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Quarkonium suppression

« Quarkonium suppression

— In a QGP, a Q-Qbar pair could be colour-screened by the surrounding coloured
quarks and gluons [PLB 178 (1986) 416]

— Quarkonia should be suppressed by the QGP

— The suppression increases with the QGP temperature
f

« Sequential suppression

— The survival probability of the quarkonium state depends on its binding energy
(or radius) [ZPhysC 51 (1991) 209]

— Different quarkonium states have different survival probabilities
J

I

State  J/y(1S)  x.(1P) ¢'2S) Y(1S) xp(IP) Y@2S) x»(2P) Y(3S)

T,/T. 2.10 1.16 1.12 >4.0 1.76 1.60 1.19 1.17

) T 1/(r)
@ 450 MeV ; Y(1S)
- | (1P

J/y(1S)

%(1P)

240 MeV

— Could provide an estimate of the QGP temperature o

Mocsy, EPJC61 (2009) 705
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... or Quarkonium enhancement

i
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« Quarkonium regeneration
— If the initial number of Q-Qbar pairs is large
— If heavy quarks thermalise in the QGP

— Then quarkonia can form at the phase boundary by statistical hadronization [PLB
490 (2000) 196] or during the QGP evolution [PRC 63 (2001) 054905] by heavy quark
recombination

» time
— Will compete with quarkonium suppression, possibly compensate or even exceed it

* Transport models implement a dynamical rate equation of quarkonium

suppression and regenerations by gluon interaction
— [PLB 678 (2009) 72] [NPA 859 (2011) 114]
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Cold Nuclear Matter (CNM) effects
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* In Pb-Pb collisions quarkonium production is also affected by Cold
Nuclear Matter (CNM) effects

— Modification of the Parton Distribution Functions in the nuclei with respect to

free nucleons 13 ~ R
. 19 L Q =10 CeV /
* Has been parametrised over the past years Lol
« Significant uncertainties and spread between §1_0 ST
different approaches log |
g\g 0.8 -
o |
— Saturation via Colour Glass Condensate (CGC) 06 | — [Pso
Y HKNO7
0.4 L - L L - L L Ll -
— Energy loss of partons producing the heavy quark pair " 10° 10° 107 1

» Latest developments consider coherent parton energy loss

— Nuclear absorption (heavy-quark pair break-up)
» Expected to be negligible at LHC energies

* p-A collisions used to study CNM effects in the absence of a hot
medium
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Quarkonia
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If c-cbar pairs are abundantly produced '-®@ o G
and thermalize with the medium,
recombination could compensate or
exceed colour-screening suppression

- o
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regeneration ta. &
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“Cold Nuclear Matter” T 1/{r) e o=
PLB168 (1986) 415
effects could alter the —— Y(1s) R
: . ] e 1
quarkonium ylellds. Sequential quarkonium suppression
nuclear absorption, by colour-screening could provide a Xb
gluon shadowing, ... measurement of the QGP initial
temperature ZA0MeY" |l W, Y (25)
200 MeV Xer X'br W5 Y(3S)

Mocsy, EPJC61 (2009) 705
BNL workshop in June
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Outline
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* Introduction

* Quarkonium suppression by the QGP

* Quarkonium regeneration in the QGP

* CNM effects on quarkonium production

e SuMmary
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ABOUT QUARKONIUM SUPPRESSION

ri I
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« J/p at high pr

— Stronger suppression at LHC than at

E Irfu - castilo
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Suppression: figure of merit
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— Stronger suppression with higher
energy density (or Temperature)
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* Y suppression at the LHC
— Raa(Y(1S)) > Raa(Y(2S)) > Raa(Y(3S))

— Observation of sequential suppression
of Y states at mid-y in Pb-Pb collisions

at Vsnn = 5.02 TeV

(High-pt) Quarkonium suppression increases with increasing T
Weakly bound quarkonium states are more suppressed
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s Y Rpyp @ LHC vs. models
<
9
s « Sequential suppression of Y(3S), Y(2S) and Y(1S5)
— (Also at forward-y)
* Hint of increasing suppression of Y(1S) from 2.76 to 5.02 TeV
A p PbPb 368/464 ub™', pp 28.0 pb™ (5.02 TeV
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» Correctly described by Krouppa, Strickland, Universe 2 (2016) no.3, 16

— Thermal quarkonium suppression
— Anisotropic hydro medium
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Y Rpp @ LHC vs. rapidity
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» Possibly flatter rapidity dependence at 5.02 than at 2.76 TeV

cr:é i Y(1S), Pb-Pb {5 = 2.76 TeV i G:ff i Y(1S), Pb-Pb {5 = 5.02 TeV 1
q e q e
i ® CMS Krouppa and Strickland (arXiv:1605.03561) i ® CMS Krouppa and Strickland (arXiv:1605.03561)
- ® ALICE B ® ALICE
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» Tension between model and data, specially at 2.76 TeV
— No CNM included

* |s direct Y(1S) suppressed?

— Feed down could account for about 30% (LHCDb)
— What about CNM effects?
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Y Rya @ RHIC
5
()
5 * Y(1S) also strongly suppressed at RHIC energies
— Suppression seems to increase with increasing centrality
* Y(25+3S) is more suppressed than Y(1S) in most central collisions
1.4 30;60% 0-6?% 10;30% 0;10% 0.6 30;60% 0-6(|)% 10;30% 0;10%
- Yo%k Y(1S): STAR Aut+Au@200 GeV |y|<0.5  STAR Au+Au@200 GeV lyl<0.5
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« Same Y(1S) suppression at 200 GeV than at 2.76 TeV ?
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in Pb-Pb collisions at Vsnn = 5.02 TeV

I:{AA

1.4 ATLAS Prellmlnary R
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J/y suppression at high pr

R

* Clear increasing suppression of high-pt J/p with increasing centrality

ATLAS Preliminary

PbPb, |/s, = 5.02 TeV, 0.42 nb”
PP, /s =5.02 TeV, 25 pb1

» Decreasing suppression towards very high pr
— c-cbar dissociation or parton energy loss effect?
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- Prompt JAp, lyl <2 B
. 0-80% centrality i
B M _é
i | | | I:
910 20 30 40
p, [GeV]
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ABOUT REGENERATION
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Regeneration: figure of merit
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« J/p at low pT
— Smaller suppression at LHC than at RHIC!

— Larger regeneration at
* higher c-cbar pair density
 higher energy density

— At LHC, no centrality dependence of Raa for Npart > 70 (increase at mid-y ?)

m} 1 4 T ILClluISI\I/eIJI/\l; I_)Iu:ul_ rTrr [Tt rrr[rr1rr[rrr ot rrrrJI : m:[( 1 4:| T 1 Ilnlc“;s;vé thll |_> lel el-’ |pT| >IOIGIeV|/cI L N L Y I B B T T 1
. i e ALICE, Po-Pb m _5.02TeV,25<y <4,p_ <8 GeV/c . {2 - ® ALICE, \sy=5.02 TeV, |y| < 0.8, (Preliminary)
i m ALICE, Pb-Pb |5, = 2.76 TeV, 2.5 < y < 4, pT -8 GeV/c i e M ALICE, \s,=2.76 TeV, ly| < 0.8, (PLB 734 (2014) 314-327
1.2 [#H 5 PHENIX, Au-Au |8, = 02 TeV, 1.2 < ] < 2_2T, b >0 Gevio ~ 1: m +  PHENIX,\s,= 0.2 TeV, |y| < 0.35, (PRC 84 (2011) 054912)
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= J/@ Raa VS. P1in central collisions
E e
7
5 * Regeneration component is expected to contribute mainly at low
transverse momentum
< L L L L =< N 1 L O B L AL A
'y 14F Inclusive J/y — p*u, 0-20% centrality ] g 14—_ ALICE Pb-Pb ﬁ=5_02 TeV, 0-20% -
® ALICE, Pb—Pb \s,,=5.02TeV,25<y <4 ) e _
B ALICE, Pb-Pb |5, =2.76 TeV, 25 < y <4 - ¢ Jy-oww2d<y<4 (PLB766(2017) 212)

1.2 - ~ 1.2 - | J/ e'e 0.9 (Preliminar -
- m PHENIX, Au-Au Sy = 0.2 TeV, 1.2 < [y| < 2.2 1 - L ‘ ‘ ‘ v e bl <08 (Freliminary)
L ' L
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: EI o i [ [o] o] ]
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o Strikingly different pt dependence at RHIC and LHC

— At high pt the J/yp suppression is similar at RHIC and LHC

— At the LHC the suppression decreases towards low pr
« Similar trend at 2.76 and 5.02 TeV

* At the LHC, the suppression decreases from forward to mid-rapidity
— Raa larger than unity at low prt at mid-y in central Pb-Pb collisions at 5.02 TeV?
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J/p Rpa VS. centrality
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* Inclusive J/p with pt > 0 GeV/c
— For both, forward and mid-rapidity smaller suppression at LHC than at RHIC
— Reasonable description by models including a significant regeneration component

llllllIlllllllllllllllllllllllllllllllllllll < IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

14F ALICE, Pb-Pb {5, = 5.02 TeV o 4 4 ALICE Preliminary, Pb—Pb \[sy, = 5.02 TeV
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¥l <038, p_>0.15 GeV/e

RAA
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1 1}

0.8 B 0.8
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B Transport, p_ > 0.3 GeV/c (TM1, Du and Rapp) - Transport (TM1, Du and Rapp)
0.2 Transport (TM2, Zhou et al.) — 0.2 = i Transport (TM2, Zhou et al.)
B Statistical hadronization (Andronic et al.) 7 Statistical hadronization (Andronic et al.)
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 Statistical Hadronization Model < Transport models [Liuetal., PLB 678 * Comover Interaction Model
[Braun-Munzinger et al., PLB 490 (2000) 196] (2009) 72] [Zhao et al., NPA 859 (2011) 114] [Ferreiro, PLB 731 (2014) 57]

— Screening by the QGP of all — prompt J/y dissociation in QGP — Interaction with a co-moving

prompt J/y — J/y regeneration by charm quark 3?32?)2:;?2?('(?”] Eag 2gngé;|J
— Charmonium production at phase pair recombination o AYCo T M
boundary by statistical combination  _ shadowing effect — Recombination effects prop. to

of deconfined charm quarks I 0co, Necbar
— Feed-down contributions from B : .
— CNM (shadowing) on open charm — Shadowing similar to EKS98/nDSg

part
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J/Y Raa VS. Pt in centrality classes
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* Regeneration component is expected to contribute mainly at low
transverse momentum

< fF o o T T e
’I<1 4 - ALICE Preliminary, inclusive J/y — u*u’, Pb-Pb |s,,,=5.02 TeV,25< y < 4_:
- ¢ 0-20% Transport (TM1, Du and Rapp) -
1.2 ¢ 20-40% [10-20% —
- ¢ 40-90% %281383" :
1 :—H """"""""""""""""""""""""""""""""""" |
0.8 | R —
= H -
1L NN oL 1 40-90%
06 F 2 |§| ¢ _ =
B 8 &8 ¢ 0 1 20-40%
4 O EI B
: s O 1 0-20%
0.2 | =
N e P R ! ——
§<1.5 :— — n —:
TN T—— e
%:fz C . . : : .
0 2 4 6 8 10 12

* From 2.76 to 5.02 TeV, increase of Raa at intermediate pt (2-6 GeV/c)

 Transport models (fairly) reproduce the observed trend as a function
of transverse momentum and centrality
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J/yp elliptic flow — 5 TeV
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« Unambiguous observation of non-zero J/yp v2 in semi-central (20-40%) Pb-Pb
collisions at 5 TeV for J/yp with 0 < pt <12 GeV/c

« J/y vo(pT) increases with pt up to about 0.11 at 4 < pt < 6 GeV/c and saturates or
decreases thereafter _. 0.25

B 1 1 I 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 |
0 = ALICE Preliminary $ V,{EP, An=1.1} ]
~ 02 :_ Pb-Pb V?W = 5.02 TeV, 20-40% global syst: + 1%_:
0.15F Inclusive J/ly — pu7, 25 <y <4 —
0.1 + + + -
0.05 + —
OF -
u R. Rapp et al., inclusive J/y -
—0.05F o -
u R. Rapp et al., primordial J/y Z
_ -1 B 1 1 1 I 1 1 1 I 1 1 1 I L 1 1 I 1 1 1 I 1 1 1 a

0 0 2 4 6 8 10 12
P, (GeV/ce)

* In the framework of transport models, the large v, values measured can only be
achieved by including a strong J/y (re)generation component from (re)combination
of thermalized charm quarks in the QGP

— Dominant at low pt (< 4 GeV/c), dying out at high pr

* The large values of the J/p v> at high pt are a challenge to models ...
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Prompt-J/p vz at high pr
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* Prompt J/yp also exhibit large vz at high transverse momentum

05 CMS PbPb |5, = 2.76 TeV
. L | 1T 1T 1 | T T 1 | L | L | 1T 1T 1

- PromptJ/y - cent. 10-60% -
: Global uncert. 2.7% :
0.15" +16<lyl<24 wmlyl<2.4 -
=" 0.1_— -
I a ]
0.05- % -
O_ L1 1 1 | L 1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L 1 1 1 |

0) ) 10 15 20 25 30

o (GeV/c)
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J/y (No)azimuthal anisotropy at RHIC
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 J/IY v2 compatible with zero in both Au+Au and U+U collisions at RHIC
energies

X iy, : Au+A{; @ 200:GeV 0- 80%

! ® le Vy U+ @ 193 GeV 0- 80%
0_2 _ ................. . oo ................. ................

0-1_. ................. .............. £+ ............
ol | ﬁ T | !
[ | | | | Au+Au non ﬂow estlmatlon
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Hidden versus Open charm v:
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 J/p v2 at mid-y compatible (within large uncertainties) with the
measurement at forward-y

E 0_25 B 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 _
Ll - ALICE Preliminary, Pb-Pb \s,, =5.02 TeV .
~ 02 | o . —
> n SRS J ]
0.15 % %—&,ﬁf —
- 9y » .
0.05 _—* —— [ ~
OF = -
L | @ Inclusive J/y — e*e, V,{EP, An = 0}, lyl< 0.9, 20-40% -
0.05 :_ ® Inclusive J/y — uu, Vo {EP, An = 1.1}, 2.5 < y < 4, 20-40%, global syst: 1c£
“°Y L M Prompt D°, D" average, v,{EP, |An| = 0.9}, lyl< 0., 30-50% -
— L\ Syst from B feed-down -
_0.1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 3 10 15 20 25

« Comparison v2 open vs hidden charm
— Similar magnitude (but different centrality and rapidity)
— Quantitative comparison pending
— Consistently suggesting that charm quark flows!
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Centrality dependence

 Large vz values observed also in 5-20% and 40-60% for J/yp with 2 <
pt < 8 GeV/c

« Similar trend in the three centralities

5 025 T 1 | I [ ]
m - ALICE Preliminary .
0.2 Pb-Pb \sy,=5.02TeV =
~  Inclusive Jy - p'u-,25<y<4 _
0.15 Vv,{EP,An=1.1} —
0.1 i —
0.05 * -
of i :
: ¢ 520% -
—0.05 @ 20-40% =
u ® 40-60% global syst : + 1% -
_0-1 B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 ]

0 2 4 6 8 10 12

P, (GeV/c)

« J/p v2(pT) is maximum for 20-40%
— Apparently different than for light hadrons ...

E Irfu - castilo SQM — Utrecht — 11/07/2017

22



Utrecht 2017

WY(2S) suppression

* At low pT (but also at high pt ), w(2S) is more suppressed than J/y

PbPb 351 ub™, pp 28.0 pb™* (5.02 TeV)

o 4.5_| T TT | TTTT | T T | T TTT | TTTT | T TTT | T TTT | TTTT | T 1 _
< O e e L e T - - ]
< - ] - T Cent. 7
o 1.8;— ALICE inclusive J/y, (2S), Pb-Pb {5y = 5.02 TeV, 2.5<y<4, 0<p,<8 GeV/c § 4t ,; F 2: ::z CMS = ojr:m%_z
1.6 4 o 3_5 (PRL113 (2014) 262301) T+ -
1.4F — v(2S) (Preliminary) % - 7/ Du and Rapp (arXiv:1609.04868) - -
- @ —— J/y (arXiv:1606.08197) = 3:— = =
1 i Upper limits include global uncertainties f 2.52_ 1.6 <lyl <2.4, 3<p7<30 GeV/e _Z_ _Z
- : £ - Prompt only - -
0.8 F = 2F + 3
06:—D mmmmmmm M m i m @ m §,' - - % ]
T F 1 = 15F —+ —
0.4F ] l = - | R - .
02 - |:.:| E \5. 1= [rﬂ, & | — _
e . = - |7l es5%cL N - .
) S IR ST AT A I R 0_5:__=;zg4 — $ T+ -
0 50 100 150 200 250 300 350 400 - I * ]
<N t> O‘||M||||||||||||||||||||||||||||||||||||‘_ | ]
bar 0 50 100 150 200 250 300 350 400
Npart
« Stronger relative suppression of Y(2S) than J/p at 5.02 than 2.76
TeV?
« Still need higher precision data to challenge models (e.g. SHM vs
transport)
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ABOUT CoLD NucC

1

.3

ARALID

LEAR MATTER EFFECTS
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2.0 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
i [—J1HELAC — Onia with EPSO9LO
i HELAC — Onia with nCTEQ15
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[ Energy Loss
1 5 __ CGC
i 4 LHCb (5TeV)
4- LHCb (8.16TeV)
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TN e — h

0.5 prompt J/y
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CNM: figure of merit

—&-STARR ,, ly|<0.5 0-100% STAR Preliminary
B STAR Global uncertinty

Rya, NCTEQ15 Lansberg & Shao
IR, EPSO9NLO Lansberg & Shao
2R 5, EPSO9NLO Ma & Vogt
— Ryau nDSgI +6,..~4.2mb Ferreiro et al.

| [ | 1 | I | |

1 | I |
2 4 6 8 10
P GeVic

y* y > 0: p-going direction

* High precision J/p measurements in p-A collisions at the LHC and RHIC

* At the LHC

— Strong suppression at forward rapidity; Close to unity at backward rapidity
— Fair description by shadowing, E-Loss or CGC (forward) models

* At RHIC

— Significant suppression at mid-y
— Significant nuclear absorption favored
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J/Y Rppb VS pT

* Inclusive J/y Rppp at 8.16 TeV up to pr = 20 GeV/c

- o 2.2T
- ALICE preliminary Q:%L o - ALICE preliminary
- Inclusive J/y — purw 3 - Inclusive J/y — wrw
—  p-Pb |s,, =8.16 TeV, -4.46 < y, <296 1.8 p-Pbys, =8.16TeV,2.03 < y_ <353
— 1.6
— 1.4
- o 125
o H H ................. I S —— .I 4 Eoeeeemmemm e e e s SEee E ...... E .................. .I
- ; o
- 0.8 E/E/Ejj,
:_ 0.6 ; [ ]EPSO9NLO + CEM (R. Vogt)
3 [_1EPSO9NLO + CEM (R. Vogt) 0.4 B CG + NROCD (R, vemugopalan ot al)
o [ InCTEQ15 (J. Lansberg et al) 0.2LF CGC + CEM (B. Ducloue et al.) '
- | | | — Trelmsport ThOt + C‘Tld effeclts) (P. Z?uang eT al.) - | | | —_ Treimsport ?hot + ccTId effeclts) (P. Zhuang et al.)
0 2 4 6 8 10 12 14 16 18 20 0O 2 4 6 8 10 12 14 16 18 20
P, (GeV/c) P, (GeV/c)
« Backward-y
— Weak prt dependence; Hint for Rppp > 1 for pt > 4 GeV/c (due to non-prompt)
— Fairly well described by models (shadowing, ...)
* Forward-y
— Stronger pt dependence; Saturates at 1 for pr > 8 GeV/c
— Fairly well described by models (shadowing, CGC, ...)
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Y in p-Pb collisions at LHC

Utrecht 2017

* Y Rppp at measured over a wide rapidity range by ALICE, LHCb and
ATLAS

— No strong suppression observed at backward nor mid-y

— Signs of suppression at forward y

& B T T T T | T T T | T -I .I | T ] & 2 T T T | T T T T | T T T T | |||||||| | T T T T | T T T T | T T
S — ATLAS Prel — = B . 7
as 1'6: o S r:;;nln\a/ry - 2 - 0<p, <40 GeV ATLAS Preliminary -
1.4 p+PD Sy =5.02TeV = i p+Pb sy =5.02TeV  _
] 2:_ 4H7 E o 1.9 pp Vs =2.76 TeV o
T C ] 3?) u i
e B & il '§ IS ¥ I — \J i | ]
S | S S N DS R
0.8F 7 - AL i
— — |—|Q | |
0.6 - %) - -
- 4 ATLAS, Y(1S), p_ <40 GeV . N B B
0.4 41HCh, Y(19), pTT<15 GeV . % 0.5¢ 1
0.2  #ALICE,Y(1S), p >0 GeV = Sg) i i
O: 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | | : c\\l/ O_I | | | | | | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 I_

-4 -2 0 2 4 ) -2 -1.5 -1 -0.5 0 0.5 1

y y
* Note: Different amount of CNM effects on the excited state Y(2S) than on
the ground state Y(1S) is also seen (CMS [PRL 109 (2012) 222301])

— Double ratio [Y(2S)/Y(1S)]oru/[Y(2S)/Y(1S)]pp = 0.83+0.05(stat.)£0.05(syst.)
— Not confirmed (yet) by ALICE nor ATLAS
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Y(2S) in p-Pb collisions at LHC

Utrecht 2017

* Y(2S) is more suppressed than J/y in p-Pb collisions at the LHC

— Stronger effect towards backward rapidity

| 6 pPb 34.6 nb™”, pp 28.0 pb™ \'Syy = 5:02 TeV
. - 1T T 1 | 1T 1T 1 | T T 1 | T T 1 | 1T T 1 | 1T T 1 |
- CMS |
1.4r oy i
. Preliminary
1.2 H n -
D N T
e | L
m%- 0.8:— $ E —:
0.6 ﬁ =
B 6.5<p_<10 GeV/c i
0.4 T —
- B Prompt J/p (HIN-14-009) ]
0.2 ® Prompt (2S) _
O: [ I | | [ I | | I I | I I | I I | | [ I | :
-3 -2 -1 0) 1 2 3

yCM

* Not expected in shadowing or E-loss models
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J/y and @(2S) in p-Pb collisions at 5.02 TeV

JHEP 1606 (2016) 050
 Centrality dependence of J/y and w(2S) in p-Pb collisions at 5.02 TeV

Utrecht 2017

Pb-gomg P gomg
g 2_5 ) I I l lJ L) I ' L ' ) g 2.5 l ' ] L I l lJ L) I L\ L L)
o ALICE p- Pb VsN 5. 02 TeV, -4. 46 <Y o< "2-96 . o ALICE p- Pb VSN 5 02 TeV, 2. 03 <Y o< 3-53
: Inclusive J/y, y(2S) — p'w i : Inclusive J/y, y(2S) — p'w

2 [ B ELoss (Arleo et al.) — J/y: EPS09 LO + comovers (Ferreiro) 2 N " Eloss (Arleo et al.) — J/y: EPS09 LO + comovers (Ferreiro)
EPS09 NLO (Vogtetal) y(2S): EPS09 LO + comovers (Ferreiro) : : EPS09 NLO (Vogtetal) y(2S): EPS09 LO + comovers (Ferreiro) :
15 -_ -~ EPS09 LO (Ferreiro) J/y: QGP+HRG (Du et al.) _- 15 -_ EPS09 LO (Ferreiro) Jy: QGP+HRG (Du et al.) _-

~1 v(2S): QGP+HRG (Du et al.) | ~1 y(2S): QGP+HRG (Du et al.)

) ")
« J/y is suppressed in the p-going direction
— Models including shadowing or energy loss mechanisms can describe the observed
centrality dependence

« Y(23) is more suppressed than J/y
— Stronger effect in the Pb-going than in the p-going direction
— Effect increases with increasing centrality

— Only models including some final-state interaction with co-moving medium reproduce the
results

=‘I Irfu - castilo SQM - Utrecht — 11/07/2017 29


http://doi.org/10.1007/JHEP06(2016)050

Utrecht 2017

mult
pPb

1.2

0.8}

0.4

0.2

E Irfu - castilo

Inclusive J/@p Qpprp Versus Ncon at 8 TeV

« Similar patterns at 8 TeV than at 5 TeV

— Improved uncertainties

— Q ., decreases with Ncoi at forward rapidity while the opposite trend is observed

In backward rapidity

0.6F

— Slightly lower values at 8 TeV

® p-Pb \s,,= 8.16 TeV (preliminary)

<Nmu|t>

coll

N DL L | | | L = & |
~  ALICE . o4t
[ Inclusive J/y — 'y, -4.46<y_ <-2.96 - I
_ E . 1.2 i
[ [m] @ i
s
— IE % - O 8

m p-Pb |5, = 5.02 TeV (JHEP 11 (2015) 127) - 0.2

ALICE
Inclusive J/y — pu,2.03 <y  <3.53

® p—Pb \s,,= 8.16 TeV (preliminary)

m p-Pb |5, = 5.02 TeV (JHEP 11 (2015) 127)

PR YT N [N T SN T N TR TR TR A TR T N NN NN NN S NN TN N N MR R O-
0 2 4 6 8 10 12 14

2 4 6 8 10 12

(N
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Fixed target at LHC

Utrecht 2017

 p-Ar collisions at 110 GeV
— CM Frame at Rapidity 4.77
—2<Vyap<4.9and-2.77 <y <0.13

a °
218 .
2 LHCb preliminary
Z 16 'S\ = 110 GeV pAr
1.4

I%III|III|III|III|III|III|III

o
N
IW#

3
(3
3
S E R R B EEREE] 3
0|||||||||| ||||.'—'lLJIIILIJIIIIX1O

0 1 2 3}

6 7
'I?'ransverse momentum p. [MeV/c]

« J/y is suppressed at low pr

— Compared to PYTHIA 8 (red shaded boxes)
— Well described by E-loss calculation [JHEP 05 (2013) 155]

* First steps towards a systematic mapping of CNM effects
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Summary

Utrecht 2017

» Sequential suppression of quarkonium resonances is observed
— Upsilon family
— High transverse momentum charmonia

* The regeneration mechanism do play an important role in charmonium
production
— J/p Raa at low transverse momentum is higher at LHC than at RHIC
— Centrality, pt and y dependence of J/y Raa
— Non-zero J/yp vz

 “Cold Nuclear Matter effects” are important and complicate the
picture, but are being nailed-down
— Qualitatively well understood, not yet quantitatively
— The extrapolation from p-A to A-Ais still a challenge

 High precision data is becoming available at both RHIC and LHC

— It is time for a quantitative (not only qualitative) description of all quarkonium
results
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J/p in high-multiplicity pp collisions

Utrecht 2017

» Self-normalised yields vs relative charged-particle multiplicity at mid-
rapidity in pp collisions at 13 TeV

 Faster than linear increase

N />\‘ 22 L | UL | UL | UL UL L UL 'll L L _L
8 |®_ _ [ ALICE Preliminary : ]
s> og— E
> 5 PO pp, (s=13Tev .
< 2 - : . .
S T gl Inclusive J/y — e'e (ly] <0.9) B
— 10% normalization uncertainty . —
16— ] Data "," H —
14 f_ ------- Ferreiro et al. ’ _f
-t EPOS3 (D, 2 < p_< 4 GeV/c) -
127~ B8 pYTHIA 8 (Monash 2013) $ —]
10— |:| Kopeliovich et al. -

81— =

61— =

4 -

2 -

O - £ 1 ’l ’I 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 1 2 3 4 S) 6 7 8 9

dN,/dn
(dN_/dm)
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High-pTt @(2S) suppression

Utrecht 2017

* High-pt @(2S) is more suppressed than high-pt J/y
25 rrrepreerp ettt et
ATLAS Preliminary

PbPb, |s\, = 5.02 TeV, 0.42 nb™
pp, s =5.02 TeV, 25 pb”

Prompt, lyl <2.0, 9 < p. < 40 GeV

J/p
AA

RVI/R
N

1.5

0.5

I

0O 50 100 150 200 250 300 350 400
N

Part
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2 — . 3 1-8 —
- P, >0GeVic STAR preliminary - 0-40% centrality STAR preliminary
1.8 4 STAR: Au+Au, |5, = 200 GeV Iyl <0.5 1.6/~ % STAR: Au+Au, |5, =0.2 TeV, Iyl <0.5
1.6 © PHENIX: Au+Au, |s, =200 GeV lyl <0.35 ~ W ALICE: Pb+Pb, |s, =2.76 TeV, lyl <0.8
" m ALICE: Pb+Pb, |/s,, =2.76 TeV lyl < 0.8 14— @ CMS: Pb+Pb, |s,, =276 TeV,lyl <2.4
1.4 - Tsinghua Model — RHIC LHC
. 1.2~  TAMU Model - - RHIC LHC
- < B
N l a-_"' L] il -
===~~~ R - - - - 1 = - |
:l S 08 +
n E.] -
HI T ['E'
? E E‘: ) 0.6 N 0 * e ﬁ _______ + .
[ I = oS P —;/ ————— |
HE Vg @ @ 0.4 14 —DFr—===—
- e . o
0.2 —  STARN,_, uncertainty 0.2—
0 llllll1111||1l|1||l]|11|[||11||1|l] lIIIIIllI[llIl|IlII|IIII|IIIIIIIlIllIIllIlIIIIIII
0 50 100 150 200 250 300 350 0 1 2 3 4 5 6 7 8 9 10
Npart P (GeV/c)
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At 2.76 TeV

— Flat J/y Raa for Npart> 70
— Higher J/@ Raa for central collisions at the LHC than at RHIC
— J/Y Raa increases with decreasing pr

1.4
:E): [ | Inclusive J/y — p*w’, Pb-Pb \s,=2.76 TeV, Au-Au |'s,,=0.2 TeV|
D: 12 - B ALICE, 2.5<y<4, pT<8 GeV/c global syst.= + 15%
' O PHENIX, 1.2<|y|<2.2, p >0 GeV/c global syst.= + 9.2%
1 g
0.8 !
aryr
i |
0.6 L] H E L O
0.4 il a
T o o g
i £
0.2 : m [:] Ej
O_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
50 100 150 200 250 300 350 400
<Npar’[>

<14
m": L Inclusive J/y — p*u’, Pb-Pb | s, =2.76 TeV and Au-Au \s,,, = 0.2 TeV
1.2 m ALICE, 2.5<y<4,0-20% global syst.= + 8%
¢ PHENIX, 1.2<|y|<2.2,0-20% global syst. = + 10%
0.6 Py B [b
0.4~ 8 E
:............’:~ ..... E_ ____________ $ ..........
[T —. Sl |- ML o o A,
0.2 i 0] ".,-'w:f“.'_";",':wt%r- .............................................................
0 -l L1l I Ll 1 1 l Ll 1 1 l‘l'.l':.-l.*'.;.;.;.;..k- llllllll L-l_.l‘.l‘.l.J_J s

J/y suppression in Pb-Pb collisions at 2.76 TeV

JHEP 1605 (2016) 179

* Well described by models including partial or full regeneration of J/y
in the QGP or at hadronisation

 Confirmed at 5 TeV?

E Irfu - castilo

SQM — Utrecht — 11/07/2017

37


http://doi.org/10.1007/JHEP05(2016)179

J/Y Raain Pb-Pb 5 TeV

CERN-EP-2016-162

Utrecht 2017

* Raa versus centrality
— Similar trend at 5 TeV and at 2.76 TeV

— Increased statistics and reduced uncertainties

< L L L L I L L L L I L L L L I L L L L I L L L L I L L L L I L L L L I L L L L I ||
< .
T 44 ALICE, inclusive J/y — p*u .
' 2.5<y<4,pT<8GeV/C i
1.2 -
1t 1
0.8} o .
I [l O ]

0 0 @ [©
0.4} ]

I ® Pb—Pb \'s, = 5.02 TeV

0.2 _ B Pb-Pb |5, = 2.76 TeV _
O -I | I . | I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I ]

0 50 100 150 200 250 300 350 400
<Npart>

* Raa%%9%(5.02 TeV, pr< 8 GeV/c) = 0.66 + 0.01(stat) + 0.05(syst)
e Ran?99%(2.76 TeV, pr< 8 GeV/c) = 0.58 + 0.01(stat) £ 0.09(syst)
o Ran®99%(5.02 TeV) / Raa®%%(2.76 TeV) = 1.13 + 0.02(stat) + 0.18(syst)
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Excess of very-low-pr J/y

PRL 116 (2016) 222301

Utrecht 2017

Very-low-pt J/y excess
— Seen in peripheral Pb-Pb collisions at 2.76 TeV
— Presumably of EM origin

<
< 8-
x - —(%j ALICE, Pb-Pb |s,,, = 2.76 TeV
) 2. 4 2 F
° ey > F ALICE, Pb-Pb sy, = 2.76 TeV
o + 0<p <03 GeV/c, global syst = £ 15.7 % G % - 25<y<4
4+ =) - —— 2.8 <m, <3.4GeV/c®
_ o 30 W
+ 0.3 < p_<1GeVrc, global syst = £ 15.1 % g - 20-90%
3r + 1<p.<8 GeV/c, global syst =+ 11.5 % % 25
S
ol ? Common global syst = £ 6.8 % 3 20—
: % -
1 — E] N
08l 5 OS dimuons (data)
0'7 B - —— Coherent photoproduced J/y
: 0_ 1 1 |m L | L | 1 1 1 | 1 1 1 | 1 | 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
0.6 0 02 04 06 08 1 12 14 16 1.8
0.5F ] p. (GeV/c)
O 4 | | | | | | | | | | | | | | L1 |

-0 50 100 150 200 250 300 350
<N|Oart>

— Due to the very specific origin and kinematics, photo-produced J/yp could become
an useful probe of the QGP

— In the mean time, it constitutes a “contamination” to the hadronic Raa
* Apply a cut pt > 0.3 GeV to reduce photo-production contribution
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J/I@ Raa — pt dependence

CERN-EP-2016-162

Utrecht 2017

* Raa Vs transverse momentum
— Similar decreasing trend of Raa with increasing pr at both 2.76 and 5.02 TeV

< 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
-t i ]
2.76 TeV : i i ) ]
<14¢ @ 14F ALICE, inclusive J/y — p*u ]
m( - Inclusive J/y — p*u’, Pb-Pb | s, =2.76 TeV and Au-Au \s,, = 0.2 TeV - 25« y < 4 ® Pb-Pb F 5.02 TeV, 0-20% .
1.2 m ALICE, 25<y<4, 0-20% global syst.= + 8% 1.2 W Pb-Pb \s,, =276 TeV, 0-20% -
" & PHENIX, 1.2<|y|<2.2,0-20% global syst. = + 10% s | Transport V = 5.02 TeV (TM1, Du and Rapp)
1 e e e e e e e e 1 ....................................................................... ‘
0.8 ;H B 0.8 n
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[e]
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0.2 f-gg [ﬁ:‘-;:i-.’;’;ﬁ _‘_[*,- ....... i $ ----------------- 0.2F ““““\\\\Q{\\\S\&i&g&\\\\\\\\ﬁi\ \\\\\\\&&i
O : 1-.1“:"1‘_1.“. PN E N B .]:.1'1.‘:.';.;.;';11322&4“&“&.4.@.4.4.;. O B S T S S S S Y S S S S S
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— Better model agreement at 2.76 TeV?
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Y(1S) Raain Pb-Pb at 5 TeV

Utrecht 2017

* Integrated Y(1S) Raa
— RAAD9%(5.02 TeV) = 0.40 + 0.03(stat) + 0.04(syst)
— RaAP99%(2.76 TeV) = 0.30 + 0.05(stat) + 0.04(syst)
— Ran0-90%(5.02 TeV) / Ran090%(2.76 TeV) = 1.3 + 0.2(stat) + 0.2(syst)

< L < L
D:< i ALICE, Inclusive Y(1S) — p'w,2.5< y <4 Q:< i ALICE, Inclusive Y(1S) — ', centrality 0-90%
1.2~ m Pb-Pb |s, =5.02 TeV, Preliminary global sys.= + 10% 1.2~ m Pb-Pb |s,, =5.02 TeV, Preliminary global sys.= + 3%
[ W Pb-Pb |5, =276 TeV, (PLB 738 (2014) 361-372)  global sys.= + 13% [ W Pb-Pb s, =276 TeV, (PLB 738 (2014) 361-372) global sys.= + 7%
1 PP 1 PP

08k 08L

i

$ 06F
f ¥ . . gt o : 73
02 * 02
B B open: reflected
O_IlllllIII|IIII|IIII|IIII|IIII|IIII|IIII 0_II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
0 50 100 150 200 250 300 350 . 4 -3 2 1 0 1 2 3 4
) >S y
part

peripheral collisions

* No firm conclusion on the energy dependence possible with the
current uncertainties
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some elliptic flow

J/yp elliptic flow

* Regenerated J/y will inherit the elliptic flow of the ¢ quarks

>N 0.3 -~ ® ALICE (Pb-Pb\s,, =2.76 TeV), centrality 20%-60%, 2.5 <y < 4.0
[ —— Y. Liuetal., b thermalized
- eeeees Y. Liu et al., b not thermalized
0-2_"— . X. Zhao et al., b thermalized

inclusive J/y

PRL 111 (2013) 162301

* |If ¢ quarks participate to the collective motion of the QGP, then they will acquire

 Hint of non-zero J/y v, at intermediate pt for semi-central collisions at the LHC
 Qualitatively described by models including regeneration
* Larger statistics of run 2 will help
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Comparison to light particles

Utrecht 2017

« Comparison to 1

* Different centrality dependence ALICE Pb-Pb \'s, = 2.76 TeV
— JIp va(pT):
«5-20% < 20-40% > 40-60% 0.4 @ 0-5% 5-10% + 10-20% ©20-30%
— 11" V2(pT): +30-40%  40-50% -50-60%
* 40-60% > 20-40% > 5-20% 0.3
o S e Prelmimary ]
& 0.2 Pb-Pb \sy, =5.02TeV - 0.2
C  Inclusive J/y - u'u-,25<y <4 N
0.15 | v,{EP, An = 1.1} 3
01E 1 = 0.1—
oot 4 :
O; it 5-20% | O_' ' ' |
-0.05F & 20.40% — 0 2 4 6
» F .‘I 4|10—|60|/oI o ?Io.ba.l slys}:lir‘ll%l : pT (GeV/C)
0 2 4 6 8 10 12

P, (GeV/c)

* In the context of thermal models it can be understood as a dropping
contribution of J/y regeneration for more peripheral collisions
— Seen in the Raa
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Charmonia in pp collisions

PLB 718 (2012) 2, CERN-EP-2016-162, EPJC 74 (2014) 29744, EPJC 76 (201..;1ﬁ84
* New charmonium measurements in pp collisions at 5 and 13 TeV

Utrecht 2017

inclusive J/y inclusive y(2S)
% 5 T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | T T 1 % [ | (L | [ | (L | T 1 | (L | T 1 | [
= 107 ¢ ALICE, inclusive J/y, 2.5<y<4 = 10 & ALICE, inclusive y(2S), 2.5<y<4 E
g 10t b —e— 100 x Vs=13 TeV (prelim), Lint =3.2 pb’1 + 3.4%_: g - —o— 1x Vs=13 TeV (prelim), Lint =3.2 pb"1 +3.4%
g —o— 10x (s=8TeV,L =13 pb” + 5% E g —e— 0.1x {s=8 TeV,L =13 pb” + 5%
N —e— 1xVs=7TeV,L_=1.4pb"+5% 1 = 1E —e— 0.01x {s=7TeV,L_=1.4pb"+5% E
o —e— 0.1x Vs=5TeV,L_=0.11pb"+2.1% o - [__| Systematic uncertainty
T 10° ooy 0.01x (s=2.76 TeV,L_=0.02pb"£1.9% | %1 . <s=__ BRuncert.: 11%
“o P *,,.g [ ] Systematic uncertainty 5 - =8 ]
e, T BR uncert.: 0.6 % i : -
g == 0 3 I -EEI-EEI-_EE_ 7
- o= o ’ 1072 =E¢3- o= = —te+— E
T O ™ .- = - - e ;
B o= == — 7] = =g —— _33_ :
107 "% - == paggs - 3L Rt —E*a—_
- e & . == E 10 e = = —— E
o =@= —=C= Q= e - = =x _$_ ]
10—2 - =@= _*__:
= = = = E L
5 - e 5= =2 : 104 L —=F .
10° & e = g g —e—
E jum
10_4 E=1 1 1 | | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 10—5 L1 | | L1 | | L1 | | L1 | | L1 1 | L1 | | L1 1 | L1 |
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« J/w and Y(2S) measured at five and three collision energies,
respectively
— Up to pt =30 GeV/c at 13 TeV
— Only y(2S) measurement at forward-y at 8 and 13 TeV
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Charmonia in pp collisions at 13 TeV

Utrecht 2017
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L [ ] Systematic uncertainty ]

= [ NRQCD, M. Butenschoen et al. (prompt y(2S)) _|
E + FONLL, M. Cacciari et al., (y(2S5)-from-b)
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[ ] Systematic uncertalnFy
1 NRQCD, Y-Q. Ma et al., (prompt y(2S))
1 + FONLL, M. Cacciari et al., (w(2S)-from-b) E
- [ NRQCD + CGC, Y-Q. Ma et al., (prompt y(2S)) ]
: ~ +)FONLL, M. Cacciari et al., (y(2S)-from-b)

do/(dp_dy) (ub/(GeV/c))
d?s/(dp_dy) (ub/(GeV/c))

L pp Vs = 13 TeV, inclusive y(2S), 2.5<y<4, BR uncert.: 11% - - pp Vs = 13 TeV, inclusive y(2S), 2.5<y<4, BR uncert.: 11% -
—4 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 | 1 —4 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
107, 2 4 6 8 10 12 14 18 107 2 4 6 8 10 12 14 16
P, (GeV/c) p, (GeV/c)

* NRQCD calculations for prompt J/y (¢(2S)) + FONLL calculations for
non-prompt J/y (Y(2S)) reproduce the pr-differential cross section at high pr

« NRQCD + CGC reproduces the low pr region
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J/p and @(2S) in p-Pb 5.02 TeV

Utrecht 2017

* Dependence with crossing-time
— p-going direction: no time for in-nucleus dissociation
— Pb-going direction: p(2S) dissociation in the nucleus?

o
0

. . . , —T - T T T T | —

: ) ~ ¢ PHENIX d-Au \s,,= 200 GeV |y _ |<0.35
ALICE, p-Pb \Suy= 5.02 TeV PRL 111 202301(2013)

'Inclusive J/y, y(2S) — p'w 446<y, <296

N

W centrality-analysis

203<y, <353 0 p,-analysis (JHEP 06(2015)55)

[ @ centrality-analysis
L O p_-analysis (JHEP 06(2015)55)

—_
N

[Gw(ZS)/ GJ/w]ppbllcw@S)/GJ/w]pp

0.5p

o'n 1 1 1 a1l // 1 1 1

-5 -4 -2 -2
4x10 10 2x10 3x10 <tc> (fm/c)
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Raa(5.02 TeV) / Raa(2.76 TeV)

Utrecht 2017

* Raa(0-10%,5.02 TeV) / Raa(0-10%,2.76 TeV) = 1.17+£0.04x0.20
* No clear trend with centrality
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« Some model uncertainties (partially) cancel in the ratio
* Model bands express a 5% uncertainty on c-cbar cross section

part

E Irfu - castilo SQM — Utrecht — 11/07/2017



Utrecht 2017

* Differentially
— versus centrality
— versus rapidity
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RAA
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Y(1S) in Pb-Pb at 5 TeV — differential Raa

- ALICE Preliminary, Pb-Pb \|s,, =5.02 TeV

— m Inclusive Y(1S) —» u'u, 0 < p, < 12 GeV/c, 0-90% global sys.= + 3%
: Strickland et al., arXiv:1605.03561
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Uncertainties:

e Bars: Statistical

e Open boxes:
Uncorrelated systematic

e Shaded boxes: 0.8
Partially correlated systematic

e Full box: 0.6
Correlated systematic

0.4
0.2

0

* Ferreiro et al. [PRC 88,

J/@ Rppb VS ¥

JHEP 02 (2014) 073

p-Pb \s,,=5.02 TeV e.g. arXiv:1404.1615

ALICE (JHEP 02 (2014) 073): inclusive J/y—u*y, 0<p‘<15 GeV/c
Lin (-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
L (-1.37<y_ <0.43)= 52 ub’

global uncertainty = 3.4%

b ALt ]

..........

- 1 EPS09 NLO (Vogt)

~<1 11 CGC (Fuijii et al.)

" @l ELoss, q =0.075 GeV*/fm (Arleo et al.)
| [Z7) EPS09 NLO + ELoss, q =0.055 GeV“/fm (Arleo et al.)
|~ EPS09 LO central set (Ferreiro et al.)

- = ..« EPS09 LO central set + o, _ = 1.5 mb (Ferreiro et al.)
" «««. EPS09 LO central set + o, _= 2.8 mb (Ferreiro et al.)

=

lllIlllllllllllllllllllllllllllllllllllllllllll
4 3 2 4 0 1 2 3 4
ycms

| This CGC based

| INPA 915 (2013) 1]
calculation is
clearly disfavoured

(2013) 047901]

— Generic 2—2 production model at LO
— EPS09 shadowing parameterization at LO

— Fair agreement with measured Rppo

» Here, effect of nuclear absorption highlighted,
large oaps disfavoured (note: at RHIC o4 = 4mb

favoured)
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HELAC — Onia with EPS09LO

i HELAC — Onia with nCTEQ15

L . HELAC — Onia with EPSO9NLO
— 4 LHCb (8.16 TeV)
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<4 LHCDb (8.16 TeV)

------------------------------------ R Sy
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= Y Raa @ RHIC vs. models
5
¢ 121 ) ', | | | | | 0.6 30-60%  0-60% 10-30% 0-10%
3 7 Strickland WBS Rapp SBS . l l I l
N\ Strickland SBS ==+ Liu-Chen - % STAR Au+Au@200 GeV lyl<0.5
05 pp world-wide average
STAR Preliminary I STAR Preliminary
=) 04
> S
% 03 oy
F I
Q 02}
— il
0.2
- (b) Y(IS) STAR N_,;, uncertainty 0.1
oL . | . | . ! , STAR N_, uncertainty
0 100 200 300 400 0 . . . . . | .
Npart 0 100 200 300 400
Nnart
« M. Strickland, [arxiv:1207.5327] *A. Emerick et al., [EPJ A48 (2012) 72]
— Thermal suppression of bottomonium states — Transport model
— Anisotropic hydro model, best description — Suppression of Y resonances by the QGP
with » Mainly of the higher mass states
 Strongly Binding Scenario
. * To = 330 MeV
— Feed down from higher mass states o _ _
included — Negligible regeneration component included
— No CNM effects included — Feed down from higher mass states included

— No regeneration included -
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