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Quarkonia in p–A collisions
[EPJC (2017) 77:163]

What? Cold nuclear matter effects as shadowing/CGC
(initial state), E loss, comover (final state), etc

Why? Study non-perturbative QCD and understand
A–A collisions (cold + hot effects)

How? p–A collisions: no quark-gluon plasma expected

Who? Quarkonia: meson bound states formed by a pair
of heavy quark + anti-quark
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added to the global fits – first in EPS08 [32] and EPS09 [33],
later in DSSZ [34] and nCTEQ15 [35]. The interpretation
of the RHIC pion production data is not, however, entirely
unambiguous as the parton-to-pion fragmentation functions
(FFs) may as well undergo a nuclear modification [36]. This
approach was adopted in the DSSZ fit, and consequently their
gluons show clearly weaker nuclear effects than in EPS09
(and nCTEQ15) where the FFs were considered to be free
from nuclear modifications. To break the tie, more data and
new observables were called for. To this end, the recent LHC
dijet measurements [37] from pPb collisions have been most
essential as a consistent description of these data is obtained
with EPS09 and nCTEQ15 but not with DSSZ [38,39].

Another observable that has caused some controversy and
debate during the past years is the neutrino–nucleus DIS. It
has been claimed [40] (see also Ref. [41]) that the nuclear
PDFs required to correctly describe neutrino data are differ-
ent from those optimal for the charged-lepton induced DIS
measurements. However, it has been demonstrated [42,43]
that problems appear only in the case of one single data set
and, furthermore, that it seems to be largely a normalization
issue (which could e.g. be related to the incident neutrino
flux which is model-dependent). The neutrino data were also
used in the DSSZ fit without visible difficulties.

New data from the LHC 2013 p-Pb run have gradually
become available and their impact on the nuclear PDFs has
been studied [39,44] in the context of PDF reweighting [45].
Apart from the aforementioned dijet data [37] which will
e.g. require a complete renovation of the DSSZ approach,
the available W [46,47] and Z [48,49] data were found to
have only a rather mild effect mainly for the limited statisti-
cal precision of the data. However, the analysis of Ref. [39]
used only nuclear PDFs (EPS09, DSSZ) in which flavor-
independent valence and light sea-quark distributions were
assumed at the parametrization scale. Thus, it could not reveal
the possible constraints that these electroweak observables
could have for a particular quark flavor. On the other hand,
the analysis of Ref. [44] involves some flavor dependence but
the usage of absolute cross sections which are sensitive to the
free-proton baseline PDFs complicates the interpretation of
the results.

In the present paper, we update the EPS09 analysis by
adding a wealth of new data from neutrino DIS [50], pion–
nucleus DY process [51–53], and especially LHC pPb dijet
[37], Z [48,49] and W [46] production. Thus, we take the
global nuclear PDF fits onto a completely new level in the
variety of data types. In addition, in comparison to EPS09,
a large part of the whole framework is upgraded: we switch
to a general-mass formalism for the heavy quarks, relax the
assumption of the flavor independent nuclear modifications
for quarks at the parametrization scale, undo the isospin cor-
rections that some experiments had applied on their data, and
also importantly, we now assign no extra weights to any of
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Fig. 1 Illustration of the EPPS16 fit function RA
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the data sets. In this updated analysis, we find no significant
tension between the data sets considered, which lends sup-
port to the assumption of process-independent nuclear PDFs
in the studied kinematical region. The result of the analy-
sis presented in this paper is also published as a new set of
next-to-leading order (NLO) nuclear PDFs, which we call
EPPS16 and which supersedes our earlier set EPS09. The
new EPPS16 set will be available at [54].

2 Parametrization of nuclear PDFs

Similarly to our earlier work, the bound proton PDF
f p/A
i (x, Q2) for mass number A and parton species i is

defined relative to the free-proton PDF f p
i (x, Q

2) as

f p/A
i (x, Q2) = RA

i (x, Q
2) f p

i (x, Q
2), (1)

where RA
i (x, Q

2) is the scale-dependent nuclear modifica-
tion. Our free-proton baseline is CT14NLO [55]. Consis-
tently with this choice, our analysis here uses the SACOT
(simplified Aivazis–Collins–Olness–Tung) general-mass
variable flavor number scheme [56–58] for the DIS cross
sections. The fit function for the nuclear modifications
RA
i (x, Q

2
0) at the parametrization scale Q2

0, illustrated in
Fig. 1, is also largely inherited from our earlier analyses
[18,20,32,33],

RA
i (x, Q

2
0) =

⎧
⎨

⎩

a0 + a1(x − xa)2 x ≤ xa
b0 + b1xα + b2x2α + b3x3α xa ≤ x ≤ xe
c0 + (c1 − c2x) (1 − x)−β xe ≤ x ≤ 1,

(2)

where α = 10xa and the i and A dependencies of the
parameters on the r.h.s. are left implicit.2 The purpose of

2 See Ref. [59] for a study experimenting with a more flexible fit func-
tion at small x .
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ALICE:
Quarkonia measured down to zero pT via the reconstruction of their leptonic decay products:
dielectron at mid-rapidity and dimuon at backward and forward rapidity

Data collected at √sNN = 5.02 and 8.16 TeV with two beam configurations:
p–Pb and Pb–p with ∆y = 0.465 in the p-going direction

Backward

Pb
p

−4.46 < ycms < −2.96

Mid

p
Pb

−1.37 < ycms < 0.43

Forward

p
Pb

2.03 < ycms < 3.53
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Outline

1. J/ψ and ψ(2S) nuclear modification factor

2. Prompt/non-prompt J/ψ

3. J/ψ elliptic flow

4. Υ(1S) and Υ(2S) nuclear modification factor



Outline

1. J/ψ and ψ(2S) nuclear modification factor
vs rapidity
vs transverse momentum
vs centrality
multi-differential

2. Prompt/non-prompt J/ψ

3. J/ψ elliptic flow

4. Υ(1S) and Υ(2S) nuclear modification factor



J/ψ RpPb vs rapidity
[JHEP 1807 (2018) 160]
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ψALICE, inclusive J/

ALI-PUB-157539

� J/ψ suppression at forward
rapidity

� Same magnitude within
uncertainties at √sNN = 5.02
and 8.16 TeV

� Same magnitude within
uncertainties with prompt J/ψ
from LHCb

� All the models fairly describe
the J/ψ data

� Stronger ψ(2S) suppression
than the J/ψ one, especially at
backward rapidity (Pb-going)

� Models based on different shadowing/CGC implementations and energy loss cannot describe
the ψ(2S) data

� Models including partonic or hadronic interactions with comovers (final-state effects)
reproduce both J/ψ and ψ(2S) data

Final-state effects needed to explain the ψ(2S) behaviour
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J/ψ RpPb vs rapidity
[JHEP 1807 (2018) 160]

ALI-PUB-157567

� J/ψ suppression at forward
rapidity

� Same magnitude within
uncertainties at √sNN = 5.02
and 8.16 TeV

� Same magnitude within
uncertainties with prompt J/ψ
from LHCb

� All the models fairly describe
the J/ψ data

� Stronger ψ(2S) suppression
than the J/ψ one, especially at
backward rapidity (Pb-going)

� Models based on different shadowing/CGC implementations and energy loss cannot describe
the ψ(2S) data

� Models including partonic or hadronic interactions with comovers (final-state effects)
reproduce both J/ψ and ψ(2S) data

Final-state effects needed to explain the ψ(2S) behaviour
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J/ψ and ψ(2S) RpPb vs rapidity
[JHEP 1807 (2018) 160]

ALI-PREL-158627

� J/ψ suppression at forward
rapidity

� Same magnitude within
uncertainties at √sNN = 5.02
and 8.16 TeV

� Same magnitude within
uncertainties with prompt J/ψ
from LHCb

� All the models fairly describe
the J/ψ data

� Stronger ψ(2S) suppression
than the J/ψ one, especially at
backward rapidity (Pb-going)

� Models based on different shadowing/CGC implementations and energy loss cannot describe
the ψ(2S) data

� Models including partonic or hadronic interactions with comovers (final-state effects)
reproduce both J/ψ and ψ(2S) data

Final-state effects needed to explain the ψ(2S) behaviour
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J/ψ and ψ(2S) RpPb vs rapidity
[JHEP 1807 (2018) 160]

ALI-PREL-158661

� J/ψ suppression at forward
rapidity

� Same magnitude within
uncertainties at √sNN = 5.02
and 8.16 TeV

� Same magnitude within
uncertainties with prompt J/ψ
from LHCb

� All the models fairly describe
the J/ψ data

� Stronger ψ(2S) suppression
than the J/ψ one, especially at
backward rapidity (Pb-going)

� Models based on different shadowing/CGC implementations and energy loss cannot describe
the ψ(2S) data

� Models including partonic or hadronic interactions with comovers (final-state effects)
reproduce both J/ψ and ψ(2S) data

Final-state effects needed to explain the ψ(2S) behaviour
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J/ψ RpPb vs pT
[JHEP 1807 (2018) 160], [ALICE-PUBLIC-2018-007]
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ALI-PUB-157555

� higher pT reached with Run-2 datasets
� pT-dependence increasing from low to

high pT

� J/ψ suppression at mid and forward
rapidity is a low-pT effect

� Various models based on different
theoretical approaches describe the data

Forward
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1−bµ = 256 intL2016 Sample (Preliminary), 
1−bµ = 51 intL2013 Sample (JHEP 06 (2015) 55), 

ALI−PREL−149461
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J/ψ RpPb vs pT
[JHEP 1807 (2018) 160], [ALICE-PUBLIC-2018-007]

Backward

ALI-PUB-157579

� higher pT reached with Run-2 datasets
� pT-dependence increasing from low to

high pT

� J/ψ suppression at mid and forward
rapidity is a low-pT effect

� Various models based on different
theoretical approaches describe the data

Forward

ALI-PUB-157575
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EPS09 NLO (Vogt et al., Int. J. Mod. Phys. E22 (2013) 1330007)

CGC (Fujii et al., Nucl. Phys. A915 (2013) 1)

ELoss (Arleo et al., JHEP 05 (2013) 155)

EPS09 NLO + ELoss (ibid.)

ALI−PREL−160198
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J/ψ QpPb vs Ncoll

[ALICE-PUBLIC-2018-007]
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� QpPb increases at backward rapidity from
peripheral to central collisions

� QpPb is constant at mid-rapidity and
slightly decreases at forward rapidity from
peripheral to central collisions

� Models do not reproduce the slope of the
data at backward rapidity
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ALI−PREL−149466
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J/ψ QpPb vs Ncoll

[ALICE-PUBLIC-2018-007]
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� QpPb increases at backward rapidity from
peripheral to central collisions

� QpPb is constant at mid-rapidity and
slightly decreases at forward rapidity from
peripheral to central collisions

� Models do not reproduce the slope of the
data at backward rapidity
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ALI−PREL−150396
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CEM + EPS09 NLO (Vogt et al. Phys. Rev. C81 (2010) 044903)

Eloss (Arleo et al., JHEP 05 (2013) 155)

EPS09 LO no comovers (Ferreiro, arXiv:1411.0549)

EPS09 LO + comovers (ibid.)

ALI−PREL−160463
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J/ψ QpPb vs pT for different centrality
Preliminary
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� Clear evolution of QpPb vs pT in different centrality classes
� Backward: enhancement in most central collisions for pT > 3 GeV/c
� Forward: stronger suppression at low pT in most central collisions
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Outline

1. J/ψ and ψ(2S) nuclear modification factor

2. Prompt/non-prompt J/ψ

3. J/ψ elliptic flow

4. Υ(1S) and Υ(2S) nuclear modification factor



Prompt/non-prompt J/ψ at mid-rapidity
[EPJC 78 (2018) 466]
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� Prompt/non-prompt separation via a combined fit to dielectron invariant mass and
pseudoproper decay length

� Fraction of J/ψ originating from B-hadron decays is compatible with pp measurement:
f B (pT > 1.3 GeV/c,− 1.37 < y < 0.43) = 0.105± 0.038 (stat)± 0.012 (syst)
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Prompt/non-prompt J/ψ at mid-rapidity
[EPJC 78 (2018) 466]
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ALI-PUB-161263
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� Same RpPb conclusions for prompt J/ψ as for the inclusive production:
suppression at mid-rapidity with a hint for a low-pT effect

� RpPb of non-prompt J/ψ from B-hadron decays indicates a stronger suppression than the
prompt J/ψ production
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http://link.springer.com/content/pdf/10.1140/epjc/s10052-018-5881-2


Outline

1. J/ψ and ψ(2S) nuclear modification factor

2. Prompt/non-prompt J/ψ

3. J/ψ elliptic flow

4. Υ(1S) and Υ(2S) nuclear modification factor



J/ψ elliptic flow v2

[PLB 780 (2018) 2]
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Anisotropy is quantified by the 2nd

order coefficient v2 of the Fourier
expansion of the long-range particle
azimuthal distribution

� Low pT: v2 compatible with zero
→ agree with no regeneration due
to the low production of charm
quarks

� High pT: positive v2

→ similar to the Pb–Pb data!!
→ Not understood
(Negligible path-length dependence
regarding the small system size)

Similar magnitude of J/ψ v2 in p–Pb and Pb–Pb collisions
could indicate a common mechanism
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https://www.sciencedirect.com/science/article/pii/S0370269318301412/pdfft?md5=6703af1ac573dab2e30375f64a9bb5db&pid=1-s2.0-S0370269318301412-main.pdf


Outline

1. J/ψ and ψ(2S) nuclear modification factor

2. Prompt/non-prompt J/ψ

3. J/ψ elliptic flow

4. Υ(1S) and Υ(2S) nuclear modification factor
vs rapidity
vs transverse momentum



Υ(1S) RpPb vs rapidity
[ALICE-PUBLIC-2018-008]
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ALI−PREL−152189

� Similar Υ(1S) suppression
within uncertainties at forward
and backward rapidity

� Similar magnitude of Υ(1S) and
J/ψ RpPb within uncertainties

� Models based on shadowing
and/or energy loss reproduce
the forward rapidity data but
slightly overestimate the
backward rapidity data

� Υ(2S) RpPb consistent with the Υ(1S) one within uncertainties with a hint for a stronger
suppression of Υ(2S) (as observed by CMS and ATLAS at mid-y)

Similar CNM effects within uncertainties
for Υ at backward and forward rapidity
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https://cds.cern.ch/record/2317189/files/PAS_Upsilon_v3.pdf


Υ(1S) RpPb vs rapidity
[ALICE-PUBLIC-2018-008]

ALI-PREL-148388

� Similar Υ(1S) suppression
within uncertainties at forward
and backward rapidity

� Similar magnitude of Υ(1S) and
J/ψ RpPb within uncertainties

� Models based on shadowing
and/or energy loss reproduce
the forward rapidity data but
slightly overestimate the
backward rapidity data

� Υ(2S) RpPb consistent with the Υ(1S) one within uncertainties with a hint for a stronger
suppression of Υ(2S) (as observed by CMS and ATLAS at mid-y)

Similar CNM effects within uncertainties
for Υ at backward and forward rapidity
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https://cds.cern.ch/record/2317189/files/PAS_Upsilon_v3.pdf


Υ(2S) RpPb vs rapidity
[ALICE-PUBLIC-2018-008]
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� Similar Υ(1S) suppression
within uncertainties at forward
and backward rapidity

� Similar magnitude of Υ(1S) and
J/ψ RpPb within uncertainties

� Models based on shadowing
and/or energy loss reproduce
the forward rapidity data but
slightly overestimate the
backward rapidity data

� Υ(2S) RpPb consistent with the Υ(1S) one within uncertainties with a hint for a stronger
suppression of Υ(2S) (as observed by CMS and ATLAS at mid-y)

Similar CNM effects within uncertainties
for Υ at backward and forward rapidity
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https://cds.cern.ch/record/2317189/files/PAS_Upsilon_v3.pdf


Υ(1S) RpPb vs pT
[ALICE-PUBLIC-2018-008]
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� Similar behavior at both backward and forward rapidity with a hint for a stronger
suppression at low pT

� Model based on shadowing describes the forward rapidity results but slightly overestimate
the backward rapidity ones
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Υ(1S) RpPb vs pT
[ALICE-PUBLIC-2018-008]

Backward

ALI-PREL-148392

Forward

ALI-PREL-148399

� Similar behavior at both backward and forward rapidity with a hint for a stronger
suppression at low pT

� Model based on shadowing describes the forward rapidity results but slightly overestimate
the backward rapidity ones
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Summary

� ALICE has measured J/ψ, ψ(2S), Υ(1S) and Υ(2S) production in p–Pb collisions at both√sNN = 5.02 TeV and √sNN = 8.16 TeV LHC energies

� Run-2 results increased significantly the precision of the measurements

� Models face difficulties in describing consistently all results

J/ψ I RpPb show a suppression at mid and forward rapidity mainly in the
low-pT region

I Various models based on different theoretical approaches qualitatively describe
the results

I Positive v2 similar to Pb–Pb for pT > 4 GeV/c → common mechanism?

ψ(2S) I Final state effects needed to describe its stronger suppression than the J/ψ

Υ I Suppression of Υ(1S) at backward and forward rapidity with a hint for a
stronger Υ(2S) suppression
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Summary
Preliminary

ALI-PREL-307419

Perspectives:
� In 45 min → D. Thakur’s talk (16:45, //4): J/ψ production vs multiplicity in p–Pb

� At short terms → New Pb–Pb data taking period this autumn (hot effects)
M. Kohler’s talk (Wednesday 09:20, //3): Quarkonium production in A–A

� At long terms → ALICE upgrades for Run-3: continuous readout, new Muon Forward
Tracker detector (separation of prompt/non-prompt J/ψ at forward rapidity)
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https://indico.cern.ch/event/634426/contributions/3090455/
https://indico.cern.ch/event/634426/contributions/3090410/


Summary
Preliminary
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Perspectives:
� In 45 min → D. Thakur’s talk (16:45, //4): J/ψ production vs multiplicity in p–Pb
� At short terms → New Pb–Pb data taking period this autumn (hot effects)

M. Kohler’s talk (Wednesday 09:20, //3): Quarkonium production in A–A

� At long terms → ALICE upgrades for Run-3: continuous readout, new Muon Forward
Tracker detector (separation of prompt/non-prompt J/ψ at forward rapidity)

A. Lardeux (UiO) HP2018 13 / 13

https://indico.cern.ch/event/634426/contributions/3090455/
https://indico.cern.ch/event/634426/contributions/3090410/


Summary

� ALICE has measured J/ψ, ψ(2S), Υ(1S) and Υ(2S) production in p–Pb collisions at both√sNN = 5.02 TeV and √sNN = 8.16 TeV LHC energies

� Run-2 results increased significantly the precision of the measurements

� Models face difficulties in describing consistently all results

J/ψ I RpPb show a suppression at mid and forward rapidity mainly in the
low-pT region

I Various models based on different theoretical approaches qualitatively describe
the results

I Positive v2 similar to Pb–Pb for pT > 4 GeV/c → common mechanism?

ψ(2S) I Final state effects needed to describe its stronger suppression than the J/ψ

Υ I Suppression of Υ(1S) at backward and forward rapidity with a hint for a
stronger Υ(2S) suppression

Perspectives:
� In 45 min → D. Thakur’s talk (16:45, //4): J/ψ production vs multiplicity in p–Pb
� At short terms → New Pb–Pb data taking period this autumn (hot effects)

M. Kohler’s talk (Wednesday 09:20, //3): Quarkonium production in A–A
� At long terms → ALICE upgrades for Run-3: continuous readout, new Muon Forward

Tracker detector (separation of prompt/non-prompt J/ψ at forward rapidity)
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ψ(2S) QpPb vs Ncoll
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ALI−PREL−146975

� ψ(2S) suppression both at forward and backward rapidity
� Stronger suppression than the J/ψ one, especially at backward rapidity
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ψ(2S) QpPb vs Ncoll

Preliminary

Backward

ALI-PREL-152311

Forward

ALI-PREL-152252

� ψ(2S) suppression both at forward and backward rapidity
� Stronger suppression than the J/ψ one, especially at backward rapidity
� ψ(2S) suppression fairly reproduced by models including final-state effects
� Tension between models and data at backward rapidity for peripheral collisions
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J/ψ QpPb vs pT for 2–10% centrality
Preliminary

Backward
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� Clear evolution of QpPb vs pT in different centrality classes
� Backward: enhancement in most central collisions for pT > 3 GeV/c
� Forward: stronger suppression at low-pT in most central collisions
� Tension between models and data for most central collisions
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J/ψ QpPb vs pT for 80–90% centrality
Preliminary

Backward
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� Clear evolution of QpPb vs pT in different centrality classes
� Backward: enhancement in most central collisions for pT > 3 GeV/c
� Forward: stronger suppression at low-pT in most central collisions
� Tension between models and data for most central collisions
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Υ(1S) QpPb vs Ncoll

[ALICE-PUBLIC-2018-008]
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� Almost no centrality dependence of QpPb both at forward and backward rapidity
� Hint for a stronger suppression at forward rapidity
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