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Introduction: quarkonium in proton-nucleus
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• Many applicable approaches (not necessarily factorisable):


- PDF modification (nPDF)  (anti)shadowing


- gluon saturation  Color Glass Condensate


- parton propagation in medium  Coherent energy loss 

- break up in nuclear matter

- break up by comoving particles

→
→

→

Initial state effects

Final state effects

F. Arleo, S. Peigné, JHEP 03 (2013) 122 

B. Ducloué et al., PRD 91 (2015) 114005

PRD 94 (2016) 074031

• Different approaches can describe data simultaneously, look at


- dependencies ( , , , multiplicity …)


- different (excited) states

η pT sNN

HELAC-ONIA: CPC 198 (2016) 238 
FONLL: JHEP 05 (1998) 007 

E. G. Ferreiro et al., arXiv:1804.04474; 
Phys. Lett. B749 (2015) 98, arXiv:1411.0549 

• Quarkonium states are a benchmark for QCD studies


- High mass                mostly produced in the initial state of the collision (hard scattering)


- probe of QGP in 


- simpler systems ( ) gateway to more complex ( )

PbPb

pPb PbPb

Sequential melting  of quarkonia states

• Cold Nuclear Matter (CNM) effects: modifications of particle production yields in ion collisions with 
respect to  that are not due to formation of a deconfined mediumpp

https://link.springer.com/article/10.1007/JHEP03(2013)122
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.114005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.074031


Óscar Boente García Quarkonium production in proton-nucleus at the LHC 13/01/2023

Experimental considerations in collider mode
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• Similar techniques to  measurements


• ,   ,     dilepton decays


• Experimentally at LHC, we distinguish:

- prompt  from primary collision vertex + 

feed-down

- non-prompt  from displaced vertices (  

hadron decays)

(bottomonium states always prompt)


• Other states/decay channels not yet (much) 
explored:

- Radiative decays: 

- decays to hadrons: ; ; …


✴ small  or experimental difficulties (large 
combinatorial background)

pp
J/ψ ψ(2s) Υ(nS) →

→

→ B

χcn → γ J/ψ( → μ−μ+)
→ pp → hhhh → hh

BF
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Figure 2. Invariant mass (left panel) and pseudoproper decay length (right panel) distributions for
J/ψ candidates with pT > 1GeV/c. The latter distribution is limited to the J/ψ candidates under
the signal peak region 2.92 < me+e− < 3.16GeV/c2. The projections of the maximum likelihood
fit functions are shown superimposed and the χ2 values of these projections are also reported for
both distributions.

measured in p-Pb collisions [67]. The x resolution estimated from the MC simulations is
characterised by a pronounced dependence as a function of the J/ψ pT: for events with
both J/ψ decay tracks yielding a hit in the first SPD layer, the RMS of the R(x) distribu-
tion ranges from ∼140 µm at pT = 1.5GeV/c to ∼50 µm at pT > 7GeV/c. This allows the
fraction of non-prompt J/ψ to be determined for events with J/ψ pT greater than 1GeV/c
as well as in five transverse momentum intervals (1–3, 3–5, 5–7, 7–10 and 10–14GeV/c).
The projections of the maximised likelihood fit function superimposed over the me+e− and
x distributions of J/ψ candidates with pT > 1GeV/c are shown as an example in figure 2.

The fb fraction is obtained after correcting the f ′
b values (eq. (2.5) ) to account for

slightly different 〈A × ε〉 factors of prompt and non-prompt J/ψ:

fb =
(

1 + 1 − f ′
b

f ′
b

× 〈A × ε〉B
〈A × ε〉prompt

)−1
. (2.5)

This small correction is computed relying on MC simulations assuming prompt J/ψ to
be unpolarised. A small residual polarisation, resulting from the admixture of the different
b-hadron decay channels, is assumed for non-prompt J/ψ as predicted by EvtGen [82].
Under these conditions, the correction mainly originates from the difference in the pT
distribution between the two components and is found to be significant only for the pT-
integrated case. Small relative variations of the corrected fb values, in the order of ∼1–4%,
are expected in the case of a null-polarisation assumption for non-prompt J/ψ [51]. The
variations estimated in extreme polarisation scenarios for prompt J/ψ are discussed in
ref. [13]. Considering the null or very small degree of polarisation measured in pp collisions
at the LHC [17, 92–94], these variations are not further propagated to the final results,
and only the choice of the pT shapes used as input for the MC simulations is taken into
account for the systematic uncertainty evaluation, as discussed below.

The evaluated systematic uncertainties affecting the measurements of fb in the five
pT intervals as well as in the pT-integrated range (pT > 1GeV/c) are listed in table 2.

– 10 –

JHEP06 (2022) 011
(x)x =

c × Lxy × mJ/ψ

pT

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-014.html
https://doi.org/10.1007/JHEP06(2022)011
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• ALICE:

- central barrel (  in )


✴ reconstruction with  decay

✴smaller data set due to lower data-rate

✴prompt-non prompt separation down to 



- forward muon spectrometer ( ,   

)

✴only inclusive charmonium in Run1/2


• LHCb ( , )

- prompt vs non-prompt separation down to 

- hadronic final states


• CMS ( ) & ATLAS ( )

- prompt vs non-prompt separation for 


- best for high-mass ( ) and high  region

J/ψ −1.37 < y* < 0.43
e+e−

pT > 1 GeV/c
2.03 < y* < 3.53

−4.46 < y * < − 2.96

1.5 < η* < 4.0 −4.5 < η* < − 2.5
pT = 0

−2.4 < y* < 1.93 |y* | < 2
pT ≳ 4 GeV/c

Υ(nS) pT

LHC experiment capabilities (Run 1/2)

4

LHCb JINST 3 (2008) S08005

ALICE JINST 3 (2008) S08002

CMS JINST 3 (2008) S08004

ATLAS JINST 3 (2008) S08003

from Astrophys.Space Sci. 367 (2022) 3, 27

34

Fig. 17 Acceptances of the LHC experiments ALICE, AT-
LAS, CMS, LHCb, TOTEM, and LHCf, see Abelev et al.
(2014d); Aad et al. (2008, 2009); Bayatian et al. (2006);
Surányi et al. (2021); Alves et al. (2008); Aaij et al. (2015a);
Khachatryan et al. (2021); Adriani et al. (2008); Anelli et al.
(2008) for details. In the legend, a tracker follows individual
particles in a magnetic field, while a counter measures par-
ticle densities in ⌘-intervals. Muon refers to a special muon
tracker, PID refers to the ability to identify individual parti-
cles, ECal and HCal refer to electromagnetic and hadronic
calorimeters, respectively. The inner part |⌘| < 1 of the
CMS tracker is partially marked red to indicate its PID ca-
pabilities for particles with pT . 2GeV c�1. Similarly, the
acceptance |⌘| > 8.4 of the LHCf experiment around AT-
LAS is partially marked brown to indicate its capability to
measure neutrons.

air shower physics with a high impact on Xmax, but
small impact on Nµ. It is not directly measurable at
the LHC, but measurements related to inelasticity are
the di↵ractive cross-section and the far-forward produc-
tion cross-section of photons and neutrons.

4.1 LHC experiments

The acceptances of the LHC experiments discussed here
are compared in Fig. 17. We will briefly discuss the ad-

vantages of each experiment in regard to measurements
for air shower physics in the following.

• ALICE was designed for heavy-ion physics at the
LHC (Abelev et al. 2014d). Its strength is the high-
resolution tracking system at mid-rapidity with ex-
cellent hadron particle identification (PID) capabil-
ities. The tracking system can handle even central
Pb-Pb collisions, which can have more than 10000
tracks at |⌘| < 0.5. The electromagnetic calorimeter
(ECal) partially covers the same region as the PID
system, it captures photons and provides electron
identification. ALICE has no hadronic calorimeter
(HCal), since it would not provide significant addi-
tional information. A small single-arm muon system
in the backward region capture muons from decays
of charm and beauty. A system of charged-particle
counters without tracking capabilities extends the ac-
ceptance of ALICE into the forward and backward re-
gion. A sophisticated system of zero-degree calorime-
ters (ZDCs) detects protons, neutrons, and photons
emitted at small beam angles.

ALICE has provided a wealth of high-precision
data of identified hadron spectra at mid-rapidity, dif-
ferential production cross-sections as a function of
⌘, pT, and multiplicity, which have been one of the
main sources for parameter tuning and validation of
hadronic interaction models. The models are tightly
constrained at mid-rapidity by these measurements;
they fix the multiplicities of various light hadrons, the
average charged particle multiplicity, the multiplicity
spectrum. Various QGP-like e↵ects at mid-rapidity
have also been discovered, the strangeness enhance-
ment is most important for air showers which may
have a profound impact on the models beyond tun-
ing. The backward muon system has been used to
measure the di↵erential production cross-sections of
D and B mesons, which are inputs to constrain the
heavy-quark parton density functions of the free pro-
ton and the bound nucleon. These in turn are used
to predict the prompt atmospheric lepton flux which
forms the principal background for high-energy neu-
trino observatories.

• ATLAS is a general purpose symmetric spectrom-
eter with wide acceptance (Aad et al. 2008, 2009).
The systems ordered by increasing pseudorapidity
are: the central tracker with |⌘| < 2.5, the muon
system with |⌘| < 2.7, the ECal with |⌘| < 3.2, and
the HCal with |⌘| < 4.9. Notable is the ALFA Ro-
man Pot system to precisely measure the total and
elastic cross-section via the optical theorem. ATLAS
profits from combined measurements with the LHCf
experiment, which is described further below.

https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1007/s10509-022-04054-5
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Observables
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• Nuclear Modification Factor: test of nuclear effects


RpA =
dσpA/dpT

A ⋅ dσpp/dpT

: suppression


: no nuclear effects


: enhancement

RpA < 1
RpA = 1
RpA > 1

• Dependence with , 


• Production with multiplicity:


- Number of charged particles per event at some  


- Centrality:  including a Glauber model calculation to get     complicated in 


• Azimuthal correlations with charged hadrons:    (“flow”)

y* pT

η

⟨Ncoll⟩ → pPb

• Differential cross-section    hard to predict in  since production in  not yet 
understood

dσ/dpT → pPb pp

1
NJ/ψ

dNpair

dΔϕ
=

Nassoc

2π
[1 +

3

∑
n=1

2VnΔ cos(nΔϕ] vn(J/ψ) = VnΔ(J/ψ, ref)/ VnΔ(ref, ref)

flow extracted from reference charged particles

JHEP 02 (2021) 002

- In , measuring flow difference in high multiplicity 
events with respect low multiplicity events

pPb

http://dx.doi.org/10.1007/JHEP02(2021)002
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• Long list of prompt  production measurements in    

- Central rapidities: ALICE, ATLAS and CMS (not down to 

 )

- forward/backward rapidities: LHCb and ALICE (inclusive)


• Suppression pattern described by most approaches:

- nPDF(s)

- CGC (forward region)

- Coherent energy loss (with and without nPDF)

- nPDF + final state interaction

J/ψ pPb

pT = 0

Prompt  production J/ψ
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At :


LHCb: JHEP 11 (2021) 181, JHEP 02 (2014) 72)

ALICE: JHEP06 (2022) 011, Eur. Phys. J. C 78 
(2018) 466, JHEP 02 (2014) 073

CMS: EPJC 77 (2017) 269

ATLAS: Eur. Phys. J. C 78 (2018) 171


At :


LHCb: PLB 774 (2017) 159

ALICE: arXiv:2211.14153, JHEP 07 (2018) 160

sNN = 5 TeV

sNN = 8 TeV
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Figure 7. RpPb of prompt J/ψ as a function of rapidity (left panel) and as a function of pT
along with that of inclusive J/ψ at midrapidity (right panel). Results are shown in comparison
with LHCb measurements [64] at backward and forward rapidity in the left panel and with ATLAS
results [14] (shown up to pT = 20GeV/c) in the right-hand panel. Statistical uncertainties are
represented by vertical error bars, while open boxes correspond to systematic uncertainties. In
the left panel, the systematic uncertainty of the ALICE data point includes also the contribution
from the extrapolation procedure to go from the visible region (pT > 1GeV/c) to pT > 0. The
filled box around RpPb = 1 in the right panel indicates the size of the global relative uncertainty of
the ALICE measurements. The results of various model predictions for prompt J/ψ implementing
different CNM effects are also shown [44, 101, 106–108].

The nuclear modification factor of inclusive J/ψ, measured for pT > 0 and −1.37 < y <

0.43, amounts to 0.851± 0.028 (stat.)± 0.079 (syst.). This quantity is obtained using the
measured inclusive J/ψ cross section in pp collisions at √

s = 5.02TeV [7]. Similarly, the
pT-differential RpPb of inclusive J/ψ is obtained on the basis of the measured pp reference,
except for the highest pT interval (10–14GeV/c), where the statistical sample is limited
and the interpolation procedure [57] is still used. In figure 7, the RpPb of prompt J/ψ
is reported either for pT > 0 in comparison with LHCb measurements [64] at backward
and forward rapidity (left panel) or as a function of pT, computed according to eq. (2.6),
together with that of inclusive J/ψ (right panel) in comparison with ATLAS results [14].
The pT-integrated RpPb of prompt J/ψ at midrapidity (pT > 0 and −1.37 < y < 0.43) is
measured to be smaller than unity and amounts to 0.860 ± 0.033 (stat.) ± 0.081 (syst.).
Given also the relatively small fraction of J/ψ from b-hadron decays for pT < 14GeV/c, the
RpPb of inclusive J/ψ is comparable with that of the prompt component. As shown in the
right panel of figure 7, both trends indicate that the suppression observed at midrapidity
is a low-pT effect, concentrated for pT ! 3GeV/c. The measurements are compared with
results from various model predictions which embed different CNM effects into prompt
J/ψ production. In addition to the previously described computations by Lansberg et
al., which include a reweighting of the EPPS16 and nCTE15 nPDFs [101], the central
values of a computation based on EPS09 nPDF with or without interaction with a nuclear
medium (Ferreiro et al. [106]) are shown. A calculation including the effects of coherent
energy loss (Arleo et al. [44]), with or without the introduction of nuclear shadowing effects
according to EPS09 nPDF, provides a fairly good description of the measurements either

– 17 –
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https://doi.org/10.1007/JHEP11(2021)181
https://doi.org/10.1007/JHEP02(2014)072
https://doi.org/10.1007/JHEP06(2022)011
https://link.springer.com/article/10.1140/epjc/s10052-018-5881-2
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http://dx.doi.org/10.1140/epjc/s10052-017-4828-3
https://link.springer.com/article/10.1140/epjc/s10052-018-5624-4
https://doi.org/10.1016/j.physletb.2017.09.058
https://arxiv.org/abs/2211.14153
https://doi.org/10.1007/JHEP07(2018)160
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Figure 7. RpPb of prompt J/ψ as a function of rapidity (left panel) and as a function of pT
along with that of inclusive J/ψ at midrapidity (right panel). Results are shown in comparison
with LHCb measurements [64] at backward and forward rapidity in the left panel and with ATLAS
results [14] (shown up to pT = 20GeV/c) in the right-hand panel. Statistical uncertainties are
represented by vertical error bars, while open boxes correspond to systematic uncertainties. In
the left panel, the systematic uncertainty of the ALICE data point includes also the contribution
from the extrapolation procedure to go from the visible region (pT > 1GeV/c) to pT > 0. The
filled box around RpPb = 1 in the right panel indicates the size of the global relative uncertainty of
the ALICE measurements. The results of various model predictions for prompt J/ψ implementing
different CNM effects are also shown [44, 101, 106–108].

The nuclear modification factor of inclusive J/ψ, measured for pT > 0 and −1.37 < y <

0.43, amounts to 0.851± 0.028 (stat.)± 0.079 (syst.). This quantity is obtained using the
measured inclusive J/ψ cross section in pp collisions at √

s = 5.02TeV [7]. Similarly, the
pT-differential RpPb of inclusive J/ψ is obtained on the basis of the measured pp reference,
except for the highest pT interval (10–14GeV/c), where the statistical sample is limited
and the interpolation procedure [57] is still used. In figure 7, the RpPb of prompt J/ψ
is reported either for pT > 0 in comparison with LHCb measurements [64] at backward
and forward rapidity (left panel) or as a function of pT, computed according to eq. (2.6),
together with that of inclusive J/ψ (right panel) in comparison with ATLAS results [14].
The pT-integrated RpPb of prompt J/ψ at midrapidity (pT > 0 and −1.37 < y < 0.43) is
measured to be smaller than unity and amounts to 0.860 ± 0.033 (stat.) ± 0.081 (syst.).
Given also the relatively small fraction of J/ψ from b-hadron decays for pT < 14GeV/c, the
RpPb of inclusive J/ψ is comparable with that of the prompt component. As shown in the
right panel of figure 7, both trends indicate that the suppression observed at midrapidity
is a low-pT effect, concentrated for pT ! 3GeV/c. The measurements are compared with
results from various model predictions which embed different CNM effects into prompt
J/ψ production. In addition to the previously described computations by Lansberg et
al., which include a reweighting of the EPPS16 and nCTE15 nPDFs [101], the central
values of a computation based on EPS09 nPDF with or without interaction with a nuclear
medium (Ferreiro et al. [106]) are shown. A calculation including the effects of coherent
energy loss (Arleo et al. [44]), with or without the introduction of nuclear shadowing effects
according to EPS09 nPDF, provides a fairly good description of the measurements either
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• Less suppression than for prompt data


• Non-prompt compatible with  of 


• Data in general agreement with FONLL and 
nPDF calculations

RpPb B+

Non-prompt  productionJ/ψ
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Phys. Rev. D 99, 052011 (2019)

for both pPb and Pbp collisions. For the pp reference cross
section, an interpolation between existing pp cross section
measurements by the LHCb collaboration at 7 TeV [54] and
13 TeV [55] is performed. A power-law function is used
following the approach of Refs. [17,56,57], which yields a
prediction of Bþ production at

ffiffiffi
s

p
¼ 8.16 TeV consistent

with an extrapolation of the measured value at
ffiffiffi
s

p
¼ 7 TeV

using a FONLL calculation [58,59]. The interpolation
takes into account the correlations provided in Ref. [55].

The measurement of RpPb for nonprompt J=ψ production at
the same collision energy by the LHCb collaboration [17] is
also shown.
At positive rapidity, a significant suppression by more

than 20% is observed integrating over the whole pT range,
whereas at negative rapidity, the result is consistent with
unity. The measurement is also consistent with that of
nonprompt J=ψ production obtained in a similar kinematic
range. The pT -differential result at positive rapidity shows

TABLE VI. Ratios of nuclear modification factors, R
Λ0
b=B

0

pPb , in
bins of pT and integrated over 2.5 < jyj < 3.5, for pPb and Pbp
samples. The first uncertainty is statistical and the second
systematic.

pTðGeV=cÞ pPb Pbp

(2, 4) 0.84% 0.17% 0.05 0.47% 0.18% 0.05
(4, 7) 1.11% 0.14% 0.03 0.97% 0.17% 0.05
(7, 12) 0.91% 0.13% 0.03 1.44% 0.21% 0.07
(12, 20) 0.81% 0.21% 0.03 0.89% 0.22% 0.07
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FIG. 14. Nuclear modification factor, RpPb, for Bþ mesons as function of (top) y and as a function of pT in (bottom left) pPb and
(bottom right) Pbp compared with HELAC-onia calculations using different nPDF sets as well as with the measurement of RpPb for
nonprompt J=ψ production. For the data points, the vertical bars (boxes) represent the statistical (total) uncertainties.

TABLE VII. Nuclear modification factor, RpPb, of Bþ produc-
tion in pPb and Pbp collisions, in bins of pT for the range
2.5 < jyj < 3.5. The first uncertainty is statistical and the second
systematic.

pTðGeV=cÞ pPb Pbp

(2, 4) 0.75% 0.04% 0.05 0.96% 0.06% 0.11
(4, 7) 0.77% 0.03% 0.04 1.03% 0.05% 0.10
(7, 12) 0.83% 0.05% 0.04 0.96% 0.05% 0.08
(12, 20) 1.01% 0.12% 0.07 1.13% 0.12% 0.09

(2, 20) 0.78% 0.02% 0.05 1.00% 0.03% 0.10
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Figure 9: pT-differential RpPb of prompt (left) and non-prompt (right) J/y together with corresponding results in
p–Pb collisions at

p
sNN = 5.02 TeV [18, 20, 79] and theoretical calculations [13, 68, 74, 75, 80]. The statis-

tical and systematic uncertainties are represented as error bars and boxes for each data point. The normalisation
uncertainties are indicated as boxes around unity at zero pT.

depicted is the transport calculation by Du et al. [13], based on the kinetic rate-equation approach within
a fireball model and previously used for heavy-ion and d�Au collisions, for the p–Pb collision system.
Shadowing effects were considered in the calculation by Vogt et al. via the pre-LHC EPS09 nPDFs. The
theoretical calculations describe the low pT data where the model should be applicable. The calculation
by Lansberg et al. [68] tends to be systematically below the data in the pT range below 10 GeV/c, only
approaching unity at 20 GeV/c. The approach based on the CEM and EPS09 nPDFs as well as the NLO
pQCD calculation of Duwentäser et al. are closest to the data. The latter calculation has the smallest
uncertainties profiting from the latest version of the nCTEQ15HQ nPDF set. This is also the case for the
corresponding studies on non-prompt J/y shown in Fig. 9 (right). Also shown are results from a FONLL
computation employing EPPS16 nPDFs [75], whose uncertainties strongly increase with decreasing pT.

6 Summary

This article presents for the first time the pT-differential production cross sections and nuclear modi-
fication factors RpPb of inclusive, prompt and non-prompt J/y at midrapidity (�1.37 < ycms < 0.43) in
p–Pb collisions at

p
sNN = 8.16 TeV with the ALICE detector at the LHC. The measurements were made

possible by the usage of online single-electron triggers provided by the Transition Radiation Detector.
Within the experimental and theoretical model uncertainties, the pT-differential cross sections are well
described by the calculations assuming only nuclear modified PDFs, with no final-state effects. The con-
sistency of the measured RpPb value of prompt J/y with unity shows that in the studied kinematic range
cold nuclear matter effects are modest, even smaller than predicted by most theoretical calculations.
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• Several measurements in :

- Central rapidities: CMS (not down to , only prompt), 

ATLAS ( )

- forward/backward rapidities: LHCb and ALICE (inclusive)


• CNM models underestimate suppression, specially in the 
backward region


• Non-prompt fraction from LHCb statistically limited at 

pPb
pT = 0

pT > 4 GeV/c

5 TeV

Excited states:  productionψ(2S)

9

At :


LHCb: JHEP 03 (2016) 133

ALICE: JHEP 12 (2014) 073
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•  spectrum in the forward/backward region extracted 
by ALICE


• Relative  suppression stronger at backward 
rapidity  relation with multiplicity?

- hint of final state interaction with hadrons (comovers)

- Initial-state effects cancel in ratio, binding energy of 

 lower than that of 

- non-prompt contribution not affected, important to 

separate

pT

ψ(2s)/J/ψ
→

ψ(2S) J/ψ

Excited states:  productionψ(2S)
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Figure 8. Comparison of the rapidity dependence of RpPb for ψ(2S) in p-Pb collisions at√
sNN = 8.16 and 5.02TeV [31]. The error bars represent the statistical uncertainties, while the

boxes correspond to uncorrelated systematic uncertainties and the boxes at RpPb = 1 to correlated
systematic uncertainties, separately shown for the two energies. The results are also compared with
theoretical models that include final-state effects [36, 37].

In figure 8, a comparison of the rapidity dependence of ψ(2S) suppression at
√
sNN =

8.16TeV and 5.02TeV [39] is presented, together with the corresponding results from the-

oretical models which implement final-state effects [36, 37]. Both models fairly describe

the ψ(2S) nuclear modification factor at both energies. The data at the two energies are in

agreement within uncertainties. In ref. [31], the reference for the ψ(2S) RpPb evaluation at
√
sNN = 5.02TeV was based only on the

√
s = 7TeV pp data available at that time [62].

If the procedure described in this paper would be adopted for the
√
sNN = 5.02TeV re-

sult, the reference pp cross section would be lower by 12% (corresponding to 0.9σ on that

quantity) and the RpPb values would therefore be higher by the same amount. In any case,

the slightly stronger suppression predicted at
√
sNN = 8.16TeV and backward rapidity in

refs. [37, 57], related to the larger density of produced particles at higher energy, is beyond

the sensitivity of the current measurement.

In figure 9, the results on the pT-dependence of Rψ(2S)
pPb at the two energies studied by

ALICE are presented. Within uncertainties, there is a fair agreement between the results,

without a clear indication of a pT-dependence, except possibly for the backward-rapidity

results at
√
sNN = 5.02TeV which show a tendency to an increase at high pT.

Finally, also to ease comparisons with future results from other experiments, we present

in figure 10, as a function of ycms and figure 11, as a function of pT, the values of the

double ratio of the ψ(2S) and J/ψ cross sections between p-Pb and pp. Clearly, these

results confirm the features observed when comparing the nuclear modification factors for

the two resonances, i.e., the ycms-dependence shows a relative suppression of the ψ(2S)

with respect to the J/ψ at backward rapidity, while the pT-dependence does not indicate

a clear trend.
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Figure 6. The ycms-dependence of RpPb for ψ(2S) and J/ψ [39] in p-Pb collisions at
√
sNN =

8.16TeV. The error bars represent the statistical uncertainties, while the boxes correspond to un-
correlated systematic uncertainties and the box at RpPb = 1 to correlated systematic uncertainties.
The results are compared with models including initial-state effects [56–58] and coherent energy
loss [57, 61] (left panel), and to models which also implement final-state effects [36, 37] (right panel).
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Figure 7. The pT-dependence of RpPb for ψ(2S) and J/ψ at forward (left) and backward (right)
rapidity in p-Pb collisions, at

√
sNN = 8.16TeV. The error bars represent the statistical uncertain-

ties, while the boxes correspond to uncorrelated systematic uncertainties and the box at RpPb = 1
to correlated systematic uncertainties. The comparison with the results of a CGC-based model [36],
which implements final-state effects, is also shown.

approach. The two models reach a fair agreement with data for both ψ(2S) and J/ψ, as

shown in the right panel of figure 6.

The present data sample allows a pT-differential study of Rψ(2S)
pPb up to pT = 12GeV/c.

The results are plotted in figure 7, separately for forward and backward rapidity, and

compared with published results for J/ψ [39]. At forward rapidity the ψ(2S) suppression

is compatible with that of J/ψ, while at backward rapidity the ψ(2S) suppression, which is

independent of pT within uncertainties, is significantly stronger. The CGC-based model [36]

results are found to fairly match the experimental findings. No theory comparison is yet

available for backward rapidity.
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correlated systematic uncertainties and the box at RpPb = 1 to correlated systematic uncertainties.
The results are compared with models including initial-state effects [56–58] and coherent energy
loss [57, 61] (left panel), and to models which also implement final-state effects [36, 37] (right panel).
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which implements final-state effects, is also shown.
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pPb up to pT = 12GeV/c.

The results are plotted in figure 7, separately for forward and backward rapidity, and

compared with published results for J/ψ [39]. At forward rapidity the ψ(2S) suppression

is compatible with that of J/ψ, while at backward rapidity the ψ(2S) suppression, which is

independent of pT within uncertainties, is significantly stronger. The CGC-based model [36]

results are found to fairly match the experimental findings. No theory comparison is yet

available for backward rapidity.
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Excited states:  productionψ(2S)
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a robust scale parameter, but a more complicated geometry
model is needed for instance as discussed in Ref. [58].

7.3 Double ratio

The promptψ(2S) to J/ψ production double ratio,ρψ(2S)/J/ψ
pPb ,

is shown in Fig. 15 in intervals of y∗. A decreasing trend
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Fig. 15 The prompt charmonium production double ratio, ρψ(2S)/J/ψ
pPb ,

as a function of the centre-of-mass rapidity, y∗. The vertical error bars
correspond to the statistical uncertainties. The horizontal position of
each data point indicates the mean of the weighted y∗ distribution.
The vertical sizes of coloured boxes around the data points represent
the uncorrelated systematic uncertainties, and horizontal sizes of the
coloured boxes represent the bin sizes
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Fig. 16 The bottomonium double ratio, ρΥ (nS)/Υ (1S)
pPb , integrated in the

whole measured pT and y∗ range. The vertical error bars correspond to
the statistical uncertainties. The vertical sizes of boxes around the data
points represent the systematic uncertainties

with one-standard-deviation significance of the double ratio
is observed from backward to forward centre-of-mass rapid-
ity. The pT and y∗ integrated bottomonium double ratios,
ρ

Υ (nS)/Υ (1S)
pPb (n = 2, 3) are shown in Fig. 16. Both the inte-

grated ρ
Υ (2S)/Υ (1S)
pPb and ρ

Υ (3S)/Υ (1S)
pPb are found to be less

than unity by two standard deviations, and they are consis-
tent with each other within the uncertainties. The double
ratio as a function of centrality is shown in Fig. 17. Both
ρ

ψ(2S)/J/ψ
pPb and ρ

Υ (2S)/Υ (1S)
pPb are found to decrease slightly

with increasing centrality at the significance level of one-
standard-deviation, while conclusions about ρΥ (3S)/Υ (1S)

pPb are
precluded by the size of the statistical uncertainties.
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• CMS also sees a stronger  in backward rapidities


• ATLAS measured double ratio:     


- opposite trend seen at high 

ψ(2S)

ρψ(2S)/J/psi
pPb =

σψ(2S)
pPb /σJ/ψ

pPb

σψ(2S)
pp /σJ/ψ

pp

pT

The CMS Collaboration / Physics Letters B 790 (2019) 509–532 513

Fig. 3. Differential cross section (multiplied by the dimuon branching fraction) of 
prompt ψ(2S) production in pp collisions at √s = 5.02 TeV as a function of pT, in 
four yCM bins. Statistical and systematic uncertainties are represented with error 
bars and boxes, respectively. The fully correlated luminosity uncertainty of 2.3% is 
not included in the point-by-point uncertainties.

B(ψ(2S) → µ+µ−)
d2σ

dpT dyCM
= Nψ(2S)

fit /(accε)

Lint $pT $yCM
, (4)

where Nψ(2S)
fit is the extracted raw yield of prompt ψ(2S) mesons 

in a given (pT, yCM) bin, (accε) is the product of the dimuon ac-
ceptance and efficiency described in Section 5, and $pT and $yCM
are the widths of the kinematic bin considered.

Figs. 2 and 3 show the production cross sections of prompt 
ψ(2S) mesons in pPb and pp collisions at √sNN = 5.02 TeV, re-
spectively. The results are given as a function of pT and in four 
rapidity bins, separately for forward (the direction of the proton 
beam) and backward (the direction of the Pb beam) rapidities in 
the case of the pPb measurements.

The second observable considered is the nuclear modification 
factor, defined as

RpPb(pT, yCM) ≡ (d2σ /dpT dyCM)pPb

A(d2σ /dpT dyCM)pp
. (5)

In the absence of any nuclear effects the measured yield in pPb
collisions would be just a superposition of A = 208 (the number 
of nucleons in the Pb nucleus) pp collisions, and the RpPb would 
be one.

Fig. 4 shows the rapidity dependence of the prompt ψ(2S) RpPb
in three pT ranges: 4–6.5, 6.5–10, and 10–30 GeV/c. In the back-
ward rapidity region, the prompt ψ(2S) mesons are suppressed in 
the intermediate pT region, and compatible with unity in the rest. 
In the forward rapidity region, the RpPb is consistent with unity for 
all pT bins (although systematically smaller). For comparison, the 
prompt J/ψ nuclear modification factor [31] is also shown in Fig. 4. 
The measured value of RpPb for prompt ψ(2S) mesons, when in-
tegrated over pT and rapidity (6.5 < pT < 30 GeV/c, |y| < 1.6), is 
0.852 ± 0.037stat ± 0.062syst. The prompt J/ψ RpPb in the same 
kinematic range is 1.108 ± 0.021stat ± 0.055syst. The RpPb for 
prompt J/ψ mesons lies systematically above that of the ψ(2S)
state. The difference between the two sets of results was quan-

Fig. 4. Rapidity dependence of the prompt ψ(2S) RpPb in three pT ranges. For comparison, the prompt J/ψ nuclear modification factor [31] is also shown. Statistical and 
systematic uncertainties are represented with error bars and boxes, respectively. The fully correlated global uncertainty of 4.2% (that affects both charmonia) is displayed as 
a box around RpPb = 1.

Eur. Phys. J. C 78 (2018) 171PLB 790 (2019) 509

https://link.springer.com/article/10.1140/epjc/s10052-018-5624-4
http://dx.doi.org/10.1016/j.physletb.2019.01.058


Óscar Boente García Quarkonium production in proton-nucleus at the LHC 13/01/2023

• Study production with event charged particle multiplicity normalised by mean multiplicity 
in NSD events 


• Charged hadron multiplicity measured from SPD tracklets at 


• Trends depend on quarkonium rapidity for 

• Saturation or MPIs could explain the trend at mid-rapidity


- Need to understand how the  region where  is measured affects the result
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in pp collisions at
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s = 13 TeV and p–Pb collisions at
√

sNN = 8.16 TeV. Quoted is the correlated event-class

normalization uncertainty. The pp results are normalized to the INEL>0 event class, whereas the p–Pb ones refer
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including variations of the invariant mass signal and background parameterisations, fitting range and the
use of a second order polynomial times an exponential function for the hpTi of background dimuons.
The effect of considering the J/y hpTi as independent of the invariant mass in the hpµ+µ�

T i fits is found
to be negligible. The impact of fixing the signal and background parameters during the fitting procedure
is observed to be negligible as well. The events removed by the vertex quality selection do not have
reconstructed J/y and therefore the hpTi remains unmodified. Finally, using a pile-up toy model, it is
shown that the pile-up has no effect on the hpTi measurement, except for the two bins corresponding to
the largest multiplicities. All these effects are considered as uncorrelated in a given multiplicity bin and
hence their respective uncertainties are added quadratically to obtain the relative hpTi systematic uncer-
tainty in each multiplicity bin. These systematic uncertainties are considered as uncorrelated between
the different rapidity intervals. The results of the uncertainties entering in the relative hpTi measurement
are reported in Tab. 4.

Source 2.03 < ycms < 3.53 �4.46 < ycms <�2.96

Sig. extr. 0.2 � 1.2% 0.2 � 0.5%
A⇥e/bin-flow 0.5 � 2.0% 0.7 � 2.7%

Pile-up 0.2 � 0.7%⇤ 0.2 � 0.8%⇤

Total 0.6 � 2.4% 0.7 � 2.9%

Table 4: The systematic uncertainties for the relative hpTi measurement at forward and backward rapidities.
The values represent the minimum and maximum values of the uncertainties over the multiplicity bins. The
uncertainties marked with ⇤ only refer to the two highest-multiplicity bins.

6 Results and discussion
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Fig. 3: Relative yield of inclusive J/y mesons, measured in three rapidity regions, as a function of relative
charged-particle pseudorapidity, measured at mid-rapidity. The error bars show the statistical uncertainties, and
the boxes the systematic ones. The dashed line is the first diagonal, plotted to guide the eye.

The dependence of the relative J/y yield on the relative charged-particle pseudorapidity density for three
J/y rapidity ranges is presented in Fig. 3. An increase of the relative yield with charged-particle multi-
plicity is observed for all rapidity domains, with a similar behaviour at low multiplicities. At multiplic-
ities beyond 1.5�2 times the event-average multiplicity, two different trends are observed. The relative
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• Ratio of  with  can be a way to test comover model

• Uncertainties prevent from making conclusions


- More measurements with prompt-nonprompt separation with more 
statistics are needed

ψ(2s) J/ψ

Production with multiplicity: ratio
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Figure 5: The normalized ψ(2S) yield and the ratio of normalized ψ(2S)-over-J/ψ yields at −4.46 <

ycms < −2.96 as a function of the normalized charged-particle pseudorapidity density in p–Pb collisions at
√

sNN = 8.16 TeV. Measurements are compared with the percolation calculation [53] coupled with comover

model [5] and EPS09 nPDF [58]. Quoted is the correlated event-class normalization uncertainty.

pseudorapidity density at midrapidity [22]. This is the consequence of a relative reduction of the charged-

particle multiplicity at high multiplicities due to different physics mechanisms (color reconnection, co-

herent particle production, 3-gluon fusion, saturation, or percolation). The percolation model slightly

overestimates the yield at high multiplicity, while PYTHIA 8.2 and EPOS3 underpredict the data. The

CPP, CGC, and 3-pomeron CGC models give a good description of the measurements. To interpret

these results, one should keep in mind that in all models, except PYTHIA, only the prompt component

is considered, and the non-prompt contribution exhibits a stronger increase than the prompt one with

multiplicity in PYTHIA 8.2 [22]. Model calculations predict a slightly smaller increase for J/ψ yields

at large rapidity than at midrapidity with respect to charged-particle pseudorapidity density at midrapid-

ity, consistent with the measurements. This suggests that the influence of the physics mechanisms at

play differs for large and midrapidity J/ψ . The measurements presented in this paper for ψ(2S) and in

Ref. [60] for bottomonium ground and excited states at large rapidity are in agreement with this picture.

It should be noted that, despite the recent progress, there are not many predictions available for excited

charmonium states or bottomonium states as a function of charged-particle multiplicity.

6 Summary

The first measurements of ψ(2S) production and of the ψ(2S)-over-J/ψ production ratio as a func-

tion of charged-particle multiplicity in pp and p–Pb collisions at the LHC are presented. Charmonium

yields were measured at large rapidity, whereas charged-particle multiplicity was measured at central

rapidity. Both charmonium yields and the charged-particle multiplicity have been normalized to their

respective multiplicity-integrated values. The normalized ψ(2S) yield increases with the normalized

charged-particle density in both collision systems with an approximately linear trend with slope close to

unity. The normalized ψ(2S)-over-J/ψ yield ratio is compatible with unity independently of the charged-

particle multiplicity within uncertainties, suggesting a similar multiplicity dependence for excited and

ground state charmonium states. The results can be described by models (PYTHIA 8.2 , percolation +

comover + EPS09).

The measurements of the charged-particle multiplicity dependence of excited-to-ground state ratios pro-

vide additional constraints to models. The results for charmonium and bottomonium states at large rapid-

ity in pp and p–Pb collisions provide a coherent picture, with ratios compatible with unity. The precision

of the measurements does not allow one to rule out neither the decrease with increasing charged-particle
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ratios measured in p–Pb collisions are shown in Figs. 4(b) and 5(b). The measurements, while weighted

by a large uncertainty, are consistent with the comover calculation, which predicts a stronger suppression

of the excited states at backward rapidity. Previous studies of the relative suppression between the two

charmonium states indeed revealed a stronger suppression at backward rapidity, largely independent of

multiplicity [16, 19].
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Figure 3: The normalized ψ(2S) yield and the ratio of normalized ψ(2S)-over-J/ψ yields at 2.5< ycms < 4.0 as a

function of the normalized charged-particle pseudorapidity density in pp collisions at
√

s = 13 TeV. Measurements

are compared with the following models: PYTHIA 8.2 [43], PYTHIA 8.2 without color reconnection (no CR) [43],

comovers [5]. Quoted is the correlated event-class normalization uncertainty.
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Figure 4: The normalized ψ(2S) yield and the ratio of normalized ψ(2S)-over-J/ψ yields at 2.03 < ycms < 3.53

as a function of the normalized charged-particle pseudorapidity density in p–Pb collisions at
√

sNN = 8.16 TeV.

Measurements are compared with the percolation calculation [53] coupled with comover model [5] and EPS09

nPDF [58]. Quoted is the correlated event-class normalization uncertainty.

To better contextualize the results presented in this paper, one needs to consider previously published

results on multiplicity-dependent quarkonium production. The normalized yields of charmonium and

bottomonium ground and excited states at large rapidity increase with the normalized charged-particle

multiplicity at midrapidity with a similar approximately linear trend (with gradient equal to unity) in pp

collisions [21, 23, 60]. A steeper increase is observed for J/ψ production at midrapidity [22, 24]. All

models for J/ψ production in pp collisions at midrapidity (PYTHIA 8.2, model with coherent particle

production (CPP) [61], EPOS3 [62], Color Glass Condensate effective theory (CGC) [63], 3-pomeron

CGC [64], and percolation [54]) predict a faster-than-linear increase of the yields with charged-particle
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•  sequential suppression seen in  by CMS 

• Signature of QGP:


- more direct probe at LHC energies than  , in principle cannot be produced by 
recombination


- however, CNM effects could also explain similar patterns


• Need to explore  production in           

Υ(nS) PbPb

J/ψ

Υ(nS) pPb

 production in Υ(nS) PbPb
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At :


LHCb: arXiv:2212.12664

ALICE: Phys. Lett. B 740 (2015) 105-117

CMS: PLB 835 (2022) 137397

ATLAS: Eur. Phys. J. C 78 (2018) 171

At :


LHCb: JHEP 11 (2018) 194

ALICE: PLB 806 (2020) 135486
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• Stronger suppression of 
excited states 

- CMS data shows stronger 

effect at low 


• LHCb data for the  not 
compatible with nPDF 
calculation alone

- agreement improves by 

considering final-state 
interaction


- model including QGP can 
also explain the data     
(PRC 100, 024906 (2019))

pT

Υ(2S)

 production -  dependence Υ(nS) y*
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Fig. 6. RpPb of Υ(1S) (red circles), Υ(2S) (blue squares), and Υ(3S) (green dia-

monds) at forward and backward rapidity for 0 < pΥ
T < 6 GeV/c (top) and 6 < pΥ

T <

30 GeV/c (bottom). The points are shifted horizontally for better visibility. Vertical 
bars on the points represent statistical and fit uncertainties and filled boxes repre-
sent systematic uncertainties. The gray box around the line at unity represents the 
global uncertainty due to luminosity normalization (4.2%).
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Fig. 7. RFB versus Ntracks at mid-pseudorapidity (top) and vs. ET at forward/back-
ward pseudorapidity (bottom) of Υ(1S) (red circles), Υ(2S) (blue squares), and 
Υ(3S) (green diamonds) for pΥ

T < 30 GeV/c and |yΥ
CM| < 1.93. Vertical bars on the 

points represent statistical and fit uncertainties and filled boxes represent system-
atic uncertainties. For Υ(3S) , a wide bin is used for high event activity, with the 
width indicated by a horizontal bar.
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Fig. 7. ϒ(1S) RpPb as a function of pT for Pb–p (left panel) and p–Pb collisions (right panel). The RpPb values are compared with theoretical calculations based on EPS09 
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• Double ratio      


- Initial-state effects should mostly cancel

- Double ratio consistent with prediction of comover model

ℜΥ(ns)/Υ(1s)
(pPb|Pbp)/pp =

R(Υ(nS))pPb|Pbp

R(Υ(nS))pp

 production - double ratioΥ(nS)
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Figure 11. Double ratios for (left) Υ (2S) and (right) Υ (3S). The bands correspond to the theo-
retical prediction for the comovers model as reported in the text.
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8 Summary

The production of Υ (nS) states is studied in proton-lead collisions at
√
sNN = 8.16 TeV

using data collected by the LHCb detector in 2016. The cross-sections, nuclear modi-

fication factors and forward-backward ratios are measured double-differentially (Υ (1S))

and single-differentially (Υ (2S)). The ratios of the production cross-sections of the dif-

ferent Υ (nS) states are also measured as functions of transverse momentum and rapidity

in the nucleon-nucleon centre-of-mass frame. The results are consistent with previous ob-

servations and with the theoretical model calculations, indicating a suppression of Υ (nS)

production in proton-lead collisions up to about 40%, more pronounced for the excited Υ

states, particularly in the region of negative rapidity.
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• CMS measured  and  with respect to the event 
track multiplicity in 


• Self-normalised ratio  vs  
shows different trend at high multiplicity for ,  and 


• Excited-to-ground state ratio with 


- decreasing trend of  ratio down to 

Υ(1S) Υ(2S)
|η | < 2.4

Υ(1S)/⟨Υ(1S)⟩ N|η|<2.4
tracks /⟨N|η|<2.4

tracks ⟩total
pp pPb PbPb

N|η|<2.4
tracks

Υ(2S)/Υ(1S) PbPb

 production with event multiplicityΥ(nS)
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Figure 3. Single cross section ratios Υ(2S)/Υ(1S) and Υ(3S)/Υ(1S) for |yCM| < 1.93 versus
transverse energy measured in 4.0 < |η| < 5.2 (left) and number of charged tracks measured in
|η| < 2.4 (right), for pp collisions at

√
s = 2.76TeV (open symbols) and pPb collisions at

√
sNN =

5.02TeV (closed symbols). In both figures, the error bars indicate the statistical uncertainties, and
the boxes represent the point-to-point systematic uncertainties. The global uncertainties on the pp
results are 7% and 8% for Υ(2S)/Υ(1S) and Υ(3S)/Υ(1S), respectively, while in the pPb results
they amount to 8% and 9%, respectively. The results are available in tabulated form in table 4,
with binning information provided in table 3.

in table 3. The ratios vary weakly as a function of E|η|>4
T , while they exhibit a significant

decrease with increasing N |η|<2.4
tracks .

The difference observed between the Υ states when binning in N |η|<2.4
tracks can arise in

two opposite ways. If, on the one hand, the Υ(1S) is systematically produced with more

particles than the excited states, it would affect the underlying distribution of charged

particles and create an artificial dependence when sliced in small multiplicity bins. This

dependence should be sensitive to the underlying multiplicity distribution, and would result

in a larger correlation if one reduces the size of the multiplicity bins. If, on the other hand,

the Υ are interacting with the surrounding environment, the Υ(1S) is expected, as the

most tightly bound state and the one of smallest size, to be less affected than Υ(2S) and

Υ(3S), leading to a decrease of the Υ(nS)/Υ(1S) ratios with increasing multiplicity. In

either case, the ratios will continuously decrease from the pp to pPb to PbPb systems, as

a function of event multiplicity.

The impact of additional underlying particles on the decreasing trend of the

Υ(2S)/Υ(1S) and Υ(3S)/Υ(1S) versus N |η|<2.4
tracks in pp and pPb collisions is studied in more

detail. The pp sample contains on average two extra charged tracks in the Υ(1S) events

when compared to the Υ(2S) and Υ(3S) events, consistent with the pPb sample, though

the average number of charged particles rises from 13 (pp) to 50 (pPb). The trend shown in

the right panel of figure 3 is found to weaken (or even reverse) if one artificially lowers the

number of charged particles in the Υ(1S) sample by two or three tracks for every event. In

contrast, the number of extra charged particles does not vary when lowering the pT thresh-

– 8 –
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Figure 4. Single cross section ratios Υ(2S)/Υ(1S) for |yCM| < 1.93 versus (left) transverse energy
measured at 4.0 < |η| < 5.2 and (right) charged-particle multiplicity measured in |η| < 2.4, for
pp collisions at

√
s = 2.76TeV (open symbols) and pPb collisions at

√
sNN = 5.02TeV (closed

circles). Both figures also include the Υ(2S)/Υ(1S) ratios for |yCM| < 2.4 measured in PbPb
collisions at

√
sNN = 2.76TeV (open stars and crosses). The error bars in the figures indicate the

statistical uncertainties, and the boxes represent the point-to-point systematic uncertainties. The
global uncertainties of the results are 7%, 8%, and 8% for the pp, pPb, and PbPb, respectively.
The results are available in tabulated form in tables 4 and 6, with binning information provided in
tables 3 and 6.

activity-integrated values, are computed. The results are shown in figure 5 in bins of

E|η|>4
T /〈E|η|>4

T 〉total (top) and N |η|<2.4
tracks /〈N |η|<2.4

tracks 〉total (bottom), for pp and pPb collisions,

where the denominator is averaged over all events. These ratios are constructed from the

yields extracted from the same fit as the single ratios and are corrected for the residual

activity-dependent efficiency that does not cancel in the ratio. The systematic uncertainties

are determined following the same procedure as for the other results reported in this paper.

The bin-to-bin systematic uncertainties, represented by the coloured boxes in figure 5, come

from the fitting procedure and are in the ranges 3–7% (Υ(1S)), 5–14% (Υ(2S)) and 6–20%

(Υ(3S)), depending on the bin. Figure 5 (left) also shows the corresponding ratios for

the Υ(1S) state in PbPb collisions, which are derived from ref. [2] by dividing the nuclear

modification factors (RAA) binned in centrality by the centrality-integrated RAA value.

The Υ(2S) results from ref. [2] are not included here because of their low precision.

All the self-normalized cross section ratios increase with increasing forward transverse

energy and midrapidity particle multiplicity in the event. In the cases where Pb ions are

involved, the increase observed in both variables can arise from the increase in the number

of nucleon-nucleon collisions. The pp results are reminiscent of a similar J/ψ measurement

made in pp collisions at 7TeV [21]. A possible interpretation of the positive correlation

between theΥ production yield and the underlying activity of the pp event is the occurrence

of multiple parton-parton interactions in a single pp collision [40].
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Figure 5. The Υ(nS) cross section versus transverse energy measured at 4 < |η| < 5.2 (top row)
and versus charged-track multiplicity measured in |η| < 2.4 (bottom row), measured in |yCM| < 1.93
in pp collisions at

√
s = 2.76TeV and pPb collisions at

√
sNN = 5.02TeV. For Υ(1S), the PbPb data

at
√
sNN = 2.76TeV (open stars) are overlaid. Cross sections and x-axis variables are normalized by

their corresponding activity-integrated values. For all points, the abscissae are at the mean value
in each bin. The dotted line is a linear function with a slope equal to unity. The error bars indicate
the statistical uncertainties, and the boxes represent the point-to-point systematic uncertainties.
The results are available in tabulated form in table 5.

To compare the trends between collision systems, linear fits (not shown) are performed

separately for the pp, pPb, and PbPb results. In the case of the forward transverse energy

binning, the self-normalized ratios in all three collision systems are found to have a slope

consistent with unity. Hence, no significant difference between pp, pPb, and PbPb results

or between individual states is observed when correlating Υ production yields with forward

event activity. The similarity of the three systems has to be tempered by the fact that very

different mean values are used for normalizing the forward transverse energy, 3.5, 14.7,

and 765GeV, respectively, as well as by the absence of sensitivity of the Υ(nS)/〈Υ(nS)〉
observable to a modification that is independent of event activity. In contrast, the case of

N |η|<2.4
tracks binning shows differences between the three states, an observation which is related

to the single-ratio variations observed in figure 3 (right). The Υ(1S), in particular, exhibits

the fastest rise in pp collisions.

6 Summary

The relative production of the three Υ states has been investigated in pPb and pp col-

lisions collected in 2013 by the CMS experiment, in the |yCM| < 1.93 centre-of-mass ra-

– 11 –
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• Measuring  is important:

- feed-down to  production

- different binding energy with respect to  

and 

- but photon of  hard to detect


• LHCb measured prompt  ratio 
in  collisions  

- two photon detection strategies: converted 

and calorimetric

- cancellation of efficiencies in cross-section 

ratio

- work ongoing in photon efficiency 

determination


• Ratio consistent with unity

- No rapidity dependence within uncertainty


• Consistent with   ratio within  
(JHEP10(2013) 115)


- similar nuclear effects for both states


• Measurement with converted photons would 
benefit a lot from a larger dataset

χcn

J/ψ
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σ(χc2)/σ(χc1)
pPb

pp 7 TeV 2σ
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• Azimuthal correlations with charged hadrons  study 
collectivity in quarkonium production


• Observable    :  elliptic flow difference in high 
multiplicity with respect to low multiplicity


• Flow of  observed in high-multiplicity events in:

- forward + backward rapidities (CMS)

- central rapidities (ALICE)


• Explanations for observed collectivity unclear, similar 
magnitude to  (5-20%) collisions at high 

→

→ vsub
2

J/ψ

PbPb pT

Azimuthal correlations: flow of J/ψ

20

ALICE: Phys. Lett. B 780 (2018) 7-20

CMS: PLB 791 (2019) 172

176 The CMS Collaboration / Physics Letters B 791 (2019) 172–194

Fig. 3. Upper: the vsub
2 values for prompt J/ ψ mesons at forward rapidities (−2.86 <

ycm < −1.86 or 0.94 < ycm < 1.94), as well as for K0
S and " hadrons, and prompt 

D0 mesons at midrapidity (−1.46 < ycm < 0.54), as a function of pT for pPb colli-
sions at √sNN = 8.16 TeV with 185 ≤ Noffline

trk < 250. Lower: the nq-normalized vsub
2

results. The K0
S , " and D0 vsub

2 data are taken from Ref. [43]. The error bars cor-
respond to statistical uncertainties, while the shaded areas denote the systematic 
uncertainties.

of transverse kinetic energy (K ET) in Fig. 3 (lower), to account 
for the mass difference among the four hadron species [61,62]. 
Here, the values of vsub

2 and K ET are both divided by the num-
ber of constituent quarks, nq, to represent the collective flow sig-
nal at the partonic level in the context of the quark coalescence 
model [63–65], which postulates that the elliptic flow signal of a 
hadron is a sum of contributions from individual constituent quark 
flow values. As was previously reported in pPb collisions [27,43], 
a scaling of nq-normalized vsub

2 values is observed between the K0
S

meson and " baryon, shown in Fig. 3 (lower). This scaling between 
light baryon and meson species systems produced in the collision 
(known as the number-of-constituent-quark or NCQ scaling) was 
first discovered in AA colliding systems [61,62,66], indicating that 
collectivity is first developed among the partons, which later re-
combine into final-state hadrons. The elliptic flow signal per quark 
(vsub

2 /nq) for prompt J/ ψ mesons at low K ET/nq range is consis-
tent with those of K0

S , ", and prompt D0 hadrons within large 
statistical uncertainties for the current data. There is a hint that 
the prompt J/ ψ meson data tend to fall on the same trend as those 
of K0

S and " baryons, all of which are above the prompt D0 me-
son data. However, the difference between the present prompt D0
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7. Summary

In summary, the elliptic flow harmonic (v2) for prompt J/ ψ
mesons in high-multiplicity proton-lead (pPb) collisions at √sNN =
8.16 TeV is presented as a function of transverse momentum (pT). 
Positive v2 values are observed for prompt J/ ψ mesons at forward 
rapidity (−2.86 < ycm < −1.86 or 0.94 < ycm < 1.94) over a wide 
pT range (2 < pT < 8 GeV). This observation provides evidence for 
charm quark collectivity in high-multiplicity pPb collisions, sim-
ilar to that first observed for light-flavor hadrons. The observed 
ordering of v2 among light-flavor, open and hidden heavy-flavor 
hadrons at intermediate and high-pT regions (e.g., above 4 GeV) 
adds support to the earlier conclusion that heavy quarks exhibit 
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values less than 1 GeV, the v2 of prompt J/ ψ mesons is consistent 
with prompt D0, K0

S and " hadrons, within current uncertainties. A 
model calculation based on final-state interactions between charm 
quarks and a QGP medium in pPb collisions significantly underes-
timates the measured prompt J/ ψ v2 signal. The new prompt J/ ψ
meson results, together with previous results for light-flavor and 
open heavy-flavor hadrons, provide novel insights into the dynam-
ics of the heavy quarks produced in small systems that lead to 
high final-state multiplicities.
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Fig. 5. v J/ψ
2 {2, sub} in bins of pJ/ψ

T for p–Pb, 2.03 < y < 3.53 (left panels), and Pb–p, −4.46 < y < −2.96 (right panels), collisions at √sNN = 5.02 TeV (top panels) and 
8.16 TeV (bottom panels). The results are compared to the v J/ψ

2 {EP} coefficients measured in central Pb–Pb collisions at √sNN = 5.02 TeV in forward rapidity (2.5 < y < 4) 
using event plane (EP) based methods [24]. The statistical and uncorrelated systematic uncertainties are represented by lines and boxes, respectively. The quoted global 
systematic uncertainties correspond to the combined statistical and systematic uncertainties of the measured vtracklet

2 {2, sub} coefficient.

The total probability is 1.4 × 10−6 which corresponds to a 4.7σ
significance. In the calculation of the above probabilities, both sta-
tistical and systematic uncertainties of the measured values are 
taken into account. The global systematic uncertainty is not taken 
into account as it is irrelevant in the case of the zero hypothesis.

The analysis method presented in this Letter relies on the as-
sumption that there are no significant correlations due to collective 
effects in the low-multiplicity event class. In case of a presence of 
such correlations, the measured V 2{J/ψ − tracklet, sub} is equal to

V 2{J/ψ − tracklet,high} − blow
0

bhigh
0

V 2{J/ψ − tracklet, low}, (6)

where V 2{J/ψ − tracklet,high} and V 2{J/ψ − tracklet, low} are the 
second-order Fourier coefficients of the azimuthal correlation be-
tween the J/ψ and the associated charged hadrons in the high-
multiplicity and the low-multiplicity collisions, respectively, and 
blow

0 /bhigh
0 ≈1/3 is the ratio of the combinatorial baseline in the 

low-multiplicity and high-multiplicity collisions (see Fig. 3). As is 
demonstrated in Ref. [44], the assumption of no significant collec-
tive correlations in the low-multiplicity collisions is certainly ques-
tionable for light-flavor hadrons. Our data indicates the same, as 
we observe a statistically significant increase of the measured val-
ues of vtracklet

2 {2, sub} when subtracting a lower event-multiplicity, 
e.g. 60–100%, class. Ultimately, the value of the vtracklet

2 coefficient 
is found to be about 17% higher in case no subtraction is applied. 
Therefore, replacing the subtracted vtracklet

2 {2, sub} coefficient in 
Eq. (5) by the non-subtracted coefficient would mean that the v J/ψ

2
coefficients are up to 17% lower with respect to the measured 
v J/ψ

2 {2, sub} coefficients. However, assuming that the v J/ψ
2 coeffi-

cients follow the same trend as a function of event multiplicity as 
the vtracklet

2 coefficient, they would be up to 17% higher with re-

spect to the measured v J/ψ
2 {2, sub} coefficients. Subtracting lower 

event-multiplicity classes in the measurement of the v J/ψ
2 {2, sub}

coefficient does not improve the precision of our measurement, be-
cause of the limited amount of J/ψ signal in the low-multiplicity 
collisions.

The nuclear modification factor of J/ψ in p–Pb and Pb–p colli-
sions [37,38] as well as the charged-particle v2 coefficient [45–47]
in pp collisions show no significant √sNN dependence. As seen in 
Fig. 5, the measured v J/ψ

2 {2, sub} coefficients at √sNN = 5.02 and 
8.16 TeV also appear to be consistent with each other. The largest 
absolute difference between the results at the two collision en-
ergies is observed in Pb–p collisions in the 3 < pJ/ψ

T < 6 GeV/c
interval. The significance of this difference is rather low (below 
1.5σ ), because of the large uncertainties of the measurement at √

sNN = 5.02 TeV. Hence, the data for the two collision energies 
are combined as a weighted average taking into account both sta-
tistical and systematic uncertainties. In Fig. 6, we present these 
combined results for p–Pb and Pb–p collisions together with mea-
surements and model calculations for Pb–Pb collisions at √sNN =
5.02 TeV [25].

In Pb–Pb collisions, the positive v J/ψ
2 coefficients at pJ/ψ

T be-
low 3–4 GeV/c are believed to originate from the recombination of 
charm quarks thermalized in the medium and are described fairly 
well by the transport model [25] (see Fig. 6). In p–Pb collisions, 
the amount of produced charm quarks is small and therefore the 
contribution from recombination should be negligible. Our mea-
sured values at pJ/ψ

T < 3 GeV/c are compatible with zero, in line 
with this expectation. There is one publication [28] which suggests 
that even in p–Pb collisions a sizeable contribution from recom-
bination could occur due to canonical enhancement effects. The 
uncertainties of our results do not allow to confirm or to rule out 
this scenario.

In Pb–Pb collisions, the measured v J/ψ
2 coefficients exceed sub-

stantially the theoretical predictions at pJ/ψ
T > 4 GeV/c, where the 
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• Preliminary CMS result

- No significant flow observed in high-multiplicity events for , like for  collisions

- More precision (and excited states) reachable with higher statistics
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• Progress on the understanding of quarkonium modification in  collisions:

- Crucial for a correct interpretation of  data


- Initial-state effects seem to explain most observed nuclear effects in  of ground 
states


- Final-state effects could explain the differences in the excited states 

- Signs of collectivity from  flow in high-multiplicity  collisions, although their 

origin is unclear


• A larger  dataset would open many possibilities:

- More precise measurements of excited states ( , , …)

- Improve  measurement, specially with converted photon

- Quarkonium from hadronic decays at LHCb in ?


• Possible  run during Run3/Run4: 

- Study of quarkonia modification in medium size nucleus. Important if  run takes 

place
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• Recent update of the  reference for  for prompt  production at pp RpPb J/ψ 5 TeV

Prompt  production at J/ψ 5 TeV
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• Nature of  not clear (tetraquark, 
molecule, combination?)


- Study production with respect to the QCD 
medium


- Non conventional hadrons  new probes of 
hadronisation mechanisms

χc1(3872)

→

Production of  in χc1(3872) pPb
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LHCb-CONF-2022-001

LHCb has demonstrated excellent capabilities to discover new particles, such as T+
cc tetraquark [arXiv:2109.01056]

Investigation of Ȥc1(3872) state

¾ Nature : tetraquark, molecule ?

¾ Probe of QCD medium ?

Measurement of relative Ȥc1(3872) production with ȥ(2S), via their decays into J/ȥ�ʌ+ ʌ-

¾ In pp collisions at 8 TeV, with 2 fb-1 [Phys. Rev. Lett. 126 (2021) 092001]

¾ In pPb collisions, at 8.16 TeV, with 12.5 nb-1 [LHCb-CONF-2022-001]

Production of exotic hadrons in pp and pPb collisions
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Eliane Epple, 7 Apr 2022, 10:00

Emilie Maurice (LLR) ± Highlights from the LHCb experiment

• Measure ratio of prompt with 



• Use full  dataset

χc1(3872), ψ(2S)
χc1(3872), ψ(2S) → J/ψπ+π−

sNN = 8.16 TeV

https://cds.cern.ch/record/2807146
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Ratio  and  with J/ψ ψ(2S) D0
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• Increase of the  ratio with system 
size


• Different behaviour of  and 


-  suppressed in 


- Enhancement of ?


• Contrast with trend in  with multiplicity

χc1(3872)/ψ(2S)

χc1(3872) ψ(2S)

ψ(2S) pPb

χc1(3872)

pp

Production of  in χc1(3872) pPb
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LHCb-CONF-2022-001
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