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The context: LHC fixed-target experiments 

𝒔 = 𝟕𝟐 − 𝟏𝟏𝟓 GeV between SPS and RHIC
from mid to backward rapidities

How can heavy-ion physics profit from 
these measurements?



Bulk Observables: p~<pt>,T
~ 99% of detected particles
• Multiplicities
• Thermal dileptons & direct photons
• Asymmetries, correlations, fluctuations

Hard Probes: p >> <pt>,T
~ 1% of detected particles
• Fast quarks and gluons
• Jet quenching
• Quarkonia dissociation

Goal of HIC experiments: Study hot and dense QCD matter
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Bulk Observables: p~<pt>,T
~ 99% of detected particles
• Multiplicities
• Thermal dileptons & direct photons
• Asymmetries, correlations, fluctuations

• Collective behavior of the medium
• Initial conditions: T, ε, μ
• Thermalization and hydrodynamics

Hard Probes: p >> <pt>,T
~ 1% of detected particles
• Fast quarks and gluons
• Jet quenching
• Quarkonia dissociation

• Medium tomography & diagnosis
Interpretation requires “vacuum”
(p+p) and “cold nuclear” (p+Pb)
data at the same energy

Goal of HIC experiments: Study hot and dense QCD matter
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Status of Heavy Ions:

 2

● HI programme: QCD at extreme conditions of T & ρ.
● Current status: matter created at RHIC and the LHC, with energy
densities > those expected in lattice QCD for deconfinement/χSBR,

1) Shows collective features
in the soft sector that are 
well described by relativistic 
hydrodynamics if applied very 
early (≾ 1 fm/c) after the 
collision, suggesting ≈ 
equilibration.

2) Is very opaque to
energetic partons/particles 
traversing it: strong 
modification of the yield of 
hard probes like high-pT 
particles, jets, quarkonia.
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Bulk Observables: p~<pt>,T
~ 99% of detected particles

• collective features in the soft sector 
• well described by relativistic

hydrodynamics if applied very early
(≾ 1 fm/c) after the collision

• equilibration? 

Hard Probes: p >> <pt>,T
~ 1% of detected particles

• very opaque to energetic partons
or particles traversing

• modification of the yield of hard
probes like high-pT particles, jets, 
quarkonia

Status of Heavy Ions  

Current status: matter created in AA at RHIC and LHC, with energy densities
larger than those expected in lattice QCD for deconfinement=>QGP
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We do not have a  QUANTITATIVE 
understanding of the nuclear behaviour

required for A-A and 
QGP studies 

The colliding objects Early stages Analyzing the medium

Final effects: probing the medium
• With or without thermalization
• Onset of deconfining?
• Nuclear absorption
• Multiparticle interactions

Initial effects: lack of information about
• Small and large-x partons
• Which factorization?
• Transverse structure

What can we learn in a fixed-target LHC experiment? 
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The colliding objects: nuclear PDFs in heavy ions

assuming collinear factorization

• Parton densities in nuclei are modified
Bound nucleon ≠ free nucleon

• Nuclear PDF assumed to be factorizable
in terms of the nucleon PDFs 

• If nuclear effects at play ≠ 1
More than 30 years ago, 
the EMC collaboration
discovered that nuclear 
structure functions in DIS 
are suppressed compared
to the prediction from
the naive combination of 
free proton and neutron
structure functions in the
high-x region

The physics mechanism behind this EMC effect is still not understood
E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22



Initial effects: nPDFs status
Several nPDF sets available (using various data, different orders, etc)

Nestor Armesto
nPDFs: status

 18

● Large uncertainties for x<0.01 and for large x glue (parametrisation 
biases); small impact of LHC data (large-x glue).
● Few data for any single A e.g. Pb (15 DIS+30 pPb+νA): A-dependence of 
I.C. mandatory; flavour decomposition weakly constrained (~ isoscalarity).
● Impact parameter dependence modelled.

SET
EPS09

JHEP 0904 
(2009) 065

DSSZ
PRD85 (2012) 

074028

nCTEQ15
PRD93 (2016) 

085037

KA15
PRD93 (2016) 

014036

EPPS16
EPJC C77 
(2017)163 

nNNPDF1.0
1904.00018

eDIS ✔ ✔ ✔ ✔ ✔ ✔

DY ✔ ✔ ✔ ✔ ✔ ✘

π0 ✔ ✔ ✔ ✘ ✔ ✘

νDIS ✘ ✔ ✘ ✘ ✔ ✘

pPb ✘ ✘ ✘ ✘ ✔ ✘

# data 929 1579 740 1479 1811 451

order NLO NLO NLO NNLO NLO NNLO

proton 
PDF CTEQ6.1 MSTW2008 ~CTEQ6.1 JR09 CT14NLO NNPDF3.1

mass 
scheme ZM-VFNS GM-VFNS GM-VFNS ZM-VFNS GM-VFNS FONLL-B

comments
Δχ2=50, 

ratios, huge 
shadowing-

antishadowing

Δχ2=30, ratios,  
medium-

modified FFs for 
π0

Δχ2=35, PDFs,  
valence flavour 
sep., not enough 

sensitivity

PDFs,  deuteron 
data included

Δχ2=52, 
flavour sep., 
ratios, LHC 

pPb data

NNPDF 
methodology, 
isoscalarity 
assumed

da
ta

1904.00018

EPPS16

Ri/A(x, Q2) = fi/A(x, Q2)
Afi/p(x, Q2)

• Without additional experimental input, we are rather far from being able to probe
in detail the nuclear modications of the quark and gluon PDFs

• Large uncertainties for x<0.01 and for large-x glue
• Small impact of LHC collider-mode data

1904.00018

Nuclear PDFs are determined in global analyses of DIS and DY data

E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22

quarks gluons



nPDFs: what can we learn from fixed-target experiments 
Compared to the proton PDFs, the nPDF determinations are clearly lagging behind due to the
much smaller number of experimental constraints

• Currently, the analyses are statistically dominated by DIS data with few data points from
the DY process entering the fits. 

Access to DY data with a wide kinematic coverage will provide a unique opportunity for:
• more precise PDF determinations
• to test their universality which is a fundamental property of QCD and the basis for all high

energy hadron scattering computations

E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22



The kinematic reach of AFTER@LHC  allow to probe
much higher x than the currently available data for a variety of targets

AFTER@LHC could shed new light on the origin of the EMC effect
by verifying its presence/absence in DY lepton-pair production

Reweighting analysis showing the potential impact of the
DY lepton-pair production data from AFTER@LHC in pXe collisions on the nCTEQ15 nPDFs

We can see a significant decrease of the errors for up and down quark distributions showing the
potential of the AFTER@LHC to constrain nPDFs.

E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22

Phys.Rept. 911 (2021)

nPDFs: what can we learn from fixed-target experiments 



a modern precision measurement of DY 
lepton-pair production covering a wide range
in invariant masses of the lepton pairs and 
extending to higher x would lead to significant
improvements over the current state of the art 
and would be complementary to results from a 
future Electron-Ion-Collider
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Figure 2.1. Kinematical coverage in the (x,Q2) plane of the DIS neutral-current nuclear structure
function data included in nNNPDF1.0, as summarized in Table 2.1. The horizontal dashed and curved
dashed lines correspond to Q2 = 3.5 GeV2 and W 2 = 12.5 GeV2, respectively, which are the kinematic
cuts imposed in this analysis.

nNNPDF1.0 nCTEQ15 EPPS16

W 2

min
12.5 GeV2 12.25 GeV2 n/a

Q2

min
3.5 GeV2 4 GeV2 1.69 GeV2

Table 2.2. The kinematics cuts in W 2 and Q2 imposed in the nNNPDF1.0 analysis compared to those
used in the nCTEQ15 and EPPS16 fits.

After imposing the kinematical cuts in Eq. (2.8), we end up with Ndat = 451 data points.
As indicated in Table 2.1, around half of these points correspond to ratios of heavy nuclei with
respect to to deuterium, namely RF2(A1, A2 = 2) in the notation of Eq. (2.5). For the rest of
the data points, the values of A1 and A2 both correspond to heavier nuclei, with A2 � 6. It is
worth noting that the measurements from the NMC collaboration contain a significant amount
of points for which the carbon structure function is in the denominator, RF2(A1, A2 = 12). In
particular, we have Ndat = 119 data points for the Q2 dependence of the tin to carbon ratio,
RF2(119, 12). These measurements provide valuable constraints on the A dependence of the
nuclear PDFs, since nuclear e↵ects enter both the numerator and denominator of Eq. (2.5).

Concerning the treatment of the experimental uncertainties, we account for all correlations
among data points whenever this information is provided by the corresponding experiments.
This information is then encoded into the experimental covariance matrix, constructed using

7
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nPDFs: what can we learn from fixed-target experiments 



• Fixed-target experiments @LHC will be also able to constrain the high-x nuclear 
gluon distribution, which is the least known nPDF

nPDF effect on J/Y and U
production at fixed-target 
LHC energies

Ramona Vogt
EPS09 NLO

E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22

nPDFs: what can we learn from fixed-target experiments 



nPDFs: what we can learn from fixed-target experiments 
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Effect on nCTEQ-15, Phys.Rept. 911 (2021)

Potential of hidden heavy flavour mesons production in pXe collision
115 GeV to pin down the high-x gluon density in nPDF by performing
a Bayesian-reweighting analysis



nPDFs: what we can learn from fixed-target experiments 
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Potential of hidden heavy flavour mesons production in pXe collision 115 GeV to pin 
down the high-x gluon density in nPDF by performing a Bayesian-reweighting analysis

Effect on nCTEQ-15, Phys.Rept. 911 (2021)



nPDFs: what we can learn from fixed-target experiments 
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Potential of hidden heavy flavour mesons production in pXe collision 115 GeV to pin 
down the high-x gluon density in nPDF by performing a Bayesian-reweighting analysis

Effect on nCTEQ-15, Phys.Rept. 911 (2021)

Complementary to EIC:
eAu pseudodata included in 
EPPS16-like global fits
Impact of low (5 GeV) 
and high (20 GeV) Ee
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FIG. 13. As Figure 12 but at Q2 = 10GeV2.
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FIG. 13. As Figure 12 but at Q2 = 10GeV2.
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Saturation scale
sets the minimum momentum fraction
below which one expects non-linear effects
to be significant in the evolution of the
parton distribution

Saturation scale always well below the 
typical energy scale of the process m

=> one does not expect any specific
saturation effect on ϒ or J/y
production in collisions @ AFTER 

=> shadowing of gluons as encoded in 
the nPDF fits based on the collinear
factorisation should give a reliable 
account of the possible physics

ϒ @ RHIC

J/y and y’ @ RHIC

This effect is not relevant at fixed-target LHC energies
J/y,  y’ and ϒ @ AFTER:
Qs<1 for all rapidities

E. G. Ferreiro USC Quarkonium production @ SPS   12         ECT* 14/10/2021

Advantage: absence of saturation effects at fixed-target energies 



Caveat: Other effects

• Important to note: the above projections for the constraints on the gluon nPDF
were obtained assuming only the modification of nPDFs and the absence of 
other cold nuclear matter effects, or that such other effects can be subtracted

• At LHC collider energies, this kind of leading-twist-factorisation approach was
applied with success to a large class of existing data 

• At lower energies, especially in the backward region, quarkonium break up will
likely play a role and should be separated out

• For that matter, the extensive access of AFTER@LHC to quarkonium excited-
state studies will be crucial

• Another example of an effect that can matter when gluons are involved is the
coherent energy loss

E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22



Final effects: Nuclear absorption through break-up cross section
The bound states may be destroyed by inelastic scatterings with nucleons
if they are formed in the nuclear medium. One expect

• In order to interact with nuclear matter =>    tf ≤ R

• In the meson rest frame: tf = ≈ 0.3÷0.4 fm for quarkonium

• tf has to be considered in the rest frame of the target nucleus =>    tf = g tf

Formation time depends on the boost

Generalities on the break-up cross section

As aforementionned: sbreak�up µ r2
meson

2S (and 3S states for U) should be more suppressed

. . . provided that what propagates in the nucleus is already formed: tf . L

Heisenberg inequalities tell us: tonia
f

' 0.3 ÷ 0.4 fm/c
[in the meson rest frame obviously]

At RHIC (200 GeV), for a particle with y = 0,
g = Ebeam,cms/mN ' 107 ! [= cosh(ybeam) = 5.36]
It takes 30 fm/c for a quarkonium to form and to become
distinguishable from its excited states

At the LHC (5 TeV), still for a particle with y = 0,
g = Ebeam,cms/mN ' 2660 ! [= cosh(ybeam) = 8.58]
It takes 800-1000 fm/c for a quarkonium to form and to become
distinguishable from its excited states

Naive high energy limit: sbreak�up ' p/m2
Q

? ' 0.5 mb for charmonia ?

J.P. Lansberg (IPNO) Quarkonium production in pA collisions July 8, 2015 9 / 31

Sabs = exp(-rsbreak-upL )

E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22



Final effects: Nuclear absorption through break-up cross section

Nuclear absorption, negligeable at LHC collider energies, 
can be relevant at fixed-target energies

• Quarkonium excited-state studies will be crucial

It takes tf ≈ few fm/c at fixed-target energies for a quarkonium to form and to 
become distinguishable from its excited states tf ≤ R

g = cosh(y-yAbeam) 

115 GeV 72 GeV

E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22



• In a comover model: suppression from scatterings of the nascent ψ with comoving
medium of partonic/hadronic origin Gavin, Vogt, Capella, Armesto, Ferreiro … (1997)

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

• Rate equation governing
the charmonium density: 

Comover-interaction model (CIM)
In a comover model, suppression from scatterings of the nascent y with comoving

particles S. Gavin, R. Vogt PRL 78 (1997) 1006; A. Capella et al.PLB 393 (1997) 431

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

Rate equation governing the charmonium density at a given transverse coordinate
s, impact parameter b and rapidity y ,

t
dry

dt
(b, s, y) = �sco�y rco(b, s, y) ry(b, s, y)

where sco�y is the cross section of charmonium dissociation due to interactions
with the comoving medium of transverse density rco(b, s, y).

Survival probability from integration over time (with tf /t0 = rco(b, s, y)/rpp(y))

S
co
y (b, s, y) = exp

⇢
�sco�y rco(b, s, y) ln


rco(b, s, y)

rpp(y)

��

rco(b, s, y) connected to the number of binary collisions and dN
pp

ch
/dy

sco�y fixed from fits to low-energy AA data N. Armesto, A. Capella, PLB 430 (1998) 23

[ sco�J/y = 0.65 mb for the J/y and sco�y(2S) = 6 mb for the y(2S)]

J.P. Lansberg (IPNO) Quarkonium production in pA collisions July 8, 2015 27 / 31

Final effects: Comover interaction model

JHEP10(2018)094

To do so we assumed that:

(i) the thresholds, EQ
thr, approximately follow from the mass differences between the

quarkonium, Q, and the lightest open beauty hadron pair, taking into account the

comover mass;

(ii) away from the thresholds, the cross section should scale like the geometrical cross

section, σQgeo ! πr2Q, where rQ is the quarkonium Bohr radius. It can be evaluated

by solving the Schrödinger equation with a well-choosen potential reproducing the

quarkonium spectroscopy [30].

Our parametrisation of the energy dependence thus simply amounts to interpolating

from σco−Q(Eco = EQ
thr) = 0 at threshold up to σco−Q(Eco " EQ

thr) = σQgeo away from

threshold but with the same dependence for all the states. It reads

σco−Q(Eco) = σQgeo ×
(
1−

EQ
thr

Eco

)n

(2.4)

where EQ
thr = MQ + mco − 2MB is the threshold energy to break the quarkonium bound

state and Eco =
√
p2 +m2

co is the energy of the comover in the quarkonium rest frame.

In the case of a hadronic medium (made of pions), mco = 0.140GeV, while it is zero for

gluons. The geometrical cross sections σQgeo which we used are shown in table 1, together

with the threshold energies EQ
thr and the bottomonium radii. The first free parameter of

our modeling, n, characterises how quickly the cross section approaches the geometrical

cross section. Attempts to compute this energy dependence, using the multipole expansion

in perturbative QCD at LO [30–32], would suggest that n is close to 4 for pion comovers

by making the strong assumption that the scattering is initiated by gluons inside these

pions. Hadronic models which take into account non-perturbative effects and thus most

likely provide a better description of the physics at work [33] show a different energy

dependence. It effectively corresponds to smaller n [34]. As such, we will consider n

varying from 0.5 to 2. In fact, the discrepancies existing between the aforementioned LO

QCD results and these hadronic calculations are partly due to large higher order correction

near the threshold [35].

As for the energy distribution of the comovers in the transverse plane, we simply take

a Bose-Einstein distribution

P(Eco;Teff) ∝
1

eEco/Teff − 1
(2.5)

which introduces our second parameters, namely an effective temperature of these co-

movers.

Having P(Eco;Teff) and σco−Q(Eco), we derive the energy-averaged quarkonium-
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from which we can compute the (relative) NMFs. Our fits will thus simply amount to
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a simple pattern related to the size and the binding energy of
all the bottomonium states, which renders our set-up predic-
tive;
(ii) the absolute ⌥ suppression in pPb collisions as measured
by ALICE, ATLAS and LHCb is also well described and the
tension with nuclear PDFs with antishadowing is solved;
(iii) even more striking, the entire relative suppression ob-
served in PbPb collisions is accounted by scatterings with co-
movers with the same interaction strength as for the pPb data;
(iv) the absolute magnitude is also very well reproduced up
to the uncertainties in the nuclear modification of the gluon
densities.

The Comover Interaction Model. — Let us recall the main
features of the CIM. Within this framework, the quarko-
nia are suppressed due to the interaction with the comoving
medium, constituted by particles with similar rapidities. The
rate equation that governs the density of quarkonium at a given
transverse coordinate s, impact parameter b and rapidity y,
⇢⌥(b, s, y), obeys the expression

⌧
d⇢⌥

d⌧
(b, s, y) = ��co�⌥ ⇢co(b, s, y) ⇢⌥(b, s, y) , (1)

where �co�⌥ is the cross section of bottomonium dissociation
due to interactions with the comoving medium of transverse
density ⇢co(b, s, y).

By integrating this equation between initial time ⌧0 and
freeze-out time ⌧ f , one obtains the survival probability
S

co

⌥ (b, s, y) of a ⌥ interacting with comovers:

S
co

⌥ (b, s, y) = exp
(
��co�⌥ ⇢co(b, s, y) ln

"
⇢co(b, s, y)
⇢pp(y)

#)
,

(2)
where the argument of the log is the interaction time of the ⌥
with the comovers1.

In order to compute the above survival probability, the den-
sity of comovers ⇢co is mandatory. It is directly connected to
the particle multiplicity measured at that rapidity for the cor-
responding colliding system2.

Since we are interested in the study of pA, one can assume
that the medium is made of pions. Nevertheless, we will show
later that the nature of this medium –partonic or hadronic– do
not change our results.

The only adjustable parameter in the CIM is the cross sec-
tion of bottomonium dissociation due to interactions with the
comoving medium, �co�⌥. In our previous works, relative
to charmonium production, the cross sections of charmonium
dissociation were obtained from fits to low-energy experimen-
tal data [14], �co�J/ = 0.65 mb and �co� (2S ) = 6 mb. These
values have been also successfully applied at higher energies
to reproduced the RHIC [19, 21] and LHC [20, 21] data on

1 We assume that the interaction stops when the densities have diluted, reach-
ing the value of the pp density at the same energy, ⇢pp.

2 In fact, within this approach, a good description of the centrality depen-
dence of charged multiplicities in nuclear collisions is obtained both at
RHIC [22] and LHC energies [23].

J/ and  (2S) from proton-nucleus and nucleus-nucleus col-
lisions.

In order to set the scene for bottomonium dissociation, one
can not follow the same approach. No such nucleus-nucleus
data exist at low energies and, in fact, the CIM was never ap-
plied to bottomonia before. We have then chosen to develop a
new strategy. We are aware that the magnitude of the quarko-
nium absorption cross section in medium is not well under
control, and that di↵erent theoretical calculations, as the ones
based on the multipole expansion in QCD, [24–26] di↵er from
those which include other non-perturbative e↵ects by orders
of magnitude [27]. There are nevertheless some common fea-
tures to most of the approaches:
(i) The quarkonium asymptotic cross section for the interac-

tion with an energetic particle is commonly assumed to con-
verge to the geometrical cross section �Q

geo ' ⇡r
2
Q

, being rQ

the Bohr radius of the corresponding quarkonium bound state,
at su�ciently large energies;
(ii) The threshold e↵ects can be taken into account through
the quarkonium binding energy, i.e. the di↵erence between
the quarkonium masses and the open charm or beauty thresh-
old.

Based on the above statements, we propose a generic for-
mula for all the quarkonia states and suggest a connection with
the momentum distribution of the comovers in the transverse
plane, thus with an e↵ective temperature of the comover. We
use

�co�Q(Eco) = �Q

geo
(1 �

E
Q

th

Eco
)n (3)

where E
Q

th
corresponds to the threshold energy to break the

quarkonium bound state and E
co =

p
p2 + m2

co
is the energy

of the comovers in the quarkonium rest frame. Finally, the
mean cross section is calculated by averaging over a normal-
ized Bose-Einstein phase-space distribution of the comovers,
proportional to 1/(eE

co/Te f f � 1). Proceeding this way, the ob-
tained cross sections will depend only on the inverse slope
parameter Te f f and the exponent n that can be extracted from
fits to the data.

In order to proceed with the fit, it is mandatory to take into
account the feed-down contributions. In fact, the observed
⌥(nS) yields contain contributions from decays of heavier bot-
tomonium states and, thus, the measured suppression can be
a↵ected by the dissociation of these states. This feed-down
contribution to the ⌥(1S) state is usually taken of the order
of 50%, according to CDF Collaboration measurements at
pT > 8 GeV [28]. However, following the new data mea-
sured by LHCb Collaboration [29], this assumption needs to
be revisited, in particular at low pT . In fact, if one is inter-
ested on pT integrated results the feed-down fractions for the
⌥(1S) can be estimated as: 70% of direct ⌥(1S), 8% from
⌥(2S) decay, 1% from ⌥(3S), 15% from �B1, 5% from �B2
and 1% from �B3, while for the ⌥(2S) the di↵erent contribu-
tions would be: 63% direct ⌥(2S), 4% of ⌥(3S), 30% of �B2
and 3% of �B3 [30]. Note also that for the ⌥(3S), 40% of the
contribution will come from decays of �B3.

Tackling the CMS puzzle.— We have used the CMS [1] and
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To do so we assumed that:

(i) the thresholds, EQ
thr, approximately follow from the mass differences between the

quarkonium, Q, and the lightest open beauty hadron pair, taking into account the

comover mass;

(ii) away from the thresholds, the cross section should scale like the geometrical cross

section, σQgeo ! πr2Q, where rQ is the quarkonium Bohr radius. It can be evaluated

by solving the Schrödinger equation with a well-choosen potential reproducing the

quarkonium spectroscopy [30].

Our parametrisation of the energy dependence thus simply amounts to interpolating

from σco−Q(Eco = EQ
thr) = 0 at threshold up to σco−Q(Eco " EQ

thr) = σQgeo away from

threshold but with the same dependence for all the states. It reads

σco−Q(Eco) = σQgeo ×
(
1−

EQ
thr

Eco

)n

(2.4)

where EQ
thr = MQ + mco − 2MB is the threshold energy to break the quarkonium bound

state and Eco =
√
p2 +m2

co is the energy of the comover in the quarkonium rest frame.

In the case of a hadronic medium (made of pions), mco = 0.140GeV, while it is zero for

gluons. The geometrical cross sections σQgeo which we used are shown in table 1, together

with the threshold energies EQ
thr and the bottomonium radii. The first free parameter of

our modeling, n, characterises how quickly the cross section approaches the geometrical

cross section. Attempts to compute this energy dependence, using the multipole expansion

in perturbative QCD at LO [30–32], would suggest that n is close to 4 for pion comovers

by making the strong assumption that the scattering is initiated by gluons inside these

pions. Hadronic models which take into account non-perturbative effects and thus most

likely provide a better description of the physics at work [33] show a different energy

dependence. It effectively corresponds to smaller n [34]. As such, we will consider n

varying from 0.5 to 2. In fact, the discrepancies existing between the aforementioned LO

QCD results and these hadronic calculations are partly due to large higher order correction

near the threshold [35].

As for the energy distribution of the comovers in the transverse plane, we simply take

a Bose-Einstein distribution

P(Eco;Teff) ∝
1

eEco/Teff − 1
(2.5)

which introduces our second parameters, namely an effective temperature of these co-

movers.

Having P(Eco;Teff) and σco−Q(Eco), we derive the energy-averaged quarkonium-

comover-interaction cross section

〈σco−Q〉(Teff , n) =

∫∞
0 dEco P(Eco;Teff)σco−Q(Eco)∫∞

0 dEco P(Eco;Teff)
, (2.6)

from which we can compute the (relative) NMFs. Our fits will thus simply amount to

determine the best value Teff for fixed values of n in the aforementioned ranges reproducing

the selected experimental data.
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Production of quarkonia is modified in nuclear collisions
compared to that in pp.
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Higher excited states are more suppressed, as they are
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CIM result vs. data
Theory: E.G. Ferreiro arXiv:1411.0549; Plot from the SGNR review:

arXiv:1506.03981; PHENIX PRL 111, 202301 (2013); ALICE JHEP 02 (2014) 072
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Given that all the other models discussed so far predict no difference and
that the comover cross sections from AA data at SPS were re-used, this is
encouraging. . .
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Stronger suppression in the nucleus-going direction –backward rapidity- and for central collisions
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Final effects: Comover interaction model
Results from the CIM at fixed-target LHC energies

• At mid rapidities, the effect on charmonium excited vs ground state can be 
measurable for p-Pb collisions
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Final effects: Comover interaction model
Results from the CIM at fixed-target LHC energies

• At backward rapidities, the effect on charmonium excited vs ground state will be 
stronger and might be measurable for lighter nuclei

• It can be particularly relevant
for upsilon production
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J/y 
y(2S)

J/y 
y(2S)

nPDF modification included
Nuclear absorption not included



�E / E

+
q�

E �Q
Q̄p xF ,p�

toctetthard� E /M 2
t�

q?
k? ⌧ q?
l? ⌧ q?

l
2
? = �p

2
T

Revisiting energy loss scaling properties
F. Arleo, S. Peigne PRL 109 (2012) 122301, JHEP 1410 (2014) 73; F. Arleo et al.JHEP 1305 (2013) 155

Coherent radiation (interference) in the initial/final state crucial for tf � L

IS and FS radiation cancels out in the induced spectrum
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Revisiting energy loss scaling properties
F. Arleo, S. Peigne PRL 109 (2012) 122301, JHEP 1410 (2014) 73; F. Arleo et al.JHEP 1305 (2013) 155

Coherent radiation (interference) in the initial/final state crucial for tf � L

IS and FS radiation cancels out in the induced spectrum
Interference terms do not cancel in the induced spectrum !
Induced gluon spectrum dominated by large formation times, a priori not

subject to the “Brodsky-Hoyer” bound S.J. Brodsky, P.Hoyer PLB 298 (1993) 165
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parameter of this approach + the option to switch on/off the shadowing
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• Leads to a behaviour DE a E related to the transport coeficient

Other effects: Coherent energy loss

Arleo, Peigné, Rustamova (2015)

Nuclear transverse momentum broadening of the
heavy quark pair induces coherent gluon radiation
arising from the interference
between emission amplitudes off the initial
projectile parton and the final color octet quark pair

Same effect for
ground and 
excited states

E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22

nPDF modification not included
Nuclear absorption not included



Summary of CNM effects relevants @ FT-LHC energies

Such effects, a priori measurable in proton-nucleus collisions, must include:

• the modification of the nuclear parton densities nPDF, commonly known as shadowing and
anti-shadowing, with a particular view on the EMC effect

• the multiple scattering of partons or of the heavy-quark pair in the nucleus before or after
the hard scattering, which leads to an energy loss or the break-up of the formed quarkonium
state

• the interaction with other particles produced in the collision – comovers

One of the biggest challenge in HI collision is to find a good baseline to properly use heavy 
quarkonia to diagnose the QGP

Ideally, this baseline should allow us to correct the yields for the effects characteristic of heavy-
quarkonium production and evolution in hadronic matter when QGP is absent

quarkonium
production

E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22



New opportunities and conclusions

• Measuring together ground and
excited quarkonium states -J/Y and
Y’ or U(nS), but also more states as
cc,b or open charm and beauty- in
p+A collisions with several targets
can give a thorough control of Cold
Nuclear Matter effects needed for a
reliable baseline

• Energy domain: between SPS and
RHIC Measuring together J/Y, Y’ and
cc in A+A collisions at these energies
in a new rapidity domain can test
sequential suppression scenario and
the critical point for deconfining

• new energy, new rapidity domain and 
new probes

E. G. Ferreiro USC CNM effects @ LHC fixed-target Strong2020 Workshop 22/6/22

Moreover, the CNM effects (ex IC) can be 
fundamental to calculate nuclear cross
section, identify atmospheric background 
and correctly identify astroparticle
neutrinos or antiproton sources


