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Charmonia in heavy-ions: color screening...

Screening of
strong interactions
in a QGP

T. Matsui and H. Satz, Perturbative Vacuum COToF Screéning
PLB178 (1986) 416

e Screening stronger at high T Xe (058 fm)

. [ W (0.56 fm)
e A5 > maximum size of a bound W (0.56 im

state ’ decreases when T increases _ *s Debye length from lattice QCO

e Different states, T/Te _ 1e) J /0,29 tm
different sizes 2 || yas)

Xb(lp)

Resonance melting
1.2 J/p(15)

QGP =1 %(1P)
thermometer
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...ahd regeneration

At sufficiently high energy, the cc pair multiplicity becomes large

Central AA SPS RHIC LHC LHC
collisions 20GeV | 200 GeV | 2.76 TeV | 5TeV

statisdcal recombination
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Statistical approach:
ad Charmonium fully melted in QGP

QO Charmonium produced, together Exnergy Density
with all other hadrons, at chemical freeze-out P. Braun-Munzinger
according to statistical weights and J. Stachel,
PLB490 (2000) 196
Kinetic recombination: Thews, Fi]cfherlgﬁidter and
Q Contl_nuqus dissociation/regeneration over PRC63 054905 (2001)
QGP lifetime

Contrary to the color screening scenario
this mechanism can lead to a charmonium enhancement
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30 years ago: discovery of J/y suppression...

Quark Matter 87, NA38 Collaboration

Q Fall 1986
0 Oxygen-Uranium collisions
oo at the CERN SPS

Al 0 200 GeV/nucleon
' (lab system! Vsy,=19.4 GeV)

Abstract. The dimuon production in 200 GeV/nu-
cleon oxygen-uranium interactions is studied by the
NA 38 Collaboration. The production of J/¥, corre-
lated with the transverse energy ET, is investigated

s and compared to the continuum, as a function of the
dimuon mass M and transversc momentum PT. A
First evidence for value of 0.6440.06 is found for the ratio (*¥/Contin-
: : uum at high ET)/(¥/Continuum at low ET), from

Jn/ ;cheuaﬁ’pgce)lsl ISSII(E)T’I :? which the J/¥ relative suppression can be extracted.

This suppression is enhanced at low PT
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Today: a rich and diversified program at

hadronic/ion colliders

RHIC PHENIX Au-Au, | 200,193, | 2000-2016
STAR Cu-Cu, 62, 39
Cu-Au,
U-u
p-A, d-Au 200
pp 200-500
LHC ALICE Pb-Pb 2760 | 201012011
ATLAS 5020 2015-
fH'V(':S;) 0-Pb 5020 | 2013-(2016)
(8000)
2760, | 2010-2016
5020,
7000,
8000,
13000
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p-A Various systems,

> <€ various effects
cold nuclear
matter effects warm/hot  hot matter effects
(CNM) matter effects?

A-A
=

d CNM: nuclear shadowing, color glass condensate, parton energy loss,
resonance break-up (RHIC energy)

d “Warm” matter effects: hadronic resonance gas
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p-A Various systems,

> <€ various effects
cold nuclear
matter effects warm/hot  hot matter effects
(CNM) matter effects?

A-A
>

Quantify the yield modifications via the nuclear modification factor Ry,

P
AN 44 R,,<1 suppression
) dNPpp R,,>1 enhancement

RAA (N

Coll
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Sources of heavy quarkonia

‘ Quarkonium production can proceed: Low p;3/v
* directly in the interaction of the initial partons

* via the decay of heavier hadrons (feed-down)

‘ For J/y (at CDF/LHC energies) the contributing Feed Down

mechanisms are: 30%  pijrect
60%
. | ™ Direct production
(@)
g | ™ Feed-down from higher charmonium
5 states:
~ 8% from y(2S), ~25% from . DNEEERTIEITTrY
4 - ® CMS 100nb?! [y]<1.4
Q. g v LHCbh 14.2nb" 25<y<4.0
- £ 4 ATLAS 17.5nb" |y|<2.25
g = B decay S LHC \E=7Tev
Q J contribution is p; dependent § 0aq Frelminen
S ~10% at p;~1.5GeV/c g
Z )
« CDF Vys=196TeV |y|<0.6
‘ B-decay component “easier” to PROT1 (2005) G200t
separate >displaced production o2 [GeVic]
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Quarkonium at RHIC

Coils Magnet  ~lracker
I| I

~ 0 Kinematic coverage
o Cilorimer O PHENIX 1.2<|y|<2.2 (ptwp),

L T i ly|<0.35 (e*e”)
Q STAR |y|<1 (e*e’)
(recently |y|<0.5 p*w)

Heavy ion runs - time evolution of Au+Au
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Quarkonium at RHIC

0 Kinematic coverage
ad PHENIX 1.2<]y|<2.2 (utp),
ly|<0.35 (ete’)
d @QXM 0 STAR |y|<1 (e*e)
(recently |y|<0.5 ptu)

[ Vime-Of-/light | L —‘uon_
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R N

e 1w e i o < "
a All the four experiments have investigated quarkonium production
O Pb-Pb - mainly ALICE + CMS, p-Pb - all the 4 experiments

d Complementary kinematic ranges - excellent phase space coverage

ALICE - forward-y (2.5<y<4, dimuons) and mid-y (|y|<0.9, electrons)
LHCb - forward-y (2<y<4.5, dimuons)
CMS - mid-y (|y|<2.4, dimuons)

ATLAS - mid-y (]y|<2.25, dimuons)
(N.B.: y-range refers to symmetric collisions > rapidity shift in p-Pb!)

Pb-Pb, Vsyy = 2.76 TeV, 2010 (9.7 ub1) + 2011 (184 ub?)
Data samples — p-Pb, Vs, = 5.02 TeV, 2013 (36 nb!)
Run 1 ref. p-p, Vs = 2.76 TeV, 2011 (250 nb-1) + 2013 (5.6 pb-1)
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Charmonium results in AA (J/vy, v(2S))
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Selected RHIC results: PHENIX

PHENIX, Vsyy, =200 GeV 1 dN,,/d
RAA(pT): s 2Py

<Ncoll> dN pp /de

PHENIX, arXiv:1509.05380

A. Adare et al. (PHENIX) PRC84(2011) 054912

2004 Au+Au, [y|=0.35, glohalsys. =+ 12%

e 2007 Au+Au, 1.2=|y|=2.2, globalsys. =+9.2% —
PHENIX Jhy—up

preliminary 1.2<]y|<2.2

@ U+U |5, =193 GeV (gl. sys. 8.1%)
pp reference: {s=200 GeV x 0.964

o AutAu \s =200 GeV (gl. sys. 9.2%)
¢ CutCu |5, =200 GeV (gl. sys. 8.0%)
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d Various colliding systems studied,
100 150 20 250 300 300 400 - - c
N up to U-U, similar suppression patterns

part

O Suppression, with strong rapidity
dependence, in Au-Au at Vs= 200 GeV
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Comparisons with theory

O Smaller suppression at central rapidity in Au-Au suggests the presence of
suppression AND recombination effects at RHIC energy
- Only qualitative agreement with models PHENIX. arXiv:1509.05380
o UHU 5=193 GeV

Aut+Au \l' SNNZE.(}O GeV

m 2004 Au+Au, |y|<0.35, globalsys.=+12%
@ 2007 Au+Au, 1.2<|y|<2.2, global sys. =% 9.2%
Zhao & Rapp CNM
---Zhao & Rapp Direct
----Zhao & Rapp Coalescence

N OV UU pAuAu 1 5
" (“064 Ncoll'llN-coll ) NCOll Scallng
—(0.964 NTy/N&a )2 N 2 scaling
10

Centrality [%]

In central U-U wrt Pb-Pb
Expect stronger suppression BUT also
stronger recombination due to larger N,

Results slightly favour N2, scaling

- (re)combination wins over suppression
A. Adare et al. (PHENIX) PRC84(2011) 054912
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Selected RHIC results: STAR

STAR, Vs =200 GeV

Jhp R

Al
II|III|III|III|IIITIII|III|III|III|III
Eal= =1

s AusAu @ 200 GeV STAR preliminary
* STAR Jhy—u'w’, lyl <0.5. p >0 GeVic

18 4 STARJAp—uw, lyl <05, p_>5 GeVic

1.4

1.2

0.6 E
0.4 @ @
0.2 N_,, uncertainty
G 1 1 1 1 | 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 50 100 150 200 250 300 350
Npart

O Low-p; suppression at all centralities
Q High py, strong suppression for central events and no suppr. for peripheral

HAA

HAA

1.8
16
14
1.2

0.8
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0.4
0.2

STAR preliminary 0-20%

1.8
16
14
1.2

0.8
0.6
0.4
0.2

III|III|III|III|II_III%IIIIIIIIIIII

‘—'_Illllllllﬁ

O Re-generation expected to enhance low-p; production - not seen

15

E. Scomparin, Charmonium physics with HI, experimental results, Bologna, September 2016



J/y suppression Vs sy,

STAR, arXiv:1607.07517

200 GeV (this measurement)
200 GeV (RHIC run 10)

62.4 GeV - No significant

39 GeV
NA38(19.4 GeV)/50(17.2 GeV)/60(17.2 GeV) \/SNN'dependenCe at RHIC

O 2.76TeV (ALICE) energy, from 39 to 200 GeV

— Y(25) melting

—> W(25) and 7 melting

O Similar conclusions when
including SPS results

d Warning: CNM effects
expected to vary, reference
pp cross sections obtained
through extrapolations

(similar result from PHENIX,
at forward rapidity)

O LHC results show different trend - next slides!
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LHC run-1 results: ALICE (vs PHENIX)

Inclusive Jhy — p*y”, Pb-Pb ;,'s_NN= 2.76 TeV and Au-Au \'5_m= 0.2 TeV 1 Inclusive Jiv S - B Abelev et al'l ALICE
W ALICE (arXiv:1311.0214), 2.5<y<4, 0<p.<8 GeVic global syst.= + 15% 4 - e " PLB 734 (20 14) 3 14

[0 PHENIX (PRC 84(2011) 054912), 1.2<|y[<2.2, p >0 GeV/c ~ global syst.= +9.2% . A= e ; s

global syst. =+ 10%

150 200 250 300 350 400 ' y 3 ; 6 7 8

<Npart

Q Compare J/y suppression, RHIC (Vsyy=0.2 TeV) vs LHC (Nsyy=2.76 TeV)
O Results vs centrality dominated by low-p; J/y
Q Systematically larger R,, values for central events at LHC energy
O R,,increases at low p; at LHC energy

) p_(GeVic)

_ _ _ RHIC energy - suppression effects dominate
Possible interpretation:

LHC energy - suppression + regeneration
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LHC run-1 results: ALICE/CMS (vs STAR)

0-40°: centrality STAR preliminary

# STAR: Au+Au, |||~.HH 0.2 TeV, Iyl <0.5

B ALICE: Pb+Pb, |5, '."'E TeV, Iyl < 0.8

T
& CMS: Pb+Pb, lllu 76 TeV, Iyl <24

MM T

Transport Modell — RHIC LHC
Transport Model ll - - RHIC LHC

~central y ‘

10 12 14
P, (GeV/c)

Q Transport models (continuous suppression and regeneration in the QGP)
are able to qualitatively reproduce BOTH LHC and RHIC results
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CMS run-1 results: prompt J/y at high p-

PbPb Preliminary \s,,, = 2.76 TeV
m CMS: prompt Jhy

Iyl <24

6.5 < p_< 30 GeVic

AuAu \s, =200 GeV . m
+r STAR: Jhp (arXiv:1208.2736)
lyl=1.0
p_= 2 GeVic

50 100 150 200 250 300 350 400

CMS-PAS HIN-12-2014

O Striking difference with
respect to low p;results
O No saturation of the
suppression vs centrality
O High-p; RHIC results
show weaker suppression

O (Re)generation processes
expected to be negligible
at high p;

A Larger suppression at the
LHC due to higher initial
temperature of the QGP

19
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ALICE, recent results from LHC run-2

Q Pb-Pb collisions @ Vsyy=5.02TeV

O High statistics Run-2 allows the R,, evaluation in narrow
centrality bins

d Similar centrality
dependence at the two
energies, with an increasing
suppression up to Np,~100,

5.02TeV followed by a plateau
&

ALICE, inclusive J/y — p*u
25<y<4, p; < 8 GeV/c

|§||§|
I m

-7 0 R,, @ 5.02TeV is ~15%
® PbPb 5= 5.02 TeV higher than the one at
™ Pb-Pb {5y = 276 TeV 2.76TeV, even if within

9" ~~ “~~ {50 200 250 300 350 uncertainties
arXiv:1606.08197

2.76TeV
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Comparison with models

ALICE, Pb—Pb, inclusive Jhy — p*u
25<y<4,03< p. < 8 GeV/c

Transport, pT>0.3 GeV/c (TM1, Du and Rapp)
[ ] Transport (TM2, Zhou et al.)
Statistical hadronization (Andronic et al.)
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Co-movers (Ferreiro)

50 100 150 200 250 300 350 400 450
(N

O Theoretical and experimental
uncertainties reduced in the
Raa double ratio

O Centrality dependence of the
Raa ratio is rather flat

ALICE, inclusive J/'y — p i’
Transport \Iﬂ =5.02 TeV (TM1, Du and Rapp)
® Pb-Pb |5, = 5.02 TeV, 0-20%
B Pb-Pb '.'K =2.76 TeV, 0-20%

12

05 (GeVrc)

0 R,, increases at low p;, at both
energies, as expected in a
regeneration scenario

O Hint for an increase of R,,, at
5.02TeV, in 2<p:<6 GeV/c

> Also Vsyy=5.02TeV results support a picture where a combination of
J/v suppression and (re)combination occurs in the QGP
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v(2S) in Pb-Pb (run-1): ALICE "vs" CMS
a y(2S) production modified in Pb-Pb with a strong kinematic dependence
O CMS - suppression at high p;, enhancement at intermediate p+

ALICE |s\,=2.76 TeV , 2.5<y<4 ( arXiv:1506.08804 )

! 76 Te PbPb '§\=2.76TeV
—r— <pT<3 eVic

—e— 3<p<30GeV/c, 1.6<|y|<2.4

3<p,<8 GeV/c . —u— 6.5<p,<30GeV/c, |y|<1.6

3.0<pt<30GeV
CMS |5,,=2.76 TeV ( PRL 113(2014)262301) 5 : 9.5<pl=30CGeV

—e— 6.5<p <30 GeV/e, ly|<1.6
3<pT<SD GeV/c, 1.6<|y|<2.4

CMS, PRL113 (2014) 262301
ALICE, arXiv:1506.08804

O Possible interpretation (Rapp et al.) > Re-generation for y(2S) occurs
at later times wrt J/y, when a significant radial flow has built up,
pushing the re-generated y(2S) at a relatively larger p+
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Charmonium results in pA (J/v, v(2S))
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CNM effects are not negligible!
Q p-Pb collisions, Vsyy=5.02 TeV, R p, VS pr
backward- mid- forward-

ALICE, p-Pb \s, = 5.02 TeV ALICE, p-Pb |'s,, = 5.02 TeV ALICE, p-Pb \s, = 5.02 TeV

inclusive J/y—p*u ’ inclusive Jhy— e*e” ’ inclusive J/y—p*u p'g OI n g
-4.46<ycms<-2.96 -1.37<y__ <0.43 2.03<y <353 R Ay
. N ) cms . cms

ALICE

EPS09 NLO (Vogt)
+ CEM (Fujii et al.)
cloue

EPS09 NLO (Vogt) EPS09 NLO (Vogt)
[]ELoss with ¢ =0.075 GeV*/fm (Arleo et fl') i CGC (Fujiiet al.) y Ga V2/im (Arl |
EPS09 NLO + ELoss with §,=0.055 GeV?fm (Atlec et al. []Eloss with q =0.075 GeV3fm (Arleo et al) : iih g~ eV /im (Arleg et al.)

o, 2
EPS09 NLO + ELoss, g =0.055 GeV“/fm (Arleo et al.
— Mult. scatt. (Kang et al.) EPS09 NLO + Eloss with qu=0.055 GeVZ/fm (Arleo etal.) Mult. scatt (;(an ot E‘q)u ( )
6 7 8

[ (GeV/e)

ALICE, JHEP 1506 (2015) 055 4 [ AuCEinclsive

® Ry, (203 <353)X Ry, (4.46<y_ <-2.96), {5,=5.02 TeV

(preliminary)

d Fair agreement with models 120 & M et foe e T o)
(shadowing/CGC + energy loss)

A (Rough) extrapolation of CNM
effects to Pb-Pb
RPbeCOId = Rpr>< RPbp

hypothesis: factorization of shadowing effects from the two
nuclei in Pb-Pb and 2->1 kinematics for J/\y production

- Evidence for hot matter effects!
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CNM effects are not negligible!
Q p-Pb collisions, Vsyy=5.02 TeV, R p, VS pr
backward- mid- forward-

ALICE, p-Pb \s, = 5.02 TeV ALICE, p-Pb |'s,, = 5.02 TeV ALICE, p-Pb \s, = 5.02 TeV

inclusive J/y—p*u ’ inclusive Jhy— e*e” ’ inclusive J/y—p*u p'g OI n g
-4.46<ycms<-2.96 -1.37<y__ <0.43 2.03<y <353 R Ay
. N ) cms . cms

ALICE

Pb-going

EPS00 NLO (Vogt)
+ CEM (Fujii et al.)
EPS00 NLO (Vogt) EPS09 NLO (Vogt) clove
[77]ELoss with qu=0.075 GeV%fm (Arlec et al.) CGC (Fujii et al.) _ a),
EPS09 NLO + ELoss with g =0.055 GeV%fm (Arleo et al.) : [ Eloss with g,=0.075 GeVfm (Arleo etal) . ith 4,=0.075 Gev /im (Arieg et al.)

o, 2
" . EPS09 NLO + ELoss, g =0.055 GeV“/fm (Arleo et al.)
= 2) )
— Mult. scatt. (Kang et al.) EPS09 NLO + Eloss with qu_D.DSS GeV*/fm (Arleo et al.) — Mult. scatt. (Kang et al {’
5 6 7 8

[ (GeV/e)

ALICE, JHEP 1506 (2015) 055 4 [ AuCEinclsive

® Ry, (203 <353)X Ry, (4.46<y_ <-2.96), {5,=5.02 TeV

(preliminary)

d Fair agreement with models 120 & M et foe e T o)
(shadowing/CGC + energy loss)

A (Rough) extrapolation of CNM
effects to Pb-Pb
RPbeCOId = Rpr>< RPbp

hypothesis: factorization of shadowing effects from the two
nuclei in Pb-Pb and 2->1 kinematics for J/\y production

- Evidence for hot matter effects!
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J/v Rppp: ATLAS “vs”™ ALICE “vs” LHCb

Q Rypp VS pyaround midrapidity - fair agreement ATLAS vs ALICE
ALICE, JHEP 1506 (2015) 055 ATLAS-CONF-2015-023

ALICE, p-Pb | 5, = 5.02 TeV N
Prompt Jiy ATLAS Preliminary

15<y* <15 p+Pb s = 5.02 TeV

inclusive J/y— e'e’
-1.37<y  <0.43

cms

1&

EPS09 NLO (Vogt)
[iiE] CGC (Fujii et al.)
= Eloss with q -0.075 GeV¥/fm (Arleo et al.)
| EPS‘UQ NLO + Eloss v‘ﬂlh 9= =0.055 Geszfm (Arleo et al.)
1 L L L L L L L
4 6 8 10
p_ (GeV/c)

Q Rypp, Vs y > fair agreement ALICE vs LHCb, ATLAS refers to p>10 GeV/c
LHCB, JHEP 02 (2014) 72, ALICE, JHEP 02 (2014) 73

Nl

o — —— —— —— — & " p-Pb |5,,=5.02TeV o L B B B N EELL IS U S e R N e B
a 1.6 LH Cb ' ' I - 14 " ALICE (JHEP 02 (2014) 073): inclusive Jly -y, 0<p, <15 GeVic [t%- F Prompt Jy ATLAS Preliminary 7
o E ( ) —+4— LHCb, Prompt J/y | Lo (-446<y_ <296)=5.8nb", L (203<y__<3.53)=5.0nb" 1.8 10 30 GeV -
1.4 :L pPb llsm =5TeV — 1.2 ALICE (JHEP 06 (2015) 055): inclusive J/y—e'e, p, >0 C <P < € p+Pb \/ﬁ— 5.02TeV ]
E P, < 14 GeV/c . B L, (137<y_ <0.43)= 51 ub" 165 B
1.2 f\'\\:- — 1 - global uncertainty = 3.4% r ]
i ] U 140 -
1 s - . P r B
I ] F C . ]
08k A E 0.8¢ i e 12 . =
K: 1y R : o 2 ] r T A C ]
C TR b R TSR ] |- [ EPS09 NLO (Vogt) - C 7
06— "'-FT};‘H\—! — 06 [ 1111 CGC + CEM (Fujii et al) 1 * m
E EPS09 LO i \\\ 31 [ [l CGC + CEM (Ducloud et al) r 1
C N [ 7"~ cGC + NRQCD (Ma et al.) 8 =
0.4 EPS09 NLO e 04| b @ ELoss, q,=0.075 GeV? m (Arioo ot al) 0 8: .
E nDSg LO 3 [ [EPsoe NLO + ELoss, ,=0.055 GeV'/fm (Arleo et al.) 0.6 L -
C 3 1 [ — EPS09 LO contral set (F etal) SO ]
0'2 = E.loss - 0'2 F -...EPS09 LO ::t:l set + ::':I:uts:\b:Fanmro etal.) = —
C T E-'°53+IEP5°9NL°| | | i [ --- EPSO08 LO central set + o, = 2.8 mb (Ferreiro et al.) g 37 LS S I VRN BRI IR SRR Wi
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Bottomonium (Y(1S), Y(2S), Y(3S))

(even if this is CHARM2016, these results represent
an important element in the physics picture)
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Y suppression in Pb-Pb collisions

O Relatively low beauty cross section > weak regeneration effects
O Kinematic coverage down to p+=0 for all LHC experiments

\s=2.76 TeV PbPb 166 Mb’ \ Sy = 2.76 TeV

CMS | CMS

Preliminary Preliminary

Cent. 0-100%
lyl<2.4
pi‘ > 3.5 GeV/c

ly| < 2.4
pi‘ > 3.5 GeV/c

K,
p,’ > 4.0 GeV/c p.” > 4.0 GeV/c

CMS-HIN-15-001

Strong relative suppression Raa(Y(1S))= 0.43+0.03+0.07

of more loosely bound states Raa(Y(2S))= 0.134£0.03+0.02
R.(Y(3S))< 0.14 at 95% CL
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Y suppression in Pb-Pb collisions

O Relatively low beauty cross section > weak regeneration effects
O Kinematic coverage down to p+=0 for all LHC experiments

)

CMS PbPb s, =276 TeV
Cent. 0-100%, Iyt < 2.4
oL, =150 b
p$ =4 Gevic

pp data

1t ‘1’ —— total PbPb fit

0.1 GeVic

(i - hackground

pp shape
(R an scaled)

11 12 13
Mass . (G eVicY)

CMS-HIN-15-001
Strong relative suppression Raa(Y(1S))= 0.43+0.03+0.07
R (Y(2S))= 0.13+0.03+0.02

of more loosely bound states
Raa(Y(3S))< 0.14 at 95% CL
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Y suppression in Pb-Pb: RHIC and LHC

PbPb 166 ub™, pp 5.4 pb™ ISy = 2.76 TeV

CMS, PRL109 (2012) 222301 and HIN-15-001
STAR, PLB735 (2014) 127 and preliminary U+U

Z_ CMS STAR AuAu |s,,, = 200 GeV, |y| < 1]
Q Strong Y(1S) suppression [ Prefiminary S, EETEAS
i Y(1S), |yl < 2.4 +Uysy, = eV, lyl <

a Probably_domlnated by feed-down r2S) W24 % Y(S) Prelminary
from excited states, plus CNM
effects :

a Similar suppression at RHIC and
LHC energy

r|rr|||||

I|III|IIITLIII|

ol

= =

* LHCb,2.0<y<4.5

o CMS, lyl < 2.4, 36 pb™
® CMS Preliminary

= ATLAS, Iyl <1.2

"

1 L L 1 I 1 L 1 | | L 1 1 | l 1 1 1 L l 1

}H . 100 200 300 N4oo

[ r}iiﬁiii%ﬁ#%ﬂ{ part

°-1—ﬁ CMS-HIN-15-001
TEREEY I *{;":” A Y(2S) binding energy similar to
fasamens e Fat  yag that of the J/y, but bottomonium

20 30 40 50 60 70 80 suppression much larger
H. Wohri, QWG2014 P, [GeV] . . . .
- recombination effects negligible
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Weak CNM effects for bottomonium

ATLAS Preliminary
p+Pb {5, = 5.02 TeV

ATLAS Preliminary
p+Pb s, = 5.02 TeV

$ATLAS T(1S),-1.2<y*<1.2
# ATLAS Prompt Jiy, -1.5<y* <1.5
4 ALICE inclusive J/y, -1.37 <y* < 0.43

d R,py close to 1 and with no S A ATLAS Preliminary
significant dependence on Ap Gladber(e,=0 D45 Vo = 5.02 TeV

y, prand centrality
T

d Fair agreement ALICE vs LHCb
(within large uncertainties)

4 Data (Stat. Uncertainty) ly*1<1.2,p <40 GeV
O Data (Syst. Uncertainty) <Npae>, <T ppy> Uncertainty
ALICE, PLB 740 (20 1 5) 1 O 5 ’ o Data (No Bias Correction) Interpolation Uncertainty

ATLAS-CONF-2015-050
LHCb, JHEP 07(2014)094
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A few prospects
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Future of LHC heavy-ion program
(today)

2015 2016 2017 2018 2019 2020 2021

1[E[Malm{a]2]a]s]on]p]a]F[M{alM a]a Al s]oln[Bla[E]MalM{ 3] 1 ]A]s[oND] 2 [F[M{alM] a2 [A] sloln]e] 3 TE M alM] 3] 2 [a] s[o[N]p] 2 [F [M]alM] 2] 2 [a] s[oln[el 3 TE M AlM] 2] 2] Al S[0]N]

Shutdown,/Technical stop
Protons physics
Commissioning

Ions

Q 2016: p-Pb run, shared between Vs, = 5 TeV and Vs, = 8 TeV

Q 2018: Pb-Pb run, maximum available energy, L= 1027 cm2 s1

O LS2: ALICE upgrades apparatus (TPC, ITS) to stand 50 kHz event rate

expected for run-3

0 2021-2023: LHC run-3, experiments require L,,,>10 nb! for Pb-Pb
(compared to L ~ 1 nb! for run-2)
Possibility of accelerating lighter ions under discussion

aQ 2026-2029: LHC run-4
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LHCb - a new actor in PbPb studies

T T T ] T T T T 1 T 1 1 T 1 T T T I_ .r - T |_ T T 1 T ] .I ] T T T -
33 ZLI—IC‘b preluminary 10%~Event Activity-90%3 s _T_HCIJ prelumuarj 50%=Event ;'-‘L-::T.Wlty-i?ﬂ“' ]
30 -
15

Vo =3 TeV Vs =3 TeV *
10

"t i ﬁ* Mmtmz HH%H

2000 3000 3300 3300 2 —eo 3003003300
Mup) [MeWic?] M{up) [MeVic]

1

7

25
20

Candidates per 8.0 MeV/c?
IIII|IIII|IIII|IIII|IIII|
Candidates per 8.0 MeV/c

—tp—
H—*mu_l_....h...l...

d First PbPb data taking in 2015,
- wewemimnJ/psi signals in I‘eSL!|t e?<pected for_ |:_>eripheral and
- pNe collisions semiperipheral collisions

6 =19.4 + 1.2 MeV/c®
mean = 3094.1 + 1.4 MeV/c?

Ny = 293 £ 17

—_
N
o

o
o

o
o
T

Events / 16 MeV/c®

(o2}
(=]

d LHCb SMOG project:
p-A beam-gas collisions (Vsyy=110 GeV)
Covers energy between SPS and RHIC

n
(=]

N
(=]

_l 1 1 1 1 1 1 1 1 | 1 1 1
BQOU 3000 3100 3200 3300 3400 3500
dimuon invariant mass (MeWcz)
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The future of RHIC - sPHENIX

sPHENIX O BaBar 1.5 T superconducting
STh solenoid

A Full em/hadronic calorimetry

Outer HCal d Precision tracking/vertexing

Superconducting coil
Inner HCal

EMCal
Y(1S5,2S5,39)
Vertexer/Tracker

* ++-- subtracted

Au+Au 0-10% [ —
10B events & — ;

Q Physics program
- Light and HF jets, photons,
upsilons and their correlations

------------------

95 105
invariant mass (GeV/c")
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Summary/conclusions

Q J/y (quarkonium) suppression was proposed 30 years ago as an
unambiguous signature of QGP formation in HI collisions

Q At RHIC (Vsyy up to 0.2 TeV) and LHC (Nsyy=2.76 TeV, now 5 TeV)
large samples of data now exist for charmonia (and bottomonia)

d Main results

a J/y suppression, likely related to QGP effects, has been observed

d The re-generation mechanism has been predicted to be sizeable at
both RHIC and LHC

Q Hints for its presence singled out at RHIC (R, Vs y, UU vs PbPDb)

O Re-generation clearly present at LHC energy (Raa VS p+, flow)

O Models qualitatively describe the data, but still large uncertainty on
some key parameters - open charm cross section

d CNM effects, dominated at LHC by shadowing/CGC, are sizeable

d Bottomonium results compatible with sequential suppression in QGP

d New run-2 results eagerly awaited!

VIl International Workshop on Charm Physms e

CHARMN2016




More info

E. Scomparin, Charmonium physics with HI, experimental results, Bologna, September 2016 37



v(2S) in p-Pb collisions
ALICE, JHEP 1412(2014)073, LHCb-CONF-2015-005
Q y(2S) suppression is stronger PHENIX, PRL 111 (2013) 202301

than the J/y one at RHIC and LHC | f;ﬁg"fe" HENIX

- shadowing and energy loss, almost = 5 el preliminary

identical for J/y and y(2S), do not s - LdvAuPRL 111 202301 (2013)

account for the different suppression
- Only QGP+hadron resonance gas

(Rapp) or comovers (Ferreiro) models

+15.6% global uncertainty on

i forward/backward rapidity points
descrl be the Stro ng e r \V( ZS) +16% global uncertainty on
Suppress|on . midrapjdity point ‘

1 2
rapidity
§£2.2_|||_||||||+|_||||||||||||'|| §€2_2_III.IIIIII+I_I|IIIIIIIIIIIII
EOQ 5 :_ Inclusive Jhy, w(2S) — u'n ALICE Preliminary EOQ 5 :_ Inclusive J/y, w(2S) — p'u ALICE Preliminary
[ p-Pb {s=5.02TeV, 446 <y <-2.96 F p-Pb 5,=5.02TeV,2.03 <y <353
1.8 |- I CEM + EPS09 NLO (Vogt et al.) 1.8 F 1 CEM + EPS09 NLO (Vogt et al)
F [ | Eloss (Arleoetal) . [ ] ELoss (Arleo et al.)
<| 6 [ mmam Jiy: EPS09 LO (Ferreiro) ‘ 1 6 [ wnem J/w: EPS09 LO (Ferreiro)
[ = J/y: EPS00 LO + comovers (Ferreiro) "7 [ s J/y: EPS09 LO + comovers (Ferreiro)
14— w(2S): EPS09 LO + comovers (Ferreiro) 14— w(2S): EPS09 LO + comavers (Ferreiro)
“T b @msE Jy: QGP+HRG (Du et al) T E Jiy: QGP+HRG (Du et al.)
F EEE v(29): QGP+HRG (Du et al.) [ (2S): QGP+HRG (Du et al.)
1.2F 1.2F
1 -
0.8F
0.6
0.4F
0.2 ¢ J/y (arXiv:1506.08808) mv(2S) E 0.2 4 Uy (arXiv:1506.08808) ¢ (2S) r
O U TR TR AW T TN N TN T N [N TN ST N AN SN ST SN N N T TN B O ol TR T T T T T TR N TR N N TN TN NN TN N TN NN TN N R N
0 2 4 6 8 10 12 0 2 4 6 8 10 12
(Nmull> ( mult>



CNM at RHIC energy

d+Au, Vsy= 200 GeV

I:laclr.'.-u'arél, <y==-1.7
_® |HF w (11.0%)
BB Jfy (8.3%)

mid, y==0
"% |HF e (11.0%)
L8] Iy (7.8%)

forward, <y==1.7
m |HF p (11.0%)

B J/y (B.2%)
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PHENIX: PRC 87 034904
PHENIX: PRL 112 252301

0 In the most central collision:

0 Rya, Of HF muon and J/y are still consistent
at forward rapidity

d Clearly different at backward rapidity, charm
production is enhanced but J/y production is
significantly suppressed due to nuclear
breakup inside dense comovers at backward
rapidity

d Contrary to LHC results, J/y data allow
(need) a contribution from J/y breakup in
nuclear matter (o;,,.y ~ 4 mb)

backward mid forward
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Comparison with models
syn=2.76TeV Vsyy=5.02TeV

Inclusive Jhy — W', Pb-Pb {5, =2.76 TeV s ALICE, Pb-Pb \'sy, = 5.02 TeV

m ALICE, 25<y<4, p_<8 GeVic global syst = + 15% Inclusive J/y — i
25<y<4,03< p; < 8 GeV/c

Transport, p_ > 0.3 GeV/c (TM1

0.2 (=] Transport {T]'—U‘IQ. Zhou et al.)
= = Statistical hadronization (Andronic et al.)
=u Co-movers (Ferreiro)

100 150 200 250 300 350 50 100 150 200 250 300 350 400 450
(N__ (N_ )

part’ part

d Compare same theory models at the two energies:

TM1, TM2 (Du et al, Zhou et al): rate equation of suppr./regeneration in QGP
SHM (Andronic et al): J/y produced by stat. hadronization at phase boundary
CIM (Ferreiro): suppression by the partonic medium and regeneration

- Data are compatible with theory models at both energies
—> Still large uncertainties mainly due to the choice of o,
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Anisotropic transverse flow

Q In collisions with b # 0 (non central) the fireball has a geometric
anisotropy, with the overlap region being an ellipsoid

O Macroscopically (hydrodynamic description)
d The pressure gradients, i.e. the forces “pushing” the particles are
anisotropic (p-dependent), and larger in the x-z plane
- leads to an anisotropic azimuthal distribution of particles

Fourier decomposition
of the azimuthal
distributions

O Non-zero v, observed in HI
collisions for produced particles

d Indicates early thermalization of
the system
- observed for D-mesons
- “Re-generated J/y” should
inherit charm quark flow
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Non-zero v, for J/y at the LHC (ALICE, CMS)

E.Abbas et al. (ALICE),
PRL111(2013) 162301,
@ ALICE (Pb-Pb |5, = 2.76 TejR@\ o 11\ BN e 20 o}

- Y. Liu ef al., b thermalized L.Adamczyk et a|_
= Prompt J/y Y. Liu et al., b not thermalize (STAR)
4

PbPb \'s,, =2.76 TeV CMS Preliminary
L. = 150 ub™
ly|<2.4. 6.5<p_<30 GeVic

o Prompt Jiy : + X. Zhao et al., b thermalized PRL 111,052301 (2013)

1.6<|y|<2.4, 3<pT<3[l GeVic
[m ALICE Inclusive J/y, 20-60%
2.5<y<4.0, pT«:1 0 GeVic
F4STAR Inclusive Jhy, 10-40%
ly]<1.0, pT<10 GeVic

10 12 14 16 18 20
pTGeV/c

O A significant v, signal is observed at LHC but not at RHIC

O v, remains significant even in the region where the contribution of
(re)generation should be negligible
- Likely due to path length dependence of energy loss

E. Scomparin, Charmonium physics with HI, experimental results, Bologna, September 2016
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Anisotropic transverse flow

d Starting from the azimuthal distributions of the produced particles with
respect to the reaction plane Yy, 0one can use a Fourier decomposition
and write

aN___ _ N, —0 (1+2v, cos(p — Psp ) + 2V, COS(2(0 — Py )+

d(gp_\PRP) 27

O The terms in sin(e-Ygp) are not present since the particle distributions
need to be symmetric with respect to Ygp

O The coefficients of the various harmonics describe the deviations with
respect to an isotropic distribution

d From the properties of Fourier’s series one has

v, =(cos|n(p— ¥, ))
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On feed-down fractions

O Usually they are not supposed to vary strongly with s (or y)
O New LHCDb pp results could alter the picture inherited by CDF
(relative to p,>8 GeV/c)

T ¢ i f o o Lp (1F) e (2P)
pr (GeV/c) Rrins) Rv(as)

68 4812 1.3 33106102

17.2

i AT

213408+ 14 A0+0.51+03

traction of directly produced Y (I35 ) mesons to be [30.9 = S.Elfstat'} + 9.{'}{:5}-'5‘[}]"::’-'%:-.

Q At the limit of uncertainties or do we have a problem here ?
Q Difficult to reach 50% including 2S and 3S
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Can we take CNM into account ?

p-Pb {5, = 5.02 TeV, inclusive Y{15)}—u'w

Pb-Pb \ s, =2.76 TeV, inclusive Y(1S), P> 0
v ALICE ) e ALICE: L, =69 ub™, 0-90% (open: reflected)
m LHCb m CMS: L, =150 ub™, 0-100% (PRL 109 (2012) 222301)

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

Q Apply the simple R p,xRp,, recipe on ALICE pPb . ;
0 Would give 0.78x0.86 = 0.67 for 3.25<y<4 ~0.5 anomalouts
0.91x0.66 = 0.60 for 2.5<y<3.25 S0 ¢

(but see also LHCb result) FOLEIC )
~0.8-0.9 “anomalous”
L No results from CMS (for the moment ?) » suppression at -
O Assuming a “smooth” y-interpolation of CNM central-y
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Raa

1.5

Central PbF’b SJN 2 TGTeV

—m——— prim y’
total Jhy

total v’

05

-----------------------
—

e Ry e
...............

-------------------------------

10

" PbPb Sy = 2.76TeV

[ === schematic 3<p;<30GeV/c

r zzzz1 schematic 6. 5<p <30GeV/c
e 3<p;<30GeVic, 1.6<|y|<2.4 ‘
[ —a— 6. 5<pT<30GeWc ly|<1.6

22

Charmonlum the \V(ZS) puzzle

50 100 150 200

N

250 300 350

part

d The regeneration of Y’ mesons occurs significantly later than for J/y’s
a Despite a smaller total number of regenerated y’, the stronger radial
flow at their time of production induces a marked enhancement of

their Ry, relative to J/y’s in @ momentum range pt =~ 3-6 GeV/c.
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J/v Ropy: centrality dependence
backward-y

mid-y forward-y

ALICE, p-Pb sNN =5.02 TeV, inclusive J/w
o -4.46<y  <-2.96, Pb-going direction e -1.37<y_  <0.43, p-going direction e 2.03<y _ <3.53, p-going direction
CGC + CEM (Ducloug et al.)

Eloss (Arleo et al.)
EI;’SDQ NLO + CEM (Vogt et alALlCE

= 1 EPS09 LO no comovers (Ferreiro)
== EPS09 LO + comovers (Ferreiro)

0 ALICE: o[ it
O mid and fw-y: suppression increases with centrality
O backward-y: hint for increasing Q,, with centrality

0 Shadowing and coherent energy loss models in fair
agreement with data

a ATLAS
O Flat centrality dependence in the high p; range
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Dependence of suppression on t.

PHENIX d-Au s, = 200 GeV |y__ |<0.35
PRL 111 202301(2013)
) pT-analysm (JHEP 06(2015)55) D-Pb ‘qu: 502 TeV
@ 203<y_ <353
6f ® 446<y_ <-2.96
centrality-analysis
‘m208<y <353

L m 48 y. <-2.96 T — (L)
¢ (Bzy)

D. McGlinchey, A. Frawley and
R.Vogt, PRC 87,054910 (2013)

ALICE preliminary

Inclusive J/y, w(2S) — n'n

ll[o.w{: 28:)]{ GJJ"I.L.']D
p

i

]pF’b

4
=
~
=
o
=
L,

23102 3x10? (1) (fm/c)

Backward-y: 1. < 1¢
indication of effects
related to break-up in

Forward-y: 1. << 7
interaction with
nuclear matter
canno
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J/v at very low p+

O Strong R,, enhancement in peripheral collisions for 0<p;<0.3 GeV/c
ALICE, arXiv:1509.08802

ALIGE, Pb-Pb [ = 276 TeV O Significance of the excess is 5.4
25<y<4 (3.4)c in 70-90% (50-70%)

—=— 0= pr< 0.3 GeV/c, global syst=+15.7 % . .
— . 03= pr< 1 GeVic, global syst =+ 151 % D BehaVIOu r nOt pred ICted by
—=— 1= p, <8 GeVic, global syst==x11.5% tra nspo rt m Od els

* Common global syst = + 6.8 %

O Excess might be due to coherent
J/v photoproduction in PbPb (as
measured also in UPC)

ALICE, Pb-Pb {5, = 2.76 TeV

3 5 - 4

I #Hﬂﬁﬁ e

—— 5 dimuons (data)
—— Coherent photo-produced Jihy

50 100 150 200 250 300 350

It
(=]

£y
=
]
[
—
=
g
72
]
c
-
8
:
z
o
o=

If excess is “removed” requiring p{,/¢>0.3GEV/C
- ALICE R,, lowers by 20% at maximum

(in the most peripheral bin)
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Inclusive Jiy — w*w, Pb-Pb |5, = 2.76 TeV and Au-Au 5, = 0.2 TeV

6 7 a ’ : } 4 8
P . (GeV/ic) n T (GeVic)

_. Zhao et al., Nucl.Phys.A859 (2011) 114 ALICE, arXiv:1506.08804
iVl Zhou et al. Phys.Rev.C89 (2014)054911

win Primordial J/y (TM1)

| d Models provide a fair description of the data,
=== Regenerated J/y (TM1)

even if with different balance of
primordial/regeneration components

= Primordial Jhy (TM2)
=« Regeneration J/y (TM2)

Still rather large theory uncertainties: models will benefit from
precise measurement of o.. and CNM effects

O Opposite trend with respect to lower energy experiments
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Building a reference c,, - interpolation

O Simple empirical approach adopted by ALICE, ATLAS and LHCb
CERN-LHCb-CONF-2013-013; ALICE-PUBLIC-2013-002.

ATLAS Preliminary
10 < p_ <30 GeV
O<lyl<1.5

Prompt Jhy

LHCb

inclusive Jhy

o(JW)Hb] (2.5<y<4.0)

=
I}'-
ol
=
=
=
=g
=
o

— Power Law - ----—---linear
—=— Interpolated value SF —— power law
—e— Experimental data #

inter: spread of interp. with
empirical functions

theo: spread of interp. with
theory estimates

Q y(2S) > interpolation difficult, small statistics at Vs=2.76 TeV
0 Ratio w(2S) / J/y > ALICE uses Vs=7 TeV pp values (weak Vs-dependence)

ALICE estimate (conservative)
> 8% syst. unc. due to different Vs
(using CDF/ALICE/LHCDb results)
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v(2S) in Pb-Pb: ALICE "vs" CMS

a w(2S) production modified in Pb-Pb with a strong kinematic dependence
0 CMS - suppression at high p;, enhancement at intermediate p+
ALICE \s\,=2.76 TeV , 2.5<y<4 ( arXiv:1506.08804 )

— O<pT<3 GeV/c
3<p,<8 GeV/c

CMS \s,,=2.76 TeV ( PRL 113(2014)262301 )
—— 6.5~:pT~<30 GeV/c, |v|<1.6

3<pT<30 GeV/c, 1.6<|y|<2.4

150 200

Npart

CMS, PRL113 (2014) 262301
ALICE, arXiv:1506.08804

O Possible interpretation (Rapp et al.) > Re-generation for y(2S) occurs
at later times wrt J/y, when a significant radial flow has built up,
pushing the re-generated y(2S) at a relatively larger
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v(2S) in p-Pb: p; dependence
PD |y 5.02 ToV, 4.06 < y_ <-2.96 | &48 PD |5,=5.02 TeV, 203 < y_ <353 ' ALICE, JHEP 12 (20 14) 073

i qcairscor st BE 1) etaunin spsimsontromonsts QO ALICE (low p-) : rather
strong suppression,
""""""""""" possibly vanishing at
backward y and
p> 5 GeV/c

4 5 6 7 4 5
p_(GeV/c)
Backward-y Forward-y

ATLAS Preliminary L : Brompt w(25) climina

p+Fb (5 =5.02 TeV 5F Glauber (o, =0) P 2 TeV | ATLAS (h|gh pT) .
larger uncertainties,

hints for strong

enhancement,

concentrated in

peripheral events

ATLAS-CONF-2015-023
O Possible tension between ALICE and ATLAS results ? Wait for final results
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High pr Y: model comparison

— p+Pb with Cronin _

— p+Pb without Cronin Sharma and Vitey,

— Pb+Pbt, Phys. Rev. C 87, 044905 (2013)
Y(1S) at LHC, Pb+Pbwith t, .

o CMSY(1S)R,,(0-100%)

5" = 2.76 TeV Min. Bias

= (g=1.85, &=2) - (g=2, £=3)
_| Cronin + CNM E-loss + collisional dissociation

I’T

O High p; Y suppression
O Propagation effects through QGP
d Quenching of the color octet component
d Collisional dissociation model
O Approximation: initial wave function of the quarkonia well approximated by
vacuum wavefunctions in the short period before dissociation
O CNM effects accounted for (shadowing + Cronin)
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Some J/y predictions
for run-2

" Pb-Pb, midrapidity
B ALICE (ly|<0.8, £13% syst.), \/s,, = 2.76 TeV

mid-rapidity

Rapp and Du

forward rapidity ...\

— 2.5<y<4, N__ =400
part

Raa(5.02 TeV)

-

o o o
ES o ®

o
[N]

o
\I\|\\\|I\\“\\I|\\\|‘\I\‘\\I

o

1 1 1
10 12
p, (GeVic)

-
o

Rapp and Du
— 2.5<y<4
— lyl<0.9

Statistical Hadronization Maodel
[Sun=276 TeV (do__/dy = 0.33 mb)
w50 =5.1 TeV (do _ /dy = 0.45 mb)

— '.!.:Sll,mz-fl() TeV (do_, /dy = 1.25-1.35 mb)

-
'S

(2.76 TeV)

AA
—_
w

-
)

-
=y

50 1|00 150 200 250 300 350 400
N

part

PBM, Andronic, Redlich and Stachel
a First predictions for (both statistical and

transport models) indicate a moderate

increase in Ry,, when comparing B R T I T R R R VR T R

Vsyy=5.02 and 2.76 TeV
O Theoretical uncertainties are larger than the predicted increase

- Provide quantities where at least partial cancellation of uncertainties
takes place (double ratios of R,,)

Rpa(5.02 TeV)R

o

o
w

o
B

Rapp and Du

o
@

o
(=}
O_\I\I‘I\I\|\I\I‘I\I\|\I\I|I\II‘\II\‘I\H|\HI‘HI\

o
3]
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From run-1 ro run-2

d Charmonium highlight &> evidence for a new mechanism which
enhances the J/vy yield, in particular at low p, with respect to
low-energy experiments

a In addition
A Indications for J/y azimuthal anisotropy (non-zero v,)
Q Significant final state effects on y(2S) in p-Pb,
likely related to the (hadronic) medium
created in the collision

d Bottomonium highlight > evidence for a stronger suppression of
2S and 3S states compared to 1S. Effect not related to CNM
and compatible with sequential suppression of
“bottomonium” states

Q In addition
d 1S is also suppressed (~50-60%). Feed-down effect only?
O y-dependence of 1S suppression to be understood
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From run-1 to run-2

Q Prospects for run-2
- Collect a ~1 order of magnitude larger integrated luminosity

d High-statistics J/y sample
- Comparison with run-1 AND with theoretical predictions crucial
to confirm/quantify our understanding in terms of regeneration
- more precise Vv, results also needed

a Significant y(2S) sample
- Crucial: run-1 results “exploratory” (and interpretation not clear)

O High-statistics Y(1S) sample
- A significant increase in 1S suppression with respect to run-1
might imply that a high-T QGP is formed (“threshold” scenario)

A Differential Y(2S) and Y(3S) results from run-1 are limited by statistics
- Centrality and p-dependent studies important to assess details of
sequential suppression

E. Scomparin, Charmonium physics with HI, experimental results, Bologna, September 2016 >7



Suppression vs \syy (RHIC)

a At RHIC 39 GeV, 62 GeV, 200 GeV all show similar suppression

A, (200 GeV) PRC B4, 054912 (2011)
Global sys.= = 9.9%

Ay (524 GeV) = PHENIX data'Our estimate
Global sys.= = 29.4%

R, (39 GeV) = PHENIX data/FNAL data
Global sys.= = 19%

Direct (x0.5)

RS e

-miEimiEi RS IR RN IR IDIRIE SIS IRIRIE
-|i|'|"l EiEmisim
B

100 150 250
Au+Au N,
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Yield ratios for bottomonium in p-Pb

CMS pPb |s,, =5.02 TeV CMS PbPb s, = 2.76 TeV
® Iy <193L=31np" T Iy,)<24L=150 b’
- ¥ 35% upper limit
PRL 109 (2012) 222301

CMS,JHEP04(2014)103

0<p_ <40 GeV ATLAS Preliminary
p+PDb {5, =5.02 Tev
pp Vs =276 TeV

p'l' = 4 Gelie

I;’["i'"{ES +3S)/V(18)]

Y(25+3S)
Y(1S)

T HE T T 05 0 05
Y(2S)/¥(1S)  Y(35)/Y(15) ATLAS-CONF-2015-050

CMS ATLAS

O Excited states suppressed with
respect to Y(1S)

QA Initial state effects similar for the
various Y(ns) states
- Final states effects at play?

s |
—
7]
-
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z
un
=
>.
Tl
‘-.- .
oo =
4
—
—
un
-
e
P
—_
un
=
-
Rl

[V(2S+3S)/(19)] |

O no strong y (and p;) dependence
d agreement with CMS within
uncertainties
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Self-normalized Y cross sections

O pp {S=2.76 TeV

® pPb |5, =5.02 TeV = .
* POPD Sy = 2,76 TeV =, Similar behaviour
- observed for
)/y (ALICE)
(PLB712 (2012) 165-175)

CMS, JHEP 04 (2014) 103

p+Pb S, = 5.02 TeV ATLAS Prelimina ry
a All the ratios increase with increasing
forward transverse energy
d When Pb nuclei are involved
- Increase partly due to larger number
of N-N collisions
O Increase observed also in pp collisions
115 2 25 3 35 - multiple partonic interactions ?
ATLAS-CONF-2015-050 &7 /@)
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In the beginning...

...there was a definite and
B, 185, 3, o pree clear prediction

BROOKHAVEN NATIONAL LABORATORY
June 1986 BNL-38344

J/¢» SUPPRESSION BY QUARK-GLUON PLASMA
FORMATION

T. Matsui

Center for Theoretical Physics
Laboratory for Nuclear Science
Massachusetts Institute of Technology
Cambridge, MA 02139, USA

and

H. Satz

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

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

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

temperature dependence of the screening radius, as obtained from lattice — T
r,T)~e"

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

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 ! | 1 ]
200 250 300

unambiguous signature of quark-gluon plasma formation. T(MeV)

‘This manuscript has been authored under contract number DE-AC02-T6CHO0018 with the U.S. Depart-
ment of Energy. Accordingly, the U.S. G t 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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...and got immediate attention from the
(newborn) HI community...

a QM87, from the summary talk of M. Gyulassy

The most provocative observation, rpm'ted by NA38
[13], was that J/i production seems to be suppressed
by ~30% in high E; events. The second provocative

(10)

(93406 for E;p<28 GeV
N:fr."ll e

3 Puzzles 59+04 for E;>350GeV.

This 30% reduction of ¥ production caused the most
controversy at Quark Matter "87.

There are naturally several caveats that need fur-
ther consideration. First, there is the problem of prov-

Competing sources of suppression involving hadronic final state interactions
Dissociation reactions with o4.~1-2 mb could reproduce the observation

3.1 J/Psi suppression

A signature of deconfinement, or just a generic signature for ultra-dense
matter formation?

E. Scomparin, Charmonium physics with HI, experimental results, Bologna, September 2016 62



...which looked for alternative
explanations/mechanisms...

...which included a significant contribution from J/vy interactions with
nucleons (nowadays Cold Nuclear Matter effects, CNM)

Nuclear Physics A544 (1992) 513¢-516¢ NUCLEAR ™ —6.9+~1.0 mb
PHYSICS A Ton =D

North-Holland, Amsicrdam

Comparison of J/y-Suppression in Photon,
Hadron and Nucleus-Nucleus Collisions :
Where is the Qua~k-Gluon Plasma ?

C. Gerschel? and J. Hiifnerb

Triggered an experimental program
at SPS energy (with inputs from the
FNAL fixed target program too!)

on the study of p-A collisions, used
as a reference for A-A results
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More accurate data allowed

more stringent conclusions...

1994-2000: really “heavy” ions in the SPS (Pb-Pb collisions)
February 2000 2> “"New state of matter created at CERN” press release

Evidence for decontinement of quarks and gluons
from the J /i suppression pattern
measured in Pb-Pb collisions at the CERN-SPS

O Pb-Pb 1386
O Pb - Pb 1596 with Minimum Bias
® Pb - Pb 1588 with Minimum Bias

NAS50 Collaboration
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A Clear suppression beyond CNM
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Still a bit of history....

O The possibility of an enhancement of charmonium production in
nuclear collisions was considered from the very beginning!

From T.Matsui QM87 proceedings

Q3. Could J/y suppression be compensated at the
hadronization stage?

— This is very unlikely from our consideration on
the charm production mechanism. One should check,

however, both experimentally and theoretically
whether there is no anomalous enhancement in the
charm production cross section which could lead to
large recombination probability of ¢¢ into J/y during
the hadronization stage.

(even if, at that time, correctly discarded because of the small
open charm cross section at the energies then available)
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A comprehensive theoretical description?

d Implementing a realistic quarkonium production in a realistic medium
is a considerably difficult task

0 Some open points
d In high-energy heavy-ion collisions the QGP thermalization times are
very short (~1 fm/c)
- One should deal with in-medium formation of quarkonium rather
than with suppression of already formed states
- Heavy quark diffusion is relevant for quarkonium production

O Need to determine T, , My(T), y(T) from QCD calculations
(using spectral functions from EFT/LQCD)
O Need to know the fireball evolution from microscopic calulcations
d A precise determination of the total open charm cross section
is still lacking

Impressive advances on theory side but the availability of data for
various colliding systems and energy remains a must!
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Recent RHIC results: U-U!

(re)combination/suppression role investigated comparing U-U and AuAu

PHENIX (=193 GeV in central U-U wrt Pb-Pb
AutAu |5 =200 GeV .
— e Set | 1) stronger suppression
— wSet 2 due to color screening
SAUAU (R 80'850/0 SUU
N OV UU A 7AuAu : N i i
= (0.964 NTI/N2A) v, scaling 2) Iy recomblnatlcz)n
0.0 D e e ) ool B larger N in UU
0 20 40 30 Nstat - N2~ NZ
PHENIX, arXiv:1509.05380 Centrality [%] I/ c “lcoll

‘results slightly favour N2 ,; scaling = (re)combination wins over
suppression when going from central U-U to Au-Au collisions

‘ quantitative comparison depends on the choice of the uranium
Woods-Saxon parametrizations
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v(2S), run-1 results

y(2S) production modified in AA with a strong kinematic dependence

HE
(™)
in

ALICE |5,,=2.76TeV , 2.5<y<4  Transport Model , 2.5<y<4

Oep_ <3 GaVlic

th 5]

-

w(2S) / Jy], | [w(2S) / Jiy]

0 50 100 150 200 250
Du and Rapp arXiv:1504.00670Vpart

al 100 150 200 250 30 330 400

(N )

Chen et al. PLB726(2013)725

A g |
Fw-y, 3<pr<30GeV/c > RV < RY*®  Fy.y, 0<p.<3GeV/c > RI/Y > RS

- later y(2S) regeneration, when radial

flow is stronger, might explain the rise 2 ALICE trend agrees with transport
models and stat. hadronization
Mid-y 6.5<p;<30GeV/c > Rﬁ£¢> R;pfs) approach JHEP 05 (2016) 179

- No regeneration, stronger suppression

of y(2S) wrt J/y Run-2 results eagerly awaited

CMS, PRL 113(2014) 262301
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LHC run-2: Pb-Pb at Vsy,=5 TeV

CMS Integrated Luminosity, PbPb, 2011, s = 2.76 TeV/nucleon CMS Integrated Luminosity, PbPb, 2015, s = 5.02 TeV/nucleon

Data included from 2011-11-12 05:41 to 2011-12-07 09:22 UTC
200 200
I LHC Delivered: 184.07 pb '

[ CMS Recorded: 174.29 ;b '

Data included from 2015-11-25 09:59 to 2015-12-13 12:09 UTC

/ Bl LHC Delivered: 0.60 nb!
') 1 CMS Recorded: 0.56 nb !

Preliminary Offline Luminosity
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d Integrated luminosity - more than a factor 3 delivered by the LHC
with respect to run 1 (2011 Pb-Pb)

0 Short pp run at Vs = 5.02 TeV at the beginning of the HI period
2> L, = 30 pb! , good reference for BOTH Pb-Pb and p-Pb results

d Data analysis quickly progressing
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Raa VS prand y, comparison with models

PbPb 166 ub™, pp 5.4 pb” |Syy =2.76 TeV PbPb 166 ub”, pp 5.4 pb’’ | Sy = 2.76 TeV
LT T | IEi e e e =l ] . 1 RN LS T
:_ CMS - CMS Strickland et al.,
" [ Preliminary ALICE (PLB 738 (2014) 361) ' Preliminary "
2F Y(1S) by
- Y(2S) by CMS  ALICE

— 4’5 = 1

ar’kiv: 1507003951 I

| Strickland et al., ar¥iv:1507.03951
dmys =3

| | | ]i JI 1 |

0 No significant pr dependence of Ry, CMS-HIN-15-001

d Hints for a decrease of R,, at large y (comparison ALICE - CMS)
O Could suggest the presence of sizeable recombination effects
at mid-rapidity (?)
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R4, (60-88%)

R 44,(0-20%)

CNM at RHIC energy

- —T L I T =
My in d+Au aty s,,=200 GeV ~— ]

B ~ E i
0.8 ]
06— ]
| Centrality 60-88% _
0.4 Global Scale Uncertainty =10% _]
~ —— — Gluon Saturation 7]
A -
L i L] " " " 1 N " " 1 " " 1 —
- —
0.8/— —
0.6[— —
04| Centrality 0-20% e I
| Global Scale Uncertainty +8.5% _

PHENIX, PRL107 (2011) 142301

d Transverse momentum dependence
more difficult to reproduce

d Significant CNM effects also

at RHIC energy

STAR, arXiv:1602.02212

I I
- [~ @ STAR |y|<1
o PHENIX lyl<0.35
o EPS09
2k w EPS09 +ﬁat:5 |:B mh}

I I I
d+Au — Jhy+X |
{minimum bias)
. NC‘:—:!
A pep (syst)
pep (stat)
[ ]PHENIX
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Bottomonium results at RHIC

g|-@ PHENIX Y(15+25+3S) |5,,. =200 GeV |y| <035
& STARY(IS+25438)  {Span=200GeV |y <050

0o CMST(15+25 =2T76TeV |y <24
- Spapb ¥

40% Global Syst. Uncertainty PHENIX
2 bal Syst. Uncertainty CMS
18% Global Syst. Uncertainty STAR

50 100 150 250 300 350 400

part

—8— p+p (world-wide)

—k— CMS Ph4+Ph@2.76 TeV (0-100% )
—— STAR An+Aun@ 200 GeV (ee) (0-80%)
—— STAR An+Aun@ 200 GeV (uu) (0-80%)
—r— STAR Y —pu Runld+16 projection

-

STAR preliminary

T(2S+3S)/Y(1S)

-
2

Collision System

Q Both PHENIX/STAR have
published results on Y

d Mutual agreement between
experiments but still large
stat+syst uncertainties

- Need upgraded detectors
and higher luminosity

O Recent results with the STAR
MTD on the ratio excited/ground
state

O Consistent with dielectron
measurement within large

uncertainties
L Factor 7 more statistics on this
measurement with full Runi4+

Runl6 data
72
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Summary/conclusions

a In the bottomonium sector
O CNM effects are present but not strong
O At LHC, a very strong suppression of Y(2S) and Y(3S) states wrt pp
was observed, while the tightly bound Y(1S) yield is reduced by ~50%
O Compatible with sequential suppression of the states in a QGP
O Quantitative description still needs refinements
d RHIC upgrades will bring high quality data also at lower energies

d In the charmonium sector

d The re-generation mechanism has been predicted to be sizeable at
both RHIC and LHC

O Hints for its presence were singled out at RHIC (R, VS Y, UU vs PbPb)

O Re-generation clearly present at LHC energy (Raa VS py, flow)

O Models qualitatively describe the data, but still large uncertainty on
some key parameters - open charm cross section

d CNM, dominated by shadowing/CGC, are stronger than in the Y sector
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