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Motivations

Quarkonium production in nucleus-nucleus:
* Since the 80’s, quarkonium suppression is considered to be a signature of QGP

* Different states sequentially melt at different T due to different binding E

Quarkonium production in proton-nucleus:
no QGP expected, but cold nuclear matter effects are present

* Modification of the gluon flux initial-state effect

¢  Modification of PDF in nuclei
¢ Gluon saturation at low x

e Parton propagationin medium initial/final effect
¢ Energy loss, Cronin effect
e Quarkonium-hadron interaction final-state effect

¢ Break up in the nuclear matter
¢ Break up by comoving medium

Obviously relevant if one wishes to use quarkonia
as a probe of the QGP => baseline
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Excited states: An intriguing relative suppression in pA

ALICE found out a relative y(2S)/J/y suppression in pPb collisions @ 2.76 TeV
PHENIX also found a relative (2S)/J/y suppression in dAu collisions @ 200 GeV
CMS reported relative suppression of Y(2S,3S) w.r.t. Y(1S) in pPb @ 2.76and 5 TeV

Initial-state effects —modification of nPDFs / parton E loss- identical for the family
Any difference among the states should be due to final-state effects

At low energy, the relative suppression pattern can be explained by G pcaup ™ feson
At high energies this is irrelevant: too long formation times

23:"”"’: 0.4 fm (meson rest frame) => ty= y 7; (target rest frame)
y= cosh(y-y yeam) => Jruic=107 and 4c=2660 (at y=0)
It takes t;>40 fm/c at RHIC and t;> 1000 fm/c at LHC for a quarkonium to
form and to become distinguishablefrom its excited states te>> R

Consensus: Opeak-up 1S 8etting small at high energies and
may be the same for ground and excited states

A natural explanation would be a final-state effect acting over sufficiently long time
in order to impact different states with a different magnitude=>
interaction with a comoving medium

E.G. Ferreiro LLR & USC Quarkonium suppression in medium IPN Orsay 8/3//2018



Comover-interaction model CIM

* |nacomover model: suppression from scatterings of the nascent { with comoving
medium of partonic/hadronic origin Gavin, Vogt, Capella, Armesto, Ferreiro ... (1997)

* Stronger comover suppression where the comover densities are larger. For
asymmetric collisions as proton-nucleus, stronger in the nucleus-going direction

* Rateequation governing @ o o o
the quarkonium density: ! dr (b,sy) = -0™ (b,sy) p=(bsy)

O-CO—Q . . L , . . . .
cross section of quarkonium dissociation due to interactionswith comoving medium

co
P~ (b,sy) connected to the number of binary collisionsand dep/dy

*  Survival probability from integration over time (with 7¢/7, = p°(b, S ¥)/0pp(¥) )

By essence of their comoving

co
character, these can interact SOQO(Q SYy) = eXp{_OOO—Q pCO(b, sy) In [p (b,sYy) ]}

with the fully formed states Ppp ()/)
after0.3+0.4fm/c

Our aim is to investigate if the relative suppressionin pPb can be explained by the
comover model and what could the impact on the PbPb data be

Stronger suppression in nucleus-nucleus collisions
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Past CIM results for charmonia at RHIC and LHC

* Extensive phenomenology for SPS: Om_Q fixed from fits to low-energy AA data
N. Armesto, A. Capella, PLB 430 (1998) 23

0@ ¥ = 0.65 mb for theJ/annd 0¥ = 6 mb for theqj
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- " Theory: E.G.F. PLB 749 (2015) 9080|,I Plot from the Sapore Gravis review

* Pretty encouraging since the data were not fit and CIM has the good rapidity trend
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Past CIM results for charmonia at RHIC and LHC

* Extensive phenomenology for SPS: Om_Q fixed from fits to low-energy AA data
N. Armesto, A. Capella, PLB 430 (1998) 23

0® ¥ = 0.65 mb for the J/wand 0® ¥ = 6 mb for the ¢/

L
5 —_—¥7——— EE-‘LS:_ P-Pb |5,,= 5.02 TeV, inclusive JAp, p(28)—+u"y
g 1.4 d+Au \s, =200 GeV |y|<0.35 —] 16k Lo Iy — J/y comover+shadowing
a4 12:_ oV = Tp e wie) — (2S) comover+shadowing
) - n Jiy . 1.4F == shadowing
': 1 12p-
- - C —H;Mh
- ’ L S N
- - 08b =~
- 1 osf _—
) 1 o4t .
B ] 0.2F
18 0:J.J.JIII.I.J.J.lIII|.J.J.J.IIIJ.I.J.JIII.IJ.J.IIIII.J.JJ.IIIJ.I.]!IIL
Ncon 5 4 3 2 -1 0 1 2 3 4 5
Theory: E.G.F. PLB 749 (2015) 98 Y.

Charmonium interaction with comoving particles:

® Comovers dissociation affects more strongly the loosely bound y(2S) than the J/y
® Comovers density larger at backward rapidity
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Upsilon CMS suppression in pPb

I At the time of the CMS Y PbPb analysis, no nuclear effects were expected to apply
differently to different states, in particular nuclear break-up

|&d Selected for a Viewpoint in Physics week ending
PRL 109, 222301 (2012) PHYSICAL REVIEW LETTERS 30 NOVEMBER 2012

Observation of Sequential 'Y Suppression in PbPb Collisions

S. Chatrchyan et al.*

(CMS Caollaboration)
In addition to QGP formation, differences between quarkonium production yieldsin PbPb and
pp collisons can also arise from cold-nudear-matter effects[21]. However, such effects should
have a small impact on the double ratios reported here. Initial-gate nudear effects are expected
to affect smilarly each of thethreeY dates thereby cancelingout in theratio. Final-date
“nudear absorption” becomes weaker with increasng energy [22] and isexpected to be negligible

at the LHC [23].
[Y(nS)/Y(19)];;
(Y (nS/Y (S s 25 35
PbPb 0.21 £ 0.07 (stat.) + 0.02 (syst.) | 0.06 = 0.06 (stat.)  0.06 (syst.)
0.83 + 0.05 (stat.) + 0.05 (syst.) | 0.71+0.08 (stat.) + 0.09 (syst.)
 CMS assumption contradicted by their pPb data CMSJHEP04(2014)103

e |fthis relative suppression can be attributed to comover effects, how does that
translate to PbPb collisions? [comover suppression is related to the multiplicity]
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A closer look into Y states

* The bottomonium family is much richer than the charmonium one

° Xb" first particle discovered at the LHC ATLAS PRL 108 (2012) 152001
e [tallows for a much finer studies with 3 Y states (decaying into dimuons)

* It comprises excited states which are not too fragile [as opposed to e.g. the y[]]

T (43 @
VYt BBthreshod  f ffasmev T -
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s I ECSY 0P e
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l/:::::///7‘/// // 670 'V'EV/// En > Redius
\ - :: e // d /// //// a‘gy
........... . e [fm]
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[ o =/ e ///
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/ // // //////
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The bottomonium family and its feed down structure

Feed-down structure at low p; -where quarkonium heavy-ion measurements are

mostly carried out- is quite different than that commonly accepted ten years ago
based on the CDF measurement, with a p;>8 GeV

Sapore Gravis Review arXiv:1506.03981 from LHCb data

Low pT Low pT

Low pT

BMFrom 2S :7-8 %
From 3S :<1 %
BFrom 1P :~15%
BFrom2P:~4%
BFrom3P:~2%

W Direct: ~70 %

BFrom3S:?<?4 %
From 3P :?<? 3 %
BEFrom 2P : ?<? 20 %

M Direct: ?>?70 %

EFrom 3P :?<? 30 %

M Direct:?>?270%

High pT

High pT High pT
HMFrom 2S:12-16 %
From 3S :2-3 % BFrom 3S:4-8 %
HFrom 1P : 26-32 % From 3P : 3-6 % B From 3P : 30-50 %
From 2P : 4-8 % HFrom 2P : 20-40 % W Direct: 50-70 %
BFrom 3P :2-4 % W Direct: 50-70 %
B Direct: ~45%

(@ (19 (b) ~(29) (c) (39
 Y(3S)isfar frombeing 100% direct
* Intheregionofthe Y PbPb and pPb data, the Y(1S) is not 50% direct

This information is fundamental to use bottomonia as probes of QGP, especially
for the interpretation of their possible sequential suppression
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Setting the scene for the bottomonium family

>
[}
=

-

Unlike g, no such AA data exist at low energies

E. G.F, J.P. Lansberg, work in progress
In fact, the CIM was never applied to bottomonia

The relative suppression of the excited Y is probably the cleanest observable to fix
the comover suppression magnitude [without interference with other nuclear effect]

However, not enough data to fit all the 6 o™ [the feed-downs discussed above

We take:

We average over B-E phase space distribution of the comovers [I/(e"" /77 = 1)
600 |

500
400
300
200
100

O_II

g9 % = Ogeom (1 = _E_E‘Eihg )N

were used]

_ 2
Ogeom = TITg 5

Esinding = 2MB — Mg -, i.€ the threshold energy to bresk the bound state:
E© = [p> + m2, theaverage energy of the comoversin the quarkonium rest frame

Using pPb CMS and ATLAS data at 5.02 TeV
wefit Tand n

By varying n between 0.5 and 2, we obtain
T.¢sinthe range from 200 to 300 MeV

0.6

0.8

E. G. Ferreiro LLR & USC

1 1.2

1.4

TR both for partons or hadrons

n
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Setting the scene for the bottomonium family

o F
élo """"""""""""""""""""""""""""""""""""""""""""
o
1 b
_1: ________________________________________________________________________
10 F
10 -2E ____________________________________
E_T“_-": | | | ! | !
200 220 240 260 280 300
T(MeV)

The feed-downs discussed above were used:

High stability in the mentioned temperature and n ranges

E. G.F, J.P. Lansberg, work in progress

The mean values for the dissociation
cross-sections for the bottomonium
familyin a comover medium made of
pions(continuous line) or gluons

(discontinuousline).
Fromdown to up: 1S, 1P, 2§, 2P, 35S, 3P

low Py | direct fromy, fromY’" fromy, fromY” fromy
Y ~ 70% ~ 15% ~ §% ~ 5% ~ 1% ~ 1%
Y ~ 63% - - ~ 30% ~ 49 ~ 3%
Y ~ 60% - - - - ~ 40%

Varying the feed-down fractions for 2 limiting

cases does not change the results

80% of direct 1S and 50% of direct 3S or 60% of direct 1S and 70% of direct 3S on

E. G. Ferreiro LLR & USC
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. Double ratio Y(nS)/Y(1S) in pPb @ 5.02 TeV

Taking into account the temperature

EBinding

"o,

O'CO_QbB

uncertainty, T=250 £ 50 MeV, T(1S) 1100 MeV 0.14 fm

we obtain, for n=1, the following

0.02:020 1y

xs1  670MeV 0.22fm 0.23%% mb

-0.12

values for the cross-sections: L(2S) 540 MeV 0.28 fm 0.61*°33 mb

-0.28

xs2 300 MeV 0.34 fm 24407 mb

-0.79

T(3S) 200 MeV 0.39 fm 4.92*!'1l mb

-1.29

Ys3  50MeV 0.45fm 12.55%153 mb

—1.88

which correspond to the double ratios:

E. G. Ferreiro LLR & USC

T pPb at 5.02 TeV
CIM Exp
-1.93 <y < 1.93 CMS data

T(2S)/ T(S) 091 +£0.03  0.83 £0.05 (stat.) + 0.05 (syst.)

T(3S)/ T(1S) 0.72+0.02  0.71 £ 0.08 (stat.) + 0.09 (syst.)
-20<y<15 ATLAS data

T(2S)/ T(1S) 0.90+0.03 0.76 £ 0.07 (stat.) + 0.05 (syst.)

T(3S)/ T(1S) 0.71 £0.02  0.64 £ 0.14 (stat.) + 0.06 (syst.)

Quarkonium suppression in medium
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Consistency check: Y(1S) nuclear modification factor in pPb

« Now that the g® ¥m are fixed, we need to check the consistency with the
absolute suppression of Y(1S)

 Other nuclear effects which cancel in the double ratio, do not cancel anymore,
i.e. shadowing

pPb

1.6/— —

 We take into account 14:_ E
nCTEQ15 CE - .

1.2 - ]

e Comoversdamp down 1:—':':"{ """"" ~
the antishadowing peak 08 || =

=> better agreement 0 63_ e
with ALICE - $ATLAS, Y(1S), p_<40 GeV .
0.4 gLHCb, Y(1S), p, <15 GeV E

0.2  +ALICE, Y(1S), p, >0 GeV -

E.G.F, J.P. Lansberg, bl v e T

work in progress -4 -2 0 2 4 Ve
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Consistency check: Y(1S) nuclear modification factor in pPb

« Now that the g® ¥m are fixed, we need to check the consistency with the
absolute suppression of Y(1S)

 Other nuclear effects which cancel in the double ratio, do not cancel anymore,

i.e. shadowing

e We take into account
nCTEQ15

e Comoversdamp down

the antishadowing peak o

=> better agreement
with ALICE

E.G.F, J.P. Lansberg,
work in progress
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Going to AA: Double ratio Y(2S)/Y(1S) in PbPb @ 2.76 TeV

We use the CIM out-of-box (no

tuning) with
O.CO—QbB 1.4 :— —:
T(1S) 0.02750mb & 12 -
0.14 = i .
XBI1 0.23_0'12 mb = . ]
(03] - i
T(2S) 0.61f8:§§ mb % - :
XB2 2447070 mb Y O B
12.55%13 mb £ i i
AB3 —1.88 @ 04l _
= 0 ]
Double ratio Y(2S)/Y(1S) o2f| T Tl i
-insensitive to shadowing- S s ==
. Il d d -th t O | | [ | | I | | [ | | I I | | [ | | 1| | | L1141
IS wWell reproaucead withou 0 50 100 150 200 250 300 350 400
the need to invoke any N

part
other phenomena
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Going to AA: Double ratio Y(2S)/Y(1S) in PbPb @ 5.02 TeV

We use the CIM out-of-box (no

tuning) with
Q % 1.6_I [ T 1T LI LI T 1T T 1T T T T T I_
00 2bb = I ]
0.020 a 4 T
+0. A - ’
T(1S) 0'02—0.010 mb = o1of I ]
0.14 —~ T -
XBI O°23_0_12 mb C(<l) b a E
T(2S) 0.61:’8';2 mb E i !
| = 0.8 + 4
0.76 o M }
o 2440 mb L ﬁ i
+1.11 —~ 0.6\ + 8 -
T(3S) 4.92_1.29 mb ! ' T g
1.53 T 041 + 1
X'B3 12.55fLﬁg mb 0 : 1y
’(E 0.2 - -
. N L -
Double ratlo Y(ZS)/Y(].S) \l:-,/ O_I |- | I 111 | - | |- | I 111 | I 111 | 1111 | | | I- I_
: - , — 0O 50 100 150 200 250 300 350 400
-insensitive to shadowing- N
is well reproduced without part

the need to invoke any
other phenomena
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Going to AA: Double ratio Y(3S)/Y(1S) in PbPb @ 5.02 TeV

We use the CIM out-of-box (no

tuning) with
O-CO_QbE Q& 1,6 T T T T T T T T T T T T T T T \77
+0.020 5 oL4r E
T(1S) 0.027, 57, mb T 4, T
XB1 0. 2305412 mb ©»
T +
T2S) 0. 61f8 ;g mb O |
=, 0.8) T -
0.76 o V.01
X'B2 2441_079 mb %06
+1.11 =~ 0.6 T ]
T(3S) 4927, mb ? iy
xB3 2. 55%23 mb E T
o 0.2f T
i N G N T e it W
Double ratio Y(35)/Y(1S) & 9™"55"100 150 200 250 300 350 400
-insensitive to shadowing- N

is well reproduced without art

the need to invoke any
other phenomena
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Consistency check: Rpppp for Y(1S) and Y(2S) @ 2.76 TeV

* We got the ratio right < [T T
out-of-the box o 1.64 T ;
. 1.4H T+ .
 We take into account ali i
nCTEQ15 (as for Rpy,) 1.2 T cent |
- 4 0-100% |
* Wedo show the 1;
signicant uncertainty 0.8F
of the barely known
gluon nPDFs 0-6:_
0.4
The magnitude of suppression N
taking into account nCTEQ15- 0-2F
is well reproduced without ol sl
the need to invoke any 0 100 200 300 400
other phenomena part
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. Consistency check: Ry, p, for Y(1S), Y(2S) and Y(3S) @ 5.02 TeV

* We got the ratio right
out-of-the box

e We take into account
nCTEQ15 (as for Rpy,)

e Wedo show the <

signicant uncertainty
of the barely known
gluon nPDFs

The magnitude of
suppression -taking into
accountnCTEQ15-

is well reproduced without
the need to invoke any
other phenomena

E. G. Ferreiro LLR & USC

1.2r T ]
I "l Cent i
T + ““““““““““ ICRRE  Enir
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b N T U@BS)9s%CL | |
0.6 e X PR L
y. E[ﬂ ------------------------------- T —
0.4 - \E\\\ __________________________ TE
HERNN - o o T i
0.2 \ 1 |
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I\Ipart
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Conclusions

* We have updated our understanding of the feed-down pattern within the
bottomium family close to <p;> where it matters for heavy-ion studies

* In the absence of any other explanation for the relative suppression of excited
quarkonia in pA collisions (and its rapidity dependence), we have assumed that
the reinteraction with comovers explains it all

* This allowed us to fit all the comover-bottomonium-interaction cross sections
from the CMS pPb double ratios in a coherent way

* We have checked that it yields a consistent magnitude for the Y suppression as
mesured by ATLAS, ALICE and LHCb in pPb collisions when combined with
nCTEQ15 shadowing (which does not affect the double ratio)

* Inturn, we computed double ratio in PbPb collisions at 2.76 and 5.02 TeV

* Both the double ratios of Y(2S)/Y(1S) & Y(3S)/Y(1S) (insensitive to shadowing)
and the magnitude of the suppression (with nCTEQ15) of Y(1S) & Y(2S) are well
reproduced without the need to invoke any other phenomena
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Conclusions

* Physical interpretation: what the nature of the comovers s

e (Case |l: comovers are partons
e comovers are to be considered as partons in a (deconfined) medium

e CIM: effective modelling of bottomonium dissociation in the QGP

e (Case ll: comovers are hadrons
* bothin pA and AA collisions, Y not affected by the hot (deconfined) medium
 Bottomonia unaffected by the presence of a possible QGP => they do not melt

* Trivial coherence of the description of pA and AA collisions: in both cases, their
suppression follows from scattering with the hadron produced in the collision

* Intermediate scenarios: suppression can occur both with partons and hadrons.
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QGP-like effects in pA? ... in fact not quite

ISy asfSay Len T 1Sy s/ San L

ALICE 1603.02816 Prediction: Ferreiro arxiv:1411.0549 Postdiction: Du & Rapp, private communication

2.5 LI l LI l LI l LI l LI l LELIL l LI l LELEL
: ALICE, p-Pb ENN 5.02 TeV,Jly,y (2S) —» mm
: ) 2.03 Y < 3.53 m -4.46 Y S -2;96
ok PHENIX, d-Au \/SNNz 200 GeV,Jly,y(2S) > e'e
- ¢ |ycms|< 0.35 (PRL 111, 202301(2013))
: QGP+HRG (Du et al.)
L 203<y <353
15F 446 <y <-2.96
: Comovers (Ferreiro) :
L —2.03<y <353 -
- —-446<y_ <-2.96 .
1_'"" I """T"'i'iff T 1
05F ' '
0 [ | - l i1 1 l | - l | - l | - l i1 1 l | - l 1 %FI i

0 2 4 6 8 10 12 14

Du & Rapp 1504.00670

In the present work, we have investigated the produc-
tion systematics of ¢ mesons in URHICs. We first revis-
ited the problem of hadronic 1" dissociation and found
that a more complete inclusion of hadronic states in a
resonance gas sugeests a marked increase of its inclastic
reaction rates. When implementing these rates into an
expanding fireball for d-Au collisions at RHIC, we found
a much improved description of the rather strong sup-
pression of ¢ mesons observed in these reactions. This
is similar in spirit to, and thus supports, the recently
suggested comover suppression effects [16] in dA and pA

16 reactions at RHIC and LHC.

coll

The transport model (QGP+HRG) is based on a thermal-rate equation framework
which also implements the dissociation of charmonia in a hadron resonance gas

The fireball evolution includes the transition from a short QGP phase into the
hadron resonance gas, through a mixed phase

Most of the effect in pA collisions comes from hadronic final-state interactions=>
Similar in spirit to the comover suppression effects
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A look on uncertainty: EPS09 shadowing model |

16 LRRALL |

T T
b Ry (x,1.69 GeV?)

15

N ‘
—FGS10
Mk ——HKNO7? o
o 10t 10 10 1:‘ 10’ 10' w' 1w
R(Ph} R[PbJ
valence N. Armesto et al. gluon

1.4

1.0 % 1.0

0.6 0.6

0.2 0.2

4 2 1

1

10° 10" 107 107 107 10° 10* 107 107 10 1070 10" 107 107 10

Large uncertainties for gluons, in particularif one takes more flexible low-x parametrization

E. G. Ferreiro USC Cold nuclear matter (theory) Leiden,
av/19n0n /N1 C



Summarizing on proton-nucleus collisions:

e |Initial-state effects are required to explain pA data from RHIC and LHC =>
Modification of the gluon flux, either by modified nPDF or CGC, needs to be

taken into account

DY
pPb

/R
s

Jip / DY pPb \s =5.02 TeV

v
Rpr

Issues:

¢ Huge incertainty of nPDFS ~
+ Widespread CGC results Possibility to

distinguish - (Y pssz
0.4 N EPS09 —

bewteen them? ~f &
aw nCTEQ15

0.2:—;_‘__ _i
L Energy loss :
IR I T R SR P ST SN SN S
00 05 1 15 2 25 3 35 4 45 5

* CoherentEloss mechanism can also reproduce ground state data ~ Ae°(2016)”

1_5_PHEHII | By = 200 GeV |5, = 5.02 TeV |

3 fHe; Au {p+Pb, LHCb

. . . —— p+AU JHEP 1603 (201E) 133

* Final-state effects as comover interaction, §‘ 2 $p+Al §p+Pb, ALICE
b lo

.

JHEP 1412 (2014) 073
HHHHHHH M
.

are good candidates to reproduce excited

< .
to ground state data. £ m—ﬂ
) ) .. & 05 TR
Comover interaction similar to transport model gla - -
ol | pe (%) /sy
% 0 20 30

Drees HP2016  (dNidn), . /(<S.>) (fm?)

E. G. Ferreiro USC Quarkonium production in pp and pA (theory) HP2016,

~rlo/N1C



2
RelativeMModificationfy =257
@p(2s)/Y(1s)EPparticle@ensity?

B
PH ENIX

1.8 ¢ U e R
E 1 NA38p+A
1.6 - 1 NA50 p+A
4l o HERA-B p+A
& ® PHENIX d+Au MB RelativeEBmodification@n®//2
1.2 F A NA50 Pb+Pb systemsHollowsRommonk
1 N %’ ¥ NA38 S+U trend@vithAncreasingl

produced@article@ensity.l

Relative Modification (y'/J/y)

7

0.8 <44
@ \+ Co-moveror@nedium?)Z
0.6 density@eemsobehel
0.4 ? ? M relevant@uantity.@
0.2 ¥
0 C PRLmll m02301Q¥013). L L L] | 1 L 111 I“h| ]
1 10 100 1000
HIJING
dN,,/n]

M. Durham QM2014

E. G. Ferreiro INT Workshop, Seattle, 10/1/2014



