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CMS Preliminary
PbPb \s,, =276 TeV

A Y(1,2,3S
ves) e

Outlook:
: ol VI "y, L (POPD) = 147pb"
Selection on results on N

® Charmonium: J/y and y(2S)

® Bottomonium: Y(1S), Y(2S), Y(3S)

in p-A, d-A and A-A collisions at
RHIC and LHC energies
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ﬂthe original idea

quarkonium production suppressed via color screening in the QGP

ﬂsequential melting

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

ﬂ (re)combination
enhanced quarkonium
production through
(re)combination during QGP
phase or at hadronization

J/y production probability

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

>

Sequential
melting

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

LHC
5.02TeV

N cpar/€VENt ~0.2 ~10 ~85

~115

energy density

P. Braun-Muzinger,]. Stachel, PLB 490(2000) 196
R. Thews et al, Phys.Rev.C63:054905(2001)
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= Cold nuclear matter effects: might affect quarkonium
production on top of hot matter mechanisms

o WUV B : . -
nuclear parton shadowing/ investigated in p-A collisions

color glass condensate

energy loss B - <=

cc in medium break-up

—

the assessment of the size of these effects is fundamental
to interpret quarkonium A-A results

‘ Nuclear modification factor Medium effects are quantified comparing the
AA quarkonium yield with the pp one, scaled

R]/ll) _ Y[{I{;p by a geometrical factor (from Glauber model)
44 J/P Rxan = 1 2 no medium effects
(TAA)O'pp AA

Ran # 1 > hot/cold matter effects
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warm/hot
matter

cold nuclear

matter effects: > ; hot matter
shadowing/CGC, errects: effects:

energy loss... M@
resonance gas

(comovers),
partonic
matter

regeneration vs
suppression

A-A

=
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RHIC | PHENIX |Au-Au, Cu-Cu,|200, 193, |2000-2016
STAR Cu-Au,U-U | 62,39
p-A, d-Au 200
Pp 200-500
LHC ALICE Pb-Pb 2760 |2010-2012
ATLAS 5020 2015
Chi> p-Pb 5020 2013
sl (8000) | (2016)
PP 2760, |2010-2016
7000,
8000,
13000
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200, 193,
Cu-Au, U-U 62, 39

p-A, d-Au 200

Pp 200-500

2000-2016

Ob-Pb 2760
5020

2010-2012
2015

Quarkonium production

investigated via collisions:

® with different beam
species

® atvarious energies

2013
2016)
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al

RHIC

LHC

PHENIX
STAR

ALICE
ATLAS
CMS
LHCb

complementary

results due to

different kinematic
—— coverages

Au-Au, Cu-Cu, | 200, 193,
Cu-Au, U-U 62, 39
p-A. d-Au 200

2000-2016

3 0 2 5 y
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PHENIX Au-Au, Cu-Cu, | 200, 193,

u-Au, U-U 62, 39
)-A, d-Au piele)
LHC Run-2 , 200-500

2000-2016

LHC ALICE 2010-2012
ATLAS 2015
CMS 2013
LHCDb (2016)
2010-2016
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I UL UL UL B I |
4F e 2007 12<lyj<2.2 .
= 2004 |yj<0.35 . ; 0-20%

PHENIX ] STAR AutAu @ 200 GeV

e Mp—piw, Iyl <05

B 2004 AutAu, |yl=0.35, global sys. =+ 12%

& 2007 Autfu, 1.2<|y]=2.2, global sys. =+ B.2%

[ 0-20% centrality

PHENIX_E :'SE_:'-:I%igln:la EYE.

[ 40-60% centrality
1: + 13% global ys.

mid
Ah

: farwand
RatmRM /R
o o s -
- T

0.4

‘ Strong centrality and low-p; suppression

‘ Qualitative agreements with suppression + recombination models
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] T 1 T T ] T T 1 T | T 1 T
200 GeV (this measurement) R..(200 GeV) PRC 84, 054912 (2011)

200 GeV (RHIC run 10) Global sys.= + 9.2%
62.4 GeV R,..(62.4 GeV) = PHENIX data/Our estimate

39 GeV Global sys.= + 20.4%

NA38(19.4 GeV)/50(17.2 GeV)/60(17.2 GeV) 1 R.(39 GeV) = PHENIX data/FNAL data

2.76 TeV (ALICE) N Global sys.= + 19%
—= W(25) melting I

SHAEO O

—> w(25) and 4 melting

&
E@

i mimm RS RIS
- - - q - v i
T U

50 100 150 200 250 300 350 400
AUu+AU N,

1 | 1 ] 1 1 | 1
100 200
A. Adamczyk et al. (STAR) arXiv:1607.0751 A. Adare et al. (PHENIX) PRC86(2012) 064901

Raa SUppression visible at all energies

q No significant energy dependence, including SPS!

Qualitative agreements with suppression + recombination models
- pp reference at 39 & 62.4 GeV needed for quantitative comparison
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M

q Various systems studied:

rather similar suppression observed
hint for a weaker suppression in U-U

,_
=

in central U-U collisions:

1) stronger color screening suppression
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0
100 200 300 300 Eauny ~ 80-85% ¢,
PHENIX PRC93(2016) 034903  Number of Participants

= = —_—

2) J/y recombination favoured by 25%

3 -t A*A = Jy + X Zhan-Ra W larger NCO|| |n U-u
= Ahu 200 "-‘-"u" : A =N stat 2 2
; o imer Nypp ~ Ne~ Neou

# Dominant recombination in U-U over
suppression?

Quantitative conclusions depend on

R T U Woods-Saxon description
STAR arXiv:1607.07517
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Runi results

Inclusive Jiy — p*u’, Pb-Pb \'s,, =2.76 TeV and Au-Au | s, = 0.2 TeV

Evidence of recombination
for low p; J/y at LHC

W ALICE (arXiv:1311.0214), 2.5<y<4, O<pr<8 GeVic global syst.= + 15%
[] PHENIX (PRC 84(2011) 054912), 1.2<|y|<2.2, p >0 GeV/c  global syst.= + 9.2%

Observation validated by the
comparison of LHC results with

1) lower energy experiments

‘ J/y suppression vs centrality is
stronger in PHENIX/STAR than in

ALICE, in spite of the LHC larger
energy densities

=0 Gelic STAR preliminary
Tlfg

* STAR: Au+Au, |[3_ =200 GeV Iyl <05
O PHENIX: Au+Au, = =200 GaV Iyl <0.35

B ALICE: Pb+Pb, y2 =278 TeV Iyl <08

PHENIX, STAR

STAR N__, uncartainty

150 200 230 300 350
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%%@%

Pb-Ph ||s"H 2.76 TeV and Au-Au \m 0.2 Tev

Evidence of recombination 3 u ey
for low p; J/y at LHC

MR

Observation validated by the
comparison of LHC results with

1) lower energy experiments

, 0-40% centrality STAR preliminary
: . * STAR: Au+Au, {5, =0.2TeV, Iyl <0.5
‘ Weaker suppreSS|on at IOW pT W ALICE: Pb+Pb, |5, = 2.76 TeV, |1_.r| 0.8

observed by ALICE 2E @ clis: PbiPb, {5 - 276 TeV, Iyl < '
ALICE

12 14
P, (GeV/c)
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- . . } 1.4
Evidence of recombination

for low p; J/y at LHC

Observation validated by the
comparison of LHC results with

1) lower energy experiments

q models including (re)combination
of J/y in QGP or in the hadronic
phase provide a reasonable
description of ALICE results

q still rather large theory uncertainties:
models will benefit from a precise

measurement of o and CNM effects

Roberta Arnaldi International School of

2) theoretical models 0 50

100

Runi results

150 200 250 300 350 400

\ (TM1)
=== Regenerated Jiy (TM1)
= Primordial Jiy (TM2)
=im Regeneration Jiy (TM2)
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Runi results

MR

Evidence of recombination
for low p; J/y at LHC

# STAR: AusAu, {, =200 GaV, Iyl <05, P = 3 GaVic
m CM5: Ph+Phb, I||3_“= 276 TeV, Iyl < 2.4, P, =03 GaWlc

Observation validated by the E rnsponthodell —RHC —LHC
comparison of LHC results with | TreneportModelll --RHIC --LHC

STAR preliminary

1) lower energy experiments
2) theoretical models
3) high p; 3/ v results

‘ suppression stronger at higher Vs,
as expected from QGP dissociation

100 150 2060 250 350

Npant

q opposite J/y behavior compared to
low-p; results Transport model:
Model T at BHIC: FLE 78 (20093 T2
o o 0 c Muodel I at LHC: PRC 58 (2014) 054211
# negligible re(combination) effects Model IT at REIC PRC 82 (2010) 064905

expected at hlgh pT Model IT at LHC: NFA 850 (2011) 114
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ﬂ If ¢ quarks participate to QGP collective motion, they should
acquire elliptic flow
- J/y from (re)combination should inherit the flow of ¢ quarks

STAR, PRL 052301(2013) ALICE, PRL 111(2013) 162301

CMS Preliminary Prompt J/y
® ALICE (Pb-Pb \s,,, = 2.76 TeV), cenirality 20%-60%, 2.5 <y < 4.0 PbPb \"'S_NN =276 TeV Cent. 10- 60 %

Au+Au 200 GeV 0-80 % STAR preliminary —— Y. Liu ef al., b thermalized

<L, =150pub"
Y. Liu ef al., b not thermalized
=« X. Zhao et al., b thermalized C I\/I S

lyl <24
o 16<|y| <24

* Jiyp—=pu lyl = 0.5, Runld
& Jiy—=ete lyl =1, Run10+11
[ maximum non-flow

a 9 10
P, (GeV/c)

ﬂ Hint for J/y flow at LHC, contrary to v,~0 observed at RHIC!

ALICE: qualitative agreement with transport models including regeneratio
CMS: path-length dependence of energy loss?
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MR TR

Inclusive Jhy — i

W ALICE, Pb-Pb \s =2.76 TeV, 2.5 <y <4,p_<8GeVic
O PHENIX, Au-Au |5y, = 0.2 TeV, 1.2 <|y| <2.2,p_> 0 GeV/c

2.76TeV

100 150 200 250 300 350 400

(N
arXiv:1606.08197

par‘t>
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ooy

LHC: Pb-Pb collisions @ Vs\=5.02TeV

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

A
>
“2767),

Inclusive Jhy —

® ALICE, Pb-Pb s, =5.02TeV.25<y <4,p_<8GeV/c

S # Similar centrality dependence
B ALICE, Pb-Pb |5, =276 TeV. 25 < y <4,p_< 8 GeV/c ] ]
O PHENIX, Au-Au {5, = 0.2 TeV, 1.2 < |y| <2.2,p_> 0 GeVic at the two energies, with an

Increasing suppression up to
5.02TeV N,are~100, followed by a

B @ @
& B wt plateau

2.76TeV

# Rap @ 5.02TeV is ~15% higher
than the one at 2.76TeV, even
if within uncertainties

100 150 200 250 300 350 400
(N

part>

arXiv:1606.08197
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Inclusive Jhy — u*ir, Pb-Pb |5, = 2.76 TeV = _ ALICE, Pb-Pb \'s,, = 5.02 TeV

m ALICE, 2.5<y<4, p <8 GeVic global syst.= + 15% Inclusive J/y — p’
25<y<4,03< Py < 8 GeVic

[ Transport, p_ > 0.3 GeV/c (TM1, DU and' RAF)=" ==« = imvimiimiimiim 1w
(0.2 H—ITransport (TM2, Zhou et al.)

= = Statistical hadronization (Andronic et al.)

= Go-movers (Ferreiro)

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

! part’

) . par i
Brackets represents the possible range of variation of the hadronic J/

Comparison of same theory models at the two energies:

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

Data are compatible with theory models at both energies
Still large uncertainties mainly due to the choice of o,



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

Transport, pT.->(].3 GeV/c (TM1, Du and Rapp)
[] Transport (TM2, Zhou et al.)

Statistical hadronization (Andronic et al.)

Co-movers (Ferreiro)

Raa(5.02 TeV)/Raa(2.76 TeV)

50 100

(N_)

part’

# Theoretical and experimental
uncertainties reduced in the
R,a double ratio

q Centrality dependence of the
Raa ratio is rather flat

Uy
| <
=R

150 200 250 300 350 400 450

ALICE, inclusive J/'y — p i’

25<y<4 Transport \Iﬂ =5.02 TeV (TM1, Du and Rapp)
® Pb-Pb s, eV, %
B Pb-Pb \'m = 2.76 TeV, 0-20%

12

P; (GeVic)

R iNcreases with p-, at both
energies, as expected in a
regeneration scenario

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

Also sy =5.02TeV results support a picture where a combination of
J/v suppression and (re)Jcombination occurs in the QGP




) in AA collisions

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

y(2S

ALICE |5,,=276TeV ,2.5zy=<4 Transporl Model , 2.5<y<4
—— Ozp Wio Qi Wi
B i B - Lfie

%]

.,}.‘.
28) 1w,

1.5

—
|
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—

0 50 100 150 200 250 350
CMS, PRL 113(2014) 262301 N
Du and Rapp arXiv:1504.00670 ‘part

Fw-y, 3<p;<30GeV/c > Rﬁw < R}fA Fw-y, 0<p;<3GeV/c > R,{lg’b > R;ﬁzs)

qlater y(2S) regeneration, when radial
flow is stronger, might explain the rise

150 200 250 300 350 400

Chen et al. PLB726(2013)725 (N

(25)

# ALICE trend agrees with transport
models and stat. hadronization
Mid-y 6.5<p;<30GeV/c > th/qw> RX)A(ZS) approach JHEP 05 (2016) 179

# stronger suppression of y(2S) wrt J/y

Run1l data not precise enough to conclude on y(2S) behavior
Run?2 results eagerly awaited!




S
S

uction IR

PRL 109, 222301 (2012

z= Z
47
2]

¢

)

: : 01200 CMS PbPb |5 = 2.76 TeV
=) Main features of bottomonium > MS POPD Yo, =276 Te
. . 5 Cent. 0-1009%, 1y < 2.4
production wrt charmonium: —1000 L= 150"
D‘ int — e
= H> 4 Gev
no B hadron feed-down > bt R
smaller gluon shadowing effects 5 Y PP..
. . . . L |
negligible (re)combination {f i total PoPb i
more robust theoretical predictions § it - background
TE i pp shape

due to the higher b quark mass

with a drawback...smaller production

Cross-section

(R scaled)
i

11 12 13 14
Mass . (G eV/c?)

Clear suppression of Y states in PbPb at LHC energies with respect

to pp collisions

Roberta Arnaldi
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ﬂ Sequential suppression
observed at LHC in Run 1:

18 CMS STAR AuAu |5, = 200 GeV, Iy < 1
"L Preliminary ¥r Y(1S), PLB 735(2014) 127
RY(BS) < RY(ZS) RY(]'S) . Y(1S),ly|<2.4  STARU+U\s, =193 GeV, ly| <
AA e T(2S) ly|<24 * T(18) Preliminary

A(Y(1S))= 0.43+0.03+0.07
A(Y(2S))= 0.13+0.03+0.02
a(Y(3S))< 0.14 at 95% CL

X0 0 0

centrality dependent suppression
for Y(1S) and Y(2S)

at LHC. Y( 1.S) S already .suppres.sed 100 500 300 400
in semiperipheral collisions, while R Ee N
STAR, PLB735 (2014) 127 and preliminary U+U part

at RHIC only in the central ones

feed-down from excited states + CNM are enough to explain the
observed Y(1S) suppression?
Roberta Arnaldi International School of Nuclear Physics September 17t 2016




e .!} e el
\ Sy = 2.76 TeV

PbPb 166 ub™, pp 5.4 pb™ | Sy = 2.76 TeV

'_ T T l T T T I ) \ ] | LD T N
Y L CMS Eur. Phys. J. A 48 (2012) 72 _
Preliminary ALICE (PLB 738 (2014) 361) 141 Preliminary r(1S) T(28) -

' I B Primordia
Y(IS] by - :egengralted

Y(2S) by CMS ALICE | ' B o

Strickland et al., arXn:1507.03951
4mys =3 1 ! Nuc. Abs.
o d_ml'ﬁ = :l'

=) no p; or y dependence of the Y(1S) and Y(2S) suppressions

ﬂ models reproduce the p; and centrality dependence

=) rapidity description still needs tuning
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ALICE, Inclusive 1(1S) — p'u,25<y <4 ALICE, Inclusive 1(18) — u*u,, centrality 0-90%

B Pb-Pb s, =502 TeV, Preliminary global sys.= + 10% : B Pb-Pb \s,, =5.02TeV, Preliminary

NN

B Pb-Pbys,=276TeV, (PLB 738 (2014) 361-372) global sys.= + 13% W Pb-Pbys, =276TeV, (PLB 738 (2014) 361-372)

!

5.02TeV

!
]

2 . 7 6TeV . open: reflected

s

ﬂ Centrality dependent Y(1S) R,, suppression observed also at
Vs =5.02TeV

ﬂ No firm conclusion on the R,, energy dependence within the
current uncertainties

Roberta Arnaldi International School of Nuclear Physics September 17t 2016

global sys.= + 3%

global sys.= + 7%




ALICE Preliminary, Pb-Pb {s,, = 5.02 TeV : ALICE Preliminary, Pb-Pb |5, = 5.02 TeV

m Inclusive T(1S) - n'p,25<y<4,0< p_< 12 GeV/c  global sys.= + 10% 2 m Inclusive TIIS) — p'p, 0« ':IT < 12 Gallic, 0-80% global gys.= + 3%

Transport models:
[] Emerick et al., EPJA 48(2012)72
[..] Zhou et al., PRC89 054911(2014), private comm.

ﬂ Theory models, with (Emerick et al.) or without (Zhou et al.)
regeneration component, qualitatively reproduce the data
within uncertainties

ﬂ Different trend in data and theory for most forward-y?
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Y(ns) at

STAR |s,,=193 GeV |y|<1
o U+U 193 GeV < U+U, cent. integrated
B Au+Au 200 GeV O Au+Au cent. integrated
¢ Pb+Pb 276 TeV (CMS) &4 Au+Au (PHENIX)

(a) T(1S+25+3S)

[Jp+p stat. uncertainty  [JJCMS normalization
W common norm. syst.  [lIPHENIX normalization

b4
ml@$ +$

(b) T(18)
0 100 200 300 400
; Noart
arXiv:1608.06487 pe

Roberta Arnaldi

International School of Nuclear Physics

m) Y (1S) is also suppressed at RHIC, in
central collisions, even if less wrt LHC

RaA(Y(1S))= 0.63+0.13+0.09 (AuAu+UU)

—k—  pp iwarld-wide)
s 3 CMS Fl#Ph@ 2,76 TeV (1% |
. STAR Au+An® 200 GeV (up) (0-R0%5)

STAR preliminars

Y{25+3S)/T(1S)

NZEVTiIS)

g g ‘ TI3RVTI1S)
n 1 1 i
AnAn @ RHIC PhPh @ LHC

ﬂ STAR: excited states accessible

in the muon channel

Hint of less suppression of
excited states wrt LHC

September 17t 2016




7/2 B
4 ¢ g P2
N= ZERZIAZ
Z A A E
3 7z Z Z Z

collisions




k=

Uy

=
R

2guilts at LHC

ALICE (JHEP 02 (2014) 073): inclusive J.-"qﬂ—»;w.:i'jur;,zT-:.15 GfV.-'c J /W affected by C N M effe Cts, W|th a

L, (-4.46<y_ <-2.96)=58nb",L_ (2.03<y__
ALICE (JHEP 06 (2015) 055): inclusive J/y—e'e’, p>0

ey ot b strong y and prdependence:
e > R, decreases towards forward y

- %l W) data consistent with shadowing and

CGC + CEM (Fujii et al.)

5 Coc o Ducmsetl coherent parton energy loss models

[F7]CGC + NRQCD (Ma et al.)

ELoss, q,=0.075 GeV¥fm (Arleo et al.)

[E== 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.)
ELLT EPS09 LQ central set + o, = 2.8 mb (Ferreiro et al.

4 3 -2 - 0 1 2 3 4
JHEP 02(2014)073, JHEP 06(2015)055

ﬂ good agreement between ALICE ‘ different behavior at mid-y for low
and LHCb (similar kinematic range) and high py J.y

| =) agreement with CGC depends on
implementation

0 = (a) I;:Lﬁ% —srey 1 LHCb, Prompt Jiy o« Promet Jiy ATLAS Preliminary
4 NN T ) 8

C p, <14 GeVic 10<p, <30 GaV PAFD By, =5.02 TeV

EPS09 LO
0.4 EPS09 NLO
nDSg LO
0 — E.loss
E. loss + EPS09 NLO




VAVR'Z

backward-

AL I LA L BRI B

ALICE, p-Pb 'iSNN =5.02 TeV, inclusive J/w

e -4.46<y  <-2.96, Pb-going direction o -1.37<y__ <0.43, p-going direction e 2.03<y_ <3.53, p-going direction
e CGC + CEM (Ducloué et al.)

Eloss (Arleo et al.)
ZAEPS09 NLO + CEM (Vogt et al.)
=1 EPS09 LO no comovers (Ferreiro)
= EPS09 LO + comovers (Ferreiro)

2 4 6 2 4 6 8 10 12 0 2 4 6 8
(Nmult>

coll

/[ ALICE, p-Pb y5,,, = 5.02 TeV [ ALICE, p-Pb |Sy,;=5.02 TeV [ ALICE, p-Pb {5y, = 5.02 TeV
[ inclusive J/y—p*u : [ inclusive J/y— ete ’ [ inclusive J/y—pu
r -4.46<y5m5<-2.95 _ R R 7 G 72 [ -1.37<y <043 r 2.03<ycms<3.53

EPS09 NLO (Vogt)
k. - £5] CGC + CEM (Fujii et al)

EPS09 NLO (Vogt) EPS09 NLO (Vogt) CGC 4+ CEM (Duclou et al.)
[]ELoss with q,=0.075 GeV¥im (Arleo et al) [ e (Fujiiet al) 166G + NRGCD (M et

EPS09 NLO + ELoss with q,=0.055 GeV?fm (Arleo et al) <L [ Eloss with q,-0.075 GeV?m (Arleo et o) . (C]ELoss with q,=0.075 GeV24m (rfeg et al)
— Mult. scatt. (Kang et al.) r EPS00 NLO + Eloss with g =0.055 GeV¥/im (Arleo et al.) TRSOSILO » ELOSS, 420.055 GevTim (Arleo etal)
e S e T e S i S AN SRR AR Bk siivrri N IV
3 4 5 6 7 8 4 6 8 10 4 5 6 7 8

P, (GeV/c) p, (GeVic) p. (GeV/c)

mid and fw-y: suppression increases vs centrality and is larger at low p+
backward-y: hint for increasing Q,, vs centrality, with rather flat p; trend

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

Roberta Arnaldi International School of Nuclear Physics September 17t 2016



Once CNM effects are measured in pPb, 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 A, X Ry, similar x-coverage as PbPb

Hypothesis:

'] ﬁ':j;: (2885 <363 X R (485 <2.88], {5 = 6.02 ToV

] g m) we get rid of CNM effects with
= [ W Rps 265y <8, B = 278 TeW, D-50% AA /

[Phys. Lot BTE4 (2014] 314]

PoPD
>Ny T o backw
R < RS

o X Ropp» Reney

walath
T

7 8
p_(GeVic)
T

CNM effects not enough to
explain PbPb data at high py

) Evidence for hot matter effects in Pb-Pb!




# y(2S) suppression is stronger than
the J/y one, both at RHIC and LHC

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

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

Only models including QGP + hadron
resonance gas or comovers describe
the stronger y(2S) suppression

\s=200 GeV
+ p+Au

+p+AI
; d+Au PRL 111 202301 (2013)

preliminary

+15.6% global uncertainty on
forward/backward rapidity points
+16% global uncertainty on
midrapidity point

rapidity

ALICE, p-Pb ys,,= 5.02 TeV, -4.46 <Y < "2-96
Inclusive J/y, w(2S) — u'w

Loss (Arleo et al.) — J/y: EPS09 LO + comovers (Ferreiro)
EPS09 NLO (Vogtetal) y(2S): EPS09 LO + comovers (Ferreiro)
J/y: QGP+HRG (Du et al.)

---'EPS08 LO (Ferreiro)
[ w(28): QGP+HRG (Du et al.)

¢ Jy
my(2S)

: : ALICE. JHEP 1606(2016)050
Roberta Arnaldi International School of Nu&fes v ( ) =




Y(is) in pA collisions

ATLAS Preliminary

p+Pb s, = 5.02 TeV

m) No significant rapidity
dependence of Y(1S) Roa
(ALICE and LHCb agree within

uncertainties)

g LHCD, - .
4ALICE. Y(1S). p_

BLICE p-Fh V5 = 502 TeV, incluseve TSl p, o, =0

Lyl-448cy «-206)=58nb", L, (208 <y «353)=-50n0"

= Shadowing and energy loss models
are compatible at forward-y

At backward-y smaller anti- 4 [ GEMAEPS08 NLO (Vogt, arXiv:1301.3388 and priv.comm.
shadowin g is sugg ested 2] — s

[ ELoss + EPSI8 MLD

ALICE, Phys. Lett. B 740 (2015) 105
ATLAS-CONF-2015-050 ,LHCb, JHEP 07(2014)094
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p-Pb vs pp @mid-y: CMS pPO {5, = 5,02 TeV CMS PoPb {5y, = 2.76 TeV

Stronger excited states suppression e J'HE'p"'JJzo‘l"{'fmﬁ o L;pf, iy F'"_h
with respect to Y(1S) - PRL 109 (2012) 222901
Initial state effects similar for the o) > 4 GeVic

three Y states
- Final states effects in p-Pb?

p-Pb vs PbPb @mid-y :
even stronger suppression of excited
states in PbPb

ALICE (and LHCDb) observes: Y(2S)/Y(1S) Y(35)/Y(1S)

Y(2S)/Y(1S) (ALICE)
2.03<y<3.53: 0.27+0.08+0.04
-4.46<y<-2.96: 0.26+0.09+0.04

compatible with pp results Rapidity dependent final
0.26 + 0.08 (ALICE, pp@7TeV) state effects at play?

Roberta Arnaldi International School of Nuclear Physics September 17t 2016




sPHENIX (>2020)

Precision Y spettroscopy
(8BOMeV resolution expected)

Magnet coil

% —
Inner HCal \_&_ﬁ’ :
\
EMCal \
TPC 7 _

Silicon

LHC heavy-ion program

2016: pA at sy = 5.02 and 8 TeV

2018: PbPb
2021 - 2023: LHC Run3 - L, > 10nb'?

for PbPb (is ~1nb1in Run?2)
2026 — 2029 : LHC Run4

LHCb

Joined the PbPb data takln |n 2015
covers peripheral 2
semi-periph. Range

Roberta Arnaldi

up to Vs =110 GeV

SMOG: fixed target
PA program at LHC,

b

© R

+++++++++*+++_

iw [I ]

International School of Nuclear Physics

September 17t 2016




Conclusions

ﬂ A combination of suppression and regeneration mechanisms
affects J/y production at RHIC and LHC

ﬂ Theory models qualitatively describe the data, but still large
uncertainties (open charm cross section)

ﬂCNM effects (mainly shadowing and energy loss) play an
important role, as observed in pA collisions

ﬂ Bottomonium results might be compatible with sequential
suppression in QGP

Thanks!

Roberta Arnaldi International School of Nuclear Physics September 17t 2016
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the original idea:

quarkonium production suppressed
via color screening in the QGP

sequential melting
Bl oco sum rules differences in the quarkonium binding
Bl ~asiaco " energies lead to a sequential melting

%P;”‘“ : with increasing temperature o

lis  =200GeV
peak | HN

J/v Y(@1s)

35 4 45 5
melting T/T

PHENIX, Phys.Rev C91, 024913 T>>TC
Quarkonium as QGP thermometer

Roberta Arnaldi CONF12 August 30t 2016



ALICE inclusive JAy — u, 2.5<y<4
B Pb-Pb |s, =276 TeV, global syst. = 4%

PHENIX inclusive JAy — i, 1.2<]y|<2.2 iy,
® Au-Au and Cu-Cu |'s, = 0.2 TeV, global syst. = 3%

NASO inclusive J/y — pHu, O<y<1
& Pb-Pb \s,,=0.017 TeV, global syst. = 3%

TM1: Zhao et al., Nucl.Phys.A859 (2011) 114
TM2: Zhou et al. Phys.Rev.C89 (2014)054911

raa Centrality evolution
strongly depends on s

decreasing r, trend,
observed at LHC

- due to (re)combination,
which dominates J/y
production at low p+

transport models, already
describing J/y R,,, also
reproduce the r,, evolution

Roberta Arnaldi CONF12

August 30t 2016
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Strong R, enhancement in peripheral collisions for O<p;<0.3 GeV/c

ALICE, Pb-Pb '.;ﬁ =276 TeV

N
25<y <4

o =] O

significance of the excess is
5.4 (3.4)c in 70-90% (50-70%)

ﬂ behaviour not predicted by
transport models

= 0N

[ ]

—=— 1= p_ <8 GeVic, global syst==11.5%

4 Common global syst =+ 6.8 %

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

per 0.1 GeVl/c

150 200 250 300 350

part /

Raw counts

if excess is “removed” requiring p§/¢>O.BGeV/c

> ALICE R4, lowers by 20% at maximum (in the
most peripheral bin)

0.4

Roberta Arnaldi CONF12 August 30t 2016




Inclusive Jy — p'y’, Pb-Ph | £, =278 Tel and Au-Au | 5, = 0.2 Te¥

B ALEE. P 5«4, [1-20% plobal 3ysl = + 8%

# PHEMIX, 1.2<|pl2 2. 0-20% Jabal sys i . Du and Rapg)

Roberta Arnaldi CONF12 August 30t 2016



pr-centrality multi-differential studies allows detailed comparison
with theory models

0-20% 20-40% 40-90%

[ Inclusive Jiy — u, Pb-Pb By = 2.76 TeV and Au-Au [, = 0.2 TeV

[ Inclusive Jhy — prps, PbPb 5, = 276 TeV and Au-Au |5, = 0.2 TeV [ Inclusive Jiy — i, Po-Pb 5, = 2.76 TeV and Au-Au 5, =02 TeV
B ALICE, 2.5<p<4, 0-20% global syst=+ 8% .
2 E ALCE 25<y<4, 2040% global syst=+ 8% . W ALICE, 2.5<y<4, 40-90% global syst =+ 8%

& PHEMIX, 1.2<|y|<2.2, 0-20% global syst =+ 10% ) X - X
¢ PHENIX, 1.2<]yj<2.2, 2040%  global syst. = = 10% PHENIX, 1.2<|y|<2.2, 40-60 global syst. = = 13%

NNNNI\"kWZhao et al., Nucl.Phys.A859 (2011) 114
B\l Zhou et al. Phys.Rev.C89 (2014)054911

w Primordial Jiy — (TM1)
-=-Regenerated J/y (TM1)
= Primordial Jiy ~ (TM2)
== Regeneration J/y (TM2)

Model provide a fair description of the data, even if
with different balance of primordial/regeneration
components

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

Roberta Arnaldi CONF12 August 30t 2016
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< LB B ] ot X | I | o o 3L I | 53 W KR l 7T l | RT3 LR [ B el oo B I =000 l LI B
< i o
o PO ALICE, Pb-Pb \[s,, = 5.02 TeV
: Inclusive J/iy — pu
1.er

25<y<4,03< p_< 8 GeV/c

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

L}
1111[1111111111-111111

Transport, p_ > 0.3 GeV/c (TM1, Du and Ragp)

Transport |_T§.n12 Zhou et al.)

Statistical hadronization (Andronic et al.)

Co-movers (Ferreiro)

0 111111111l1111111111111111111111L111111111Ll

0 50 100 150 200 250 300 350 400 450

0.2

-

(N .
model [0 N-N Oy comover oy Shadowing
0.57 mb 3.14 pb - EPS09
0.82 mb 3.5ub - EPS09
Stat. hadronization 0.45 mb - - EPS09
[0.45.0.7] mb 3.53 b 0.65 mb Glauber-Gribov theory

Roberta Arnaldi CONF12 August 30t 2016



Being more weakly bound than the 1/y, the y(2S) is an interesting probe
to have further insight on the charmonium behaviour in pA

Low energy y(2S) p-A results from NA50, E866 and HERA-B:

mid-y (Xg~0):

v(2S) suppression stronger than J/y

one, interpreted via pair break-up

- fully formed resonances traversing
the nucleus

E866 Collab., PRL 84 (2000) 3256

charmonium
formation time<crossing time

forward-y (high Xg): _ E866/NuSea
suppression becomes identical
- dominated by energy loss

800 GeVp+A-—>Jy

charmonium
formation time>crossing time

Roberta Arnaldi CONF12 August 30t 2016



- T T T T
ALICE, p-Pb \'s,,= 5.02 TeV
2_Ir‘m:lmai'\.fc? Jhy, y(2S) — '

203<y <353
@ centrality-analysis
L O pT-anaIysis (JHEP 06(2015)55)

PHENIX d-Au {sy,= 200 GeV |y__|<0.35
PRL 111 202301(2013)

-446<y_ <-2.96
m centrality-analysis
O JL}'T—analy,.fsis (JHEP 06(2015)55)

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

Forward-y: 1. << 1;
interaction with
nuclear matter
cannot play a role

Roberta Arnaldi

2x102%  3x107°

Backward-y: 1. < 1
indication of effects
related to break-up
in the nucleus?

CONF12 August 30t 2016
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|IIl|l.J

ALICE PRELIMINARY, p-Pb {5,,= 5.02 TeV, Jiy, y(2S) — p'y
n

Similar suppression trend
® 203<y <355 W 446<y <-296 observed versus centrality, by
PHENIX, d-Au \(s,,= 200 GeV, Jiy, w(2S) - e'e 8 both ALICE and PHENIX

v |<0.35 (PRL 111, 202301(2013))

.JIJIIL.J

QGP+hadron resonance
gas (Rapp) or comovers
models (Ferreiro) describe
the observed suppression

QGP+HRG (Du et al.), 2.0
[ QGP+HRG (Du et al.), -4.48 «
— Comovers (Ferraira), 2.03 <y
— Comovers (Ferreirg), -4
1 1 1 - 1 L - 1 L

2

Roberta Arnaldi CONF12 August 30t 2016
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~ CMS pp Vs = 2,76 TeV
= o T(28)T(18)
T{38) (18}

Y(nS)/Y(1S)

CMS pPb |5, = 5.02 TeV 3
® TES)T1S)
" YASIT1S)

Iy, J< 193

pPb
pPb

1 1 1 1 1 1
an mne 120 140

Ntracksmlﬂ"‘ [GeV]

« Y(nS)/Y(1S) ratios fall with

event-activity

CMS

- |s the multiplicity affecting the Y(nS)?

- Are the Y(nS) produced differently with

multiplicity?

C CMS pp Y5 = 2.76 TeV

Y(nS)/Y(1S)

JHEP 04 (2014)

103
TTTT |:
CMS pPb |5, = 5.02 TeV 3

® T(ES)T(1S)
= T(IASNT(1S)

T(2S)YT(15)
T(35)T(1S)

v, ) <193

pPb
pPb

i i le e b sl va o Lo
15 20 25 30

ErInl>4 [GeV]

) +1

HF Y HF
[-5.2, -4] [-1.93, 1.93] [4, 5.2]

Nr_r-::'l_kh
[-2.4, 2.4]
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<L
ALICE Preliminary 2 ALICE: Pb-Pb ys, =276 TeV, L

B Ichsve T8 wpp, 26« pe 163 1.2

=69 ub”

int

276TaV

Inclusive T(18), 25 <y <4, P> 0
1

A. Emerick et al_, EPJ A48 (2012) 72

0.8
[ Total 7] Primordial == Regenerated

0.6

04

i
i

0.2

— Emerick ot al, EPUJA 42{3013172

1 I--‘I-I-f-l 11 1 r_l-ll.l--l-l-l-.-l-I.I--l-l-I--I-I-r-I-I-T-I-I-T-I-I--I-l-
OO 50 100 150 200 250 300 350

L1 1 1 I L1 1 1 I L1 11 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1
50 100 150 200 250 300 350 \ 29 (N .2
I 1

o

part

ALICE: Pb-Pb 5 = 2.76 TeV, L, = 69 ub’

Inclusive T(18), 25 <y <4, P> 0

&
I.l.l

M. Strickland, arXiv:1207_5327
Boost-invariant plateau  Gaussian Er{:ﬂle :F
smdmn/s =3 - 4nny/s =

4mys =2 dmn/s =2

300 350
(N @

part




suction at

sl

P?Erjﬁ?‘f S=193 GeV in central U-U collisions:

AutAu |5 =200 GeV 1) stronger suppression
due to color screening

=~ (0964 NTIN2 ) N, scaling 2) J/y recombination
. : favoured by 25%
0.964 T\UT N-&u&u N Scalln )
! : 30 b <5 larger N, in UU
! S stat _ pr2
Centrality [%] N [/Y N¢ ~ N¢ coll

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

quantitative comparison depends on the choice of the uranium
Woods-Saxon parametrizations

PHENIX, arXiv:1509.05380
Roberta Arnaldi Quark Matter 2015 October 2 2015




PbPb Preliminary y 1 =276 TeV
m CMS: prDmth&p
lyl <2.4
9 < p_<30GeVic

0-40% centrality STAR preliminary
* STAR: Au+Au. \—_ 0.2TeV, lyl<0.5

B ALICE: Pb+Pb, =276 TeV,lyl<0.8

&® CMS: Pb+Pb, '_ =2.76 TeV,lyl <2.4

Transport Modell — FIHIC LHC

Transport Modelll - - RHIC LHC

central y '

==

[ N

08

06

III|III|III

E’ L 0.4 .
’,‘H CAUAU |5 = 200 GeV o

=
I ~HH ]

4 STAR: Jhy (arXiv-1208.2736)
I I T T N N T T A T T T A TN MO TN AN TN T MO N NN N AN N 02 l'llldﬂ CMS
2 4 3 8 10 12 14 Plﬁﬁﬁel‘ | | | | |

P, (GeV/c) O30 100 150 200 250 300 350 400
CMS-PAS-HIN-12-2014 N

art




# y(2S) suppression is stronger than
the J/y one, both at RHIC and LHC

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

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

Only models including QGP + hadron
resonance gas or comovers describe
the stronger y(2S) suppression

Roberta Arnaldi International School of N

ALICE, p-Pb ys,,= 5.02 TeV, -4.46 <Y < "2-96
Inclusive J/y, w(2S) — u'w

Loss (Arleo et al.) — J/y: EPS09 LO + comovers (Ferreiro)
EPS09 NLO (Vogtetal) y(2S): EPS09 LO + comovers (Ferreiro)
J/y: QGP+HRG (Du et al.)

---'EPS08 LO (Ferreiro)
[ w(28): QGP+HRG (Du et al.)

¢ Jy
my(2S)

ALICE, p-Pb {s,,= 5.02 TeV, 2.03 <Y o< 3583
Inclusive Jiy, y(2S) — u'w

- Eloss (Arleo et al.) — J/y: EPS09 LO + comovers (Ferreiro)
EPS09 NLO (Vogt etal) w(28): EPS09 LO + comovers (Ferreiro)

Jhy: QGP+HRG (Du et al.)

w(2S): QGP+HRG (Du et al.)

EPS09 LO (Ferreiro)




QGP+hadron resonance gas (Rapp) or comovers models (Ferreiro)
reasonably describe both J/y and y(2S) suppression at RHIC and LHC

{s=200 GeV .8F ALICE, p-Pb VSun= 5.02 TeV, inclusive J/y, y(2S)—u'w

N r ]
+ p+Au =— Ferreiro PH E le 6E : i(\gS) QGP + HRG (X. Du et al., arXiv:1504.00670 + priv. comm.)
comover  preliminary r o

+ p+Al — model Ve
Comovers (E. Ferreiro, Phys.Lett. B749(2015),98)

{;dq-Au PRL 111 202301 (2013) of cmma diy

mmmn y(25)

+15.6% global uncertainty on
forward/backward rapidity points
+16% global uncertainty on
midrapjdity point

0 1 2
rapidity

R T dAu 200GeV |y|<0.35
d+Au |s,, =200 GeV [y|<0.35 . ]
° v === Jly A=0.75-2.0GeV

: v A=2GeV

u Jhy v A=2GeV [yepk2 ]
’ s W AS2GEV TogpX2 Tyex2
—a— 2011 PHENIX Jhy ]
—e— 2013 PHENIX v

0.6 08

0.4
0.2

0.6
D4

dAu RHIC 02 dAu RHIC
2 4 6 8 10 12 16 19lDu eta@al. 2 4
Ferreiro, PLB 749(2015)98

2
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Centrality 60-88%

Gilobal Scale Uncertainty £10%

— — Gluon Saturation
EPS09 and 5, =4 mb

CGentrality 0-20%

Global Scale Uncertainty +8.5%

Roberta Arnaldi

Disentangling CNM mechanisms is
challenging

shadowing + cc break-up describe Ry,
vs y, but meets some difficulties for R, ,,

VS pr

coherent energy loss contribution induces
a less flat Ry,, dependence on p;

Glohal Scale Uncertainty 9.0%
JAy in d+Au at\s, =200 GeV
— EKS98 7 =42 mb
e DSy 5, =42 mb I%

#
_Emm@@@ﬂ_@@_w

FILIE :

Centrality 0-20%

A eo e 3 D 0 0
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backward, <y>=-1.7 Comparison between heavy flavor
® |HF u (11.0%)

| j’_@.lr-.,. (8.3%) and quarkonium:

Rga Of HF muon and J/y are consistent at
forward rapidity, but clearly different at
backward rapidity

mid, =y==0
"4 |HF & (11.0%)
S 8 m) charm production is enhanced but J/y

production is significantly suppressed
due to nuclear breakup inside dense
comovers at backward rapidity

forward, <y==1.7

Tl prlle i m) Contrarily to LHC, at RHIC energies a
o contribution from J/y breakup in nuclear

-'ﬂ.-.'}-*-!*'+'+' matter could be present (GJ/\V-N o 4mb)
_ onowl¥c” = '

1 2 3 4 5
PHENIX: PRC 87 034904
PHENIX: PR 0

T 8 g9
P, (GeV/c)
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