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Approaches to Quarkonium Production

See EPJC (2016) 76:107 for a recent review

No consensus on the mechanism at work in quarkonium production
Yet, nearly all approaches assume a factorisation between the production of
the heavy-quark pair, QQ̄, and its hadronisation into a meson

Di�erent approaches di�er essentially in the treatment of the hadronisation
3 fashionable models:

1 Colour Evaporation Model: application of quark-hadron duality;
only the invariant mass matters; bleaching via (numerous) so� gluons ?

2 Colour Singlet Model: hadronisation w/o gluon emission; each emission
costs αs�mQ� and occurs at short distances; bleaching at the pair-production time

3 Colour Octet Mechanism (encapsulated in NRQCD): higher Fock states of
the mesons taken into account; QQ̄ can be produced in octet states with
di�erent quantum # as the meson; bleaching with semi-so� gluons ?

See Y. Zhang’s talk on Wednesday
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�e quarkonium-production revolutions

1974: J~ψ (and ψ�) discovery: the November revolution
1997: First χc prompt inclusive crosss section out by CDF

Clear issue with the CSM
2007: Run2 CDF prompt inclusive J~ψ and ψ� polarisation out by CDF

NRQCD under tension
2012: Discovery of χb�3P� below the BB̄ threshold by ATLAS

�e Υ�3S� is no more fully direct
2015: First ηc prompt inclusive cross section out by LHCb

NRQCD cannot describe the world J~ψ data
What’s next ?
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Part I

pp collisions
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χQ1~χQ2: does the Landau-Yang theorem apply ?
LHCb, JHEP 10(2013)115 & arXiv:1409.1408; CMS, EPJC, 72, 2257 (2012); ATLAS, JHEP 07(2014)154

At low PT , test of χQ1 suppression following the Landau-Yang theorem
At larger PT , test of production mechanism of χQJ (not of J~ψ or Υ)
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Low PT~mQ region to be better understood,
i.e. where the Landau-Yang suppression should show up

Signi�cant χQ polarisation e�ect on the yield ratio (acceptance e�ect)
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ηc�2S�
JPL, H.S. Shao, H.F. Zhang, PLB 786 (2018) 342

HQSS also relates the LDMEs for the ψ�2S� and ηc�2S� like J~ψ and ηc
We performed the �rst study of its possible prompt production at the LHC

�anks to existing (LHCb, e�e�) data, we identi�ed tractable Br onO�10�4�
Using HQSS, we evaluated the theory uncertainty on ηc�2S� production
From the expected yields, we evaluated the expected experimental uncertainties
A forthcoming (LHCb) measurement would further constrain (or exclude) the

existing NLO ψ�2S� LDME �ts of Shao et al. and Gong et al. and
con�rm/exclude the hypotheses underlying the Bodwin et al. �t.
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Wishlist for pp collisions

Measurement of χc cross sections (and feed-down to J~ψ) down to PT � 0
[maybe using the J~ψµµ channel]

Idem for χb’s, in particular for χb�3P� : unknown for PT below 20 GeV
Update of the ηc cross-section measurement, extend to PT @ mc to extract
the gluon TMDs

First η�c cross-section measurement
First hc cross-section measurement
Con�rm the ψ�2S� polarisation measurement

[going longitudinal at large PT and y]
χc polarisation measurement ?
ηb ?
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New Observables
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New Observables
Observables Experiments CSM CEM NRQCD Interest

J/ψ+J/ψ LHCb, CMS, ATLAS, D0  NLO, LO ? LO Prod. Mechanism (CS dominant) + 
(+NA3) NNLO* DPS + gluon TMD

J/ψ+D LHCb LO LO ? LO Prod. Mechanism (c to J/psi 
fragmentation) + DPS

J/ψ ϒ D0 (N)LO LO ? LO P d M h i (CO d i t)J/ψ+ϒ D0 (N)LO LO ? LO Prod. Mechanism (CO dominant) + 
DPS

J/ψ+hadron STAR LO ‐‐ LO  B feed‐down; Singlet vs Octet 
radiation

J/ψ+Z ATLAS NLO NLO Partial
NLO

Prod. Mechanism + DPS

J/ψ+W ATLAS LO NLO NLO (?) Prod. Mechanism (CO dominant) + 
DPS

J/ψ vs mult. ALICE,CMS (+UA1) ‐‐ ‐‐ ‐‐

J/ψ+b ‐‐ (LHCb, D0, CMS ?) ‐‐ ‐‐ LO Prod. Mechanism (CO dominant) + 
DPS

ϒ+D LHCb LO LO ? LO DPS

ϒ+γ ‐‐ NLO,
*

LO ? LO Prod. Mechanism (CO LDME mix) + 
l /NNLO* gluon TMD/PDF 

ϒ vs mult. CMS ‐‐ ‐‐ ‐‐

ϒ+Z ‐‐ NLO LO ? LO Prod. Mechanism + DPS

ϒ+ϒ CMS NLO ? LO ? LO ? Prod. Mechanism (CS dominant ?) + 
DPS +  gluon TMD

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 8 / 19



New Observables
Observables Experiments CSM CEM NRQCD Interest

J/ψ+J/ψ LHCb, CMS, ATLAS, D0  NLO, LO ? LO Prod. Mechanism (CS dominant) + 
(+NA3) NNLO* DPS + gluon TMD

J/ψ+D LHCb LO LO ? LO Prod. Mechanism (c to J/psi 
fragmentation) + DPS

J/ψ ϒ D0 (N)LO LO ? LO P d M h i (CO d i t)J/ψ+ϒ D0 (N)LO LO ? LO Prod. Mechanism (CO dominant) + 
DPS

J/ψ+hadron STAR LO ‐‐ LO  B feed‐down; Singlet vs Octet 
radiation

J/ψ+Z ATLAS NLO NLO Partial
NLO

Prod. Mechanism + DPS

J/ψ+W ATLAS LO NLO NLO (?) Prod. Mechanism (CO dominant) + 
DPS

J/ψ vs mult. ALICE,CMS (+UA1) ‐‐ ‐‐ ‐‐

J/ψ+b ‐‐ (LHCb, D0, CMS ?) ‐‐ ‐‐ LO Prod. Mechanism (CO dominant) + 
DPS

ϒ+D LHCb LO LO ? LO DPS

ϒ+γ ‐‐ NLO,
*

LO ? LO Prod. Mechanism (CO LDME mix) + 
l /NNLO* gluon TMD/PDF 

ϒ vs mult. CMS ‐‐ ‐‐ ‐‐

ϒ+Z ‐‐ NLO LO ? LO Prod. Mechanism + DPS

ϒ+ϒ CMS NLO ? LO ? LO ? Prod. Mechanism (CS dominant ?) + 
DPS +  gluon TMD

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 8 / 19



New Observables
Observables Experiments CSM CEM NRQCD Interest

J/ψ+J/ψ LHCb, CMS, ATLAS, D0  NLO, LO ? LO Prod. Mechanism (CS dominant) + 
(+NA3) NNLO* DPS + gluon TMD

J/ψ+D LHCb LO LO ? LO Prod. Mechanism (c to J/psi 
fragmentation) + DPS

J/ψ ϒ D0 (N)LO LO ? LO P d M h i (CO d i t)J/ψ+ϒ D0 (N)LO LO ? LO Prod. Mechanism (CO dominant) + 
DPS

J/ψ+hadron STAR LO ‐‐ LO  B feed‐down; Singlet vs Octet 
radiation

J/ψ+Z ATLAS NLO NLO Partial
NLO

Prod. Mechanism + DPS

J/ψ+W ATLAS LO NLO NLO (?) Prod. Mechanism (CO dominant) + 
DPS

J/ψ vs mult. ALICE,CMS (+UA1) ‐‐ ‐‐ ‐‐

J/ψ+b ‐‐ (LHCb, D0, CMS ?) ‐‐ ‐‐ LO Prod. Mechanism (CO dominant) + 
DPS

ϒ+D LHCb LO LO ? LO DPS

ϒ+γ ‐‐ NLO,
*

LO ? LO Prod. Mechanism (CO LDME mix) + 
/NNLO* gluon TMD/PDF 

ϒ vs mult. CMS ‐‐ ‐‐ ‐‐

ϒ+Z ‐‐ NLO LO ? LO Prod. Mechanism + DPS

ϒ+ϒ CMS NLO ? LO ? LO ? Prod. Mechanism (CS dominant ?) + 
DPS +  gluon TMD

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 8 / 19



Wishlist for pp collisions : new observables

J~ψ � b via for instance prompt-nonprompt J~ψ � J~ψ production
J~ψ � ηc JPL, H.S. Shao PRL 111, 122001 (2013)

J~ψ �D without PT cut on the D
Isolated J~ψ cross-section measurement
J~ψ � J~ψ : JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217

dσ~dPψψT in di�erent bins ofMψψ to study the gluon TMD f g1
Measure the azimuthal modulations to extract hÙg1

[the distribution of linearly polarised gluons]
Feed-down pattern to con�rm SPS/DPS dominance J.P.L., H.S. Shao PLB 751 (2015) 479

Υ � b via for instance Υ + nonprompt J~ψ
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Part II

pA collisions
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Nuclear PDF reweighting with B� J~ψ data
A. Kusina, JPL, I. Schienbein, H.S. Shao, PRL 121 (2018) 052004

nCTEQ15
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LHCb [PLB 774 (2017) 159, 1706.07122 ]

Scale uncertainty is reduced compared to
the D0 and J~ψ case.
Data are not yet precise enough to give
substantial constraints on nPDFs (but if
the precision rises there is big potential).
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Nuclear PDF reweighting with Υ�1S� data
A. Kusina, JPL, I. Schienbein, H.S. Shao, PRL 121 (2018) 052004

nCTEQ15
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ALICE [PLB 740, 105 (2015), 1410.2234]
ATLAS [ATLAS-CONF-2015-050 (updated in:
1709.03089)]

With the current precision we don’t get
any additional constraints on the nPDFs.
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Wishlist for pA collisions

Improved precision on the RpA for Υ and J~ψ from b
RpA measurement for χc
RpA measurement for ηc
RpA vs. cos θ to look at possible modi�cations of the J~ψ polarisation
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Part III

Fixed-target mode
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�e AFTER@LHC programme
A Fixed-Target Programme at the LHC:

Physics Case and Projected Performances for Heavy-Ion, Hadron, Spin and

Astroparticle Studies

C. Hadjidakisa,1, D. Kikołab,1, J.P. Lansberga,1,∗, L. Massacriera,1, M.G. Echevarriac,2, A. Kusinad,2,

I. Schienbeine,2, J. Seixasf,g,2, H.S. Shaoh,2, A. Signorii,2, B. Trzeciakj,2, S.J. Brodskyk, G. Cavotol,

C. Da Silvam, F. Donaton, E.G. Ferreiroo,p, I. Hřivnáčováa, A. Kleinm, A. Kurepinq, C. Lorcér, F. Lyonnets,

Y. Makdisit, S. Porteboeufu, C. Quintansg, A. Rakotozafindrabev, P. Robbew, W. Scandalex,

N. Topilskayaq, A. Urasy, J. Wagnerz, N. Yamanakaa, Z. Yangaa, A. Zelenskit

a

Abstract

We review the context, the motivations and the expected performances of a comprehensive and ambitious

fixed-target program using the multi-TeV proton and ion LHC beams. We also provide a detailed account

of the different possible technical implementations ranging from an internal wire target to a full dedicated

beam line extracted with a bent crystal. The possibilities offered by the use of the ALICE and LHCb

detectors in the fixed-target mode are also reviewed.

O�100� pages – Submitted to Physics Reports
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3 main research axes:

High-x gluon, antiquark and heavy-quark content in the nucleon & nucleus
� Very large gluon PDF uncertainties for x à 0.5.
� Gluon EMC e�ect to understand the quark EMC e�ect
� Proton charm content

� high-energy neutrino & cosmic-ray physics

Dynamics and spin of gluons and quarks inside (un)polarised nucleons
� Possible missing contribution to the proton spin: Orbital Angular Momentum Lg ;q :

1
2 �

1
2∆Σ � ∆G�Lg �Lq

� Test of the QCD factorisation framework
� Determination of the linearly polarised gluons in unpolarised protons

Heavy-ion collisions towards large rapidities
� A complete set of heavy-
avour studies between SPS and RHIC energies
� Test the formation of azimuthal asymmetries thanks to a broad rapidity reach
� Test the factorisation of cold nuclear e�ects from p�A to A� B collisions with Drell-Yan
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Quarkonium Projections: heavy-ion collisions

B.Trzeciak et al.Few-Body Syst (2017) 58:148

Like for nPDF studies (see later), multiple quarkonium studies are needed

Clear need for a reliable pA baseline

Statistical-uncertainty projections (accounting for background subtraction)
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[No nuclear modi�cations assumed, LPbXe = 30 nb�1]
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Gluons at the high-x frontier

First extremely promising
projections
[NB: initial nPDF uncertainties for x A 0.1 (red
band) are underestimated; simply no data exist
there. Projection done assuming that other nuclear
effect are under control.]

Proton PDFs studies : yet to be
done along the lines of the
studies carried out for low-x
gluon at the LHC
PROSA Coll. Eur.Phys.J. C75 (2015) 396; R. Gauld, J. Rojo PRL
118 (2017) 072001
ö Contrary to nPDF studies
bearing on nuclear modi�cation
factors, one needs ways to reduce
the systematical theory
uncertainties
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Gluons at the high-x frontier

First extremely promising
projections
[NB: initial nPDF uncertainties for x A 0.1 (red
band) are underestimated; simply no data exist
there. Projection done assuming that other nuclear
effect are under control.]
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Wishlist for the �xed-target mode : just too long

Quarkonium Physics at a Fixed-Target Experiment using the LHC Beams.
By J.P. Lansberg, S.J. Brodsky, F. Fleuret, C. Hadjidakis. [arXiv:1204.5793
[hep-ph]]. Few Body Syst. 53 (2012) 11.

Physics Opportunities of a Fixed-Target Experiment using the LHC Beams
By S.J. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg. [arXiv:1202.6585
[hep-ph]]. Phys.Rept. 522 (2013) 239

A Fixed-Target Programme at the LHC: Physics Case and Projected Performances for
Heavy-Ion, Hadron, Spin and Astroparticle Studies
By C. Hadjidakis, D. Kikola, J.P. Lansberg, L. Massacrier, et al.[arXiv:1807.00603
[hep-ex]].
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Conclusion

LHCb remains the most competitive detector
for quarkonium-production studies
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Part IV

Backup
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Part V

Generalities on gluon TMDs
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Beyond collinear factorisation

Observed �nal-state qT from
“intrinsic” kT from initial partons

TMD factorisation from gluon-gluon process : qT P Q

H (or M) is free
of qT

dσ �
�2π�4
8s2 S d2k1Td2k2Tδ2�k1T � k2T � ÑqT�Mµρ �Mνσ�� �

Φµν
g �x1, k1T , µ�Φρσ

g �x2, k2T , µ�dR�O� q2T
Q2 �

Should work for SIDIS + pp reactions with colour singlet �nal states
Collins; Ji, Ma, Qiu; Rogers, Mulders, ...
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Gluon TMDs in unpolarised protons

Gauge-invariant de�nition:

Φµν
g �x, kT , ζ, µ� � S d�ξ�P�d2ξT�xP�n�2�2π�3 ei�xP�kT��ξ`PSFnν�0�U�0,ξ�Fnµ�ξ�U �

�ξ,0�SPeUξ�P�
�0

U and U � are process dependent gauge links
Parametrisation: P. J. Mulders, J. Rodrigues, PRD 63 (2001) 094021; D. Boer et al. JHEP 1610 (2016) 013

Φµν
g �x, kT , ζ, µ� � � 12x�gµνT f g1 �x, kT , µ�� �kµT kνT

M2
p
� gµνT

k2T
2M2

p
�hÙ g

1 �x, kT , µ�¡� suppr.

f g1 : TMD distribution of unpolarised gluons
hÙ g1 : TMD distribution of linearly polarised gluons

[Helicity-
ip distribution]

Both enter the computation of the qT dependence of e.g. H0 production
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gg fusion in arbitrary unpolarised process [colourless �nal state]
dσ gg

�

F1³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
� P
λa ,λb

M̂λa ,λbM̂
�

λa ,λb�C�f g1 f g1 �
� helicity non-
ip, azimuthally independent

�

F2³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
�P
λ
M̂λ,λM̂

�

�λ,�λ�C�w2 � hÙg1 hÙg1 �
� double helicity 
ip, azimuthally independent

+

F3³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
� P
λa ,λb

M̂λa ,λbM̂
�

�λa ,λb�C�w3 � f g1 h
Ùg
1 �� �a� b�

� single helicity 
ip, cos�2ϕ�-modulation

�

F4³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
�P
λ
M̂λ,�λM̂

�

�λ,λ�C�w4 � hÙg1 hÙg1 �
� double helicity 
ip, cos�4ϕ�-modulation
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Part VI

Quarkonium production and TMD
factorisation applicability/breaking
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Quarkonium production and TMD factorisation
applicability/breaking

hÙg1 receives contributions from Initial-State Interactions (ISI) and
Final-State Interactions (FSI)
�ese can make hÙg1 process dependent and even break factorisation
Di�erent independent hÙg1 functions correspond to speci�c colour
structures. Depending on the process, one extracts di�erent combinations

Buffing, Mukherjee, Mulders, PRD 88 (2013) 054027);
See also the nice overview by D. Boer : Few Body Syst. 58 (2017) 32

Quarkonium production in pp collisions might face factorisation breaking
e�ects if the bleaching of the heavy-quark pair occurs over long times
(COM-NRQCD and CEM approaches)

as opposed to Colour-Singlet contributions
CS vs. CO contributions should be analysed case by case
[reactions and kinematics although CO a priori v4 suppressed w.r.t. CS]

However, if TMD factorisation holds for H0+jet as conjectured by
D. Boer-C. Pisano, there should be no issue forQ� γ,Q�Z orQ� γ�

D. Boer, C. Pisano PRD 91 (2015) 074024
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Part VII

Quarkonia and gluon TMDs at hadron
colliders
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2� 2 vs 2� 1 processes

a

2� 1 process :
Hard scale can only be the particle mass : Q2

�M2

� does not help to study TMD evolution

Resulting particle has to be at small qT (qT PM)
� likely di�cult to measure at colliders, in particular for mesons (less for H,W, Z)

Back-to-back (low qT) 2� 2 process :
Produced particles can each have a large ÑpT adding up to make a small ÑqT for the

pair. One can impose SÑpT S large enough for the particle to be detectable
�is renders the TMD “region” (qT P Q) virtually as wide as we wish

Hard scale Q2
� �p1 � p2�2 can be tuned to study the QCD evolution of the TMDs

Drawback : yield can be populated by Double Parton Scatterings (DPS)
J.P.L., H.S. Shao JHEP 1610 (2016) 153, NPB 900 (2015) 273, PLB 751 (2015) 479
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Processes proposed to study the gluon TMD at hh colliders

�gg� � γγ : J.W Qiu, M. Schlegel, W. Vogelsang, PRL 107, 062001 (2011)

gg � �J~ψ, Υ�� γ : W. den Dunnen, JPL, C. Pisano, M. Schlegel, PRL 112,
212001 (2014)

gg � ηc � ηc : G.P. Zhang, PRD 90 (2014) 9 094011
�gg� � H0 � jet : D. Boer, C. Pisano, PRD 91 (2015) 074024

gg � �J~ψ, Υ��Z~γ� : JPL , C. Pisano, M. Schlegel, NPB 920 (2017) 192

None are measured so far . . .
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Part VIII

�e case of quarkonium-pair production in
more details

µ ν

P2

PQ,2
x1P1 + k1T

x2P2 + k2T

P1
Φ
µν
g (x1, k1T )

Φ
ρσ
g (x2, k2T )

ρ σ
PQ,1
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J~ψ � J~ψ at low PψψT

J~ψ:relatively easy to detect. Already studied by
LHCb, CMS, ATLAS & D0

LHCb PLB 707 (2012) 52; JHEP 1706 (2017) 047; CMS JHEP 1409 (2014) 094;
ATLAS EPJC 77 (2017) 76; D0 PRD 90 (2014) 111101

Negligible qq̄ contributions even at
AFTER@LHC (

º
s � 115 GeV) energies

J.P.L., H.S. Shao NPB 900 (2015) 273

Negligible CO contributions, in particular at
low PψψT [black/dashed curves vs. blue]

JPL, H.S. Shao PLB 751 (2015) 479; P. Ko, C. Yu, and J. Lee, JHEP
01 (2011) 070; Y.-J. Li, G.-Z. Xu, K.-Y. Liu, and Y.-J. Zhang, JHEP
07 (2013) 051

No �nal state gluon needed for the Born
contribution: pure colourless �nal state

JPL, H.S. Shao PRL 111, 122001 (2013)

In the CMS & ATLAS acceptances (PT cut),
small DPS e�ects, but required by the data at large ∆y

DPS in LHCb data [kinematical distributions a priori under-control : independent scatterings]
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J~ψ � J~ψ at low PψψT
J~ψ:relatively easy to detect. Already studied by
LHCb, CMS, ATLAS & D0

LHCb PLB 707 (2012) 52; JHEP 1706 (2017) 047; CMS JHEP 1409 (2014) 094;
ATLAS EPJC 77 (2017) 76; D0 PRD 90 (2014) 111101

Negligible qq̄ contributions even at
AFTER@LHC (
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s � 115 GeV) energies
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Negligible CO contributions, in particular at
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What is special about double vector onium production ?

JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217

In general, the hard scattering coe�cients are bounded : F2,3,4 B F1

gg � Q�Q in the limit whereMψψ QMψ and cos�θCS�� 0 :

F1 �
256N

M4
QQ

M2
Q

� F4,
F2
F1
�

81M4
Q cos�θCS�2
2M4

QQ

,
F3
F1
�

�24M2
Q cos�θCS�2
M2
QQ

F4 � F1 at largeMQQ

� di-J~ψ (or di-Υ) maximise the observability of cos 4ϕ modulations
in a kinematical region where data are already taken !
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TMDmodelling : f g1 and the relevance of the LHCb data

JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217

f g1 modelled as a Gaussian in ÑkT : f g1 �x,Ñk2T� � g�x�
π`k2Te

exp � �Ñk2T
`k2Te

�
where g�x� is the usual collinear PDF

First experimental determination [with a pure colorless �nal state] of `k2Te
by �tting C�f g1 f g1 � over the normalised LHCb dσ~dPψψT spectrum at 13 TeV
from which we have subtracted the DPS yield determined by LHCb
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<Mψψ> = 8 GeV

reduced χ2
 = 0.36

Integration over ϕ� cos�nϕ�-terms
cancel out
F2 P F1 � only C�f g1 f g1 � contributes to
the cross-section
No evolution so far: `k2Te � 3 GeV2

accounts both for non-perturbative and
perturbative broadenings at a scale close
toMψψ � 8 GeV
Disentangling such (non-)perturbative
e�ects requires data at di�erent scales

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 33 / 19



TMDmodelling : f g1 and the relevance of the LHCb data

JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217

f g1 modelled as a Gaussian in ÑkT : f g1 �x,Ñk2T� � g�x�
π`k2Te

exp � �Ñk2T
`k2Te

�
where g�x� is the usual collinear PDF

First experimental determination [with a pure colorless �nal state] of `k2Te
by �tting C�f g1 f g1 � over the normalised LHCb dσ~dPψψT spectrum at 13 TeV
from which we have subtracted the DPS yield determined by LHCb

d
σ

/d
P

ψ
ψ

T
 / 

∫ 0<
M

ψ
ψ
>

 /
2
 d

σ
/d

P
ψ

ψ
T
  
 [

G
e
V

-1
]

                          PψψT
 [GeV]                        (a)

Gaussian f1
g
, <kT

2
> fit

over [0 ;<Mψψ>/2]

 

LHCb data without DPS

 0

 0.1

 0.2

 0.3

 0.4

 0  2  4  6  8  10  12

<kT
2
> = 3.3 ± 0.8 GeV

2

<Mψψ> = 8 GeV

reduced χ2
 = 0.36

Integration over ϕ� cos�nϕ�-terms
cancel out
F2 P F1 � only C�f g1 f g1 � contributes to
the cross-section
No evolution so far: `k2Te � 3 GeV2

accounts both for non-perturbative and
perturbative broadenings at a scale close
toMψψ � 8 GeV
Disentangling such (non-)perturbative
e�ects requires data at di�erent scales

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 33 / 19



TMDmodelling : f g1 and the relevance of the LHCb data

JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217

f g1 modelled as a Gaussian in ÑkT : f g1 �x,Ñk2T� � g�x�
π`k2Te

exp � �Ñk2T
`k2Te

�
where g�x� is the usual collinear PDF

First experimental determination [with a pure colorless �nal state] of `k2Te
by �tting C�f g1 f g1 � over the normalised LHCb dσ~dPψψT spectrum at 13 TeV
from which we have subtracted the DPS yield determined by LHCb

d
σ

/d
P

ψ
ψ

T
 / 

∫ 0<
M

ψ
ψ
>

 /
2
 d

σ
/d

P
ψ

ψ
T
  
 [

G
e
V

-1
]

                          PψψT
 [GeV]                        (a)

Gaussian f1
g
, <kT

2
> fit

over [0 ;<Mψψ>/2]

 

LHCb data without DPS

 0

 0.1

 0.2

 0.3

 0.4

 0  2  4  6  8  10  12

<kT
2
> = 3.3 ± 0.8 GeV

2

<Mψψ> = 8 GeV

reduced χ2
 = 0.36

Integration over ϕ� cos�nϕ�-terms
cancel out
F2 P F1 � only C�f g1 f g1 � contributes to
the cross-section
No evolution so far: `k2Te � 3 GeV2

accounts both for non-perturbative and
perturbative broadenings at a scale close
toMψψ � 8 GeV
Disentangling such (non-)perturbative
e�ects requires data at di�erent scales

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 33 / 19



TMDmodelling : f g1 and the relevance of the LHCb data

JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217

f g1 modelled as a Gaussian in ÑkT : f g1 �x,Ñk2T� � g�x�
π`k2Te

exp � �Ñk2T
`k2Te

�
where g�x� is the usual collinear PDF

First experimental determination [with a pure colorless �nal state] of `k2Te
by �tting C�f g1 f g1 � over the normalised LHCb dσ~dPψψT spectrum at 13 TeV
from which we have subtracted the DPS yield determined by LHCb

d
σ

/d
P

ψ
ψ

T
 / 

∫ 0<
M

ψ
ψ
>

 /
2
 d

σ
/d

P
ψ

ψ
T
  
 [

G
e
V

-1
]

                          PψψT
 [GeV]                        (a)

Gaussian f1
g
, <kT

2
> fit

over [0 ;<Mψψ>/2]

 

LHCb data without DPS

 0

 0.1

 0.2

 0.3

 0.4

 0  2  4  6  8  10  12

<kT
2
> = 3.3 ± 0.8 GeV

2

<Mψψ> = 8 GeV

reduced χ2
 = 0.36

Integration over ϕ� cos�nϕ�-terms
cancel out
F2 P F1 � only C�f g1 f g1 � contributes to
the cross-section
No evolution so far: `k2Te � 3 GeV2

accounts both for non-perturbative and
perturbative broadenings at a scale close
toMψψ � 8 GeV
Disentangling such (non-)perturbative
e�ects requires data at di�erent scales

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 33 / 19



Modelling hÙg1

Evolution e�ect on hÙg1 �modi�cations of azimuthal asymmetries
Evolution not yet studied for any 2� 2 gluon fusion process;
Analogy with ηb : from 20 to 80 % changes in C�w2hÙg1 hÙg1 � at Q � 9 GeV

M. G. Echevarria, T. Kasemets, P. J. Mulders, C. Pisano, JHEP 1507 (2015) 158

We instead use 2 models : Gaussian (Model 1) and positivity bound (Model 2)
Gaussian: D. Boer, W. de Dunnen, C. Pisano, M. Schlegel, W. Vogelsang, PRL 108 (2012) 032002
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Expected azimuthal asymmetries

JPL, C. Pisano, F. Scarpa, M. Schlegel, PLB 784(2018)217

`cosnϕCSe � RdϕCS cosnϕCS dσ
dMQQdYQQd2ÑqTdΩ

RdϕCS dσ
dMQQdYQQd2ÑqTdΩ

,n � 2, 4
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`cos 4ϕCSe : largest values ever predicted ! (up to 40 %)
`cos 2ϕCSe [sign of hÙg1 ] : gets large (30 %) when θCS moves away from π~2
`cos 4ϕCSe : changes sign when θCS moves away from π~2 [should be careful with the cuts]
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dMQQdYQQd2ÑqTdΩ

RdϕCS dσ
dMQQdYQQd2ÑqTdΩ

,n � 2, 4
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`cos 4ϕCSe : largest values ever predicted ! (up to 40 %)
`cos 2ϕCSe [sign of hÙg1 ] : gets large (30 %) when θCS moves away from π~2
`cos 4ϕCSe : changes sign when θCS moves away from π~2 [should be careful with the cuts]
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On the importance of QCD corrections : PT enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

At Born (LO) order, the PψψT spectrum is δ�PψψT �: 2� 2 topologies

It can be a�ected by initial parton kT [� interest for TMD studies]
By far insu�cient (blue) to account for the CMS measured spectrum
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FO α5s contributions (green) are crucial here and do a good job even at P
ψψ
T � 30

GeV
Slight o�set up to PψψT � 20 GeV [ about a factor 2, but well within error bars]

We do not expect NNLO (α6s ) contributions to matter where one currently has data
[the orange histogram shows one class of leading PT α6s contributions ]
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�e so-called CMS puzzle
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At PψψT � 0, where the bulk of the yield lies, one hasMψψ � 2m
ψ
T cosh

∆y
2

Large ∆y, i.e. large relative longitudinalmomenta, correspond to largeMψψ .
[At ∆y � 3.5 and PT � 6 GeV,Mψψ � 40 GeV.]

�emost natural solution for this excess is the independent production of two J~ψ
� double parton scattering

Predictions for LHCb, DPSQ SPS at large ∆y C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002
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On the importance of double parton scatterings at large ∆y I
In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by D0 to
separate out DPS from SPS contributions
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�e DPS MC template is obtained from σDPS
�

1
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σψσψ
σeff

Fitting these MC templates, they splitted 129� 46  
into σDPS

� 70� 23  and σ SPS � 59� 23  by comparing the histograms
σ SPSCSM � 170�340

�110  and σ
SPS
D0 � 59� 23  are still compatible at 1-σ level

In turn, they obtained σeff � 4.8� 2.5 mb
A question arises: using σDPS

�
1
2
σψσψ
σeff

and σeff � 4.8� 2.5 mb,
can one account for the large ∆y CMS data ?

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 38 / 19



On the importance of double parton scatterings at large ∆y I
In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by D0 to
separate out DPS from SPS contributions

)|ψ, J/ψ(J/η∆|
0 0.5 1 1.5 2 2.5 3 3.5 4

)|
ψ

, 
J
/

ψ
(J

/
η

∆|
∆/

e
v
e
n

ts
N

1

10

Data prompt

SP MC

DP MC

Syst. uncertainty

­1
DØ, L = 8.1 fb

D0 Coll. PRD 90 (2014) 111101

Q

Q

Q

Q

Q

Q

Q

Q

�e DPS MC template is obtained from σDPS
�

1
2
σψσψ
σeff

Fitting these MC templates, they splitted 129� 46  
into σDPS

� 70� 23  and σ SPS � 59� 23  by comparing the histograms
σ SPSCSM � 170�340

�110  and σ
SPS
D0 � 59� 23  are still compatible at 1-σ level

In turn, they obtained σeff � 4.8� 2.5 mb
A question arises: using σDPS

�
1
2
σψσψ
σeff

and σeff � 4.8� 2.5 mb,
can one account for the large ∆y CMS data ?

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 38 / 19



On the importance of double parton scatterings at large ∆y I
In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by D0 to
separate out DPS from SPS contributions

)|ψ, J/ψ(J/η∆|
0 0.5 1 1.5 2 2.5 3 3.5 4

)|
ψ

, 
J
/

ψ
(J

/
η

∆|
∆/

e
v
e
n

ts
N

1

10

Data prompt

SP MC

DP MC

Syst. uncertainty

­1
DØ, L = 8.1 fb

D0 Coll. PRD 90 (2014) 111101

Q

Q

Q

Q

Q

Q

Q

Q

�e DPS MC template is obtained from σDPS
�

1
2
σψσψ
σeff

Fitting these MC templates, they splitted 129� 46  
into σDPS

� 70� 23  and σ SPS � 59� 23  by comparing the histograms
σ SPSCSM � 170�340

�110  and σ
SPS
D0 � 59� 23  are still compatible at 1-σ level

In turn, they obtained σeff � 4.8� 2.5 mb
A question arises: using σDPS

�
1
2
σψσψ
σeff

and σeff � 4.8� 2.5 mb,
can one account for the large ∆y CMS data ?

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 38 / 19



On the importance of double parton scatterings at large ∆y I
In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by D0 to
separate out DPS from SPS contributions

)|ψ, J/ψ(J/η∆|
0 0.5 1 1.5 2 2.5 3 3.5 4

)|
ψ

, 
J
/

ψ
(J

/
η

∆|
∆/

e
v
e
n

ts
N

1

10

Data prompt

SP MC

DP MC

Syst. uncertainty

­1
DØ, L = 8.1 fb

D0 Coll. PRD 90 (2014) 111101

Q

Q

Q

Q

Q

Q

Q

Q

�e DPS MC template is obtained from σDPS
�

1
2
σψσψ
σeff

Fitting these MC templates, they splitted 129� 46  
into σDPS

� 70� 23  and σ SPS � 59� 23  by comparing the histograms
σ SPSCSM � 170�340

�110  and σ
SPS
D0 � 59� 23  are still compatible at 1-σ level

In turn, they obtained σeff � 4.8� 2.5 mb

A question arises: using σDPS
�

1
2
σψσψ
σeff

and σeff � 4.8� 2.5 mb,
can one account for the large ∆y CMS data ?

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 38 / 19



On the importance of double parton scatterings at large ∆y I
In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by D0 to
separate out DPS from SPS contributions

)|ψ, J/ψ(J/η∆|
0 0.5 1 1.5 2 2.5 3 3.5 4

)|
ψ

, 
J
/

ψ
(J

/
η

∆|
∆/

e
v
e
n

ts
N

1

10

Data prompt

SP MC

DP MC

Syst. uncertainty

­1
DØ, L = 8.1 fb

D0 Coll. PRD 90 (2014) 111101

Q

Q

Q

Q

Q

Q

Q

Q

�e DPS MC template is obtained from σDPS
�

1
2
σψσψ
σeff

Fitting these MC templates, they splitted 129� 46  
into σDPS

� 70� 23  and σ SPS � 59� 23  by comparing the histograms
σ SPSCSM � 170�340

�110  and σ
SPS
D0 � 59� 23  are still compatible at 1-σ level

In turn, they obtained σeff � 4.8� 2.5 mb
A question arises: using σDPS

�
1
2
σψσψ
σeff

and σeff � 4.8� 2.5 mb,
can one account for the large ∆y CMS data ?

J.P. Lansberg (IPNO) New quarkonium studies with LHCb October 19, 2018 38 / 19



On the importance of double parton scatterings at large ∆y II

Let us investigate the consistency
between D0 and CMS data

For that we assume: σDPS
�

1
2
σψσψ
σeff

We take σeff � 4.8� 2.5 mb from D0
σψ are �t from data with a Crystal Ball
function parametrising SAgg�ψX S2

C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002

Gap between theory and CMS data is
�lled at large ∆y andMψψ
by DPS + NLO� CSM SPS

Agreement not altered elsewhere;
improved even at low PψψT (see (a))

Conversely, �tting our own σeff from the
CMS data yields 8.2� 2.0� 2.9 mb

Fit done prior the ATLAS analysis�
good agreement !
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Comparison with ATLAS data

ATLAS Eur. Phys. J. C (2017) 77:76

ATLAS extraction: σe� � 6.3� 1.6�stat�� 1.0�syst�� 0.1�BF�� 0.1�lumi�mb
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Predictions: excited states

JPL, H.-S.Shao PLB 751 (2015) 479

Even though we �nd it a natural, accounting for DPS introduces another parameter
How to check that one is not playing with a further d.o.f. on the theory side?
DPS vs SPS dominance are characterised by di�erent feed-down patterns

We de�ne F χcψψ (F
ψ�
ψψ) as the fraction of events containing at least one χc (ψ�)

Under DPS dominance (e.g. large ∆y), σDPS
ab �

m
2
σaσb
σeff

(m: symmetry factor)

F χcψψ � F χcψ � �F χcψ � 2Fdirectψ � 2Fψ
�

ψ �,Fψ�ψψ � Fψ
�

ψ � �Fψ�ψ � 2Fdirectψ � 2F χcψ �,Fdirectψψ � �Fdirectψ �2
Under SPS CSM dominance,

Fψ
�

ψψ is slightly enhanced by symmetry factors,
F χcψψ , unlike single quarkonium production, is not enhanced and is found to be small

Overall : (CSM) SPS DPS

Fψ
�

ψψ 45% 20%
F χcψψ small 50%
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ψψ is slightly enhanced by symmetry factors,
F χcψψ , unlike single quarkonium production, is not enhanced and is found to be small

Overall : (CSM) SPS DPS
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Harvesting quarkonium data: 5 extractions using theory
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CDF (4 jets)
CDF (γ + 3 jets)
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CMS (W + 2 jets)

�is plots does not show the (slightly forward) LHCb data
J~ψ+charm and Υ+charm data point at σeff � 20 mb
J~ψ � J~ψ LHCb region: SPS computations with too large uncertainties to conclude
Looking at the feed-down pattern likely necessary to check the SPS/DPS ratio
Υ �Υ data by CMS: same as above about the current theory uncertainties

CMS JHEP05(2017)013

D0 J~ψ �Υ data clearly points at a very large DPS
D0 PRL 116 (2016) 082002 + H.S. Shao - Y. J. Zhang PRL 117 (2016) 062001
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Q� γ at low Pψ�γT
W. den Dunnen, JPL, C. Pisano, M. Schlegel, PRL 112, 212001 (2014)

Q

γ

Unique candidate to pin down the gluon TMDs

Hard scaleMψ�γ (or Qψ�γ) can be tuned
gluon sensitive process [even at large xF (AFTER@LHC)]
With the L � 20  �1 of pp data on tape, one expects up to 2000 events
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qT x 0� nonzero gluon polarisation in unpolarised protons !
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Results with UGDs as Ansätze for TMDs

W. den Dunnen, JPL, C. Pisano, M. Schlegel, PRL 112, 212001 (2014)
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J~ψ~Υ � Z

Extending to J~ψ~Υ �Z
Rates similar for Υ �Z and J~ψ �Z [Same forQ� γ for Q à 20 GeV]

B. Gong, J.P. Lansberg, C. Lorcé, J.X. Wang, JHEP 1303 (2013) 115
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Potential probe of gluon TMDs as well

Rate clearly smaller thanQ� γ even at low PT ; but much better detectability

First measurement of J~ψ �Z by ATLAS; large DPS yield : unequal pT cuts ?
ATLAS EPJC 75 (2015) 229 ; J.P.L., H.S. Shao JHEP 1610 (2016) 153
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J~ψ~Υ � Z

Υ �Z & Υ � γ� @
º
s � 14 TeV

JPL, C. Pisano, M. Schlegel, NPB 920 (2017) 192

Q � 120 GeV : Z on-shell [R S�2�
� 0.007%; R S�4�

� 0.001%]
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Naturally large Q: interest to study the scale evolution ?
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J~ψ~Υ � Z

Υ � γ already measured ?

Search for Higgs and Z Boson Decays to J=ψγ and ϒðnSÞγ with the ATLAS Detector

G. Aad et al.
*

(ATLAS Collaboration)
(Received 15 January 2015; published 26 March 2015)

A search for the decays of the Higgs and Z bosons to J=ψγ and ϒðnSÞγ (n ¼ 1; 2; 3) is performed with

pp collision data samples corresponding to integrated luminosities of up to 20.3 fb−1 collected at
ffiffiffi

s
p ¼ 8 TeV with the ATLAS detector at the CERN Large Hadron Collider. No significant excess of events

is observed above expected backgrounds and 95% C.L. upper limits are placed on the branching fractions.

In the J=ψγ final state the limits are 1.5 × 10−3 and 2.6 × 10−6 for the Higgs and Z boson decays,

respectively, while in the ϒð1S; 2S; 3SÞγ final states the limits are ð1.3; 1.9; 1.3Þ × 10−3 and

ð3.4; 6.5; 5.4Þ × 10−6, respectively.

PRL 114, 121801 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

27 MARCH 2015
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J~ψ~Υ � Z

Same at AFTER@LHC
AFTER@LHC : a �xed-target experiment using the LHC beams

»
2�mN � Ep

7TeV
� 115 GeV

Experimental coverage of ALICE or LHCb is about ycms > ��3 � 0�
down to xF � �1 for Q à 5 GeV

For ψ � γ, smaller yield (14 TeV� 115 GeV) compensated
by an access to lower PT
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gg: Color Singlet
gg: Color Octet

qq: Color Singlet
qq: Color Octet

At Y�cms� � �2, x2 � 10~115� e2 � 0.65. Yet, g � g A q� q̄ !
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J~ψ~Υ � Z

S(0)
qT : Model predictions for Υ+ γ production at

√
s = 14 TeV

• Q = 20 GeV, Y = 0, θCS = π/2

• Models for fg
1

: assumed to be the same as for Unintegrated Gluon Distributions

• Set B: B0 solution to CCFM equation with input based on HERA data
Jung et al., EPJC 70 (2010) 1237

• KMR: Formalism embodies both DGLAP and BFKL evolution equations
Kimber, Martin, Ryskin, PRD 63 (2010) 114027

• CGC: Color Glass Condensate Model
Dominguez, Qiu, Xiao, Yuan, PRD 85 (2012) 045003

Metz, Zhou, PRD 84 (2011) 051503
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J~ψ~Υ � Z

S(2,4)
qT : Model predictions for Υ+ γ production at

√
s = 14 TeV

• Q = 20 GeV, Y = 0, θCS = π/2

• h⊥g
1 : predictions only in the CGC: in the other models saturated to its upper bound

• S
(2,4)
qT smaller than S

(0)
qT : can be integrated up to qT = 10 GeV

2.0% (KMR) < |
∫

dq2
T
S
(2)
qT | < 2.9% (Gauss)

0.3% (CGC) <
∫
dq2

T
S
(4)
qT < 1.2% (Gauss)

Possible determination of the shape of fg
1 and verification of a non-zero h⊥g

1
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