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A look into the Quark-Gluon Plasma

Investigate the production and properties of the Quark-Gluon Plasma, the state of matter

where quarks and gluons are deconfined

early universe
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Run: 244918

Time: 2015-11-25 10:36:18
Colliding system: Pb-Pb
Collision energy: 5.02 TeV
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Quarkonium studies in HI collisions
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Quarkonium suppression

the original idea:

RS, L. 5. 30 prese quarkonium production suppressed via color
BROOKHAVEN NATIONAL LABORATORY SCI’eeﬂlng In the QGP

BNL-38344

J/¢ SUPPRESSION BY QUARK-GLUON PLASMA
FORMATION

T. Matsui

Center for Theoretical Physics
Laboratory for Nuclear Science
Massachusetts Institute of Technology < A
Cambridge, MA 02139, USA d l SS

and

H. Satz

Fakultat fur Physik
Universitat Bielefeld, D-48 Bielefeld, F.R. Germany
and
. Physics Department
Brookhaven National Laboratory, Upton, NY 11973, USA A

ABSTRACT

If high energy heavy ion collisions lead to the formation of a hot quark-

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

rJ/w

interior of the interaction region. To study this effect, we compare the — e = =

temperature dependence of the screening radius, as obtained from lattice

XD (fm)
l

QCD, with the J/4 radius calculated in charmonium models. The feasibil-

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

i
We conclude that J /4 suppression in nuclear collisions should provide an )

unambiguous signature of quark-gluon plasma formation.
‘This manuscript has been authored under contract number DE-AC02-T8CH00018 with the U.S. Depart- I
ment of Energy. Accordingly, the U.S. Government retains a non-exclusive, royalty-free license to publish or

reproduce the published form of this contribution, or allow others to do so, for U.S. Government purposes. e 9

T.Matsui and H.Satz, Phys.Lett.B178 (1986) 416
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Quarkonium suppression

the original idea:
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ABSTRACT

If high energy heavy ion collisions lead to the formation of a hot quark-

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

rJ/w

interior of the interaction region. To study this effect, we compare the — e = =

temperature dependence of the screening radius, as obtained from lattice

KD (fm)
|

QCD, with the J/4 radius calculated in charmonium models. The feasibil-

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

3
We conclude that J /4 suppression in nuclear collisions should provide an )
unambiguous signature of quark-gluon plasma formation.
‘This manuscript has been authored under contract number DE-AC02-T8CH00018 with the U.S. Depart- I

ment of Energy. Accordingly, the U.S. Government retains a non-exclusive, royalty-free license to publish or
reproduce the published form of this contribution, or allow others to do so, for U.S. Government purposes.
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Quarkonium suppression

the original idea:

state J S quarkonium production suppressed via color
v xe | v2S) screening in the QGP

Miass(GeV) S
~~To>5 1 o0z sequential melting:

AE (GeV) differences in the quarkonium binding energies lead

m to a sequential melting with increasing temperature

)

state Y(1S) | Y(2S) | Y(3S)

T<T.
‘ AY, ‘ !
(Digal,Petrecki,Satz PRD 64(2001) 0940150)
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Quarkonium suppression

state J/y v | w(2S)

—fm | 050]073] 080

state Y(1S) | Y(2S) | Y(3S)

(Digal,Petrecki,Satz PRD 64(2001) 0940150)

the original idea:

quarkonium production suppressed via color

screening in the QGP
sequential melting:

differences in the quarkonium binding energies lead
to a sequential melting with increasing temperature

T~T,

y(2S) /vy ‘

)
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Quarkonium suppression

state J/y v | w(2S)

—fm | 050]073] 080

state Y(1S) | Y(2S) | Y(3S)

(Digal,Petrecki,Satz PRD 64(2001) 0940150)

the original idea:

quarkonium production suppressed via color

screening in the QGP
sequential melting:

differences in the quarkonium binding energies lead
to a sequential melting with increasing temperature

T~2-3T.

y(2S) /vy ‘
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Quarkonium suppression

I:I Potential Models

I:I T \[s =200Gev
peak | NN

35 4 45 5
melting T/T

c

PHENIX, Phys.Rev C91, 024913

the original idea:
quarkonium production suppressed via color
screening in the QGP

sequential melting:
differences in the quarkonium binding energies lead
to a sequential melting with increasing temperature

T>>T,

J/v Y(1S)

y(2S)

0o
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...and quarkonium recombination

(Re)combination enhanced quarkonia production via (re)Jcombination
at hadronization or during QGP phase

increasing the collision energy

s . >
the cc pair multiplicity increases = A
ve . .
& Statistical
Central AA N,.- N5 g_ regeneration
collisions event event =
SPS, 20 GeV ~0.2 s =
RHIC, 200GeV | ~10 - 3 Sequential
o .
LHC, 2.76TeV | ~85 ~2 = melting
LHC,5.02TeV | ~115 ~3 2
=
energy density
negligible recombination
contribution for bottomonia, P. Braun-Muzinger,J. Stachel, PLB 490(2000) 196
even at LHC energies R. Thews et al, Phys.Rev.C63:054905(2001)
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Cold nuclear matter effects

On top of the hot matter mechanisms, other effects, related to cold nuclear
matter (CNM), might affect quarkonium production

® nuclear parton shadowing/color glass condensate

® energy loss

® ¢ break-up in nuclear matter

CNM are investigated in p-A collisions, addressing:

‘ Role of the various contributions, whose importance
- = depends on kinematic and energy of the collisions

‘ Size of CNM effects, fundamental to interpret
quarkonium AA results

Roberta Arnaldi NPQCD17 May 2314 2017 e'




Even if the “suppression-recombination” approach looks simple, a realistic description
of the involved mechanisms is rather complex:

- on the experimental side:

- on the theory side:

Low p; Y(1S)

Roberta Arnaldi NPQCD17 May 239 2017



Summarizing quarkonium in pp, pA, AA

ILI@AV-WI 7AWl N uclear modification factor:
genuine pp physics program
Y]/l/)

O>«0 R -

Medium effects quantified

‘-} shadowing/CGC, energy loss... comparing AA (pA) quarkonium
yield with the pp cross section,

scaled by a geometrical factor
(from Glauber model)

no medium effects > Ry, =1

" regeneration vs suppression hot/cold matter effects > R,, # 1

May 239 2017
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From SPS and RHIC experiments...

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

In-In 158 GeV (NA60)
1 Pb-Pb 158 GeV (NA50)

==

e 2007 Au+bAu, 1.2<|y|<2.2, global sys. =+ 92%

==
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first evidence of anomalous suppression stronger suppression at forward y
(i.e. beyond CNM expectations) in Pb-Pb > not expected if suppression increases

~30% suppression compatible with y(25) with energy density, larger at mid-y
and y. decays
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...to quarkonium at LHC

Facility | Experiment System Vsyn | Data taking
(GeV)
LHC ALICE Pb-Pb 2760 2010-2012
ATLAS 5020 2015
CMS p-Pb 5020 2013
LHCb 8160 2016
PP 2760, |2010-2016
7000,
5020,
8000,
13000
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...to quarkonium at LHC

Facility | Experiment System Vsyn | Data taking
LHC ALICE A
ATLAS
CMS
LHCb
A
30
complementary = AV
results due to E
different kinematic <
—— coverages
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JIy Ryaat low py

.:( IIIIIIIIIIIIIIII!IIIIIII'IIIIIIIIIIIIIIIII

1.4
Inclusive Jiy — p*p § Inclusive Jhy — p*u’, Pb-Pb {5, =2.76 TeV and Au-Au s, = 0.2 TeV

B ALICE, 2 5<y<4, 0-20% global syst.= = 8%

# PHENIX, 12<|y|<2.2, 0-20% global syst. = + 10%

o L m _
. E ALICE, 2.76TeV ; '
E ﬁ ] 2 G T - [RRTORNN ~ = FERE R T
ﬁ E ﬂ k o *-- """ R N N AN
PHENIX, 0.2TeV o B Cp et X 0.9 eV
pa o oo by a o Vo s baa o a bowa o Loy wa by gy a1y I A A A A |"‘|Il-|l‘-|' h"r:.;':* .'J:'J:-ulul..L.l.,l . .J Lo 11
0 50 100 150 200 250 300 350 400 I Y T A
(N . p_(GeV/c)

JHEP 05 (2016) 179, PLB 734 (2014) 314, PRL 109 (2012) 072301

RHIC vs ALICE:

Stronger J/y suppression vs centrality at RHIC, in spite of the LHC larger energy densities
Weaker low p; suppression measured by ALICE

=)
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J/v Ryaatlow pr: LHC Run2

.:( IllllIIIIIIIIIII!IIIIIIIIIIIIIIIIIIIIIIII- B IIIIIIIIIII'IIIII:IIIII_
Inclusive Jiy — prp ] n_-_{ 1.4 C Inclusive J/y — p*y’, 0-20% centrality ]
® ALICE, Pb-Pb\s,, =502TeV,25<y < 4,pT < 8 GeVic ) C ® ALICE, Pb-Pb\s,, =502TeV,25<y <4 ]
m ALICE, Pb-Pb \Sn=276TeV,25<y < 4.pT < 8 GeVic 12 " m ALICE, Pb-Pb \§n=276TeV,25<y <4
O PHENIX, Au-Au\s,, =02TeV,1.2<|y| < 2.2,pT >0 GeV/c ’ C ® PHENIX, Au-Au\s,, =02TeV,12<|y| <22

]
ALICE, 5.02TeV A 0.8 —H =
EIIE@E'@IME.I.IIE' osk O [ I%
g L “
ALICE, 2.76TeV 4: El °
0.41 W og @ ¢

PHENIX, 0.2TeV o B : ‘e m L
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PLB766 (2017) 212

J/y Rya at Vs = 5.02 TeV is systematically higher by ~15% than
the one at Vs, = 2.76 TeV, even if effect is within uncertainties

=)
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Comparison with theoretical models

ALICE Preliminary, Pb—Pb s, = 5.02 TeV
Inclusive J/y — e*e’
lv| < 0.8, p,> 0.15 GeV/e

Transport (TM1, Du and Rapp)
Transport (TM2, Zhou et al.)
Statistical hadronization (Andronic et al.)

~1Co-movers (E. Ferreiro)

ALICE, Pb-Pb |5, = 5.02 TeV

Inclusive Jiy — pip
25<y<4,03< p, < 8 GeV/c

Transport, p_ > 0.3 GeV/c (TM1, Du and Rapp)
Transport {TRAQ, Zhou et al.)

Statistical hadronization (Andronic et al.)

Co-movers (Ferreiro)

50 100 150 200 250 300 350 400 450
(N

part

Transport models:

based on thermal rate eq. with continuous J/y dissociation

and regeneration in QGP and hadronic phase
X. Zhao, R. Rapp NPA 859 (2011) 114, K. Zhou et al, PRC 89 (2011) 05491

Statistical hadronization:

J/v produced at chemical freeze-out according to their

statistical weight

Comover model:

A. Andronic et al., NPA 904-905 (2013) 535

J/y dissociated via interactions with partons - hadrons +

regeneration contribution

E. Ferreiro, PLB749 (2015) 98, PLB731 (2014) 57

All models fairly describe the data, as already in Runl

but large uncertainties associated to charm cross section

and shadowing

Roberta Arnaldi

NPQCD17
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J/y Ryaat high py

Different behavior wrt low p; J/y:

Suppression strongly increasing with centrality Behaviour expected in case of weak
Suppression at LHC is stronger than at RHIC regeneration contribution at high p;

ATLAS Prehmlnary
PbPb, \[s, = 5.02 TeV, 0.42 nb”

2 pp, us_502Tev 25 pb™

% STAR: Au+Au, \'s, =200 GeV, lyl < 0.5, p.>5 GeV/c
m CMS: Pb+Pb, \'s =276 TeV, lyl < 2.4, P> 6.5 GeV/c

Prompt J/y, Iyl <2.0,9 < P, < 40 GeV STAR preliminary

0.8

Jy R

STAR, 0.2TeV
¥
" A
STAR N__, uncertainty CMS 2 7 TeV

50 100 150 200 250 300 350
N

part

0.6

0.4

0.2 ®

e e b by b b b by
0O 50 100 150 200 250 300 350 400

11

=T

NPart

AATLAS-CONF-2016-109 @
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J/y elliptic flow

Collision dynamics is reflected in the
particle azimuthal distributions

- elliptic flow is the second coeff. of the
Fourier expansion, wrt reaction plane

Reaction
plane

Effect should be important at LHC energies, in
kinematic regions where regeneration plays a role

PbPb Sy, = 2.76 TeV

Prompt J/y Cent. 10-60%

+16<|y<24 aly|<24

initially produced [29]

- coalescence from thermalized c€ [30]
initial + coalescence [32]
initial + coalescence [33]
hydrodynamic [34]

PRL 111 052301(2013) EPJC 77 (2017) 252

RHIC results favour v,~0

CMS measures v, = 0 at high pr, possibly due

Roberta Arnaldi

to the energy loss path-length dependence @

NPQCD17 May 2314 2017




J/y elliptic flow

ALICE Run 1 result gave an indication of
non-zero flow 2 2.7c in 2<p<6 GeV/c

ALICE, Pb-Pb, 20-40% ;
| iy and 20-40% centrality

Inclusive Jiy — p*u~, 25 <y <4

Higher Run2 precision shows evidence
for non-zero flow, with a maximum in
4<p:<6 GeV/c

p; (GeV/c) 0-2 2-4 4-6 6-8 8-12
An=1.1 2.2c |6.30 7.4c |5.0c6 |2.8c
An=5.3 l4c |6.20 500 |3.3c |1l3c

B V,(EP, An=5.3}, {5, =5.02 TeV | sesss-z 105 preimean

+ V.{EP, An = 5.3}, Voun= 2.76 TeV! goasym

Roberta Arnaldi NPQCD17 May 2314 2017 @'




J/y elliptic flow

Similar v, observed for open charm Difficulties in reproducing the v, shape up to
high pr with theory models

A LR RN LA B
ALICE Preliminary, Pb-Pb \s,, =5.02 TeV

Mﬂw

¢ Inclusive Jiy = e, v{EP, An = 1.1}, 25 < y < 4, 20-40%, global syst: 19

T T '| T T T I T T T l T T T I T T T 'I T T T
ALICE Preliminar ¢ v.{EP, An=1.1)

Pb-Pb | Sun = 5.02 TeV, 20-40% global syst: = 1%

Inclusive Jiy — W'—, 25 <y <4

by

II!IIIIIIJIIIlIII[II

i

¥ Prompt D°, D" average, v,{EP, |An) = 0.9}, Iyl < 0.8, 30-50%

crhrprrrprrr e e e e p e v
&

Syst from B feed-down
1 L L L L 'l | 'l L Il ' I 'l L L 'l I ' 1 'l '

5 10 15 20
P, (GeV/c)

Ay 1|||I||

5

o

P. Zhuang et al., prompt J/y
R. Rapp et al., inclusive J/y

R. Rapp et al., primordial J/y
L | L L L I 1 1 L I 1 1 Il
2 4 6
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w(2S) in AA collisions

y(2s) is a loosely bound state
(binding energy ~60 MeV wrt to ~640 MeV for J/v)

—
l
-]

0

ﬂ Expected to be more easily dissociated than J/y
- sequential suppression scenario

<
s
<
<

ﬂLess clear role played by recombination, taking place
- at freeze-out, as for J/y in the statistical
hadronization model
- in later collision stages, when the system is
more diluted (and radial flow is stronger)
[sequential regeneration, Rapp, arXiv:1609.04868]

Roberta Arnaldi NPQCD17 May 239 2017




v(2s) shows a stronger suppression, in semi-central and central collisions, than J/y
[W(2S)/J/ylan / [\|f(2$)/J/\|/]IDID <<1 - behaviour expected in a dissociation scenario

Mo

T [ T T T T | T T T 1 '| T T 1 T I T T T T I T T T T [ T 1 T T [ T 1 T T [ Pbe 351 ub_1’ pp 28.0 pb_1 (5.02 TeV)

ALlCEinclusiveJIw.w{ES},F’b-Pb|'S_MJ=5.UETEV,2.5-‘:}'{4,D{pT{EGeWC N R LR R LN RN LR B
) VS_NN=5.02TeV CMS B

E o, Sy =276 TeV
—— (2S) (Preliminary) 5F 7 (PRL113 (2014) 262301)

-t =k
@

[||r||r1|r|r

-l
P

—— Jiy (arXiv:1606.08197) " 16<lyl<24, 3< p, <30 GeV/c
Upper limits include global uncertainties - Prompt only %

—h
no

i

fﬂ 95% CL .

5E 95% CL -

1 1 L 1 1 I L 1 1 1 I 1 1 1 1 1 1 L L 1 'l L 1 E E
'I 5[] 2[}[] 25D SDD 35{] 4[][] C11 | | 1111 | 1111 | 111 | 1111 | 1111 | 1111 | 1111 | 171

(N ) 0 50 100 150 200 250 300 350 400
part

1
0.8
0.6
0.4
0.2

0

0

+

At sy = 5.02 TeV, compatible results between ALICE and CMS, in similar kinematic range,

while some tension exists at lower energy

Results in different kinematic ranges are sensitive to the fraction of primordial and

regenerated charmonia, to different medium temperature and flow... @
Roberta Arnaldi NPQCD17 May 239 2017




Bottomonia in AA

Three states characterized by very different binding energies:

Y(1S): E,~1100 MeV
((29): E,~500 MeV  Y(3S ‘
Y(3S): E.~200 MeV (35)

Sensitive in very different ways to the medium

pp 25.8 pb™ (5.02 TeV)

p'< 30 GeVic CMS

y"|< 2.4 Preliminary
pi >4 GeV/c

Pp i

— background

With respect to charmonium:

Limited recombination effects 2 interesting for
sequential suppression studies

More robust theoretical calculations, due to higher
b quark mass

No B hadron feed-down - simpler interpretation?

Lower production cross sections
Non negligible feed-down from higher states

Roberta Arnaldi NPQCD17 May 239 2017




Bottomonia in AA

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

p." <30 GeV/c CMS -
|y””| <24 Preliminary

E.}0100%_

PbPb 351 pub™ (5.
T T T T ‘ T T T T | T T T T T T T T . 1
p”L”< 30 GeV/c =

p G 3
I{ <24 0.8
Pl > 4 GeV/c
Centrality 0-100%

¢ PbPb data
— PbPb fit

- = pp overlayed 0.4

<
< ]
C 0.6

Events / (0.1 GeV/c?)

IIIIIIlIIIIIlIIIIII]IIl\III|IIII

(@]

LI | LI | LI ‘ LI | T 1
(@]
L1 | | L1 1 | L1 1 ‘ L1 | | | -

Pee L

0 50 100 150 200 250 300 350 400
CMS-HIN-16-023 Npart

<H

IIIII|[III

|-
A owm O

TI'HT"Illllllll TTT1

Suppression up to a factor ~2 for Y(1S) and ~9 for Y(2S)

11 ' |
. (GeVi) Slightly stronger Y(1S) suppression at 5.02 TeV wrt 2.76
TeV

Suppression of directly produced Y(1S) ? - feed-down contribution~30% @

Roberta Arnaldi NPQCD17 May 239 2017
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Y(1S) p; dependence

PbPb 368 b, pp 28.0 pb ' (5.02 TeV)
ALICE Preliminary, Pb-Pb |s,,, = 5.02 TeV

o L _ » Cent. 0-100% Preliminary
B nclusive T(15) — p'yw, 2.5 < y < 4, centrality:0-90% global sys.= + 5%

Strickland et al., arXiv:1605.03561 gl WKrouppa, Sirickland * T(19)
4n n/s=1 B Y(2S)
)
)

68% CL

—— 4nys = 2 — 4mn/s=2 BRYES
: 95% CL

—-4m/s =3 iz 4w m/s=3 v Y(@3S

Weak p; dependence observed from both ALICE and CMS

Transport and anisotropic hydrodynamical models qualitatively describe the data

No need for contribution of regenerated Y

Roberta Arnaldi NPQCD17 May 2314 2017 @'




Y(1S) vs rapidity

Y(1S), Pb-Pb {5y = 2.76 TeV

® CMS /|Krouppa and Strickland (arXiv:1605.03561)
® ALICE

F

L L L S ! I I ) I B B S

(@]

CMS-PAS-HIN16-023
CMS arXiv:1611.01510

0.6

04 g

0.2

0

@ ALICE

Y(1S), Pb-Pb m =502 TeV 1
® CMS | Krouppa and Strickland (arXiv:1605.03561)

ey

0 0.5 1 : 2 : 3

4

Y
E. Scomparin, QM17

Suppression increases with yat Vs, = 2.76TeV
Suppression is constant at Vs, = 5.02TeV

Some tension in the R, , evolution vs y with energy, but still large uncertainties

Roberta Arnaldi

NPQCD17

May 239 2017
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Bottomonia at RHIC

STAR Preliminary

busy

STAR

(b) Y(1S) STAR N_; uncertainty

New high-precision RHIC data suggest
a similar Y(1S) suppression as at LHC
- Feed down effect?

30-60% 0-60% 10-30% 0-10%

K Y(2S+3S): STAR Au+Au@200 GeV lyl<0.5
¢ Y (2S): CMS Pb+Ph@2.76 TeV lyl<2.4
—— Y(3S): CMS Pb+Pb@2.76 TeV lyl<2.4

STAR N, uncertainty
STAR Preliminary

CMS

g ou

Slightly stronger Y(25S+3S) suppression
at LHC than at RHIC in semi-central

Roberta Arnaldi

NPQCD17
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J/y in p-Pb collisions

pA collisions are a tool to: = Disentangle CNM effects, which have a different impact
depending on energy regime and quarkonium kinematics

Investigate role of CNM effects underlying AA collisions

ALICE, inclusive J/iy — p'w

® p-Pb |s,, =5.02 TeV (JHEP 02 (2014) 073)

® p-Pb \s,, =8.16 TeV (preliminary)

Vsyn = 8.16TeV, p/v=0
1.1 10> <x<5 10> (p-going)
CERN-ALICE-PUBLIC-2017-001 7.3 10-3<x<3.3 102 (Pb-going)

Roberta Arnaldi NPQCD17 May 239 2017




JIWR, A VS rapldlty

ALICE Preliminary
10 - Inclusive J/y — p'y, p-Pb ys,, = 8.16 TeV

.N

1 1 L [ T 1 1 I ] T 1
:I HELAC — Onia with EPS09LO ]
#7% HELAC — Onia with nCTEQ15
U\ HELAC — Onia with EPSO9NLO
IR Energy Loss i

CGC Preliminary

4 LHCb (5TeV)
4 LHCb (8.16TeV)

1

0.8+

—4
-
=
-

Rpr prompt J/W
n

(S
-’

0.6

EPS0SNLO + CEM (R. Vogt)
nCTEQ1S (J. Lansberg et al.)
0.4 CGC + NRQCD (R. Venugopalan et al.)
CGC + CEM (B. Ducloue et al.)
B Energy loss (F. Arleo et al.)
02 - == Transport (hot + cold nuclear effecis) (P. Zhuang et al.)
: = = = Comovers (E. Ferreiro)}
1] EEEEE N FRTE TS T P T T T 0.0 PR S N W T— !
-5 4 -3 -2 -1 0 1 2 3 4 5 —5. O -2.5 0.0

ycms

Size of theory uncertainties (mainly shadowing) still limits a more quantitative comparison

May 239 2017 @
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o _
o of ALICE

Inclusive Jiy — p'p’, 2.08 <y <3.53

® p-Pb|s,, =5.02TeV (JHEP 02 (2014) 073)

® p-Pb\s,, =8.16 TeV (preliminary)

Illllllllll I |

In Run 2, the ALICE p; coverage is extended up

4 6

Il | L1 | L1 1
16 18 20
P, (GeV/c)

I]IIIlIIlI!
8§ 10 12 14

to 20 GeV/c

Good agreement with CMS results

=)

Roberta Arnaldi

18[ Pr

ompt JAhp

pPb 34.6 nb™”, pp 28.0 pb™ (5.02 TeV)
S B L B BN B

CMS

® 15<y <193 R
= ALICE: 2.03 < You < 3.53

inclusive Jhp N
| | 1 L | 1 L | 1 | I_

10 15 20 25 30
P, (GeVic)

I:{pr

J/y production in p-Pb at Vs, = 8.16TeV

pPb 34.6 nb”, pp 28.0 pb' (5.02 TeV)

2_I TTT ‘ TTTT | rT 1T | TTTT ‘ TTTT | TTTT ‘ TTTT | rTT1T | TTTT ‘_
1.8F Prompt J/y CMS -
1.6 =
1.4F =
1.2F =

1E . s eIk
0.8 -
0.6 3
0.4;—+ 10 <p_ <30 GeVic —
0.2 —=— ATLAS:8<p_<30GeVic —

:l L1l { L1111 | I | || J L 111 | L1l { L1111 | I | L1111 J:
25-2-15-1-050 05 1 15 2

high pT J/y

NPQCD17

May 239 2017
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v(2S) in pA collisions

Being more weakly bound than the J/y, the y(2S) is an interesting probe to have further
insight on the charmonium behaviour in pA

1.5/— PHENIX |'Syn =200 GeV | sy, =5.02 TeV
$He+Au ¢ p+Pb, LHCb
JHEP 1603 (2016) 133

up+Pb, ALICE
JHEP 1412 (2014) 073

- unexpected because time spent by the
cc pair in the nucleus (t.) is shorter
than charmonium formation time ()

- shadowing and energy loss, almost
identical for J/y and y(2S), do not
account for the different suppression

(dN/dn), _/(<S >) (fm?)

AMPT

L OGRshadron resonance gas or comavers models descrbe the stonger (26) suppressio @y
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Y in pA collisions
el

p+Pb \s,,, = 5.02 TeV

fx 1.6
1.4
1.2
1
0.8
0.6

Y(1S) R,, described by shadowing and energy
loss models

- CMSpPb |5, =5.02 TeV CMS PoPb 5, =276 TeV
- @y <193, L=31np" T Iy J<24L=150 b7 -
i ¥ 95% upper limit ]

PAL 109 {2012) 222301—

=

Pa
T T

$ATLAS, Y(18), p_< 40 GeV
#LHCb, Y(18), p_<15 GeV
4ALICE, Y(18), p_>0 GeV

0.4
0.2

. | . . . | . . . | .
0— 5 0

ALICE, Phys. Lett. B 740 (2015) 105
ATLAS-CONF-2015-050 ,LHCb, JHEP 07(2014)094

p'r' =4 Gelie

—
T T

= =
=2 oo
i T

=
s
T 1

¢  PbPb

o
[
T T

Stronger excited states suppression with respect to Y(1S)
Initial state effects similar for the three Y states

[Y(nS)/Y(1S)Ixpb / [Y(NS)/Y(15)]pp

|

- Final states effects in p-Pb? Y(2S)/Y(1S) Y(3S)/Y(1S

]
T 1
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Conclusions

Several quarkonium states now accessible with high precision in p-A and A-A

R results at Vs = 5.02 TeV confirm the role of suppression and recombination
mechanisms at play on the various quarkonium states

Evidence of J/vy elliptic flow suggests charm thermalization in the medium

Y suppression follows binding energy ordering, as expected in a melting scenario

Interplay of shadowing and energy loss describes J/y and Y production in p-Pb

Stronger suppression observed on y(2S) due to QGP-like effects in pA

Many new results still to come.... —njanksl

NPQCD17 May 2314 2017
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J/y Ranat mid-y. Run 2

i 1 .4 [ T T T T I T 1 T T | T 1 1 T | T T T 1 | 1 L] LB I L] L] L] L $ 1 I4 [ T T T T '| T T L '| T T T | L T I T T T T I T T T T
_ ALICE, inclusive Jiy — e'e’ L ALICE Pb-Pb |s,, =5.02 TeV
1.2 n ® Pb-Pb,\s,, =5.02TeV (Preliminary) 1.2Im ® Jy—e'ey|<0.8 p >0GeV/c (Preliminary)
B m [ | Pb-Pb, \ s, = 2.76 TeV (PLB 734 (2014) 314-327) B Jyop'n25<y<40,0<p <8 GeVe (arXiv:1606.08197)
1_ LP |
5 5 mid-y H
0.8 H E — 0.8~ m [ﬁﬂ —
i $ : - u 5 EH@ E B _ § E
0.6~ J - 0.6 ® -
- \syny = 5.02TeV . - 1
0.4 - 0.4 fw-y 3
0.2 - 0.2f -
: I - I | | Ll 1 | Ll | Ll L1 I | I | | - | | - : : 1 1 1 J L1 1 1 J - |. I I I - I ) N - J L1 1 1 | L1 1 | :
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
JHEP 07 (2015) 051 ( Npart > ( Npart )

No significant Vs-dependence also at mid-rapidity, confirming observation
at forward-y

Small R, , increase in most central collisions, wrt forward-y, as expected in a
(re)generation scenario (but fluctuations cannot be yet excluded)
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Comparison with theoretical models

Transport models: based on thermal rate eq. with continuous

J/y dissociation and regeneration in QGP and hadronic phase
X. Zhao, R. Rapp NPA 859 (2011) 114, K. Zhou et al, PRC 89 (2011) 05491

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

Inclusive J/y — e*e’
/<08, p >0.15 GeVle

Transport (TM1, Du and Rapp)
Transport (TM2, Zhou et al.)
Statistical hadronization (Andronic et al.)

~1Co-movers (E. Ferreiro)

ALICE, Pb-Pb |5 = 5.02 TeV

Inclusive Jhy — pp
25<y<4,03<p <8 GeV/c

Transport, p_ > 0.3 GeV/c (TM1, Du and Rapp)
Transport (TM2, Zhou et al.)

Statistical hadronization (Andronic et al.)

Co-movers (Ferreiro)

50 100 150 200 250 300 350 400 450
(N 0

part

Statistical hadronization: J/y produced at chemical freeze-out

according to their statistical weight

Comover model: J/y dissociated via interactions with partons -
hadrons + regeneration contribution k. rerreiro, PLB749 (2015) 98, PLB731 (2014) 57

All models fairly describe the data, as already in Runl

A. Andronic et al., NPA 904-905 (2013) 535

but large uncertainties
associated to charm

shadowing

Model do,,,/dy shadowing
[mb] fw-y

Transport, TM1 0.57 EPSO9

Transport, TM2 0.82 EPSO9

Stat. Hadroniz. 0.32 EPS09

Comovers 0.45-0.7 Glauber-Gribov

Cross section and

Roberta Arnaldi
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Y(1S) feed-down

‘}éi#i“

0 I

. -‘i'.laiﬁﬁtnl-!li'nbﬂ LR

* LHCb,2.0<y<4.5
o CMS, lyl <2.4, 36 pb™

e CMS Preliminary
= ATLAS, Iyl <1.2

} + + Y(28)

* et ya3s) §

J/y production

Quarkonium production can proceed: Feed
: : : . N down
directly in the interaction of the initial partons 30% _
via the decay of heavier hadrons (feed-down) Ds'gf/d
(1]

For J/y (LHC energies) the contributing
N ERINUSEIGCE

Direct production

* CMS 100nb" 14<|y[<24
= CMS 100nb" |y|<1.4

¥ LHCb 14.2nb" 25<y<4.0
4 ATLAS 17.5nb" |y|<2.25

Feed-down from higher charmoni
states:
~ 8% from y(2S), ~25% from v,

LHC vWs=7TeV
Preliminary

fraction of J/y from B-hadrons

£ decay ' + CDF y§=1.96TeV [y|<0.6
contribution is p; dependent PRD 71 (2005) 032001
~10% at p;~1.5GeV/c

16

18
Py [GeVic]

Roberta Arnaldi

CERN PH Seminar May 274 2017




pr- dependence of Ry,

J/v Ry, is higher at low pr, where J/y from
regeneration dominate

———r——— 77— [ 7" T
- ALICE, inclusive Jiy — p'
Transport | 5,,, = 5.02 TeV (TM1, Du and Rapp)
® Pb-Pb | s, = 5.02 TeV, 0-20%

| Inclusive J/y — p*’, Pb-Pb | sy, = 2.76 TeV
i . 4, 0-909 | | .=+ 8Y
H Pb-Pb 'I Sy = 2.76 TeV, 0-20% oL | | ‘?;?E, 2.5<y<4, 0-90% global syst. 8%

wor Primordial Jiy (TM1)

=«+Regenerated Jiy (TM1)
= Primordial Jiy (TM2)
=« Regeneration Jiy (TM2)

o
M

L ATLAS Preliminary

- PbPb, |/sy, =5.02 TeV, 0.42 nb™
[ pp, /s=5.02TeV, 25pb"

““I Prompt Jiy, lyl <2

L 0-80% centrality

76 TeV

i

AA

[ JE I VRN
T T

HE-.{IE TQV}IHE
D LS LALE L0 LALLM

AR
= =]

Very different
behavior wrt R, , of
high-p; J/y

as measured by
ATLAS and CMS

Similar R, at Vs = 2.76 and 5.02 TeV,
with a hint for an increase in the range
2<p:<6 GeV/c
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From pA to AA

Once CNM effects are measured in pA, what can we learn on J/y
production in PbPb?
2->1 kinematics for J/y production

CNM effects (dominated by shadowing) factorize in p-A
CNM obtained as R, X Ra, (R,4°), similar x-coverage as PbPb

Hypothesis:

ALICE Inolucles Jhg—u'y’

Sizeable p; dependent suppression still visible > CNM

o R R oaYy, 88 x K A8y <208, [T = 502 ToV effects not enough to explain AA data at high p;

B Rpess 265y 4], By, = 278 TeW, 0-80%
[Phiys. Lot BT34 [2014) 314]

m) we get rid of CNM effects with

AA /

CNM effects not enough to
explain PbPb data at high p;

7

I. I::. E‘ Illf{:. .-
.DT LEL=A

Evidence for hot matter effects in Pb-Pb!

ALICE inclusive Jiy—p®u




Low pT J/y at fw-y

Strong R, enhancement in peripheral collisions for O<p;<0.3 GeV/c

ALICE, Pb-Pb sy, =2.76 TeV

o m significance of the excess is
— = 0= p_<0.3GeVic, global syst = = 15.7 % 54 (3.4)6 in 70-90% (50-70%)

—»— 0.3 = p_<1GeVlc, global syst==13.1 %

ﬂ behaviour not predicted by
transport models

—=— 1= p <8 GeVic, global syst==11.5%

* Common global syst = = 6.8 %

EBS
Ss
50 100 150 200 250 300 -
2
. . o« o o 15
if excess is “removed” requiring p§/¢>0.3GeV/c
> ALICE R, , lowers by 20% at maximum (in the

—— 05 dimucns (data)

m o St p e ri p h e ra | b i n ) B —— Coherent photo-produced Jhy
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Low pT J/y at mid-y

First observation of a low pT excess at mid-y

Measurement done in 2 centrality classes: 50-70 and 70-90%

%107

ALICE Preliminary

Pb-Pb {s,, = 5.02 TeV
Jy — e'e, |y|<0.9

2.92 < m,., < 3.16 GeV/c?

ALICE Preliminary
Pb-Pb |s,,, = 5.02 TeV, Centrality 70-90 %
Jiy - e'e, ly|<0.9

BR.x AN (p,<0.3 GeVic)

d = 5.5 +1.1(stat) +0.4(syst) x10™
y phata

entries per GeV/c

-e- centrality 70-90%

global uncertainty of 7.2% — ultra-peripheral (scaled)

Hadronic contribution in pT<300 MeV/c subtracted

pT spectrum in agreement with UPC measurements - mostly coherent photo-production orig;
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y(2S) in p-Pb at Vs, = 5.02TeV

Being more weakly bound than the J/vy, the y(2S) is an interesting P PHTENIX
probe to have further insight on the charmonium behaviour in pA . 15— bpsa preliminary

ﬂ y(2S) suppression stronger than .
the J/y one at RHIC and LHC "z Cormarnecamers gty oits

+16% global uncertainty on
midrapjdity point

- unexpected because time spent ' ' g
rapidity
by the cc pair in the nucleus (1)
is shorter than charmonium ALICE, p-Pb {s= 5.02 TeV, -4.46 <y__ < -2.96 ALICE, p-Pb {s=5.02TeV, 2.03 <y <353
formation time (Tf) Inclusive J/y, y(28) — 'y Inclusive J/y, w(2S) — 'y
“ |ELoss (Arleo et al.) — Jhy: EPS09 LO + comovers (Ferreiro) " ELoss (Arleo et al.) — J/y: EPS09 LO + comovers (Ferreiro)
EPS09 NLO (Vogtetal) — V¥(25):EPS09LO + comovers (Ferreiro) EPS09 NLO (Vogtetal) ~— ¥(25):EPS09 LO + comovers (Ferreiro)
1 ) . Jiy: QGP+HRG (Du et al.) 309 LO ( . J/y: QGP+HRG (Du et al.)
- shadowing and energy loss, SL eEPsmioGemeo MV ISEE D) SE ERsmoEerin e ctal

almost identical for J/y and
y(2S), do not account for the
different suppression

QGP+hadron resonance gas or comovers models describe the stronger y(2S) suppression
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w(2S): comparlson with Run 1

r1||'|Illrr||11||rrr[r||1'||Ilr[||11'|||ll

r1|1'|I||r[||11|Irrr|’r||1'|Illr|'||11'|11ll

ALICE inclusive J/y, w(2S), Pb-Pb, 2.5<y<4, 0<p_<3 GeV/c ALICE inclusive J/y, y(2S), Pb-Pb, 2.5<y<4, 3<p_<8 GeV/c

———— |5, = 5.02 TeV (Preliminary)
——— s, = 2.76 TeV (JHEP 05 (2016) 179)
Upper limits include global uncertainties

V5. = 5.02 TeV (Preliminary)
VS = 2.76 TeV (JHEP 05 (2016) 179)
Upper limits include global uncertainties

|rr1|rr||

et
@©
ok
&

|

|rr1]|rr1|rrl|

T _1 1

N T -
N T -

||r1]||rl
.I..I.lJJ.I.lI.I
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.I..I.lJJ.I.lI.I

||r1]||r|

I ST B ST T S N . T T T T T T O I BT AN ENE | T I B S A B S A B R RN SE A B A B

50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
{Npan} FUFD S0 ID PP £0U P [D.UE 1RV {N }

._'I['IIl'IIIIlIIIIIII|IIII[I[I[|'IIII|IIII'|I_

o
=

g ™ I||'s_"N=5.III2Ti3‘.J’ CMS _E
oo VSun = 2.76 TeV

F " (PRL113 (2014) 262301) 5. OZT@V—:
16<lyl<24, 3<p_ <30cevic 2,76TeV ]

Prompt only

Intermediate pt H

]

50 100 150 200 250 300 350 400

N
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J/y elliptic flow: analysis technique

J/y v, = <cos 2(¢,,-Wgp)> is computed using the Event Plane from | SPD (An=1.1) at fw-y

TPC (An=0) at mid-y
v,V is obtained modeling <cos 2 (¢,,,-gp)> vs inv. mass as

— v vy bek(1 _ o(m . )is S/S+B from inv. mass fit
vo,(m )=V m, )+vVv 1- a(m L
2( ““) 2 o W) 2 (1- o W)) v, background parametrized by several functions
— b
V, = V,°%/Ggp

ALICE Preliminary
Pb-Pb S,y = 5.02 TeV, 20-40%
Inclusive Jiy — p'u, 25<y <4, 2< p <4 GeV/c

ALICE Preliminary

Pb-Pb \s,, = 5.02 TeV, 20-40%

Inclusive Jiwy — up’, 25<y <4, 2< p, <4 GeV/c
An=1.1

10000

- Opposite sign pairs
— Fit total

- - Fit signal

--- Fit background

o
Q
—
>
@
=
[T9]
(9]
—
[2]
—
=
-
Q
Q

- Opposite sign pairs
— Fit total v,(M,,)
.- Fit background v3**(M,,)

ALICE Preliminary

3F  Pb-Pbys,, =5.02TeV

2F 20-40%
#TPCyg o R % = 0.88

A % VOA e o Ay = 0.68

" ©VOCy, 1pe A% =077
o | 1
(] 1 I L 1 L I 1 L L 1 1 L L 1 L 1 L 1 L 1 L 1 L

4 45 I
Centrality °
May 239 2017
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M,, (GeV/c?) M,, (GeV/c?)
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T I T T TT 'I T T LI 'I L . T
ALICE Preliminary y L
Pb-Pb | 5,y = 5.02 TeV, 20-40% ] ALICE Preliminary

=5.02 TeV

MM =
Inclusive Jiwy - n'u,25<y<4
v{EP, An=1.1}

Inclusive J/iy — p'u-,25<y<4,2< p_ < 4 GeVic ] Pb-Pb 15
An=5.3 :

IlJIII]IIIIIIlIIIIIIIIII

® 520%

® 20-40%

¢ 40-60% global syst : + 1%
L R I T N R N B T

IIIIIII

-

1 L L | 'l 'l
[ @ ALICE (Pb-Pbys,, =2.76 TeV), centrality 20%-60%, 2.5 <y < 4.0 . 1 1 2
| —— Y. Liu et al, b thermalized 8 0

[oamema Y. Liu et al., b not thermalized
& | ==+ X.Zhao et al,, b thermalized pT (GE'VJ'III C)

Maximum effect in semi-central collisions

global syst = + 1.4% e
CERN PH Seminar May 274 2017




Y(2S) in ALICE

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

PbPb 351/464 ub™, pp 25.8 pb™ (5.02 TeV)

L
Py < 30 GeV/c CMS

Lp .
® Inclusive Y(1S), T(2S), 0 < p_ < 15 GeV/c, 2.5 <y < 4, centrality 0-90% |p5L i: égwc Preliminary
x _.

1/95% CL
60-70%
50-60%

40-50%
30-40% 20-30% 10-20% 5-10%

T

00 50 100 150 200 250 300 350 400
part

Transport Model [Rapp et al. EPJA 48(2012)72, private comm.]
= without regeneration

= with regeneration

—s— 0-100%

CMS-PAS-HIN 2016-008

Theoretical models describe the R, , ratio (no need for regeneration contribution)

Result is consistent with the centrality-integrated CMS measurement

Roberta Arnaldi CERN PH Seminar May 274 2017
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Bottomonia in AA

P|be 9768/4?4 ub| PP 2|80p|b (5. 92 Te|V) 1 6 POPb 368/464 ub™, pp 28.0 pb! (5.02 TeV)
rrrryrorroryr1r0r7r7 11T 1T T 7T T T T T T T T T T T TTTTTTTTTTIT __||\|[||[||||||]|||||[||\[||||||||[[|\\|I|__

p" < 30 GeV/c CMS - | Pt <30GeVic CMS T
|y“”| <24 Preliminary 1.400 Y <24 Preliminary

E.}(HOO‘.VO 1.2:

1

IJIIII

1

Il\l\
|
Il{JIJ

0.8 &5, =276 TeV

Eté 0.8] o sy, =5.02TeV

<
<C L]
C 0.6

0.6}

0.4f @

0.2f

0.4

(@]

(@

Illllllllllllllll

0.2

|II|III|III‘III‘II
(@]

III|IIIIIII|IlI|I

Pre

0 50 100 150 200 250 300 350 400 % 50 100 150 200 250 300 350 400
N N

CMS-HIN-16-023 part art

<H

Suppression up to a factor ~2 for Y(1S) and Slightly stronger Y(1S) suppression at 5.02
~9 for Y(2S) TeVwrt 2.76 TeV

Roberta Arnaldi NPQCD17 May 239 2017 @




Bottomonia in AA

Also bottomonium states accessible with higher precision in Run 2
PRL 109, 222301 (2012)

ALICE Preliminary, Pb-Pb (s, = 5.02 TeV

ALICE, Inclusive Y(1S) — p'u,25< y <4
m Pb-Pb (s, =5.02 TeV. Preliminary global sys.= + 10%

\ L — W, 25 <y < 4, centrality:0-90% =+5%
m PbPb|s,, =276 TeV, (PLB 738 (2014)361-372) global sys.=  13% Inclusive T(1S) — p'w, 2.5 < y < 4, centrality:0-90% global sys.= + 5%

# Vsyn= 5.02 TeV

Pt

Vsyn= 2.76 TeV

Strong Y(1S) suppression vs centrality, similar, within uncertainties, to the Vs = 2.76TeV one

Flat behavior as a function of p;
Size of Y(1S) suppression similar to the one measured by CMS

Suppression of directly produced Y(1S) ? > feed-down contribution~30% @
May 2nd 2017 ]
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Y(1S) in ALICE: theory comparison

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

m Inclusive Y(18) - w'u,0<p < 12GeV/e, 25 <y <4, global sys.= + 10% B Inclusive T(1S) — n'pn’,25<y <4, 0<p_<12GeV/c global sys.=+10%
[ Transport Model [Zhou et al., PRC89 (2014) 054911, private comm.]
without regeneration
«===» feed-down: (1P,2P) 27% and (25,3S) 11%
., — feed-down: (1P,2P) 37% and (2S,3S) 12%

Strickland et al., arXiv:1605.03561

Transport and anisotropic hydrodynamical models qualitatively describe the

centrality and the p; evolution

No need for contribution of regenerated Y

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

Inclusive T'(18) — u'w', 2.5 < y < 4, centrality:0-90% global sys.= £ 5%

Transport Model [Rapp et al. EPJA 48(2012)72, private comm.]
without regeneration
[T with regeneration
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1.2}

0

Comparison with theory models

A
0.8
0.6
0.4

0.2}

ALICE Preliminary
Inclusive J/y — u'w, p-Pb ys,, = 8.16 TeV

EPS09NLO + CEM (R. Vogt)

NCTEQ1S (J. Lansberg et al.)

CGC + NRQCD (R. Venugopalan et al.)
CGC + CEM (B. Ducloue et al.)
Energy loss (F. Arleo et al.)

— Transport (hot + cold nuclear effecis) (P. Zhuang ei al.)

= = = Comovers (E. Ferreiro)
IIIIllIiIIIiIll JII|IIIIllIJIlIIIIlIIlI]IIII

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

J”C)I"I'!S

ALICE preliminary
Inclusive Jiwy — uu’
p-Pb s, =8.16 TeV, 2.03 < Y e < 3.53

EPSO09NLO + CEM (R. Vogt)
nCTEQ15 (J. Lansberg et al.)

CGC + NRQCD (R. Venugopalan et al.)

CGC + CEM (B. Ducloue et al.)

— Transport (hot + cold effects) (P. Zhuang et al.)

po Lo L v by vy

IR B R B SR B R R B A

4 6 8 10 12 14

16 18 20
P, (GeV/c)

ALICE preliminary
Inclusive Jiy — uu’
p-Pb ys,, =8.16 TeV, -4.46 < Yo, <-2.96

| EPSO09NLO + CEM (R. Vogt)
| nCTEQ15 (J. Lansberg et al)
— Transport (hot + cold etfects) (P. Zhuang et al.)

o b b bvv o b b bv o by v by o

4 6 8 10 12 14 16 18 20
pT[GeWc)

CERN-ALICE-PUBLIC-2017-001

Size of theory uncertainties (mainly shadowing) still limits a more quantitative comparison
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