U 19 1986-1992
NA50 Pb-Pb 17 1995-2003
p-A ~30 years long story
NA60 In-In 17 2003-2004
p-A 17-27

RHIC PHENIX/STAR Au-Au, Cu-Cu, 200, 193, 2000-2015
Cu-Au, U-U 62, 39

d-Au 200
LHC ALICE/ATLAS/ Pb-Pb 2760 2010-2011
crlznicle p-Pb 5020 2013

=) pp collision program has also been scheduled at RHIC and LHC



Quarkonium in Heavy-lon collisions

SPS NA38 S-U 19 1986-1992
NA50O Pb-Pb 17 1995-2003

More than a factor 27-29

~100 increase in

NA60O energy 17 2003-2004

17-27
LHC ALICE/ATLAS/ Pb-Pb 2760 2010-2011

crlznicle p-Pb 5020 2013

=) pp collision program has also been scheduled at RHIC and LHC



Quarkonium in Heavy-Ion collisions

SPS S-U 19 1986-1992

Pb-Pb 17 1995-2003
Fixed target experiments

In-In 17 2003-2004
p-A 17-27

RHIC | PHENIX/STAR | Au-Au, Cu-Cu, 200, 193, 2000-2015
Cu-Au, U-U 62, 39
Collider experiments

LHC |ALICE/ATLAS/ Pb-Pb 2760 2010-2012

CMS/LHCDb

p-Pb 5020 2013

=) pp collision program has also been scheduled at RHIC and LHC 10



Quarkonium in Heavy-Ion collisions

SPS NA38 S-U 19 1986-1992
. Pb-Pb 17 1995-2003
For all experiments,
the AA program is p-A 27-29
followed by the pA
one In-In 17 2003-2004
p-A 17-27

RHIC PHENIX/STAR | Au-Au, Cu-Cu, 200, 193, 2000-2015
Cu-Au, U-U 62, 39

d-Au 200
LHC ALICE/ATLAS/ Pb-Pb 2760 2010-2011
crlznicle p-Pb 5020 2013

=) pp collision program has also been scheduled at RHIC and LHC 11
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First J/y measurements at low energy

SPS (NA38, NA50, NA60)
Vsyny = 17 GeV
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SPS:
first evidence of anomalous

suppression (i.e. beyond CNM
expectations) in Pb-Pb

~30% suppression compatible
with y(2S) and y. decays

RHIC (PHENIX,STAR)
Vsyn =39,62.4,200GeV

g T

m 2004 Au+Au, w|=0.35, global sys. =+ 12%

e 2007 Au+Au, 12<|y|=2.2, globalsys. =+59.2%

Mid-rapidity

Forward-rapidity
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RHIC:

suppression, strongly rapidity

dependent, in Au-Au at Vs= 200 GeV

Stronger suppression at forward y
(not expected if suppression increases
with energy density, larger at mid-y)




From SPS and RHIC results to LHC

s L o) NA3B, S-U syst =t
z ol
1.4 @ NABO, In-In, syst =+ 11%
L global
NASO, Pb-Pb, syst =+
alobal
@ PHENIX, Au-Au y=0, syst =+ 12%
. ] PHENIX, Au-Au 1.2<]y|<2.2,

syst =+ 9.2%
ghobal
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ﬂ Puzzles from SPS and RHIC

RHIC: stronger suppression
at forward rapidities

SPS vs. RHIC: similar Ry,
pattern versus centrality

Hint for (re)combination at
RHIC?

No final theoretical
explanation

$

Decisive inputs expected from
LHC results, having access to:

higher energies

stronger suppression?
| more charm

larger (re)combination?
more bottom

Y can be investigated

14




Quarkonium at LHC

/v, w(2S)>pru
Youtp
J/y~>ete"

ATLAS Vy>ptw

CMS v, w(2S)>ptw /k =

roputp

LHCb ¥ ™

(no heavy ion
physics program)

®) Kinematic coverage of
quarkonium measurements:
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J/y in AA collisions
at LHC

16
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zt: Inclusive Jiy — p*u’, Pb-Pb |s, =2.76 TeV and Au-Au |s, =0.2 TeV
Ay 1o W ALICE (arXiv:1311.0214), 2.5<y<d, 0<p <8 GeV/c global syst.= + 15%
L [

O PHENIX (PRC 84(2011) 054912), 1.2<|y|<2.2, p>0 GeV/c global syst.= £ 9.2%
B T e
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~ clear J/y suppression with almost no centrality dependence for N,,.>100
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vs centrality: ALICE vs PHENIX

Centrality dependence of the J/y inclusive R,, studied by ALICE in
both central and forward rapidities down to zero p;

ALICE Coll. PLB 734 (2014) 314

O_IIII

Inclusive Jiy — e*e’, Pb-Pb s, = 2.76 TeV and Au-Au |s,, = 0.2 TeV
@ ALICE (arXiv:1311.0214), |y|<0.8, pT>0 GeV/c global syst.= + 13%
O PHENIX (PRC 84(2011) 054912), |y|<0.35, pT>O GeV/c global syst.= £ 12%

o
PHENIX ="

0

50 100 150 200 250 300 350 400
(N .

part

- ALICE results show weaker centrality dependence and smaller

suppression for central events

m behaviour expected in a (re)combination scenario



R AA
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L Inclusive Jiy — ww, Pb-Pb |5, = 2.76 TeV
H B ALICE (arXiv:1311.0214), 2.5<y<4, O<pT<8 GeV/c global syst.= + 15%
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Inclusive Jiy — e*e’, Pb-Pb \s, =2.76 TeV

@ ALICE (arXiv:1311.0214), |y|<0.8, p>0 GeV/c global syst.= + 13%
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----- Stat. Hadronization model (A. Andronic & al., JPG 38 (2011) 124081)
s3ww Transport model (Y .-P. Liu & al, PLB 678 (2009) 72)
G Transport model (X. Zhao & al., NPA 859 (2011) 114)

I[[I[|| Shadowing+comovers+recombination (E. Ferreiro, arXiv:1210.3209)
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q Models including a large fraction (> 50% in central collisions) of J/y
produced from (re)combination or models with all J/y produced at
hadronization provide a reasonable description of ALICE results

‘ Still rather large theory uncertainties: models will benefit from a
precise measurement of o.. and from cold nuclear matter evaluation

150 200 250 300 350 400



Low py 3/v: ALICE & PHENIX

J/v production via (re)combination should be more important at low
transverse momentum (p; region accessible by ALICE)

14 ALICE Coll., arXiv:1504.07151
z]L; . [ PbPb {5 o= 2.76 TeV and AuAu {5, = 0.2 Tev &:é 15 | ® ALICE, Pb-Pb, s, 5, =276 TeV, |y |<0.8

[I: r CMS, Pb-Pb, \s, =2.76 TeV, |y|<2.4
12 B AUCE Jiy = pH, 2.52p=4, centrality 0%—20% global syst. = £ 5% " Vo ool
i ¢ PHENIX, Au-Au, |s,,=0.2 TeV, | y|<0.35
& PHEMIX Jihy — pipo, 1 2= =22, centralty 0%—20% global syt =+10% | | e Transport madel (ZhOLI etal. PRC89 (20 |4) 054911 )
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- Smaller Ry, for high py /v




Low py 3/v: ALICE & PHENIX

J/v production via (re)combination should be more important at low
transverse momentum (p; region accessible by ALICE)

ALICE Caoll., arXiv:1504.07151

«< 1.4 _
< L Inclusive Jiy — wr, Pb-Pb Sy, = 2.76 TeV é 15k ® ALICE, Pb-Pb, {5, =276 TeV, |y |<0.8
C — X Y| 4 cwms Pb-ph, H,UHN_Q 76 TeV, |y|<2.4
1.2 B ALICE (arXiv:1311.0214), centrality 0%—80%, 2.5<y<d global sys.= + 8%
i ¢ PHENIX, Au-Au, |s,,=0.2 TeV, | y|<0.35
n: 7/ Transport model (X. Zhao & al., NPA 859 (2011) 114) i [‘_‘_‘_‘_‘,Transport model (Zhou et al, PRC89 (20|4)oa49|1)
I — Primordial JAy (w/ shadowing)
0.8

- Regenerated J/y (w/ shadowing)

0.6 %%/////// primordial

0.4 //%& Ry A

0.9 _ recomblnatlon

0_\ I R A B R A |-\--|--|--\--|"\"\"\"r-\--\--|-.\-.|.‘..‘.|.\ el
0 1 2 3 4 5 6 7 8

P, (GeV/c)

- Smaller Ry, for high py /v

~50% of low-p; J/y are produced via (re)combination, while
at high p; the contribution is negligible




High-py J/v: CMS & STAR

ﬂ At LHC high p; J/y have been investigated by CMS

wdl LI UL | UL | | | LI | LI | UL | UL
! B ]
oC 14— PbPb Preliminary |/s,,, = 2.76 TeV —
B m CMS: prompt JAy -
10 lyl <24 —
B m 6.5< p_< 30 GeVic
1_ | L

- I:E‘ STAR
08 $ éﬁ .
06 _
N "4 E% }
i 5" :
0.4+ L L —
CAuAu s, =200 GeV o 5 ]
-+ STAR: JAy (arXiv:1208.2736) ] —
0.2 lyl<1.0 -
 p.=aGeVie CMS ]
_I L1l | | I | | L1 1 | L1 11 | | I | | | | | L1 1 | L1l I_

Gﬁ] 50 100 150 200 250 300 350 400
Npar‘[

CMS-PAS HIN-12-2014

Limits in the CMS low-p; J/y
acceptance since muons need to
overcome the magnetic field
and energy loss in the absorber:

mid-y: p+>6.5 GeV/c
forward y: p+>3 GeV/c

Opposite behavior when
compared to ALICE low-p;
results

Suppression is stronger at LHC
energy (by a factor ~3
compared to RHIC for central
events)

21



High-p, J/v: CMS & STAR

ﬂ At LHC high p; J/y have been investigated by CMS

Limits in the CMS low-p; J/y
IIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII acceptanceSince muons need to

o 1_4_— CMS Prelimina 1 overcome the magnetic field
- PbPbyjs,,, =2.76 TeV 1 and energy loss in the absorber:
1.2 . mid-y: p:>6.5 GeV/c
L w Prompt Jiy i forward y: p+>3 GeV/c
1
};_ R. Rapp & X. Zhao | i
o)\ BN Opposite behavior when
+ \ —— Cronin i compared to ALICE low-p;
E S - --- Formation time i
06 - _ results
R \\, : Suppression is stronger at LHC
0.4 R -
N S - . energy (by a factor ~3
ng: e e S L ] compared to RHIC for central
LIyl <2.4 e I events)
- 6.5 <p <30 GeVic B
|:| IIIIIIII 1 | L1 11 I L1 11 II 1 11 I L1 11 I 111 II L1 11
0 50 100 150 200 250 300 350 400 negligible (re)generation

CMS-PAS HIN-12-2014  Npan effects expected at high p;




ﬂ The contribution of J/y from (re)combination should lead to a
significant elliptic flow signal at LHC energy

= 09 ALICE (Pb-Pb g, = 276 Tey i - SRR AR R PEREA AR
[ e YSuy = 2.76 Tew), centrality 20%-60%, 2.5 <y < 4.0 L CMS Preliminary Prompt Jiy
[ Gt 5t etz PP fan 276TeV ey > 08 Gevle |
02__; }{.. Zhao et-:al.,bthermalized 0'2:_Lim=150u,b'1 <24
| 015 -
> 01— _
N
—0.1:— global syst == 1.4% o
Do Lo v b bvva bvnn b e b s L i L 30-60% 20-30% 10-20%
0 1 2 3 4 5 5] 7 8 9 10 T I e
ALICE PRL111, 162301 (2013) p_ (GeVice) 005 50 100 150 200 250 300
i . D.Moon, HP2013
93 1 AusAu 200 Gev |
02 [ t Hint for J/y flow at LHC, contrary to
01 F - v,~0 observed at RHIC!
= 0 ; % '#-} &
01 F + % ALICE: qualitative agreement with
op [ 010% transport models including regeneration
C m 10-40%
03 b 4 4080% - emmmem maximum non-flow CMS: path-length dependence of energy
0 2 4 6 & 10 IOSS'?

P; {GeV/c) 2 3

STAR, PRL 052301(2013)



J/y in pA collisions
at LLHC

24



J/y in p-Pb collisions

e}
0:05_1 4 \ p-Pb \Sun= 5.02 TeV ﬂ";
. ALICE (JHEP 02 (2014) 073): inclusive J/y—u'w, 0<p <15 GeV/c o 1 4
Li (-4.46<y  <-2.96)=5.8 nb™, L, (203<y  <3.53)=5.0 nb”
ALICE Preliminary: inclusive J/y—e'e, pT>0
Ly (-1.37<y__<0.43)= 52 pb" 1.2
global uncertainty = 3.4%

—_—

p-Pb \5,,=5.02 TeV, inclusive J/y—u*p

ey

o ALICE: 0<p_<15 GeVic, (arXiv:1308.6726)
o LHCb: 0<p <14 GeV/c, (arXiv:1308.6729)
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0.4 |- cGc (Fujii et al.) l 0.4

| I ELoss, g =0.075 GeV’/fm (Arleo et al.)

| ] EPS09 NLO + ELoss, q0=0.055 GeV%fm (Arleo et al.)
0 2 | —— EPS09 LO central set (Ferreiro et al.) Dz
- == EPS09 LO central set + ¢, _=1.5 mb (Ferreiro et al.)

[ === EPS09 LO central set + ¢, _=2.8 mb (Ferreiro et al.)
OIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III D ||||||||||||||||||||||||||||||||||||||||||||||

-4 -3 -2 - 0 1 2 3 4 4 -3 -2 -1 0 1 2 3 4

Y
cms LHCb Coll., JHEP 02 (2014) 072 Yems
ALICE Coll., JHEP 02 (2014) 073

J/v production in modified also in pA because of CNM effects:
2 R, decreases towards forward y

reasonable agreement with

shadowing calculations and models including coherent parton energy loss
CGC description seems not to be favoured




p-Pb: role of CNM effects on J/y

backward-y mid-y forward-y

o) p— C p—
%4 4 [ ALICE, p-Pb \s, =5.02TeV [ ALICE, p-Pb |'sy, = 5.02 TeV 4 4| ALICE, p-Pb 5, = 5.02TeV
@< [ inclusive Jy—u*u ' [ inclusive Jiy— e*e’ [ inclusive Jhy—uyw
1ol -4.46<y  <-2.96 . I e T -1.37<y_ <0.43 1oL 2.03<y_ <3.53 ) T
1 f e e 1 ....,.ﬁ’._.,.-.;....’.;.. .................................... L s e e P s
08 = 0.81 W .
0.6 0.6F .
L EPS09 NLO (Vogt) [ EPS09 NLO (Vogt) "7 EPS09 NLO (Vogt)
- i ’ L [ CGC (Fujii et al.) i {0 CGC (Fujii et al.)
0.2 C [[-]ELoss with q,=0.075 GeV%fm (Arleo et al.) 0.2 C [ ]Eloss with g,=0.075 GeVZim (Arleo et al.) 0.2 : [TJELoss with g =0.075 GeV?/fm (Arleo et al.)
r EPS09 NLO + ELoss with q0=0.055 GeV2/fm (Arleo et al.), r EPS09 NLO + Eloss with g,=0.055 GeVZim (Arleo et al.) EPS09 NLO + ELoss with qn=0.055 GeV2/im (Arleo et al.)
C C PRV I SN A RN T SRR IR SR
g ) E— Lol b b b b b a g 0 T T T T SN SO R 0
0 1 2 3 4 5 6 7 € 0 2 4 6 8 10 O 1 2 3 4 5 6 7 8
P, (GeV/c) P; (GeV/c) P, (GeV/ce)

R,a Pt dependence in 3 y ranges:
Backward-y: negligible p; dependence, R,y compatible with unity

Mid-y: small pr dependence, R,y ~1 for p:>3GeV/c
Forward-y: R,, increases with p;

Comparison with theoretical models:

fair agreements with models based on shadowing + energy loss
(except at forward-y and low py)

ALICE Coll. arXiv:1503.07179



J/\y versus event activity

= 'Q - - - -
EO s [ Inclusive J/y—p*w, p-Pb |s,=5.02 TeV, 0<p <15 GeV/c Qpa is @ _nuclear m_odlﬁcatlon
1.6 ) S factor with a possible
- 03<Y s<3-93, P-going direction influence due to potential
1.4 o -4.46<y_ <-2.96, Pb-going direction bias in the event activity
i estimator, not related to
1.2F I'I M nuclear effects
’ [ o] I J/y
IRt RARCERCELLELLEREELEELLE ) AR L L e RRLLRELELEELE J/ A
- 18 N ALICE Preliminary Q.. = &
- PA T O_J ly
0.8 - PA pp
: =]
[ ]
0.6 - [m] [.]
0.4 _ | | | | |
80-100% 60-80% 40-60% 20-40% 10-20% 5-10%

ZN Energy Event Class

At forward-y, strong J/y Q,, decrease from low to high event activity

At backward-y, Qp,, consistent with unity, with a feeble event activity
dependence




CNM effects from pPb to PbPb

m) Once CNM effects are measured in pA, what can we learn on J/y
production in PbPb?

Hypothesis: « 231 kinematics for J/y production

CNM effects (dominated by shadowing) factorize in p-A
CNM obtained as Ry, X Rap (Rpa?), similar x-coverage as PbPb

:214 [ ALICE Inohscive My — e’ g 1.4 [ ALICE Inoluclhve dhg—eu*y
Etf" [ @Rl 879y <043, [T =502 Tew or : B A aEdy_ 355 x A |44y <2 B8], [Og = 602 TaV
iy ‘r§1.2 [ B Rpemall¥ | <0-51, {55 = 2.78 Te, 0-50 % é ) 1 2 . m H'm,_|25 ¥ o 4] VB = 278 TeV, 0-80%
- £ 420141 314)
Il '
1F I T < AL |_|
N 2 _H>
- + s J&
4 _H]_ ﬁ D.d _E_—E— —$—
02 02F
|:|-|| T | - T [ | - I:l:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 2 4 B 8 10 1] 1 2 3 4 5 B 7 g
P, (GeWic) P, (GeWic)

Sizeable p; dependent suppression still visible
- CNM effects not enough to explain AA data at high p;

we get rid of CNM effects, by doing the ratio / PA 28



CNM effects from pPb to PbPb

m) Once CNM effects are measured in pA, what can we learn on J/y
production in PbPb?

Hypothesis: « 231 kinematics for J/y production
CNM effects (dominated by shadowing) factorize in p-A
CNM obtained as Ry, X Rap (Rpa?), similar x-coverage as PbPb

£ [ ALICE Inoluclve Sy — 8% =18
£1.4 " 0L Pa
| & H';ph(-"l .:3-'.‘":r=“':l].4-'3-|. ||“Il| = ER2 TeW [7s] + =

& L —_——— e T e
1.2 [ Rl o[ 05). (e = 278 ToV. 0-50 %

forw_ — _ N B
R 5 =502 TeV, 2.03<y <153

Rioe™: (5= 5.02 TeV, 4.46<y <296

- =
Renen’ [Fpm = 2- s 0-90%

| 1.4
1 m J r
- 1.2F L 2.5<y
nak E 1 e || I (Phys. Lett. BT34 2014) 314
06 4H— 08fF

N 06
oot ' | +
04F
02¢ 02k —B—
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Sizeable p; dependent suppression still visible
- CNM effects not enough to explain AA data at high p;

we get rid of CNM effects, by doing the ratio / PA 29



v(@8S) vs J/y in p-A collisions

Being a more weakly bound state than the J/y, the y(2S) is an
interesting probe to investigate charmonium behaviour in the medium

ALICE, p-Pb \s,,= 5.02 TeV, inclusive J/y, y(2S)—-u*w
JHEP 12(2014)073

EPS09 NLO (Vogt)

“7 ELoss with q,=0.075 GeV?/fm (Arleo et al.)
- . EPS09 NLO + ELoss with g =0.055 GeV?/fm (Arleo et al.)
O C 111 | 1111 I 1111 I (| | L1 11 | 111 | | .| I 1

A strong decrease of the
v(2S) production in p-Pb,
relative to J/vy, is observed
with respect to the pp
measurement

(2.5<y <4, \s=7TeV)

ﬂSimiIar effect seen by PHENIX
in d-Au at Vs, =200 GeV

same initial state CNM effects
(shadowing & coherent energy
loss) for J/w and y(2S)

theoretical predictions in
disagreement with y(2S) result




v(@8) vs J/y in p-A collisions
Can the stronger y(2S) suppression be due to break-up of the
fully formed resonance in CNM?

n:§ 1.8 :— ALICE, p-Pb |s,= 5.02 TeV, inclusive J/y, y(2S)—p*p pOSSI ble If:
A Jy . . .
165 o yes LI CLE e formation (t;) < crossing time (z.)

1.~10% fm/c 1.~101 fm/c

while 7 ~0.05-0.15 fm/c

+ W =
0.6 \\\\ & forward-y:
0.43— % K\\&Q break-up e1;fects excluded

L EPS09 NLO (Vogt)
02 __ %ELoss with qo=0.075 GeVZfm (Arleo et al.) \(ZS) baCkwa rd_y-
[ %3\ EPS09 NLO + ELoss with g =0.055 GeVZ/fm (Arl I : :
O-III$|IIIIIIIII°IS‘I$II1I‘TOIII55I |el I/II(lIeloletlal)lllll}'lllllllll Tf N’CC, hence break_up In CNM

5 4 3 2 41 0 1 2 3 4 5 hardly explains the strong J/y
Yems and y(2S) difference

Final state effects related to the (hadronic) medium created in

the p-Pb collisions?




v(@8S) vs J/y in p-A collisions

Final state effects related to the (hadronic) medium created in

the p-Pb collisions?

& 18 J/y comover+shadowing —
é‘ — y(2S) comover+shadowing PP g S0Z Ta
1.6 = i A Jiy
== shadowing
14: J/ e (28)
1.2 — o
- |* ~
1E-- - Em.
C ~
IDB n ‘-._.-"—'.-_-_ _— [
0oF — - =
04
0.2
: y(2S)
D_I iIIIIII | |II| | I IIIIIIlIIII
S <4 3 -2 1 0 1 2 3 4 5

Charmonium interaction
with comoving particles:

Comovers dissociation
affects more strongly the

loosely bound y(2S) than
the J/vy

Comovers density larger
at backward rapidity

E. Ferreiro arXiv:1411.0549
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J/v in heavy ion collisions: where are we?

Large wealth of results at LHC complementing SPS
and RHIC measurements!

Two main mechanisms at play in AA collisions

1. Suppression in a deconfined medium
2. (charmonium) re-combination at high s and low p;

Qualitatively explanation of the main features of the results

In p-A collisions:

interplay of shadowing and coherent energy loss can
satisfactorily describe the J/y results

loosely bound y(2S) is likely influenced by the hadronic
final state

Results from LHC Run2 eagerly awaited!

Energy increase (\syy=5TeV) will allow for confirmation
of the (re) combination role at low p-

Statistics increase will allow to sharpen Run-I results




J/y in heavy ion collisions: where are We?

Large wealth of results at LHC complementing SPS
and RHIC measurements!

Two main mechanisms =2+

1. Siie-

&

ALICE
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RFB

RFB

p-Pb: role of CNM effects on J/y

ATLAS: |y| < 1 94 8<pT< 3OGeV/c
T T T T T T T | i
1 5—_ ATLAS Pr@mpt .Jhp -
- 2013 p+Pb, 28.1 nb™ ly*l < 1.94 ]
145 5, =502 TeV E
1.2 =
= “—h——- -
0.8F- t =
0.6F =
04 & Data .
C  mmm EPS09 NLO (arXiv:1301.3395) ]
0.2 =
[}': PRI T (N SN T TN T NN T SR T TR NN TR SO TR T N S S S | 3
10 15 20 25 30
p_[GeV]
L T T | T T T T | T T T T | T _I
16— ATLAS NunpromleIw -
E 2013 p+Pb, 28.1 nb™ ly*| < 1.94 3
14 (5= 502 Tev E
1.2F =
= f i f =
r * 7
o8 |} -
0.6 3
0.4F # Data 3
0.2 =
[}I: T T B 1 T | :I
10 15 20 25 30

TST80°'SOST:AlIXJe *||0D SYI1LVY

‘ ATLAS and LHCb measure the forward
to backward cross section ratio, Rgg, for

* Prompt J/y

* Non prompt J/yv from B decay

RFE

Similar shadowing/saturation
expected for quarkonia and b quarks

LHCb 2 5<|y|<4 O<pT<14GeV/c

eE |_|-|r;b —¢— LHCb, Prompt Jhp B
1.4F PPb |s, =5TeV —— LHCh, Jly fromb 7
- 25<|y|<4.0 .
1.2 —
0.8F gl I E
0.6 134 ¢ 1 =
0.4 Prompt Jiy -
- EPS09 NLO ]
0.2 E. loss -
F s E. loss + EPS09 NLO ]
U C 1 | | ]

0 5 10
pT [GeVIc]

6C/£9°80ET AIXJe *||0D qDH

ATLAS/LHCDb results indicate a strong kinematic dependence of

CNM for both charmonium and b quark production




SPS (NA50) pA, AA @ Vs =

.‘; IIIIII T LI I T IIIIIIII T IIIIIII LI I
= Aa™ =—0,048 + 0,008
5, _A
o P
E Bae Al Cu AgWPh
]
= &
i ey
-
10 -
- & p(400 GeVic, VHI)=A (NASD) *
[ = p(450 GeVic, HIFA (NASD) Pb-Pb
& pl450 GeVic, LA (NASO)
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LOW ENERGY RESULTS: y(2S) FROM SPS & RHIC

Eur. Phys. J. C 49, 559 (2007)

ﬂ v(2S) is more suppressed than

J/vy already in pA collisions and
the suppression increases in
Pb-Pb

17 GeV

1.4

1.2

<08

B

0.6
0.4
0.2

RHIC (PHENIX)

PRL 111, 202301 (2013)

| I.I q}' | T T | LI | LI | T T T | T T T | T T T
Global Sys +27.8%
m J/y Phys.Rev.Lett. 107, 142301 (2011)

Global Sys + 14.6%

PH-“ENIX

|IIIIIII|III|III|III|III|I
T 1]

—

HER
III|III|III|III|III|III|III|I

vI<0.35 (5,200 GeV dvAu } |

o

2 4 6 8 10 12 14 16 18
I\Icoll

ﬂunexpected v(2S) suppression,

stronger than the J/y one in
d-Au



w(2S)/]/v IN PB-PB @LHC

ﬂ Being a more weakly bound state than the J/vy, the y(2S) is another

interesting probe to investigate charmonium behaviour in the medium
ﬂThe y(2S) yield is compared to the J/y one in Pb-Pb and in pp

AT

WS, 1W(2S)Iy]

ALICE Preliminary: inclusive J/y and y(2S)
Pb-Pb, \ s,=2.76 TeV and pp, \s=7 TeV
P 0<pT<SGeV/C,2.5<y<4
A 3<pT<SGeV/C,2.5<y<4
CMS Preliminary: prompt J/y and y(2S)
Pb-Pb and pp, | 5= 2.76 TeV

m 3<p <30GeVlc,16<|y[<24
6.5<p, <30 GeV/c, ly| < 1.6

95% CL (ALICE)

IlI‘IIII|IJIllllllllllllllll|VIII|IIII

50 100 150 200 250 300 350 400
(N

PRL:113:(2014) 262301

-

part

)

ALICE: reference pp@vVs=7TeV

low pr (0<p;<3GeV/c) >
v(2S) more suppressed than J/y

CMS: reference pp@Vs=2.76TeV

pr>3 GeV/c & 1.6<|y|<2.4 >
v(2S) less suppressed than J/y

pr>6.5 GeV/c & |y|<1.6 >
v(2S) more suppressed than J/y

38



DISSOCIATION TEMPERATURES

N1S) .
=
'{Bz —
= Lattice QCD
- QCD Sum rules
Bl ==
- Ads/QCD
T(:S) —_— Potential Models
= -
T . \,"s_m‘=2EIDGeV
3S)
== | |
z —_—
. IZII;I
J-"Illf = ::I
l{c ;FI'E. _
AN
== | | | | |
| I N N N N N | T 1110 R A N N AN A NN O N I AN A N AN A A |
I 1.5 2.5 35 4 45 5

melting T/T
C

arXiv:1404.2246



Quarkonium production and decay

J/v production

Prompt

= B decay

Displaced

Quarkonium production can proceed:

=) Direct production

| ™ Feed-down from higher
charmonium states:
~ 8% from y(2S), ~25% from .

contribution is p; dependent
~10% at p;~1.5GeV/c

* directly in the interaction of the initial partons
* via the decay of heavier hadrons (feed-down)

For J/yv (LHC energies) the contributing mechanisms are:

Direct
60%

ay

e
T

o
T

0.3

fraction of J/y from B-hadrons

o
X
|

o
b
|

(=]
T

1 e cMs 100nb"! 14<|y/ <24
1 = cMS 100nb" |y|<14
7 * LHCb 14.2nb" 25<y<4.0

| 4 ATLAS 17.5nb" |y| <2.25 % {

1 LHC \s=7TeV

Preliminary

« CDF ys=196TeV [y|<06
PRD 71 (2005) 032001

R S I AR T T
Py [GeVic]

J/v decay

/v > prw

J/y can be studied through its decays:

J/v > ete-

(~6% branching ratio) 4(




J/w vs D in AA collisions

Open charm should be a very good reference to study J/y suppression
(a' la Satz)

$1.2|-|-| IIIIIIIIIIIIIIII IR RARR [T §1-2_""| """""" [TTT T[T Tt RARES = SR L R R R R L
= L 2< pT 5 GeV/c ALICE 1 £ [ pr»ﬁ GeV" ALICE 1 & 4g B
L PD-PD, (S =276 TeV 1 i . POPD S =276 TeV - ]
I— # D" Iyl<05, ch{ﬁ GeVic B 1— " # Average D°, D", D",Bq:.r«d:z GeVic H H ’_l;
.Incluswe Jhy, 25qrc40 2cp <5Ge\-’fc B th CMS prompt JhAg, pT:>6_5_C?eWc H [ 7
ool gomammwee ] ogf | omeomwes T
0.6 H 0.61 H[% @ . -
04 Lo @ 04 - 1 b . i ]
I _ ; @ A o F AuAL (B = 200 GeV ﬁ B
0.2 0.2 @ . - F'I—H;IESNF\TIX &+ D (pf 0.3 Gelic, Iyl <0. 35)% ]
: nnnnnnn malzamnume (periph = | ) COMMOnN RO mmmmwmlntymmcew mmeﬂ m.—ujmmwmu n 0-2__ o PHENIX-Jhp (Iy1<0.35) lnClLISIVe J/LIJ -
P .m.r.w.?o. = |=|“|t|4 |TB|m|aj w ._ C il iialitialeiiilotiidiie, s C (PRCB4 £011) 044505, PRLOB GOq7) 222301) ]
E0 100156 300 550" 300 355" 400 "56 700 150 200 250 300 350 400 0ep 1§o e R e
Np‘art ( Npal't Npat
Interesting comparison between ALICE Different trend observed
and CMS J/y compared to D at low p; at RHIC.
Caveat: At high p; trend is similar
complicate to compare J/y and D R,, at to the LHC one
LHC because of restricted kinematic
regions.
Low p; D not accessible for the moment 41




CMS: high p+ J/v

The high p; region can be investigated by CMS!

<
iy

1.4
L Pb-Pb |5, =276 TeV
1.2 :— B ALICE Jiy — u'y, 2.5<y<4, centrality 0%—90% global syst. = + 8%
B ® CMS Jiy — p'y, 1.6<|y|<2.4, centrality 0%—100% global syst. = + 8.3%
0.8 H
0.6 - H B
0.4F N ; ¢ $ $
0.2
O:I||III|I||IIII||IIIII||||II|||IIII|||II|I\|||III|
0 1 2 3 4 5 6 7 8 9 10
P, (GeV/c)

Good agreement with ALICE (at
high p;) in spite of the different

rapidity range
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Comparison Y and J/vy

1 -4 < [ T TT | TTTT | TTTT | T TTT | TT | T TTT | T TTT l T TT I_
o [ ALICE: Pb-Pb\s,, =276 TeV,L =69 ub", 2.5<y<4 14~ CMSPbPb |5 =276 Te —
1.2 A Inclusive T(1S), p_>0 GeV/ic [ Uncorrelated syst. B m Prompt JAy (Preliminary) ]
v Inclusive J/y, 0<pT<8 GeV/c |:| Correlated syst. 1.2 ¢ Y(1S) ]
L L | e Y(29) i
1_ —
0.8 i 1
N i 0.8 E
050 I LR -
N 0.4 L " ¢ ¢
0.2— i + B ]
- - . . —
0 B 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 0.2 __ + __
0 50 100 150 200 250 300 350 N - + + -
( paﬂ> O _l 111 | 1111 | 1111 I 1111 | 1111 I 1 11 I 1 1 + 1 I 111 l_

0 50 100 150 200 250 300 350 400

Npart

ﬂ Similar Ry, for low p; inclusive J/y and Y(1S)

ﬂ Sequential suppression observed for prompt J/y and Y(nS) at
high pr

ﬂ interplay of the competing mechanisms for J/y and Y
can be different and dependent on kinematics! 43



COMPARISON WITH THEORY

o
e
'

'4- Pb-Pb \ s, =2.76 TeV, inclusive Y(1S), P, > 0
o[- e ALICE: L, =69 ub", 0-90% (open: reflected)

- = CMS:L =150 ub™, 0-100% (PRL 109 (2012) 222301)
1_ ______________________________________________________________

-
L]
H ~
"

-
]
L9

ﬁ

M. Strickland arXiv:1207.5327

I Boost-invariant plateau ==4mn/s = 3= 471)/s = 2=471)/5 = 1
- Gaussian profile - 47m/s 3 41m/s 2—47m/s—1

0\...\\....I...\I\. |

-4 -3 -2 -1 O 1 2 3

1.4 CMS PbPb | an = 276 TeV

[ # CMS data & CMS data
Il Primordial Il Frimordial

- —MHRegenerated --— Regeneratsd

r Il Total Total

ZI Muc. Abs.

T(15)

1(28)

-EDEI 250 EIDEI 350 400

4
y

- Pb-Pb\s,, =276 TeV, inclusive Y(1S5), p.> 0
| e ALICE: L,.=69 ub', 0-90% (open: reflected)

- ® CMS: L, =150 ub’', 0-100% (PRL 109 (2012) 222301)

A. Emerick et al., EPJ A48 (2012) 72
[ Total Primordial

H
)

- - Regenerated

-

Pl i

-4 -3 -2 -1 0 1 2 3

ﬂ Stronger suppression at forward rapidity
(ALICE) than at mid-rapidity (CMS)

ﬂ Theory still meets difficulties in describing
simultaneously the R,, centrality and
rapidity dependence (suppression slightly
overestimated at forward-y, while better
reproduced at mid-y)

4
y
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yw(2S)/3/y IN p-Pb

& o7k

L 07} Ll

206)

& 050 —

ﬁ Jﬁb N N\

0.4F PHENIX ALICE

0.2 ® ALICE, p-Pb, | sy= 5.02 TeV

0 11_ B PHENIX, d-Au, | sy,= 0.2 TeV
- JHEP 12(2014)073

0 Co 11 | | 1111 I 1111 I 111 | I | | | | 1111 I | I 1111 | 1 111
5 4 3 -2 -1 0 1 2 3 4 5
ycms

=) Double ratio allows a direct
comparison of the J/y and
v(2S) production yields
between experiments

B Similar effect seen by
PHENIX in d-Au collisions,
at mid-y, at \s\y,=200 GeV

[w(2S)/1/y],, variation between (Vs=7TeV, 2.5<y<4) and (¥s=5.02TeV, 2.03<y<3.53 or
-4.46<y<-2.96) based on CDF and LHCb data (~8% included in the systematic uncertainty)45



PB-PB COLLISIONS

Y(1S) PRODUCTION IN

ﬂ LHC is the machine for studying bottomonium in AA collisions
PRL 109, 222301 (2012)

_ _ 01200
Main features of bottomonium =
production wrt charmonia: gmm
: S
[ ] o0

£ 800
L
==
° LU
600
[ ]
400

200
with a drawback...smaller

production Cross_section 07I 1| IE|; 1 1 | Iél L1 I1|DI 1| I1|1I [ I1|2I 1| I1|3I 1| I14

CMS PbPb ys =2.76 TeV |
Cent. 0-100%, Iy < 2.4
L =150 pb"
p$ >4 GeVic

§ i
4F 1T —— total PbPbfit
PbPb {} .

- background

™\ ------ pp shape

(R " scaled)

Mass , .(GeVic?)
M

ﬂCIear suppression of Y states in PbPb with respect to pp collisions 46
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© I CMSPOPD|S,,=276TeV STARAuAu|S,, =200 GeV
16 ¢ xis) % Y(1S) 7
[ ® Y(25) PLB 735 (2014) 127
1_4:_ Iyl <24 Iyl =1 _:
12 4 —
1% i -
0.8~ -
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N ¢ ]
0.4 L
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Y(1S) PRODUCTION IN PB-PB COLLISIONS

M

pan

m) Clear suppression of Y(2S)

Rya

Raa(Y(1S))
Raa(Y(25))
Raa(Y(3S))

08 (stat)
04 (stat)
5% C.L)

+ 1+

= 0.56 £ 0.
=0.12 £ 0.
<0.1 (at9

=) Suppression at LHC is
stronger than at RHIC

Y(39) « RMT(QS)‘: R,,

=9

Y(18)

07 (syst)
02 (syst)
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Y(1S) PRODUCTION IN p-Pb

p-Pb {50 = 5.02 TeV, inclusive Y{1S)—=u'w

Y(1S) measured at mid-y by
T CMS and at forward-y by both

e ‘ i ALICE and LHCb

=] - -
o — ALICE p-Pb '.'4: =5.02 TeV, inclusive T{1S}—UL L. p_ =0
IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIII &14— HH T
- 2 -1 0 1 2 3 4 @ [ Lm(#48<y__ <-206)=58nb", [,(203<y_ <353)=50nk"
-V{:ms 1 2b=2 it

L ..
llllllllllllllll
o 3 w

Hint for stronger suppression at T
forward-y (similarly to J/vy)

||||||||||||||||||||

0.6

Theoretical calculations based on 08
initial state effects seem not to 0.4
describe simultaneously forward
and backward y

CEM+EPS08 NLO (Vogt, ariv-1301.2385 and priv.comm.)

Eloss (Areo et al., JHEP 1303 (2013) 122):
I Eloss
Eloss + EPS08 NLO

02

ALICE: arXiv:1410.2234, accepted by PLB 4 3 2 4 0 1 2 3 ;4‘8
LHCb: JHEP 07(2014)094 ers



Y(NS)/Y(1S) PRODUCTION IN p-Pb

Ly

W18

w12

15}Lm frin

0.8

[T(nS)y(

0.6

0.4

0.2

=

- CMS pPb |G, =5.02 TeV  CMS PbPb 5 = 2.76 TeV
- ® ly_l<te3L=3tnp’ i Iy, J<24,L=150 ub*

¥ 95% upper limit

[ PRL 109 (2012) 222301
C Pt > 4 GeVic
- + p-Pb -
- %? Pb-Pb
T(25)T(1S) T(3S)T(1S)

Y(2S)/Y(1S) (ALICE)

2.03<y<3.53:

0.27+0.08+0.04

-4.46<y<-2.96: 0.26+0.09:0.04

Compatible with pp results
0.2620.08 (ALICE, pp@7TeV)

p-Pb vs pp @mid-y:

p-Pb vs PbPb @mid-y :

0.83+0.05+0.05
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