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Hot QCD matter: 
This is where we expect the
QGP to be created in central 
collisions

QCD baseline: 
This is the baseline
for “standard” QCD 
phenomena

Cold QCD matter: 
This is to isolate nuclear 
effects in absence of QGP, 
e.g. nuclear pdfs

Old paradigm: the three systems (understanding before 2012)   
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New paradigm: small systems
Totally unexpected: 

the discovery of correlations –ridge, flow- in small systems pA & pp at high multiplicity
• Smooth continuation of heavy ion phenomena to small systems 
• Small systems as pA and pp show QGP-like features

Two different explanations remain today: 
• initial state: quantum correlations as calculated by CGC 
• final state: with (hydrodynamics) or without (multiparticle interactions) equilibration

The old paradigm that 
• we study hot & dense matter properties in heavy ion AA collisions
• cold nuclear matter modifications in pA
• and we use pp primarily as comparison data appears no longer sensible

We should examine a new paradigm, where the physics underlying collective signals can be the 
same in all high energy reactions, from pp to central AA, depending on energy density/mult
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Measuring nuclear effects: the nuclear modification factor AA

U

5.2 Nuclear modification factor RAA 9

where the relevant initial conditions are changed by varying the viscosity to entropy ratio, h/s,
and the initial momentum-space anisotropy. The initial temperature is determined by requir-
ing agreement with charged particle multiplicity and elliptic flow measurements. The model
of Du, He, and Rapp uses a kinetic-rate equation to simulate the time evolution of bottomo-
nium abundances in ultra-relativistic heavy ion collisions. It considers medium effects with
temperature-dependent binding energies, and a lattice-QCD-based equation of state for the
fireball evolution. Within the current theoretical and experimental uncertainties, both models
are in agreement with the results.
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Figure 5: Nuclear modification factors for the U(1S), U(2S) and U(3S) mesons as a function of
hNparti. The boxes at the dashed line at unity represent global uncertainties: the open box for
the integrated luminosity in pp collisions and NMB in PbPb collisions, while the full boxes show
the uncertainties of pp yields for U(1S) and U(2S) states (with the larger box corresponding to
the excited state). For the U(3S) meson, the upper limits at 68% (green box) and 95% (green
arrow) CL are shown.

Figure 7 compares centrality-integrated RAA values at
p

sNN = 2.76 TeV to those at 5.02 TeV.
The centrality-integrated RAA for U(1S) is measured to be 0.376 ± 0.013 (stat) ± 0.035 (syst), to
be compared with the result at 2.76 TeV, 0.453 ± 0.014 (stat) ± 0.046 (syst) [21]. The suppression
at 5.02 TeV is larger by a factor of ⇠ 1.20 ± 0.15 (in which only the TAA uncertainty was consid-
ered correlated and therefore removed), although the two RAA values are compatible within
the uncertainties. The centrality-integrated results for the U(2S) and U(3S) states at 5.02 TeV
are RAA(U(2S)) = 0.117 ± 0.022 (stat) ± 0.019 (syst) and RAA(U(3S)) = 0.022 ± 0.038 (stat) ±
0.016 (syst) (<0.096 at 95% CL). Despite having a bigger binding energy than the already mea-
sured y(2S) meson [18, 19, 27], no U(3S) meson signal is found in the PbPb data, in any of
the studied kinematic regions. This suggests a pT- and binding-energy-dependent interplay of
different phenomena affecting quarkonium states that is yet to be fully understood [49].

Since the suppression is expected to be larger for higher temperatures in the medium, the RAA
results for the U(1S) meson at the two different collision energies can provide information on
the medium temperature. The temperatures reported in the model of Krouppa and Strickland
shown in Fig. 6 are T = 641, 631, and 629 MeV corresponding to 4ph/s = 1, 2, and 3, respec-
tively. For the model of Du, He, and Rapp, the temperatures are in the range T = 550–800 MeV.
The models, which are also in agreement with the results at 2.76 TeV [12, 50], predict increases

• The 3 upsilon states are suppressed
with increasing centrality/energy density

RAA[Υ(1S)] > RAA[Υ(2S)] > RAA[Υ(3S)] 

=> Sequential melting

𝑅AA =
𝑑2𝑁A𝐴/𝑑𝑝𝑇𝑑𝜂

Ncoll 𝑑2𝑁pp/𝑑𝑝𝑇𝑑𝜂

• RAA<1: suppression
• RAA=1: no nuclear effects
• RAA>1: enhancement

Nuclear modification factor RAA

U
Original motivation to measure quarkonium 
in nuclear collisions (AA): Signal of QGP 
Observable: RAA vs energy density
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U

5.2 Nuclear modification factor RAA 9

where the relevant initial conditions are changed by varying the viscosity to entropy ratio, h/s,
and the initial momentum-space anisotropy. The initial temperature is determined by requir-
ing agreement with charged particle multiplicity and elliptic flow measurements. The model
of Du, He, and Rapp uses a kinetic-rate equation to simulate the time evolution of bottomo-
nium abundances in ultra-relativistic heavy ion collisions. It considers medium effects with
temperature-dependent binding energies, and a lattice-QCD-based equation of state for the
fireball evolution. Within the current theoretical and experimental uncertainties, both models
are in agreement with the results.
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Figure 5: Nuclear modification factors for the U(1S), U(2S) and U(3S) mesons as a function of
hNparti. The boxes at the dashed line at unity represent global uncertainties: the open box for
the integrated luminosity in pp collisions and NMB in PbPb collisions, while the full boxes show
the uncertainties of pp yields for U(1S) and U(2S) states (with the larger box corresponding to
the excited state). For the U(3S) meson, the upper limits at 68% (green box) and 95% (green
arrow) CL are shown.

Figure 7 compares centrality-integrated RAA values at
p

sNN = 2.76 TeV to those at 5.02 TeV.
The centrality-integrated RAA for U(1S) is measured to be 0.376 ± 0.013 (stat) ± 0.035 (syst), to
be compared with the result at 2.76 TeV, 0.453 ± 0.014 (stat) ± 0.046 (syst) [21]. The suppression
at 5.02 TeV is larger by a factor of ⇠ 1.20 ± 0.15 (in which only the TAA uncertainty was consid-
ered correlated and therefore removed), although the two RAA values are compatible within
the uncertainties. The centrality-integrated results for the U(2S) and U(3S) states at 5.02 TeV
are RAA(U(2S)) = 0.117 ± 0.022 (stat) ± 0.019 (syst) and RAA(U(3S)) = 0.022 ± 0.038 (stat) ±
0.016 (syst) (<0.096 at 95% CL). Despite having a bigger binding energy than the already mea-
sured y(2S) meson [18, 19, 27], no U(3S) meson signal is found in the PbPb data, in any of
the studied kinematic regions. This suggests a pT- and binding-energy-dependent interplay of
different phenomena affecting quarkonium states that is yet to be fully understood [49].

Since the suppression is expected to be larger for higher temperatures in the medium, the RAA
results for the U(1S) meson at the two different collision energies can provide information on
the medium temperature. The temperatures reported in the model of Krouppa and Strickland
shown in Fig. 6 are T = 641, 631, and 629 MeV corresponding to 4ph/s = 1, 2, and 3, respec-
tively. For the model of Du, He, and Rapp, the temperatures are in the range T = 550–800 MeV.
The models, which are also in agreement with the results at 2.76 TeV [12, 50], predict increases

• The 3 upsilon states are suppressed
with increasing centrality/energy density

RAA[Υ(1S)] > RAA[Υ(2S)] > RAA[Υ(3S)] 

=> Sequential melting

𝑅AA =
𝑑2𝑁A𝐴/𝑑𝑝𝑇𝑑𝜂

Ncoll 𝑑2𝑁pp/𝑑𝑝𝑇𝑑𝜂

• RAA<1: suppression
• RAA=1: no nuclear effects
• RAA>1: enhancement

Nuclear modification factor RAA

U
Original motivation to measure quarkonium 
in nuclear collisions (AA): Signal of QGP 
Observable: RAA vs energy density
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...but the situation is by far much more complex pp & pA

arXiv:1312.6300 

Cross section ratio
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U

5.2 Nuclear modification factor RAA 9

where the relevant initial conditions are changed by varying the viscosity to entropy ratio, h/s,
and the initial momentum-space anisotropy. The initial temperature is determined by requir-
ing agreement with charged particle multiplicity and elliptic flow measurements. The model
of Du, He, and Rapp uses a kinetic-rate equation to simulate the time evolution of bottomo-
nium abundances in ultra-relativistic heavy ion collisions. It considers medium effects with
temperature-dependent binding energies, and a lattice-QCD-based equation of state for the
fireball evolution. Within the current theoretical and experimental uncertainties, both models
are in agreement with the results.
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Figure 5: Nuclear modification factors for the U(1S), U(2S) and U(3S) mesons as a function of
hNparti. The boxes at the dashed line at unity represent global uncertainties: the open box for
the integrated luminosity in pp collisions and NMB in PbPb collisions, while the full boxes show
the uncertainties of pp yields for U(1S) and U(2S) states (with the larger box corresponding to
the excited state). For the U(3S) meson, the upper limits at 68% (green box) and 95% (green
arrow) CL are shown.

Figure 7 compares centrality-integrated RAA values at
p

sNN = 2.76 TeV to those at 5.02 TeV.
The centrality-integrated RAA for U(1S) is measured to be 0.376 ± 0.013 (stat) ± 0.035 (syst), to
be compared with the result at 2.76 TeV, 0.453 ± 0.014 (stat) ± 0.046 (syst) [21]. The suppression
at 5.02 TeV is larger by a factor of ⇠ 1.20 ± 0.15 (in which only the TAA uncertainty was consid-
ered correlated and therefore removed), although the two RAA values are compatible within
the uncertainties. The centrality-integrated results for the U(2S) and U(3S) states at 5.02 TeV
are RAA(U(2S)) = 0.117 ± 0.022 (stat) ± 0.019 (syst) and RAA(U(3S)) = 0.022 ± 0.038 (stat) ±
0.016 (syst) (<0.096 at 95% CL). Despite having a bigger binding energy than the already mea-
sured y(2S) meson [18, 19, 27], no U(3S) meson signal is found in the PbPb data, in any of
the studied kinematic regions. This suggests a pT- and binding-energy-dependent interplay of
different phenomena affecting quarkonium states that is yet to be fully understood [49].

Since the suppression is expected to be larger for higher temperatures in the medium, the RAA
results for the U(1S) meson at the two different collision energies can provide information on
the medium temperature. The temperatures reported in the model of Krouppa and Strickland
shown in Fig. 6 are T = 641, 631, and 629 MeV corresponding to 4ph/s = 1, 2, and 3, respec-
tively. For the model of Du, He, and Rapp, the temperatures are in the range T = 550–800 MeV.
The models, which are also in agreement with the results at 2.76 TeV [12, 50], predict increases

• The 3 upsilon states are suppressed
with increasing centrality/energy density

RAA[Υ(1S)] > RAA[Υ(2S)] > RAA[Υ(3S)] 

=> Sequential melting

𝑅AA =
𝑑2𝑁A𝐴/𝑑𝑝𝑇𝑑𝜂

Ncoll 𝑑2𝑁pp/𝑑𝑝𝑇𝑑𝜂

• RAA<1: suppression
• RAA=1: no nuclear effects
• RAA>1: enhancement

Nuclear modification factor RAA

U
Original motivation to measure quarkonium 
in nuclear collisions (AA): Signal of QGP 
Observable: RAA vs energy density
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...but the situation is by far much more complex pp & pA

arXiv:1312.6300 arXiv:1709.03089

Double ratio Cross section ratio
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• There are other effects, not related to 
colour screening, that induce suppression 
of quarkonium states 

• These effects are not all mutually
exclusive

• They should be also taken into account in 
AA collisions

...but the situation is by far much more complex pA
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Figure 30: Comparison of the ALICE [598] and LHCb [599] measurements of the nuclear modification factor of J/ production in
pPb collisions at psnn = 8.16 TeV with several model calculations [25, 75, 600–604]. Note that the curves labelled nCTEQ15 and
EPPS16 are obtained after reweighting the corresponding nuclear PDF sets using LHC heavy-flavour data. Figure from Ref. [598].
Warning (by JPL): The J.Lansberg et al curves are reweighted nPDF;this should be state; and in fact I am not the first author ... Warning
(by MW): point taken. However, I looked up and the reference is arxiv: 1610.05382, where you are first author

Warning (by JPL): Well the reference is incorrect. Just look : nCTEQ and EPPS16 have the same uncertainties; it’s only possible after
reweighting. I will try to update the plot with Acrobat. The correct ref is [26].

It is worth making remarks on some essential issues in the model calculations. Firstly, the fundamental1700

mechanisms of the heavy-quark pair production in pA collisions could be quite di↵erent from that in pp1701

collisions. In particular, when PT ⇡ O(mQ) or less and when one specifically addressed PT dependent1702

quantities as oppose to integrated ones, the perturbative QCD collinear factorisation approach for quarko-1703

nium production is no longer the most reliable theoretical approach [51, 52]. Remark (by JPL): Please verify1704

the relevance of [51]. To simplify I would cite review. Maybe [35].As discussed in Secs. 2.2 and 4, the trans-1705

verse momentum dependent (TMD) factorisation framework should take over the collinear factorisation for1706

heavy-quark pair production when PT ⌧ mQ, which makes the nPDFs e↵ect unclear.1707

For evaluating nuclear e↵ects in the TMD factorisation approach, we must clarify how to include1708

nuclear size or A1/3 enhanced power corrections [605–607] into the leading-twist TMD factorisation ap-1709

proach [608], although the power corrections in hadronic collisions cannot be factorised beyond the sub-1710

leading power [67, 609], in general. Besides, we must understand how nuclear dependence comes into1711

non-perturbative TMD distributions [610]. Interestingly, it has been clarified that the leading-twist TMD1712

factorisation framework can be recovered by getting rid of higher body scattering corrections in the CGC1713

framework [542, 611, 612]. Therefore, precautions are required to compare nPDFs with parton saturation1714

e↵ects. We can study higher twist e↵ects by considering “clean” processes, such as Drell-Yan process in1715

pA collisions, and semi-inclusive nuclear DIS at the Electron-Ion Collider. See Sec. 5.2.5 for experimental1716

prospects.1717

It has been argued that if the quarkonium is produced at a very forward rapidity the hadronisation of the1718

pair takes place outside of the colliding heavy ion (see e.g. [613] and references therein). Multiple scattering1719

of the produced pair in the nuclear medium could enhance its invariant mass so much (beyond the DD̄ or1720

BB̄ mass threshold) to prevent the pair from binding leading to a threshold sensitive suppression [614].1721

61

• Modification of the gluon flux initial-state effect w Nuclear PDF in nuclei: nPDF shadowing
w Gluon saturation at low x: CGC

• Parton propagation in medium initial/final effect w Coherent energy loss
• Quarkonium-medium interaction final-state effect w Comover interaction/transport models

w Nuclear break-up
• Other QGP-like effects?
E. G. Ferreiro USC Open heavy flavour & quarkonia in small systems   HF-WINC 2020   15/7/20224

the distinction of these effects is not straightforward, 
their factorization is not easily established
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Modification of the gluon flux: nuclear modification of PDFs pA
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Figure 30: Comparison of the ALICE [598] and LHCb [599] measurements of the nuclear modification factor of J/ production in
pPb collisions at psnn = 8.16 TeV with several model calculations [25, 75, 600–604]. Note that the curves labelled nCTEQ15 and
EPPS16 are obtained after reweighting the corresponding nuclear PDF sets using LHC heavy-flavour data. Figure from Ref. [598].
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It is worth making remarks on some essential issues in the model calculations. Firstly, the fundamental1700

mechanisms of the heavy-quark pair production in pA collisions could be quite di↵erent from that in pp1701

collisions. In particular, when PT ⇡ O(mQ) or less and when one specifically addressed PT dependent1702

quantities as oppose to integrated ones, the perturbative QCD collinear factorisation approach for quarko-1703

nium production is no longer the most reliable theoretical approach [51, 52]. Remark (by JPL): Please verify1704

the relevance of [51]. To simplify I would cite review. Maybe [35].As discussed in Secs. 2.2 and 4, the trans-1705

verse momentum dependent (TMD) factorisation framework should take over the collinear factorisation for1706

heavy-quark pair production when PT ⌧ mQ, which makes the nPDFs e↵ect unclear.1707

For evaluating nuclear e↵ects in the TMD factorisation approach, we must clarify how to include1708

nuclear size or A1/3 enhanced power corrections [605–607] into the leading-twist TMD factorisation ap-1709

proach [608], although the power corrections in hadronic collisions cannot be factorised beyond the sub-1710

leading power [67, 609], in general. Besides, we must understand how nuclear dependence comes into1711

non-perturbative TMD distributions [610]. Interestingly, it has been clarified that the leading-twist TMD1712

factorisation framework can be recovered by getting rid of higher body scattering corrections in the CGC1713

framework [542, 611, 612]. Therefore, precautions are required to compare nPDFs with parton saturation1714

e↵ects. We can study higher twist e↵ects by considering “clean” processes, such as Drell-Yan process in1715

pA collisions, and semi-inclusive nuclear DIS at the Electron-Ion Collider. See Sec. 5.2.5 for experimental1716

prospects.1717

It has been argued that if the quarkonium is produced at a very forward rapidity the hadronisation of the1718

pair takes place outside of the colliding heavy ion (see e.g. [613] and references therein). Multiple scattering1719

of the produced pair in the nuclear medium could enhance its invariant mass so much (beyond the DD̄ or1720

BB̄ mass threshold) to prevent the pair from binding leading to a threshold sensitive suppression [614].1721

61

• Modification of the gluon flux initial-state effect w Nuclear PDF in nuclei: nPDF shadowing
Gluon shadowing/antishadowing: Parton distribution functions are modified by the nuclear environment
Þ J/y suppression or enhancement as a function of the parton momentum fraction x in the nucleon
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Figure 30: Comparison of the ALICE [598] and LHCb [599] measurements of the nuclear modification factor of J/ production in
pPb collisions at psnn = 8.16 TeV with several model calculations [25, 75, 600–604]. Note that the curves labelled nCTEQ15 and
EPPS16 are obtained after reweighting the corresponding nuclear PDF sets using LHC heavy-flavour data. Figure from Ref. [598].
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It is worth making remarks on some essential issues in the model calculations. Firstly, the fundamental1700

mechanisms of the heavy-quark pair production in pA collisions could be quite di↵erent from that in pp1701

collisions. In particular, when PT ⇡ O(mQ) or less and when one specifically addressed PT dependent1702

quantities as oppose to integrated ones, the perturbative QCD collinear factorisation approach for quarko-1703

nium production is no longer the most reliable theoretical approach [51, 52]. Remark (by JPL): Please verify1704

the relevance of [51]. To simplify I would cite review. Maybe [35].As discussed in Secs. 2.2 and 4, the trans-1705

verse momentum dependent (TMD) factorisation framework should take over the collinear factorisation for1706

heavy-quark pair production when PT ⌧ mQ, which makes the nPDFs e↵ect unclear.1707

For evaluating nuclear e↵ects in the TMD factorisation approach, we must clarify how to include1708

nuclear size or A1/3 enhanced power corrections [605–607] into the leading-twist TMD factorisation ap-1709

proach [608], although the power corrections in hadronic collisions cannot be factorised beyond the sub-1710

leading power [67, 609], in general. Besides, we must understand how nuclear dependence comes into1711

non-perturbative TMD distributions [610]. Interestingly, it has been clarified that the leading-twist TMD1712

factorisation framework can be recovered by getting rid of higher body scattering corrections in the CGC1713

framework [542, 611, 612]. Therefore, precautions are required to compare nPDFs with parton saturation1714

e↵ects. We can study higher twist e↵ects by considering “clean” processes, such as Drell-Yan process in1715

pA collisions, and semi-inclusive nuclear DIS at the Electron-Ion Collider. See Sec. 5.2.5 for experimental1716

prospects.1717

It has been argued that if the quarkonium is produced at a very forward rapidity the hadronisation of the1718

pair takes place outside of the colliding heavy ion (see e.g. [613] and references therein). Multiple scattering1719

of the produced pair in the nuclear medium could enhance its invariant mass so much (beyond the DD̄ or1720

BB̄ mass threshold) to prevent the pair from binding leading to a threshold sensitive suppression [614].1721

61

• Modification of the gluon flux initial-state effect w Nuclear PDF in nuclei: nPDF shadowing
Gluon shadowing/antishadowing: Parton distribution functions are modified by the nuclear environment
Þ J/y suppression or enhancement as a function of the parton momentum fraction x in the nucleon
• It can explain the suppression at forward rapidity, the effect is around 1 at backward rapidity
• Roughly agrees with quarkonium ground-state data
• Issue: results very much widespread, applicability of reweithing? Extra effect in the backward region?
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Figure 30: Comparison of the ALICE [598] and LHCb [599] measurements of the nuclear modification factor of J/ production in
pPb collisions at psnn = 8.16 TeV with several model calculations [25, 75, 600–604]. Note that the curves labelled nCTEQ15 and
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It is worth making remarks on some essential issues in the model calculations. Firstly, the fundamental1700

mechanisms of the heavy-quark pair production in pA collisions could be quite di↵erent from that in pp1701

collisions. In particular, when PT ⇡ O(mQ) or less and when one specifically addressed PT dependent1702

quantities as oppose to integrated ones, the perturbative QCD collinear factorisation approach for quarko-1703

nium production is no longer the most reliable theoretical approach [51, 52]. Remark (by JPL): Please verify1704

the relevance of [51]. To simplify I would cite review. Maybe [35].As discussed in Secs. 2.2 and 4, the trans-1705

verse momentum dependent (TMD) factorisation framework should take over the collinear factorisation for1706

heavy-quark pair production when PT ⌧ mQ, which makes the nPDFs e↵ect unclear.1707

For evaluating nuclear e↵ects in the TMD factorisation approach, we must clarify how to include1708

nuclear size or A1/3 enhanced power corrections [605–607] into the leading-twist TMD factorisation ap-1709

proach [608], although the power corrections in hadronic collisions cannot be factorised beyond the sub-1710

leading power [67, 609], in general. Besides, we must understand how nuclear dependence comes into1711

non-perturbative TMD distributions [610]. Interestingly, it has been clarified that the leading-twist TMD1712

factorisation framework can be recovered by getting rid of higher body scattering corrections in the CGC1713

framework [542, 611, 612]. Therefore, precautions are required to compare nPDFs with parton saturation1714

e↵ects. We can study higher twist e↵ects by considering “clean” processes, such as Drell-Yan process in1715

pA collisions, and semi-inclusive nuclear DIS at the Electron-Ion Collider. See Sec. 5.2.5 for experimental1716

prospects.1717

It has been argued that if the quarkonium is produced at a very forward rapidity the hadronisation of the1718

pair takes place outside of the colliding heavy ion (see e.g. [613] and references therein). Multiple scattering1719

of the produced pair in the nuclear medium could enhance its invariant mass so much (beyond the DD̄ or1720

BB̄ mass threshold) to prevent the pair from binding leading to a threshold sensitive suppression [614].1721
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• Modification of the gluon flux initial-state effect w Nuclear PDF in nuclei: nPDF shadowing
Gluon shadowing/antishadowing: Parton distribution functions are modified by the nuclear environment
Þ U(1S) suppression or enhancement as a function of the parton momentum fraction x in the nucleon
• It can explain the suppression at forward rapidity, the effect is around 1 at backward rapidity
• Roughly agrees with quarkonium ground-state data
• Issue: results very much widespread, applicability of reweithing? Extra effect in the backward region?

Modification of the gluon flux: nuclear modification of PDFs pA

8.16 TeV
Reweithed nPDFs

E. G. Ferreiro USC Open heavy flavour & quarkonia in small systems   HF-WINC 2020   15/7/20225
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These initial effects on open heavy mesons: nPDFs pA

Good agreement within the experimental
and theoretical uncertainties

E. G. Ferreiro USC Open heavy flavour & quarkonia in small systems   HF-WINC 2020   15/7/20228

Applicability
of reweithing? nCTEQ15 EPPS1616

arXiv:2012.11462
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• The centrality dependence of shadowing can be parameterized assuming that the inhomogeneous
shadowing is proportional to the local density, ρA(b,z), Woods-Saxon distribution for the nucleon density
in the nucleus, related to the nuclear profile function TA(b) 

• Obviously, this induces a depencence of the shadowing with the multiplicity

Nuclear modification of PDFs: centrality dependence pA & AA

J/Y PbPb 5.5 TeV

J/Y PbPb 5.5 TeV

E. G. Ferreiro USC Open heavy flavour & quarkonia from small to large systems: multiplicity point of view   HF2022   4/10/202210
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It is worth making remarks on some essential issues in the model calculations. Firstly, the fundamental1700

mechanisms of the heavy-quark pair production in pA collisions could be quite di↵erent from that in pp1701

collisions. In particular, when PT ⇡ O(mQ) or less and when one specifically addressed PT dependent1702

quantities as oppose to integrated ones, the perturbative QCD collinear factorisation approach for quarko-1703

nium production is no longer the most reliable theoretical approach [51, 52]. Remark (by JPL): Please verify1704

the relevance of [51]. To simplify I would cite review. Maybe [35].As discussed in Secs. 2.2 and 4, the trans-1705

verse momentum dependent (TMD) factorisation framework should take over the collinear factorisation for1706

heavy-quark pair production when PT ⌧ mQ, which makes the nPDFs e↵ect unclear.1707

For evaluating nuclear e↵ects in the TMD factorisation approach, we must clarify how to include1708

nuclear size or A1/3 enhanced power corrections [605–607] into the leading-twist TMD factorisation ap-1709

proach [608], although the power corrections in hadronic collisions cannot be factorised beyond the sub-1710

leading power [67, 609], in general. Besides, we must understand how nuclear dependence comes into1711

non-perturbative TMD distributions [610]. Interestingly, it has been clarified that the leading-twist TMD1712

factorisation framework can be recovered by getting rid of higher body scattering corrections in the CGC1713

framework [542, 611, 612]. Therefore, precautions are required to compare nPDFs with parton saturation1714

e↵ects. We can study higher twist e↵ects by considering “clean” processes, such as Drell-Yan process in1715

pA collisions, and semi-inclusive nuclear DIS at the Electron-Ion Collider. See Sec. 5.2.5 for experimental1716

prospects.1717

It has been argued that if the quarkonium is produced at a very forward rapidity the hadronisation of the1718

pair takes place outside of the colliding heavy ion (see e.g. [613] and references therein). Multiple scattering1719

of the produced pair in the nuclear medium could enhance its invariant mass so much (beyond the DD̄ or1720

BB̄ mass threshold) to prevent the pair from binding leading to a threshold sensitive suppression [614].1721
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• Modification of the gluon flux initial-state effect w Gluon saturation at low x: CGC
Gluon saturation: Result of gluon recombination at small x at LHC
Þ J/y suppression at forward rapidity (this effect does not apply in the backward rapidity region)
• CEM with improved geometry Ducloue et al

• NRQCD: results depend on the CO channel mix, contribution of CS channel relatively small Venugopalan et al

• Issue: Results can vary depending of the production mechanism Shadowing & CGC are mutually exclusive
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FIG. 3: RpA as a function of p⊥ (upper) and rapidity (lower)
at LHC. The experimental data are taken from Refs. [31, 32,
47].

contributing to J/Ψ production. The band spanned by
different channels should be able to bracket the RpA value
for J/ψ production. With this method, the bounded
value of RpA extracted for J/ψ production is independent
of the LDMEs and their statistical uncertainties. This
is especially noteworthy since independent extractions of
the LDMEs from present data are not feasible; their mag-
nitudes, especially between the various CO channels, can
vary significantly. Finally, since the CEM is a special
case of NRQCD with the choice of certain LDMEs [46],
our calculation of RpA will also cover the range of CEM
predictions. In this sense, the range of theoretical esti-
mates of RpA for J/ψ production are independent of the
J/ψ hadronization model and are directly sensitive to the
short distance physics.
We will employ here the principal channels for J/ψ

production given by NRQCD power counting–these cor-

respond to the 3S[1]
1 , 1S[8]

0 , 3S[8]
1 and 3P [8]

J channels. Our
results for RpA as a function of p⊥ and rapidity, com-
pared to data from the LHC and RHIC, respectively, are
presented in Figs. 3 and 4, where a 5% systematical error
is assumed for each channel to account for the approx-
imation in Eq. (6). The RpA of all CO channels ap-
proaches 1 at high p⊥, confirming that condition Eq. (6)
indeed is satisfied by the full theoretical calculation. On

the contrary, RpA of the CS channel 3S[1]
1 increases to

be larger than 1 at high p⊥. Since forming a color sin-
glet requires two gluons from the target, the additional
gluon exchange from the nucleus, at high p⊥, is enhanced
relative to that from a proton (by an amount that is pro-
portional asymptotically to the ratio of their saturation
scales at the rapidity of interest). Nevertheless, as we
find the contribution of the CS channel is small relative
to the CO terms in both p+p and p+A collisions, it does
not affect our estimate of RpA. Thus the band represent-
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FIG. 4: RpA as a function of p⊥ (upper) and rapidity (lower)
at RHIC. The experimental data are taken from Refs. [43, 45].

ing the RpA spanned by the CO channels corresponds to
our result for RpA of J/ψ production.
The p⊥ and rapidity RpA data from both RHIC and

LHC lie within our uncertainty bands. At the LHC, the
3S[8]

1 state lies closest to the central values of the data,

while at RHIC, the 1S[8]
0 and 3P [8]

J channels are closest
to the data. Our results suggest that the RpA data, in
a future global analysis within the CGC/NLO+NRQCD
framework, can help constrain the LDMEs more strin-
gently, thereby providing a further test of NRQCD.
To summarize, we have shown here that J/ψ spectra

in p+A collisions both at RHIC and the LHC are well
described by our CGC+NRQCD computations. The two
free non-perturbative parameters are related by Eq. (6);
further, the value of the initial nuclear saturation scale
Qs0,A is consistent with the values that best describe
fixed target e+A DIS data. The fact that the RpA p⊥
data lie within the bands spanned by our computations
for the different color octet channels is a strong evidence
for the robustness of our framework since these curves are
insensitive to details of how heavy quark pairs hadronize
to form the J/ψ. The results in this paper, when com-
bined with those in [35], provide the first comprehensive
description of J/ψ production in both p+p and p+A col-
lisions at collider energies.
Several outstanding questions remain. Firstly, the

NLO CGC computation needs to be performed to confirm
that the framework established is solid. Secondly, other
quarkonium states remain to be studied; these come with
unique challenges. For instance, for Υ production, Su-
dakov type double logs in M/P⊥ are important and need
to be resummed [48–50]. A systematic computation of
ψ(2S) production in p+A collisions, may require that we
include relativistic contributions in the computation of
the heavy quark matrix elements. All these questions
can be explored in the framework discussed here.

Modification of the gluon flux: gluon saturation pA
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• The centrality dependence of the CGC can be parameterized through the saturation scale
• Q2

s rises as a function of centrality since the quantity of interest is the number of gluons per unit area in 
the target nucleus as seen by a particular projectile

• The more the number of gluons, the higher the saturation scale
• Obviously, this induces a depencence of the saturation with the multiplicity

Gluon saturation: centrality dependence pA & AA

E. G. Ferreiro USC Open heavy flavour & quarkonia in small systems   HF-WINC 2020   15/7/20226

arXiv:1109.1250

J/Y 200 GeV y=0
J/Y 200 GeV y=1.7
J/Y 5.5 TeV y=0
J/Y 2.76 TeV y=3.25
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¾ Quarkonium production data so far not 

precise enough to distinguish between 

various CNM models

¾ Double ratio has been proposed as a 

powerful measurement to disentangle 

between shadowing and e-loss models

¾ LHCb is ideal for this measurement:

¾ Optimal acceptance

¾ VELO detector capabilities permit to decrease 

significantly the background  from bb production

¾ Many systematic effects cancel in the 

ratio Æ higher precision

¾ Projections with 20/nb : 

Æ 1000 Drell-Yan candidates

Burkhard Schmidt Hard Probes 2016, Wuhan, September 23-27 21

[F. Arleo, S. Peigné arXiv:1512.01794]
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Figure 30: Comparison of the ALICE [598] and LHCb [599] measurements of the nuclear modification factor of J/ production in
pPb collisions at psnn = 8.16 TeV with several model calculations [25, 75, 600–604]. Note that the curves labelled nCTEQ15 and
EPPS16 are obtained after reweighting the corresponding nuclear PDF sets using LHC heavy-flavour data. Figure from Ref. [598].
Warning (by JPL): The J.Lansberg et al curves are reweighted nPDF;this should be state; and in fact I am not the first author ... Warning
(by MW): point taken. However, I looked up and the reference is arxiv: 1610.05382, where you are first author

Warning (by JPL): Well the reference is incorrect. Just look : nCTEQ and EPPS16 have the same uncertainties; it’s only possible after
reweighting. I will try to update the plot with Acrobat. The correct ref is [26].

It is worth making remarks on some essential issues in the model calculations. Firstly, the fundamental1700

mechanisms of the heavy-quark pair production in pA collisions could be quite di↵erent from that in pp1701

collisions. In particular, when PT ⇡ O(mQ) or less and when one specifically addressed PT dependent1702

quantities as oppose to integrated ones, the perturbative QCD collinear factorisation approach for quarko-1703

nium production is no longer the most reliable theoretical approach [51, 52]. Remark (by JPL): Please verify1704

the relevance of [51]. To simplify I would cite review. Maybe [35].As discussed in Secs. 2.2 and 4, the trans-1705

verse momentum dependent (TMD) factorisation framework should take over the collinear factorisation for1706

heavy-quark pair production when PT ⌧ mQ, which makes the nPDFs e↵ect unclear.1707

For evaluating nuclear e↵ects in the TMD factorisation approach, we must clarify how to include1708

nuclear size or A1/3 enhanced power corrections [605–607] into the leading-twist TMD factorisation ap-1709

proach [608], although the power corrections in hadronic collisions cannot be factorised beyond the sub-1710

leading power [67, 609], in general. Besides, we must understand how nuclear dependence comes into1711

non-perturbative TMD distributions [610]. Interestingly, it has been clarified that the leading-twist TMD1712

factorisation framework can be recovered by getting rid of higher body scattering corrections in the CGC1713

framework [542, 611, 612]. Therefore, precautions are required to compare nPDFs with parton saturation1714

e↵ects. We can study higher twist e↵ects by considering “clean” processes, such as Drell-Yan process in1715

pA collisions, and semi-inclusive nuclear DIS at the Electron-Ion Collider. See Sec. 5.2.5 for experimental1716

prospects.1717

It has been argued that if the quarkonium is produced at a very forward rapidity the hadronisation of the1718

pair takes place outside of the colliding heavy ion (see e.g. [613] and references therein). Multiple scattering1719

of the produced pair in the nuclear medium could enhance its invariant mass so much (beyond the DD̄ or1720

BB̄ mass threshold) to prevent the pair from binding leading to a threshold sensitive suppression [614].1721
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• Parton propagation in medium initial/final effect w Coherent energy loss
•Nuclear transverse momentum broadening of the heavy quark pair
induces coherent gluon radiation => J/y & U(1S) yield modification

• Roughly agrees with quarkonium ground-state data
• Issue: Imposible to discriminate from nPDF modification

Parton propagation in medium: coherent energy loss pA

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

DE =
Z

dw w
dI

dw

����
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= Ncas
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?
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q
Dq2

? related to q̂(x) = q̂0(10�2/x)0.3 where q̂0 is the only fitted
parameter of this approach + the option to switch on/off the shadowing

J.P. Lansberg (IPNO) Quarkonium production in pA collisions July 8, 2015 18 / 31
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These initial effects on open heavy mesons: coherente energy loss pA

E. G. Ferreiro USC Open heavy flavour & quarkonia in small systems   HF-WINC 2020   15/7/20229

• Are nPDFs the only nuclear effect at 
work or is part of the effect
observed in data due to CEL ?

• Not mutually exclusive
• Parton dynamics beyond collinear

factorization?
Charm- and bottom-hadron RpA can be 
reasonably well described by models
with either nPDF modifications or
coherent CNM energy loss, at least for
MB events

arXiV:2107.05871 

Challenges
from high-
multiplicity
events
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Coherente energy loss: centrality dependence pA & AA

• The average number of target nucleons participating in the rescattering of the fast color octet Q¯Q pair
depends on the centrality

• As expected the deviations of RpA from unity are largest in the most central collisions, while in the most
peripheral pPb collisions (centrality class 4), RpA(p⊥) ≃ 1 at all p⊥ & 2–3 GeV

• Obviously, this induces a depencence of the energy loss with the multiplicity

E. G. Ferreiro USC Open heavy flavour & quarkonia from small to large systems: multiplicity point of view   HF2022   4/10/202215



• The amount of the considered initial
effects is huge in AA collisions

• Example: putting together some
ancient predictions…

• This compromises our interpretation
of the final-state effects, either of 
partonic or hadronic origin, with or
without equilibration

Multiplicity dependence of the initial-state effects AA

E. G. Ferreiro USC Open heavy flavour & quarkonia from small to large systems: multiplicity point of view   HF2022   4/10/202216
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Figure 30: Comparison of the ALICE [598] and LHCb [599] measurements of the nuclear modification factor of J/ production in
pPb collisions at psnn = 8.16 TeV with several model calculations [25, 75, 600–604]. Note that the curves labelled nCTEQ15 and
EPPS16 are obtained after reweighting the corresponding nuclear PDF sets using LHC heavy-flavour data. Figure from Ref. [598].
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It is worth making remarks on some essential issues in the model calculations. Firstly, the fundamental1700

mechanisms of the heavy-quark pair production in pA collisions could be quite di↵erent from that in pp1701

collisions. In particular, when PT ⇡ O(mQ) or less and when one specifically addressed PT dependent1702

quantities as oppose to integrated ones, the perturbative QCD collinear factorisation approach for quarko-1703

nium production is no longer the most reliable theoretical approach [51, 52]. Remark (by JPL): Please verify1704

the relevance of [51]. To simplify I would cite review. Maybe [35].As discussed in Secs. 2.2 and 4, the trans-1705

verse momentum dependent (TMD) factorisation framework should take over the collinear factorisation for1706

heavy-quark pair production when PT ⌧ mQ, which makes the nPDFs e↵ect unclear.1707

For evaluating nuclear e↵ects in the TMD factorisation approach, we must clarify how to include1708

nuclear size or A1/3 enhanced power corrections [605–607] into the leading-twist TMD factorisation ap-1709

proach [608], although the power corrections in hadronic collisions cannot be factorised beyond the sub-1710

leading power [67, 609], in general. Besides, we must understand how nuclear dependence comes into1711

non-perturbative TMD distributions [610]. Interestingly, it has been clarified that the leading-twist TMD1712

factorisation framework can be recovered by getting rid of higher body scattering corrections in the CGC1713

framework [542, 611, 612]. Therefore, precautions are required to compare nPDFs with parton saturation1714

e↵ects. We can study higher twist e↵ects by considering “clean” processes, such as Drell-Yan process in1715

pA collisions, and semi-inclusive nuclear DIS at the Electron-Ion Collider. See Sec. 5.2.5 for experimental1716

prospects.1717

It has been argued that if the quarkonium is produced at a very forward rapidity the hadronisation of the1718

pair takes place outside of the colliding heavy ion (see e.g. [613] and references therein). Multiple scattering1719

of the produced pair in the nuclear medium could enhance its invariant mass so much (beyond the DD̄ or1720

BB̄ mass threshold) to prevent the pair from binding leading to a threshold sensitive suppression [614].1721
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• Quarkonium-medium interaction final-state effect w Comover interaction & transport models
J/y shows stronger suppression at forward rapidity while compatible with 1 at backward rapidity.
• The pattern is consistent with initial-state effect models
y(2S) shows similar suppression in both intervals
• Cannot be described by only initial-state effects
• Inclusion of final-state effects give a good description for both states

Final-state effects pA

E. G. Ferreiro USC Open heavy flavour & quarkonia from small to large systems: multiplicity point of view   HF2022   4/10/202217



Data from RHIC & LHC
• Relative y(2S)/J/y suppression in dAu collisions @ 200 GeV (PHENIX)
• Relative y(2S)/J/y suppression in pPb collisions @ 5 & 8 TeV (ALICE & LHCB)
• Relative y(2S)/J/y   suppression in pPb collisions @ 5 TeV (CMS & ATLAS)
• Relative U(nS)/U(1S) suppression in pPb collisions @ 5 TeV & 8TeV (CMS & ATLAS & LHCB)

• Initial-state effects –modification of nPDFs / coherent E loss- identical for the family
• Any difference among the states should be due to final-state effect

• At low  E: the relative suppression can be explained  by nuclear absorption   sbreakupa r2
meson

At high E: too long formation times tf = g tf >> R => the quantum state does not matter!

A natural explanation would be a final-state effect acting over sufficiently long time
=> interaction with a comoving medium through a transport equation

Final-state effects: the excited states pA

E. G. Ferreiro USC Open heavy flavour & quarkonia from small to large systems: multiplicity point of view   HF2022   4/10/202218



Excited states: comover interaction pA

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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• In a comover model: suppression from scatterings of the nascent Q with comoving medium
of partonic/hadronic origin Gavin, Vogt, Capella, Armesto, EGF, Tywoniuk…

• 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)]
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originally fitted from SPS data

• Going to a microscopic level:

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-

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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(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
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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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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

Setting the scene for the bottomonium family
No such AA data exist at low energies E.G. Ferreiro, J.P. Lansberg, work in progress

In fact, the CIM was never applied to bottomonia
�e relative suppression of the excited Υ is probably the cleanest observable to �x the

comover suppression magnitude [without interference with other nuclear e�ect]

However, not enough data to �t all the � σ co bb̄ [the feed-downs discussed above were used !]

We use : σ co bb̄ σgeom � EBinding
Eco

n where Eco and n are �t

σgeom πr�
bb̄

EBinding �MB M
bb̄
, i.e. the threshold energy to break the bound state

Eco : the average energy of the comovers in the quarkonium rest frame
a �t to the CMS data gives Eco � GeV and n �.� (see below)

Υ(nS) Υ(�S) pPb
Υ(nS) Υ(�S) pp

CIM CMS
Υ �.�� �.�� �.�� st. �.�� sy.
Υ �.�� �.�� �.�� st. �.�� sy.

Binding
Energy
[MeV]

Radius
r

bb̄
[fm] σ co bb̄ [mb]

Υ ���� �.�� �.��
χb ��� �.�� �.��
Υ ��� �.�� �.�
χb ��� �.�� �.�
Υ ��� �.�� �.�
χb �� �.�� (?) �.�

To Do: analyse why the �t seems to allow for di�erent couples of n, Eco

J.P. Lansberg (IPNO) Bottomonium prod. in AA and pA collisions September ��, ���� �� / ��

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-

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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To do so we assumed that:
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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
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Our parametrisation of the energy dependence thus simply amounts to interpolating
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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
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As for the energy distribution of the comovers in the transverse plane, we simply take

a Bose-Einstein distribution

P(Eco;Teff) ∝
1
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which introduces our second parameters, namely an effective temperature of these co-
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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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Conventional charmonia in nuclear medium

jana.crkovska@cern.ch Multiplicity dependent production of cc1 (3872) LHCP2020 4 / 13

Production of quarkonia is modified in nuclear collisions
compared to that in pp.

RpPb =
1
A

spPb(�pT,�y⇤)

spp(�pT,�y⇤)

Higher excited states are more suppressed, as they are
increasingly weakly bound.

LHCb, JHEP 1603 (2016) 133
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Such difference in suppression of states
with the same quark content can be

explained with final-state effects.

Bose Einstein distr.
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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.

– 5 –

• To get rid of initial-state effects: double ratio excited-over-ground state
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ψ(2S) production in p-Pb

àNew results on ψ(2S) 
confirm stronger 
suppression w.r.t. to J/ψ in 
the Pb-going direction.

àFinal state effects are 
needed to reproduce the 
ψ(2S) suppression. 

àStill problems for a 
quantitative description of 
the data.
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Excited states: comover interaction pA

CGC + ICEM

Transport model with final interactions
“similar in spirit to comover suppression”

Du & Rapp (2015)
-

Remarks on  (2S) production

p+p p+A

[Ma, Venugopalan, Zhang, KW, PRC97,014909(2018)]

SCEs between cc̄ and partonic comovers can a�ect
greatly  (2S) production.
Factorization breaking at ⇤ = O(�E (2S) ) (Very
Soft!). ! Model dependent. cf. [Ferreiro, PLB749, 98 (2015)]

The comover e�ect could bring complications for
 (2S) production in high multiplicity events.
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KazuhiroWatanabe (Jefferon Lab) HF and Onium production in p+p and p+A collisions QuarkMatter 2018, May 16, 2018 11 / 18
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Comovers & nPDFs
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7

Stronger suppression
in the nucleus-going
direction (higher mult) 
=> CI can improve
agreement for the
ground state in the
backward region
(initial nPDFs
modification also
included)

EGF & Lansberg (2018)cmsy
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Figure 30: Comparison of the ALICE [598] and LHCb [599] measurements of the nuclear modification factor of J/ production in
pPb collisions at psnn = 8.16 TeV with several model calculations [25, 75, 600–604]. Note that the curves labelled nCTEQ15 and
EPPS16 are obtained after reweighting the corresponding nuclear PDF sets using LHC heavy-flavour data. Figure from Ref. [598].
Warning (by JPL): The J.Lansberg et al curves are reweighted nPDF;this should be state; and in fact I am not the first author ... Warning
(by MW): point taken. However, I looked up and the reference is arxiv: 1610.05382, where you are first author

Warning (by JPL): Well the reference is incorrect. Just look : nCTEQ and EPPS16 have the same uncertainties; it’s only possible after
reweighting. I will try to update the plot with Acrobat. The correct ref is [26].

It is worth making remarks on some essential issues in the model calculations. Firstly, the fundamental1700

mechanisms of the heavy-quark pair production in pA collisions could be quite di↵erent from that in pp1701

collisions. In particular, when PT ⇡ O(mQ) or less and when one specifically addressed PT dependent1702

quantities as oppose to integrated ones, the perturbative QCD collinear factorisation approach for quarko-1703

nium production is no longer the most reliable theoretical approach [51, 52]. Remark (by JPL): Please verify1704

the relevance of [51]. To simplify I would cite review. Maybe [35].As discussed in Secs. 2.2 and 4, the trans-1705

verse momentum dependent (TMD) factorisation framework should take over the collinear factorisation for1706

heavy-quark pair production when PT ⌧ mQ, which makes the nPDFs e↵ect unclear.1707

For evaluating nuclear e↵ects in the TMD factorisation approach, we must clarify how to include1708

nuclear size or A1/3 enhanced power corrections [605–607] into the leading-twist TMD factorisation ap-1709

proach [608], although the power corrections in hadronic collisions cannot be factorised beyond the sub-1710

leading power [67, 609], in general. Besides, we must understand how nuclear dependence comes into1711

non-perturbative TMD distributions [610]. Interestingly, it has been clarified that the leading-twist TMD1712

factorisation framework can be recovered by getting rid of higher body scattering corrections in the CGC1713

framework [542, 611, 612]. Therefore, precautions are required to compare nPDFs with parton saturation1714

e↵ects. We can study higher twist e↵ects by considering “clean” processes, such as Drell-Yan process in1715

pA collisions, and semi-inclusive nuclear DIS at the Electron-Ion Collider. See Sec. 5.2.5 for experimental1716

prospects.1717

It has been argued that if the quarkonium is produced at a very forward rapidity the hadronisation of the1718

pair takes place outside of the colliding heavy ion (see e.g. [613] and references therein). Multiple scattering1719

of the produced pair in the nuclear medium could enhance its invariant mass so much (beyond the DD̄ or1720

BB̄ mass threshold) to prevent the pair from binding leading to a threshold sensitive suppression [614].1721
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+EPS09

CGC with soft color exchanges between
cc & comovers at later stage
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Ma, Venugopalan,
Zhang, Watanabe (2018)



Comover interaction: centrality dependence pA & AA
ψ(2S) production in p-Pb

àNew results on ψ(2S) 
confirm stronger 
suppression w.r.t. to J/ψ in 
the Pb-going direction.

àFinal state effects are 
needed to reproduce the 
ψ(2S) suppression. 

àStill problems for a 
quantitative description of 
the data.
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• Comover density
is proportional to 
the multiplicity

• For asymmetric
pA collisions, the
suppression is
stronger in the
backward región

• Supression
increases with
centrality

• To get rid of initial-state effects: 
double ratio excited-over-ground state
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Measuring nuclear-like effects in pp: the observables pp

Jana Crkovska’s slide
E. G. Ferreiro USC Open heavy flavour & quarkonia from small to large systems: multiplicity point of view   HF2022   4/10/202222



Measuring nuclear-like effects in pp: the observables pp
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Sarah Porteboeuf’s slide
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Quarkonium & HF vs multiplicity pp

J/y, D and U(1S) at mid rapidity: stronger-than-linear increase
• Independent of hadronisation and energy? Same amount of effect at different collision energies
• Importance of rapidity? Effect absent in forward rapidity

• Does hardness of the probe play a role? The harder the probe, the stronger the difference
EGF & Lansberg (2018)  7E. G. Ferreiro USC Open heavy flavour & quarkonia in small systems   HF-WINC 2020   15/7/202215E. G. Ferreiro USC Open heavy flavour & quarkonia from small to large systems: multiplicity point of view   HF2022   4/10/202224



• EPOS: MPI via Pomeron exchange (initial) + hydrodynamic
expansión (final) hydro on/off has small effect, hadronic cascade
on/off has no effect

• PYTHIA: MPI, hard scatterings (initial) + color reconnection, 
string shoving (final)

• CGC: Gluon saturation (initial) => Impact on particle producción, 
reduction

• Percolation: String saturation (initial) => Reduction on the
number of charged particle

Initial state effects play a fundamental role:

E. G. Ferreiro USC Open heavy flavour & quarkonia in small systems   HF-WINC 2020   15/7/2022

𝑁𝑀𝑃𝐼 ∝ 𝑁𝑐ℎ ∝ 𝑁𝑄
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Quarkonium & HF vs multiplicity: models pp



Quarkonium & HF vs multiplicity: MPI pp
• EPOS: MPI via Pomeron exchange (initial) + hydrodynamic

expansión (final) hydro on/off has small effect, hadronic cascade
on/off has no effect

• PYTHIA: MPI, hard scatterings (initial) + color reconnection, 
string shoving (final)
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Initial state effects play a fundamental role:

• MPI can introduce collectivity => Increase of hardeness



Quarkonium & HF vs multiplicity: color reconnection pp
• EPOS: MPI via Pomeron exchange (initial) + hydrodynamic

expansión (final) hydro on/off has small effect, hadronic cascade
on/off has no effect

• PYTHIA: MPI, hard scatterings (initial) + color reconnection, 
string shoving (final)
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• PYTHIA 8: Standard string model
• PYTHIA 8.2: Color reconnection: improved topologies, 

equivalent to string fusion => baryon/meson increase



In several approaches strings combine into colour ropes, leading to enhanced strangeness and baryon
production from the higher string tension or considering the strings to form a coherent colour field

E. G. Ferreiro USC Open heavy flavour & quarkonia from small to large systems: multiplicity point of view   HF2022   4/10/2022

Quarkonium & HF vs multiplicity: color reconnection pp
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• PYTHIA 8: Standard string model
• PYTHIA 8.2: Color reconnection: improved topologies, 

equivalent to string fusion => baryon/meson increase



Initial state effects play a fundamental role:

• Saturation => Decrease on total multiplicities => Indirect
increase of the hard probe (less affected by saturation)
• Events at different energies with the same rstrings or Qs

are identical
• The harder the probe, the stronger the difference

Multiplicity and probe measured in the same rapidity
interval (both mid rapidities)

Quarkonium & HF vs multiplicity: saturation pp
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• CGC: Gluon saturation (initial) => Impact on particle producción, 
reduction

• Percolation: String saturation (initial) => Reduction on the
number of charged particle

At mid rapidity: saturation effect on the x-axis



• EPOS: MPI via Pomeron exchange (initial) + hydrodynamic
expansión (final) hydro on/off has small effect, hadronic cascade
on/off has no effect

• PYTHIA: MPI, hard scatterings (initial) + color reconnection, 
string shoving (final)

• CGC: Gluon saturation (initial) => Impact on particle producción, 
reduction

• Percolation: String saturation (initial) => Reduction on the
number of charged particle

Initial state effects play a fundamental role:

• MPI can introduce collectivity => Increase of hardeness

• Saturation => Decrease on total multiplicities => Indirect
increase of the hard probe (less affected by saturation)
• Events at different energies with the same rstrings or Qs

are identical
• The harder the probe, the stronger the difference

Multiplicity and probe measured in the same rapidity
interval (both mid rapidities)
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J/ meson production vs Nch at mid rapidity
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 p+p collisions
The CGC+ICEM framework is used.
The ratios are

p
s-independent! In the CGC,

events at di↵erent energies with the same Qs are
identical.

 p+A collisions
Di↵erent colors: Di↵erent Q2

sA,0

The similar trends are seen for D meson
and J/ production. ! Hadronization
dynamics is irrelevant, rather saturation
e↵ect at short distance plays a key role in
describing data.

Kazuhiro Watanabe (ODU/JLab) HF production in high multiplicity pp and pA collisions April 19, 2018 17 / 20
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Quarkonium & HF vs multiplicity: saturation pp



Initial state effects play a fundamental role:

• Saturation => Decrease on total multiplicities => Indirect
increase of the hard probe (less affected by saturation)
• Events at different energies with the same rstrings or Qs

are identical
• The harder the probe, the stronger the difference
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At mid rapidity: saturation effect on the x-axis
At forward rapidity: saturation also on the y-axis

Qs increases with y

Quarkonium & HF vs multiplicity: saturation pp
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To get rid of initial-state effects: double ratio excited-over-ground state   

• Initial-state effects
cancel

• Final-state effects at 
play?
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Quarkonium & HF vs multiplicity: excited states pp
• Studies of ground vs excited states can improve our understanding of the final-state effects

Excited over ground state to
measure final-state effects

Application of final state comover interaction
to spectroscopy in pp collisions

The mysterious cc1(3872)

jana.crkovska@cern.ch Multiplicity dependent production of cc1 (3872) LHCP2020 2 / 13

The cc1(3872) exotic hadron was first observed in 2003 by Belle in decays of
B ! J/yp+p�. Belle, PRL 91 (2003) 262001

Quantum numbers of cc1(3872) were determined as JPC = 1++.
”This result rules out the explanation of the X(3872) meson as a conventional hc2(11D2) state. Among the

remaining possibilities are the cc1(23P1) charmonium, disfavored by the value of the X(3872) mass, and

unconventional explanations such as a D⇤0D̄0 molecule, tetraquark state or a charmonium-molecule mix.”

LHCb, PRL 110 (2013) 222001

Courtesy of Matt Durham

y(2S)

cc1(3872)

consistent with
a suppression
of the excited 𝛶
states at high
charged-
particle
multiplicity.
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Final remarks

• Quarkonium ground states and open heavy mesons RpA can be reasonably well described by initial state
effects: nPDF modifications or CGC and/or coherent energy loss

• In order to describe excited states RpA , final state effects become mandatory: Botzmann eq to describe 
the interaction with the medium, not necessarily in thermal equilibrium

• Clearly the extrapolated pA effects are significant and need to be understood for a proper interpretation
of the AA results: The effects that are at play in pA should be also taken into account in AA collisions

• Collectivity effects are also present in high-multiplicity pp collisions: initial or final effects? The
similarity between the D and J/y suggests that this behaviour is most likely related to the production
processes. Moreover, no significant energy dependence is observed, which agrees with saturation
approach

• Final effects are required to explain excited over ground state data also in pp high-multiplicity collisions

• In more general terms, if equilibrium is no longer a requirement, this naturally explain why pp data on
azimuthal correlations appears to be so similar to data obtained in AA collisions (hydro vs. non-hydro
initial-state explanation) How far can we go in this direction?
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