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Quarkonium production in

° p-p(at LHC)

* p-A collisions (at both RHIC and LHC)




quarkonium in pp, pA, AA

for AA, pA, Nuclear modification factor:
genuine pp physics program
Y]/l/)

O>«0 R -

Tanyal?

Medium effects quantified

‘_> shadowing/CGC, energy loss... comparing AA (pA) quarkonium

yield with the pp cross section,
scaled by a geometrical factor
(from Glauber model)

no medium effects > Ry, =1

“ regeneration vs suppression hot/cold matter effects > R,, # 1
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J/y production in pp collisions at LHC

Focussing just on LHC results...RHIC covered in Zebo’s talk!

Quarkonium production
LI ] LI I T TT [ T TT | L | 1T T LI I T T | LI ] T T [ T T | LI 1 LI | T T nOW measured at LHC in
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not exhaustive
selection of results on:

y, pr differential cross sections
Double ratios

N | 1 1 | : T Non prompt J/y fraction
5 10 15 20 25 30 2 4 6 8 10 12 14 Self-normalized yields vs event

P (GeV/e) . 5 o
multiplicity
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Comparison between experiments

ﬂ usually, good agreement between experiments in common kinematic regions
- no hint for significant discrepancies
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Quarkonium pr cross sections

pr range significantly extended by CMS and
ATLAS measurements = up to 120 GeV!
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but gives slightly harder p; spectra
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Inclusive J/y production

ALICE inclusive J/y production is described, down to zero p;, by a sum of:

(NLO) NRQCD for the prompt contribution at intermediate and high py
NRQCD + CGC for prompt J/y at low py
FONLL for J/y from B decay

—e— ALICE,L_=32pb'+3.4%
[ ] Systematic uncertainty
[ I NRQCD, Y-Q. Ma et al., (prompt J/y)

[ NRQCD + CGC, Y-Q. Ma et al,, (prompt J/y)3
| | FONLL, M. Cacciari et al. (J/w-from-b) d

—e— ALICE, L _=32pb"+3.4%
| Systematic uncertainty
[ NRQCD, Y-Q. Ma et al., (prompt J/y)
+ FONLL M. Cacciari ef al., (J/y-from-b) :
[ NRQCD + CGC, Y-Q. Ma et al., (prompt J/y)~
+ FONLL M. Cacciari et al., (Jhy-from-b) —

Similar description holds for all the pp energies
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BR uncert.: 11%
o [ ] NRQCD, M. Butenschoen et al.

° o |-~ LN I I O I O B O TTT T T T
%P%“os +ALICE|ncIu5|veJ/l|1 w(zs) ]
= o f pp s =13 TeV, 2.5<y<4 ]
=207 L,=32pb" ]

0

S | ATLAS Preiiminary ~— daia + 070, 1.5 < <200 ) Ratio y(2S)/y shows an increase "
512 —»— data + 0.60, 1.50 <|y| < 1.75 . . e ]
=12 [ prompt Ratio data + 0.50, 1.25 <|y| < 1.50 towards high py, with no energy and 03t $ ]
_ data + 0.40, 1.00 < y| < 1.25 3 ﬂhH ]
o . 1 _ 0.2 +% _
= Is=7TeV,2.11o data + 0.30, 0.75 < |y| < 1.00 noy dependence C e ]
o i data + 0.20, 0.50 < |y| < 0.75 i T
g 1 —=— data + 0.10, 0.25 < |y| < 0.50 p— o”‘2‘“4”'6‘”8”'10‘”12”‘14'”16
S i ~ 08 GeV/
5 L o daa 000,000 << 025 D) FALICE, incusive Jy. v(@S), 2.5<y<4 R e PR
% - & —e—\s=13TeV,L =3.2pb’ ] 3|3 . | e ALICE inclusive Jiy, y(2S) ]
DO 8 ﬂ06i+\s=8TeV‘ L, =1.2pb’ E Sl pp Vs =13 TeV, 2.5<y<4 1
a o | ®\s=7TeV,L =14pb’ ] %= 06f  Lu=32pb" ]
| S ﬁT%??{'_T-_TA.Lﬂ%hFﬁ-H——il— o 05 F [ Systematic uncertainty 8 b% o ’ : BR uncert.: 11%
o BR uncert.: 11% o+ o 05 :—|:| NRQCD, Y-Q. Ma et al. ]

Hmmmﬂ-“—'—-r—"‘ _+_

03f <$> |
0.2; *m*ﬂpﬂF@*H

Eovv b b by b b b by oo
0 2 4 6 8§ 10 12 14 16

p, (GeVic)

ICEM
0.5F +  [s=7Tev, 2<ya5

v(2S)/y is an interesting testing

ground for models because of the % 03} _Hﬂfk
30 40 50 60 error cancellation in both data and ° +7L7L

20

Roberta Arnaldi Precision spectroscopy of QGP properties with jets and heavy quarks



Z | ATLAS Preliminary — data + 140, 1.75¢ly<2.00
_C’ - —— data + 1.20, 1.50<y|<1.75
S 4l Non-Prompt Frac. J/y data + 1.00, 1.25<|y|<1.50
1S L Vs=7 TeV. 2.1 fo data + 0.80, 1.00<|y|<1.25
© - data + 0.60, 0.75<]y|<1.00
L - data + 0.40, 0.50<|y|<0.75
—
Q - —— data + 0.20, 0.25<]y<0.50
£2.5 e
S i ata + 0.00, 0.00<]y|<0.25
| -
o [
C =
S 2 ——
= = T =$;=

- ﬁﬂvﬂ' " —_—

F T

L ¥

|

- —(:)_

e s

i o0

B _O_OOO'(’ I s

B YO P, e

5 F g

IS

L g-.‘.

L ...00"‘

20

Roberta Arnaldi

30 40 50

p(p) [GeV]

102

Non-prompt Fraction

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

No Vs dependence is observed between 7 and 13TeV, while a

by

T T T T T |
TLAS Preliminary

C —4— ATLAS 13 TeV, 6.4 pb™, |y| < 0.75

E —4— ATLAS 7 TeV, 2.1 fb™, 0.25 < |y| < 0.50

= —4— ATLAS 2.76 TeV, 4 pb™, ly| < 0.75

- CDF (pp) 1.96 TeV, 39.7 pb™', |y| < 0.60 _#
S = o

= J‘_'

!

5 6 7 8910 20
p

30 40 50 60

ww) [GeV]

Non-prompt fraction

o
o™

—h

o
w

o
o

o
-‘J

o
o

o
=

o
w

o
o

B feed down contribution

=) Non-prompt fraction increases steadily, with pr,
from 10 to 60%, with no significant variation with vy,
and then saturates

24" (13 TeV)

C 2Jhy, Iyl <03, 13 TeV

E Eh:!S_ & Jiv, ly| <09, 7 TeV

- Preliminary

E_ %A Al ‘} : }

: A‘#

- °

r L ]

C L]

L [

C L ]

=

a | | 1 | 1 | | I | | 1 | | | 1 | | 1 1 | | | 1 | |

20 40 B 120

prY [GeV]

difference is visible wrt lower energies
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J/y production vs hadronic multiplicity

ALICE, pp ) Increase of J/y yield with event
e Jiy = e'e, |y<09

15-13 TeV, Preliminary multiplicity observed at 7 and 13 TeV

O Jlyw — e'e, |y|<0.9
15=7 TeV, PLB 712 (2012) 165

m D, [y|<0.5, 2<p <4 GeVic

\=7 TeV. JHEP 1509 (2015) 148 Stronger than linear increase, reaching
up to 15 times the average J/y value, at
a multiplicity of about 7 times the mean
value

No significant energy dependence

Similar rise for open and closed charm

3?3;;} (caveat: different p; and yrange)
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J/y production vs hadronic multiplicity

ALICE Preliminary
pp, \s =13 TeV
Inclusive J/w — e*e’ (|y| < 0.9)
10% normalization uncertainty
L] Data
= Ferreiro et al.
EPOS3 (D, 2 < p_< 4 GeV/c)
E=== PYTHIA 8 (Monash 2013)

[:I Kopeliovich et al.

Models describe the lower multiplicity data,
while they deviate at high multiplicity

Models attribute the observed behavior to
different underlying processes:

EPOS3 and PYTHIA: include MPI

Kopeliovich: high multiplicities reached
via contribution of higher Fock states

Percolation: mimic MPI via interactions
of colour sources with finite spatial
extension
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Experimental pA landscape

HERA | HERA-B p-C, Ti, W 42 -1.5<y<0.8 2002
PHENIX, d-Au -2.2<y<2.4 >2003
RHIC |sTAR 200
p-Al, Au 1.2<|y|<2.2 2015
ALICE -4.46<y<3.53
ATLAS -2.87<y<1.94
LHC _Pb 5020 2013
LHCb -5.0<y<-2.5
1.5<y<4.0

a large wealth of
data has been
collected in pA/dA
collisions, in parallel
with QGP studies in
heavy-ion collisions
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Experimental pA landscape

-1.5<y<0.8
PHENIX, d-Au -2.2<y<2.4 >2003
RHIC |sTAR 200
p-Al, Au 1.2<|y|<2.2 2015
AYE (&= -4.46<y<3.53
ATLAS -2.87<y<1.94
e Pb 5020 2013
LHCb -5.0<y<-2.5
1.5<y<4.0

Fixed target
experiments:
Data collected on
several A targets

Roberta Arnaldi
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Experimental pA landscape

HERA | HERA-B p-C, Ti, W 42 -1.5<y<0.8 2002

PHENIX, -2.2<y<2.4
STAR 1.2<|y|<2.2

ALICE -4.46<y<3.53

ATLAS -2.87<y<1.94

CMS -2.87<y<1.93

LHCb -5.0<y<-2.5
1.5<y<4.0

Collider

experiments
usually p vs a
single beam
specie
forward and
backward y
range might
be covered
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How charmonium is studied in pA?

Varying the amount of nuclear matter
crossed by cc pair

e.g. studying J/y production vs. A or
centrality

Selecting the kinematics of quarkonium
states

e.g. selecting events where the
resonance is formed inside or outside
the nucleus

Comparing the behavior of different
resonances

PA _ Lo the larger o,
O-]/1/; - ]/¢ Ae <'D ) abs the more
important the
CNM effects
a=1
pA _ A - no nuclear effects
- o1
]/l/) ]/1/) - nuclear effects
O'pA RpA= 1
R _ ]/1/1 - no nuclear effects
]/l/) A O'pp I:%pA # 1
J/Y > nuclear effects

0., and a are “effective” quantities
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Results from SPS

A significant reduction of charmonium yields per NN collision is observed

ﬂ reduction interpreted as due to “nuclear
absorption” of the cc pair in medium

‘ stronger absorption for the less bound state
y(2S) at mid-y

Nucleus crossing time comparable or larger than
charmonium formation time:
- fully formed resonances traverse the nucleus

‘ Fitting with Gp/'ib m,, ‘A - 6_(pL

6.0 /W =4.5+0.5mb
6.0, W(2S) = 8.3+ 0.9 mb

B' w(‘i{_lp )/ A (nb/nucleon)

—
p—
—
=
"

—
tJ
=
[
-

T

-
p—
-

\ /

«

S

-

T

—

Lo

S

@)
=1
=1

® Jvy
O

_— Glauber model

Error on Glauber model

pL parametrization

Eur.Phys.) C 48, 329(2006)
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J/y as a function of x.

Compilation of J/y results obtained in several fixed target experiments

HERAB 920 GeV
EB66 800 GeV
NAS0 450 GeV
NAGO 400 GeV
NAJ 200 GeV
NAGD 158 GeV

lower Vs

J/y yield in pA is modified with

respect to pp collisions, with a
strong kinematic dependence

a strongly decreases with x¢

for a fixed x;, CNM are stronger at
lower Vs
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J/y as a function of x.

Compilation of J/y results obtained in several fixed target experiments

v HERA-B2008e+ pu
E866 2000
NASD 2004
— EKS (GM E-loss)
EKS (BH E-loss)
vmmn HKN (GM E-loss)
EPS (GM E-loss)

0-7%32 — 02 0
I. Abt et al., arXiv:0812.0734

J/y yield in pA is modified with

respect to pp collisions, with a
strong kinematic dependence

a strongly decreases with x¢
for a fixed x;, CNM are stronger at

lower Vs
1 §

Theoretical description over the full x¢
range still difficult!
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PA-dA data taking at RHIC

(—Muon Telescope Detector ] Several collision systems and energy investigated at RHIC:

electrons at Central arm
|n|<0.35, Ap=Tr

Significant improvements: T et
STAR
- dimuon trigger with MTD, enhancing J/y and Y capabilities
\ d | PHENIX
eyl -2 VTX and FVTX improving tracking and vertexing @
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PA data taking at LHC

pPb collisions at Vs, = 5.02 and 8.16 TeV

ALICE and LHCb data are collected with two beam configurations:

p-Pb and Pb-p, with Ay = 0.465

\/sNN (TeV) fw-y
5.02 5nb-1

8.16 9nb-!

5.02 1nb-!

8.16 14nb-1

5.02

8.16

5.02

8.16

mid-y bck-y
51lubt | 6nb!
n.a. 13nb-!
0.5nb!
21nb!
35nb!
n.a.
28nb-!
0.2pb-!

Significant statistics increase between Runl and Run?2

Roberta Arnaldi
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PA results from RHIC and LHC

All guarkonium states have been extensively studied in pA (dA) collisions

A" W(2S)
centrality | multip. | pT | y | centrality | multip. | pT

sy = 5.02 TeV

Y

centrality

multip

ALICE X X X
ATLAS X X X X X X X X X X
CMS X X X X
LHCb X X X X

sy = 200 GeV
PHENIX X X X X X
STAR X X
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PA results from RHIC and LHC

Analysis of the pA data at Vs, = 8.16TeV still at the beginning...

T
centrality | multip. | pT centrality | multip

sy = 8.16 TeV
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J/y R, at RHIC

- STARR_,, lyl<0.5 0-100%

B STAR Global uncertainty

STAR Preliminary

J/y R, shows a slightly increasing
trend towards high p;

Shadowing models predicts A,
slightly higher than unity

R,,, NCTEQ15 Lansberg & Shao - |Is there room for other CNM effects

3R, EPSO9NLO Lansberg & Shao on top of shadowing?
Ry, EPSOSNLO Ma & Vogt
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J/y R, at RHIC

—*- STAR RpAu lyl<0.5 0-100% STAR Preliminary
Bl STAR Global uncertainty J/y R, shows a slightly increasing
trend towards high p;

Shadowing models predicts A,
slightly higher than unity

:c-rj:qﬂ s -

-“:‘_-—---

Rya, NCTEQ15 Lansberg & Shao

=3 R4, EPSO09NLO Lansberg & Shao .. . .
H;ﬂis EPS09INLO Ma & Vogt additional contribution, as the cc break

= Ry, NDSY + o, =4.2mb Ferreiro et al. up in medium, on top of shadowing

)

Data seems to allow the inclusion of an
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J/v R, at RHIC: pAu vs dAu

—&- STARR,,, lyl<0.5 0-100% STAR Preliminary
B STAR Global uncertainty

~o- PHENIX R,,, lyl<0.35 0-100%
Il PHENIX Global uncertainty

PRC 87 (2012) 034903

Ry, pattern is consistent, within
uncertainties, with A, at the same

energy

- (rather) similar CNM effects in pAu
and dAu

- ...but R, may be increasing faster
with pr (at pr ~ 3.5-5GeV,
significance is 1.40)

Roberta Arnaldi Precision spectroscopy of QGP properties with jets and heavy quarks May 31st 2017
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J/y R,a, at RHIC

. -2.2<y<-1.2 (8.3%)
. |y|<0.35 (7.8%)
1.2<y<2.2 (8.2%)

Rya, Shows a pr and y dependent trend:

« CNM effects are stronger at low p+
*  R,,, approaches unity at high p;
« CNM effect are more sizeable at forward-y

Models based on shadowing + ccbar breakup
describe R,,,, except for central collisions and
negative y

[ T T T . T T T T T ]
1 2 3 4 S 6 7 - Global Scale Uncertainty 9.0% . -l.e 1 F Global Scale Uncertainty 8.6% ly| <0.35 J F Global Scale Uncertainty 9.0% 1.2<y=<22 3
r Jhy in d+Au aty's,,=200 GeV[% " 7 LI in d+Au aty[§,,=200 GeV 3 LI in d+Au atys, =200 GeV 3

2
(G eV / C) P = EKS980,,,=4.2mb [ = EKS980,,, - 42 mb ] = .= “KS980,,, - 4.2mb
=42mb
o

sf — - nDSggo,, [ === nDSg 7, =42mb 1 | gspn DSgo,,=42mb

— -------------- E I B— ]

; Centrality 0-20% ; 3 E Cendral iy 0-20%

PRC 87 (2012) 034903

| I | | | | | | Al e s o1 Loe S T S N VSN YA S S A A
: Global Scale Uncertainty 10.6% ] ] F Global Scale Uncertainty 10.7%

ﬁ%@ﬁm@?@_ﬂf.

Cent rality 60-88%

p [Gevie]
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prompt and non-prompt J/y at LHC

prompt and non-prompt J/y are separated
through 2D fit to mass and pseudo-proper
decay time

+
H
J/y ¥
: °
primary
vertex ny~0
Lxy muy
T = +
prt Y ;
J/y H
| ./L.secondary
primary Xy vertex
vertex

Entries / (20 MeV)

]
o
o
o
o

:_4 r“‘ll,'\‘"l"(-.‘ ]

Candidates / (

LHCb
[5a=8.16 TeV

6<p <7 GeVie
3.5<y*<4.0

Sﬂ

2

Candidates / ( 0.13 ps )

[

3100 320(
M, [MeV/c?]

ATLAS Preliminary
p+Pb s, =502 TeV

—e— Data

— Fit Model

— - Prompt Signal

---- Non-Prompt Signal
Prompt Bkg
=== Non-Prompt Bkg

Entries / (0.1 ps)

LHCb
Vo=8.16 TeV
6 D <71 GeVic
3.5<y*<4.0

ATLAS Preliminary
p+Pb |, =5.02 TeV

—e— Data

— Fit Model

— - Prompt Signal

--- Non-Prompt Signal
Prompt Bkg
-..—.. Non-Prompt Bkg
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Fraction of J/y from B

Fraction of J/y from B can be evaluated as Shod AR
= 02 Vi=8TeV

Onon prompt J /y 0.1 | 1
0.0 p~————t—t———+
4 20<y,, <25

Oprompt J /Y + Onon prompt J /Y 04 & 20<ym<ns

0.3

0.2
0.1

Similar p; dependence in pp, pPb and Pbp [aSERERSEEE
g;‘: i ;"<‘an2~'1”

02k e 25 <¥ppp < 3.0

0.1
0.0:1:::::}:::
04F 4 30<—¥,<35

0.3 + 3A0<_rz,;, <35
02 4 30<¥p <35

0.1
0.0 et
04 .¢_ 35< \P'b < 4.0
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Fg increases from 10% at low p; up to 40-60% at high pr, with [
0.1F

a weak y dependence 00—

0
LHCb-PAPER-2017-014
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J/y R, at\syy = 5.02 and 8.16 TeV

: ALICE, inclusive Jiy — p*u
1.2}
1:" il
0.8}
0.6}

0.4}
® p-Pb|s,, =502 TeV (JHEP 02 (2014) 073) \/SNN = 8.16TeV, \/SNN =5.02TeV,

0.2 pTJ/\If: 0 pTJ/\Vz 0

® p-Pb\s,, =8.16 TeV (preliminary)

0:,,,,|,l,,|....|...,|....Juuu-nnnttlllll'"" p-going 1.110°<x<510> 210°<x< 8107
5 4 -3 -2 -1 0 1 -G -Al 7.3 103<x<3.3102|1102<x<51072

CERN-ALICE-PUBLIC-2017-001 2->1 kinematics, p;=0
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J/v R, , vs rapidity: theory comparison

T T T [ T T T I T T

|
I HELAC — Onia with EPS09LO
#7% HELAC — Onia with nCTEQ15
{\0" HELAC — Onia with EPSONLO 7
I Energy Loss ]
CGC Preliminary |
4 LHCb (5TeV) |
4 LHCb (8.16TeV)

g
=

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

Rpr prompt J/W
n

(S
-’

EPS0SNLO + CEM (R. Vogt)
nCTEQ1S (J. Lansberg et al.)

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

0.5

0 < pr<14GeV/c

T T T T I T T T T

~ = Transport (hot + cold nuclear effecis) (P. Zhuang et al.)

: = = = Comovers (E. Ferreiro)}

||||||| I T N O T T PR INT T O O O‘O 1
-5.0

| 1 L l 1 1 ' I

-2.5 0.0 2.3 5.0

Size of theory uncertainties (mainly shadowing) still limits a more quantitative comparison@
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pPb 34.6 nb”, pp 28.0 pb' (5.02 TeV) pPb 34.6 nb™", pp 28.0 pb™ (5.02 TeV)

I|IIIf|IIIlllfll[llfllflfflfllfl\III[III\[IIIII [flff‘ff\flff\f[\\f\[[\f\‘f\ff‘f\\\‘\\\\‘\\\\]

- 65<p_<10GeV/c CMS 10 <p_ <30 GeVic CMS
Prompt J/y Prompt J/y

.

p-Pb \s,,=5.02 TeV
ALICE (JHEP 02 (2014) 073): inclusive J/y—p*u, Ofp‘-:i 5 GeVic
L {-d.46<ym'c—2.96]: 5.8 nb™", Lm. {2,03<y¢_<3.531: 5.0 nb"'
ALICE (JHEP 06 (2015) 055): inclusive J/y—e*e’, p_ra-l]
L, (1.37<y__<0.43)=51 ub”

global uncertainty = 3.4%

I\Jlllll\
I\\lllll\

¢

v
/’3‘?/? 7 7/}7‘7
—

/ 7

7

EPS09 NLO (vogt)

- |11l CGC + CEM (Fujii et al.)

| [l CGC + CEM (Lucloué et al.)

4+ CGC + NRQCD (Ma et al.)

- [ ELoss, qﬂ=ﬂ.l] 5 GeV¥/im (Arleo et al.)

: [[] EPS09 NLO + ELoss, qu=D.CIS§ GeV¥/fm (Arleo et al.)
. —— EPS09 LO cer 'ral set (Ferreiro et al.)

’ - - EPS09 LO central set + o, = 1.5 mb (Ferreiro et al.)

= EPS09 LO cer 'ral set + o = 2.8 mb (Ferreiro et al.)

- & EPS09 NLO (Lansberg-Shao) - ] EPS09 NLO (Lansberg-Shao) . | ot 4 G 1 J | I |
- [/l nCTEQ15 NLO (Lansberg-Shao) C nCTEQ15 NLO (Lansberg-Shao) 0 1 Y 3 4

_I|IIIL|IIII|I\II{IILI'LI\Ll\ll\l\\l\{l\\\‘t\\ll _I‘LI\L‘\L\\|\\\\‘\\\\‘L\\\‘\\\\‘\\\\‘\\\\‘\\\\l ycms

25 -2 15 -1-05 0 05 1 15 2 25 -2 15 -1-05 0 05 1 15 2
yCM yCM

T T
RS A 5 L I I

" [e] Data
- [ ] EPS09 NLO (Vogt)

" [e] Data
- [ ] EPS09 NLO (Vogt)

Illl\\JI\\llllll\J

Illlt\JIL\lllll

ALICE maximum p; reach at mid

y is 10GeV/c > R,,, significantly
Shadowing implementations tend to underestimate the smaller than the CMS one,

size of CNM effects reflects the p; coverage @

Mid-y R, for high p; J/y is slightly higher than unity
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pr dependence of J/y R,

a i
- ALICE > - ALICE
Inclusive Jiy — p'p’,2.03 <y <3.53 F Inclusive Jiy — p*, -4.46 <y <-2.96

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

® p-Pb \s,, =8.16 TeV (preliminary) E ® p-Pb \s,, =8.16 TeV (preliminary)

L1 ||JI||||.||I||!||J|||||| :III 1 11 11 1 - III]IIIl.IILIIJIlJIIlIII
g 10 12 14 16 18 20 g 10 12 14 16 18 20

P, (GeV/ce) P, (GeV/c)

. . : :
: p-going: R, increases with pr
pr coverage extended up to 20 GeV/c in Run2 * Pb-going : R, rather constant

=)
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pr dependence of J/y R, ,: theory comparison

[ —IHELAC — Onia with EPS09LO ]
[ HELAC — Onia with nCTEQI5 |
I HELAC — Onia with EPSOONLO -
B CGC -

e
=]

- ALICE preliminary
Inclusive J/y — pww
p-Pb {s,,=8.16 TeV, 2,03 < Y e < 393

Rpr prompt J/W* pr

-
\+

o 1.5
3 4 LHCb (8.16TeV)
TP SR — 1.0 e = %a
g v H 1 [ 4T T Slightly different y coverage in

0.6 E/E’?Ej—i EPS09NLO + CEM (R. Vogt)

0.4 = [ nCTEQ15 (J. Lansberg et al.)

Gz ALICE and LHCb, but rather similar

el coc e s om0 §- R prdependences
s | l—Transport;honccfldeﬂects)(P le'nuange}al) i Preliminary
O 2468 70 12 14 16 18 20 0-00""3""1'0"'
P, (GeV/c) pr[GeV/c] Shadowing and energy loss models

- ~ 7 O T 1 1 T | | 1 T T T 1 T A
o 2.2 et I | [ ]
5 C ALICE preliminary ¥ | C—_JHELAC — Onia with EPS09LO ] descrlbe the RpA trend VS pT
« 2t Inclusive Jiy — w'p ; 5 HELAC — Onia with nCTEQI15
1.8 p-Pbys,=816TeV,-446<y <-2.96 > - HELAC — Onia with EPSO9NLO
p NN yC'\‘S \
I ~ 1.5 4 LHCb8.16TeV) 7
§_ |
1.0
L A
& |
2 B
C 0.5 —
0.4 | EPSO9NLO + CEM (R. Vogt) [ LHCb
L | nCTEQ15 (J. Lansberg et al) | e -50 * —25
0'2..— — Transport (hot + cold effects) (P. Zhuang et al.) i Prehmlnary it ? i
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JIv R, at high p;

pPb 34.6 nb™", pp 28.0 pb™ (5.02 TeV)

R, of high pr prompt J/y
CMS shows

Prompt J/y

values slightly higher
than unity at mid and
backward rapidity

hint for stronger CNM
effects at the edges
of the y domain

-»> <=

forward backward
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JIv R, at high p;

pr 34. 6 nb

, pp 28.0 pb™ (5.02 TeV)

L

1.5<yCM<1.93

CMS

Prompt J/y

1 [¢] Data
1 [[] EPS09 NLO (Vogt)

EPS09 NLO (Lansberg-Shao)

1 /1 nCTEQ15 NLO

(Lansberg-Shao)

AL BLBLELL BLELELELE LR BLELELELE BB B

Mgl @ |

s SNONTIN TSI NON.

/A

51 (/2727777770

NS SN RN NN FNEEE N EEE N

‘c Q.o At ATy o‘,‘ 4
\0 o

R
.*‘ ’.‘ BRRLR,

RN SRR SEENE SRS FEETE FREEE EN

AN FEEEE FEENE FRENE F RN CR NN PN

5 10 15 20 25
P, (GeV/c)

300

Roberta Arnaldi

5 10 15 20 25 300
P, (GeV/c)

Precision spectroscopy of QGP properties with jets and heavy quarks

5 10 15 20 25 300
P, (GeV/c)

5 10 15 20 25 30
P, (GeV/c)

Different shadowing
implementations
describe the data trend
(even if slightly at the
lower edge)
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Comparison among experiments

pr346nb pp280pb (5 02 TeV) pr346nb PP 280pb (5 02TeV) 5
. R I | T

8 Promth/w CMS 8 Prompt .J/1|1 CMS E 1.8f Prompt .J/1|; CMS
: g 1.6
1.4f
1.2f

pr 34 6 nb pp 28 0 pb (5 02 TeV

~—

ol
:'JE:: [

o
& —
o 1
o
0.8}
0.6L
- ;—+|yCMI<1.5 0.4; ® 15<y <193
2F —=— ATLAS: |yCM| <15 . 0.2f - ALICE: 2.03 < You < 3.53

@ -24< Yo <1 87
-=- ALICE: -4.46 <Yy < -2.96

inclusive .Jhp' C ] C inclusive J/y
I|III|III|I O_Itl\ll\ll‘I\Itl\ll\ll\l\ll\llll_ O_ILI\ll\II‘I\II‘II\I‘II\I'\I\II\

| 15 20 25 0 5 10 15 20 25 30 0 5 10 15 20 25 30
p, (GeVic) p. (GeVic) p_ (GeVic)

wl
o

Compilation of results from different experiments shows

Good compatibility in close rapidity ranges
Broad p; coverage from O to 30 GeV/c

Pattern confirms strongest CNM effects at low p;and forward y @
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Comparison among experiments

pPb 34.6 nb”, pp 28.0 pb' (5.02 TeV) pPb 34.6 nb™”, pp 28.0 pb™ (5.02 TeV) 5 pPb 34.6 nb™, pp 28.0 pb” (5.02 TeV)
||IIII|IIII|IIII|IIII|IIII|I I\I\ll\II‘I\I\l\ll\ll\l\ll\ll‘l7 I\I\ll\ll‘l\II‘II\I‘II\I'\I\I'\

Prompt J/y CMS 1.8 Prompt J/y 1.8 Prompt J/y CMS
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5 1
o
0.8
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0.2

(@10

+1.5<yCM< 1.93
- ALICE: 2.03 < Yo < 3.53
inclusive J/y

/ |<15

Cc™M

EPS09 NLO (Vogt) JLAS: |y | <1.5
CM

== CGC (Fujiiet al.)
. 2 5 -
D ELoss with QG=U.075 GeV'/im (Arleo st al.) 111 ‘ L 11 ] | I | 1111 | 1111 { | 0 | | 1111 ‘ 1 11 1 ‘ | | ‘ 1111 | 1111 I 1

EPS09 NLO + ELoss with qu=0.0‘55 GeVEim (Arleo et al.) 1 0 .1 5 20 25 30 0 5 1 O 1 5 20 25 30
3 4 5 6 P, (GeV/c) P, (GeV/c)
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O
L1

Same decreasing trend towards low pT observed also at mid-rapidity

Roberta Arnaldi Precision spectroscopy of QGP properties with jets and heavy quarks May 31st 2017 @



R, of non-prompt J/vy

pPb 34.6 nb™', pp 28.0 pb™ (5.02 TeV)

(R
-

[ FONLL with EPSO9NLO

$ Lhios (rasmey 1.8 Nonprompt Jiy

Preliminary

W
=
S
=
3
[4n !
o)
.
=
o
o=
D
>
‘\""1.
"‘l-=
L
&
o

0.4 e 10< p, <30 GeVic
0.2 = ATLAS: 8 < p. < 30 GeV/c

: 0.0 . 25-2-15-1-050 05 1 15 2
LHCb-PAPER-2017-014 y y

CM

Agreement between 5.02 and 8.16TeV results Complementary y range covered by ATLAS,
CMS and LHCb (but a different p; range)

Consistent ATLAS and CMS results

Small CNM effects on non-prompt J/y
Overall agreement with FONLL+EPSO9NLO

Jy

no y dependence for high p+ non-prompg
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R, of non-prompt J/vy

pPb 346 nb™" pp 28.0 pb' (5.02 TeV)

} —— T T T T
| [ FONLL with EPSO9NLO
CMS | 4 LHCb(8.16TeV)

St Prelimi
Nonprompt J/y I reliminary

1.5<y <40

[ LHCb | |

. ——— T T
| 1 FONLL with EPS09NLO
L 4 LHCb(816TeV)

] 12 Preliminary

I +

complementary LHCb and CMS results

high p; hon-prompt J/y show negligible CNM effects

weak p; dependence, significant only in the LHCb domain, where it reaches 30% @
May 31st 2017
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y(2S) as a function of x.

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

S— - mid-y  y(2S) suppression stronger than J/y one,
m) y(2S) production is modified by CNM (xz~0): > break-up of fully formed resonance

effects depending on its kinematic traversing the nucleus

@ -

-

o charmonium formation time < crossing time

K
Gy * A

fw-y

(high x.): suppression becomes roughly identical

- dominated by energy loss

charmonium formation time>crossing time

Jy II

E866/NuSea \|l(2$)

NA50/60 | 17-27 UL (L)
800 GeV p + A —> JAy E866 38.8 0.28-0.02 ¢ (BLy)
HERA-B 41.6 0.28-0.003

McGlinchey, Frawley,Vogt PRC 87 054910 @
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v(2S) in pA collisions

unexpected because time spent by the cc
o V' pair in the nucleus (z,) is shorter than

Global Sys +27.8% . . .
u J/y Phys.Rev.Lett. 107, 142301 (2011) charmonium formation time ()

Global Sys + 14.6% .
- break up of the fully formed resonance in

the nuclear medium should not play a role

PHENIX 200 fw-y: 0.0035 bck-y: 0.28
ALICE 2760 | fw-y: 104-10 bck-y: 3-7 102

McGlinchey, Frawley,Vogt PRC 87 054910

0 2

PRL 111, 202301 shadowing and energy loss, almost identical
for J/y and y(2S), do not account for the
different suppression
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w(2S) in pA collisions at RHIC

Suppression is more important at backward-y

Final state effects needed to explain the
behaviour

¢ p+Au —p+Au co-mover

¢ p+Al —p+Al co-mover
& d+Au PRL 111 202301 (2013)

-2 2

PHENIX: 1609.06550 rapidity
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w(2S) RpA at LHC

-1 -1 _ Pb 34.6 nb™, pp 28.0 pb™ Sy = 5.02 TeV

D:ﬂf-l 18F  ALICE, p-Pb |s,,= 5.02 TeV, inclusive J/y, y(28)-pu'i 1600 34? ® da =2 ?b| —~— |\‘SE‘N‘_.5I'92, Tev 1 6o o= e
- A iy L N L ]
16F o wes) 14k CMS - 1.4 'C_MS _:
8 C Preliminary B Preliminary |

E i 1 .2? E ]

" i if 8 g .-

$ 2 0g . ?

N ot r .
8t r & ﬁ o 0'8: ]
06E i g 0.6 $ E 06" .
T F _$_ C C 10 30 GeV/ N
04'_ 04; 6.5<pT<10G9V/C B 047_ <pT< eV/c E
r EPS09 NLO (Vogt) C B Prompt J/y (HIN-14-009) B B Prompt J/y (HIN-14-009) ]
0.2 - ELoss with g =0.075 GeV¥iim (Arleo et al.) ® Prompt y(2S) 0_21 ® Prompt y(25) ]
: EPS09 NLO + ELoss with qn=0,055 GeV¥im (Arleo et al.) B i

0 _I 11 | | L1 11 | Ll | L1 11 J 11 1 1 I L1 1 1 l 11 | | L1l | 11 1 1 | L1 1 1 07\ 1 1 1 I L1 1 1 I | | 1 1 I L1 1 1 I 1 | | Il I 11 | \7
5 4 -3 -2 -1 0 1 2 3 4 5 -3 -2 -1 0 1 2 3

CMS-PAS-HIN-16-015 yCM

Stronger y(2S) suppression with respect to the J/y one, mainly:
at backward rapidity
at the low(est) p+

Backward-y: size of y(2S) suppression rather similar between ALICE and CMS
Forward-y: suppression is more important in the ALICE p;range
Comparison with models in the high p; range would be interesting!
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y(2S) in pA collisions at LHC

Suppression is stronger in central collisions

LI T L 'I v T T I L LI v I T T L] l L v v I T L] L} I L T T . T T LI 'I L LI T I L Li ¥ I L] T T l L T T I T T L I T T L]

[ ALICE, p-Pb Vs = 5.02 TeV, -4.46 <Y < 2.96 ] [ ALICE, p-Pb ISy = 5.02 TeV, 2.03 <y,..<3.53
[ Inclusive Jiy, y(2S) — u'w ] [ Inclusive JAy, w(2S) — pu'w

i _.._. ElLoss (Arleo et al.) — Jhy: EPS09 LO + comovers (Ferreiro) L ELoss (Areo et al.) — J/y: EPS09 LO + comovers (Ferreiro)

EPS09 NLO (Vogtetal) w(25): EPS09 LO + comovers (Ferreiro) EPS09 NLO (Vogtetal) wi(25): EPS09 LO + comovers (Ferreira) :

Jiy: QGP+HRG (Du et al.) - - EPS09 LO (Ferreiro) Jiy: QGP+HRG (Du et al.)

[ -~ EPS09 LO (Ferreiro) [
w(2S): QGP+HRG (Du et al.) ] DT w(2S): QGP+HRG (Du et al.)

| [ k | ] | [
i :‘,J;(‘ES} LT_I\q,] ] [ e y(29)

I.J.I.]ll.l.llJ.l.].l.J.l.ll.ll.ll.l.Illl.l. l.l.l]ll.l.ll.l.l.ll.l.l.ll.ll.ll.l.lllJ.l.

2 4 6 8 10 2 4 6 8 10

Clear evidence for a stronger y(2S) suppression, wrt J/y, at backward rapidity

QGP+hadron resonance gas (Rapp) or comover (Ferreiro) models describe the stronger

y(2S) suppression @
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v(2S) in pA at RHIC and LHC

Under the assumption that the y(2S) is suppressed by final state effects, RHIC and LHC
results can be compared in terms of comoving particle densities

|'Syy = 200 GeV  \s,, = 5.02 TeV
$He+Au { p+Pb, LHCb : : :
$p+Au JHEP 1603 (2016) 133 Largest comoving particle density
reached at LHC, at backward-y

mp+Pb, ALICE
JHEP 1412 (2014) 073

Backward-y RHIC data reach a
similar comoving particle density as
forward LHC

comoving particle density

final state interactions

10
Comoving particle density > (dNidn) /(<8 >) (fm™)

Double ratio decreases, increasing the

- Consistent with the y(2S) break-up in

46

May 31st 2017
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v(2S) in pA at RHIC and LHC

Relative J/y and y(2S) suppression is studied as a function of the crossing times

Within uncertainties a scaling between
RHIC and LHC is observed

# PHENIX d-Au \5,,= 200 G ¥ <035

ALICE, p-Pb ys,,= 5.02 TeV F‘:Lr:l:: ;nza:én'.:zmgyﬂ 1 Weond <155
Inclusive J/y, y(2S) — ' 446<y  <-2.96

rosey a5 m centrality-analysis At backward-y, where the largest t_ are
® contralty-analysis - pyanalysis (JHEF 06(20T955) reached, a decreasing trend is observed
) p_-analysis (JHEP 06(2015)55)
- Even if the quarkonium formation
time is larger than 1, is a fraction of the

cc pairs hadronizing inside the nucleus?

At forward-y, t<<t; by 2-3 order of
magnitude.

- In principle no final state effects
related to cold nuclear matter can
play a role, only comover interaction

2¢<10°  3x107
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Y in pA and dA at RHIC

Y(1S+2S+3S) measured in both pA and dA o STaR protminany A STAR||3||
i PAu relfiminary

- —@&— STAR published F{dAu
| —@— PHENIX
f hadowing, EPS09 (Vogt)
— == Energy Loss (Arleo, Peigné)
Energy Loss + EPS09

o

) I:{pﬁ«u(F{d»"u.*)\:)

Large uncertainties for Ry,, prevent a clear
understanding of the Y y-evolution

N
T

Y(1S+2S+3S

Need for bb break-up in nucler matter not obvious

T(18+28+3S) — u'w, |y| = [1.2,2.2](PHENIX) —
NLO EPS09 for T(15+25+3S)(Vogt)
with Gy, 0Oto8mbby2mb

I STAR R, common norm. Syst

[ STAR Ry, common norm. Syst.

I  PHENIX Rys, common norm. Syst.

b b b b b b beraa b b

25 -2 15 -1 05 0 05 1 15 2 25
v

[STAR: PLB 735 (2014) 127]
[PHENIX: PRC 87 (2013) 044909]

" +7.8% Global Uncertainty

| -|1 1 | | 1 [l] 1 | | |
Rapidity

New STAR R, (~0.8), with improved precision
wrt Rya,, Suggest cold nuclear matter effects on

'
fob—
o —

Y(1S+2S+3S) at mid-y @
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RpA Y(1S) at LHC

Wide y coverage explored by ALICE and LHCb compatible within uncertainties,
ALICE, ATLAS and CMS but LHCb values systematically larger

'ATLAS Preliminaty | Hint for a stronger Y(1S) suppression at forward-y
502 TeV in ALICE data, while mid- and backward-y is
compatible with no modification

'D+Pb lI'SNH

TLAS F’rehmmary
p+Pb 1|n Sy = 2-02 TeV

M
-

4 ATLAS, T(1S), p_ <40 GeV R *
4#LHCb, Y(1S), p_< 15 GeV ! T |

4ALICE, Y(1S), p_> 0 GeV

F

$ATLAST(1S),-12<y* <12
# ATLAS Prompt Jiy, -15<y* <15
# ALICE inclusive Jiy, -1.37 <y* <043

e o 92 9
N B O @

15 20 25 30

-b-_|||||||||||||||||||i|||||||||||||

DD
(Y
an
-]
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A Y(1S) at LHC

Inclusive Y(1S) production

| RARRRLRLRI RRRLRLALRN RLLLERRRLY . R L LR LN R LR R LR L) LR
at Vsy=5.02 TeV LHC Inclusive Y(1S) production at Vsyy=5.02 TeV LHC

EPS09LO = | : EPS09LO = :
EPSO09ONLO = T AT EPS09NLO =— 7
nCTEQ15 : g nCTEQ15
LHCb —er I AL ALICE =

0.6 f

04 E||||||||||||||||||||||||||||||||||||||||||||||||| IETERTRRRI ARRTRRTINE ATRRRTNRTI ARRTRTRTN RTRRTRNEN

AC-0Onia 2.0

- 'ml:'ﬁ

HELAC-Onia 2.0

5 -4 -3 -2 -1
Lansberg 1610.05382 Yems(Y(1S))

RpA compatible, wi
due to shadowing

thin uncertainties, with modifications
and/or energy loss

At backward-y, models tend to be closer to LHCb

measurement, whi
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Inclusive Y(1S) production at Vsy=5.02 TeV LHCE

EPS09LO —3 |
EPSO09NLO — 7
nCTEQ15

ATLAS e

HELAC-Onia 2.0

Yems(Y(1S))

A
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ALICE p-Pb | 5, = 5.02 TeV, inclusive T(1S)=u'y, P> 0
L, (-4.46 < Yoms < -2.96)=58nb", L, (2.03< Yoms < 3.53)=5.0 nb™

[ ] CEM+EPS09 NLO (Vogt, arXiv:1301.3395 and priv.comm.)

Eloss (Arleo et al., JHEP 1303 (2013) 122):
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[ ELoss + EPS09 NLO
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Excited Y states

ﬂ Excited bottomonium states are more suppressed
than the ground state already in pA collisions

~ CMS pPb |s,, =5.02 TeV CMS PbPb \s, =276 TeV -
- ey [<1.93,L=31nb" D Iyl <24,L=150 b -
¥ 95% upper limit i

PRL 109 (2012) 222301—

o> 4 GeVie | - Similar initial state effects for all the Y states
- Suggestive of final state effects at play on

—_—
N
AR

2S and 3S states?

]PP

0<p_<40GeV ATLAS Preliminary
p+Pb \s,, =5.02 TeV

1.5 pp Vs =2.76 TeV

: - |

b/[T’(QS+3S)/T(1 S)

\\\\‘\\\\T\\\\|\|\|
T—_ ]
IR R R RIS SRR R

JHEPO4 (2014) 1342S)/7'(1S) Y (3S)/7(1S) E‘I_JT
= 05 Y(2S+3S)
9p]
ATLAS suggests no difference between ¥ Y(15)
excited and ground states, even is still e e e e ey e YR
compatible with CMS within uncertainties ATLAS-CONF-2015-50
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Excited Y states

Suppression increases with event multiplicity, but with a different trend depending on the
adopted estimator

CMSpp Vs=276TeV  CMSpPb \sy, =5.02 TeV CMSpp Vs=276TeV  CMSpPb |'s,, =5.02 TeV
O T(2S)Y(18) ® 1 (2S)/7(1S) O T(2S)Y(1S) ® Y (2S)/7(1S)
U Y(3S)Y(18) B 7(3S)/7(1S) = T7E 0r@syr(1s) B 7(38)/7(1S)

Larger number of particles
produced with ground

Vel < 1:93 3 | Vel 13 state or suppression of
excited states?

10 15 20 25 30 35 40
>4
JHEPO4 (2014) 103 Er [Gev]
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Self normalized ratios vs event activity

Increase of the self-normalized yields vs event activity
Compatible trends observed by ATLAS and CMS
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p+Pb |y = 5.02 TeV ATLAS Prellmlnary

Inclusive J/y

4 ATLAS Y(1S), |y*| < 1.20
+ATLAS Y(25+3S), |y*| < 1.20
& CMS Y(1S), |y*| < 1.93

e 203 < Y e < 3.53, p-going direction
m 446 < Yms < -2.96, Pb-going direction
¢ -137<y_ <043
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Conclusions

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

>0

Cross-sections, double ratio and non-prompt contributions precisely measured over
a broad kinematic range

@

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

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

Many new results still to come.... K k séﬂ\(Sl
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