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Synergies are everywhere in Trentino
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• Quarkonium production at high versus low pT (TMDs)


• LDMEs from TMD observables at EIC


• From LDMEs to Shape Functions


• Process dependence and factorization breaking


• TMD evolution studies

Overview
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High vs low pT



J/𝜓 production
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Berger, Qiu, Wang, 2005; 
Nayak, Qiu, Sterman, 2005; 
Kang, Ma, Qiu, Sterman, 2014; …

Bodwin, Braaten, Lepage, 1995; … 

J/𝜓 production often considered in NRQCD

J/𝜓 production in electron-proton and proton-proton collisions 
considered at high pT to ensure collinear factorization

Hard to describe all HERA, Tevatron & LHC simultaneously
LDMEs

Extracted LDMEs vary considerably 



Quarkonium production in NLO NRQCD 

Slide by M. Butenschön

It turns out to be hard to describe all observables simultaneously 6



Quarkonium production in NLO NRQCD - 2 

Slide by M. Butenschön

CDF, HERA, LHC all important in this endeavor - prime example of synergy 7



Including low pT data

Investigate gluon TMDs together with the LDMEs 
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High pT production: collinear factorization 
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Low pT production: TMD factorization 

One becomes sensitive to the transverse momentum 
distribution of the gluon inside the proton

Bacchetta, DB, Pisano, Taels, 2018; DB, Pisano, Taels, 2021
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Gluon TMDs



Gluons TMDs

unpolarized gluon TMD

Gluon TMD correlator:

gluon Sivers TMD
For transversely polarized protons:
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linearly polarized 
gluon TMD

Gluons inside unpolarized protons can be polarized!
Mulders, Rodrigues '01

transverse momentum dependent (TMD)
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Quarkonium production in ep

e p" ! e0 QX with Q either a J/ or a ⌥ meson

Mukherjee, Rajesh, 2017; Sun, Zhang, 2017; Bacchetta, DB, Pisano, Taels, 2018;  
Kishore, Mukherjee, 2018; Kishore, Mukherjee, Siddiqah, 2021; …

e p ! e0 QX
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CS is ⍺s suppressed, but v3 enhanced, higher minimum Q2 and z cuts suppresses it

Bacchetta, DB, Pisano, Taels, 2018

In LO NRQCD the prefactor of the asymmetry depends on y, Q, M𝑸 and on two  
quite uncertain Color Octet (CO) Long Distance Matrix Elements (LDMEs)

A cos(2φT) asymmetry probes h? g
1
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Bacchetta, DB, Pisano, Taels, 2018

Asymmetries for 
Q=M𝑄 & y=0.1
in the small-x MV model, 
including nonlinear 
evolution (numerical 
implementation on a 
2D lattice)

Despite the large uncertainties sizable cos2φT asymmetries are possible

cos 2𝜙T asymmetry - predictions

Bor, DB, 2022; EIC onium review, 2024  Kishore, Mukherjee, Pawar, Siddiqah, 2022

CMSWZ
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Quarkonium production in ep
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e p" ! e0 QX with Q either a J/ or a ⌥ meson

Godbole, Misra, Mukherjee, Rawoot, 2012/3; Godbole, Kaushik, Misra, Rawoot, 2015;
Mukherjee, Rajesh, 2017; Rajesh, Kishore, Mukherjee, 2018; …

Using LO NRQCD the Sivers asymmetry is:

CO NRQCD LDMEs cancel out in 
ratios of asymmetries at LO

Bacchetta, DB, Pisano, Taels, 2018

Higher order corrections 
may complicate this simple picture

13



CO LDMEs



Color Octet LDMEs from EIC
One can also consider ratios where the TMDs cancel out 

Allows to obtain new experimental information on the poorly known CO LDMEs

and to learn more about the quarkonium production mechanism

One way is to exploit the linear polarization of the gluon and/or the 
polarization state of the produced quarkonium (P=L or T):

DB, Pisano, Taels, 2021

At LO the ratios AUL/AUU,  AUT/AUU,  BUL/BUU, BUT/BUU only depend on y, Q  
and the two CO LDMEs, for example for Q2=4MQ2:

AUL

AUU
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Azimuthal Asymmetry

Overconstrained system allows to cross check the extraction 

Bacchetta, DB, Pisano, Taels, 2018

Ratio for unpolarized quarkonium production involves the same two unknowns:

Caveat: LDMEs extracted at NLO, hence proper extraction requires a NLO analysis

Different LDME extractions differ 

considerably, most have O8P ≪ O8S  

(e.g. BCKL), but one extraction has 

O8P = O8S (SV)

BCKL = Bodwin et al., 2014 
SV= Sharma & Vitev, 2013
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Color Octet LDMEs from EIC

Rcos 2� =

R
d�T cos 2�T d�Q(�S ,�T )R

d�T d�? cos 2�T d�QQ(�S ,�T ,�?)

R =

R
d�T d�Q(�S ,�T )R

d�T d�? d�QQ(�S ,�T ,�?)

ep ! e0QQ̄X

One can also consider ratios to open heavy quark production to cancel out TMDs

This requires a comparison of                          and   e p ! e0 QXRcos 2� =
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Two observables depending on the same two unknowns:

To avoid evolution we choose K⊥ = Q = 2MQ Bacchetta, DB, Pisano, Taels, 2018

z = 1/2
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y=0.1

∀y

Ratios not normalized to 

[0,1] for ℛ or [-1,1] for ℛcos(2φ)

Rcos 2�T

R =
hcos 2�T iQ
hcos 2�T iQQ

<latexit sha1_base64="cC5PYsUe3XGkQuLoWG1Z4nACSQY="></latexit>

Based on fits the ratio of  
asymmetries could be  
anywhere between 0 and ∞

But rough average of the fits 
would indicate that the 
cos(2φT) asymmetry in open HQ
production could be of 𝒪(10) 

times larger in J/ψ production

18



Polarized quarkonia at EIC
Will the quarkonium state be produced polarized at EIC?

In                        (untagged e’, dominated  
by Q2≈0) in collinear factorization at high pT 

the 1S0 state dominates ≈ unpolarized 

e p ! QX
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In LO NRQCD study in the TMD 
regime AUL/AUU can be far from1/3

DB, Pisano, Taels, 2021

y=0.01

19

Qiu, Wang, Qing, 2020
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 can be used to demonstrate the relevance of 3P0    



Shape functions



Effect of smearing

TMD factorization requires still unknown “shape functions”  
Echevarria, 2019; Fleming, Makris & Mehen, 2019

In reality the process of QQ →J/Ψ involves some kT-smearing−
q
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[

2S+1L
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J

]

If L dependent this smearing would affect the extraction of CO LDMEs:

Example study using positronium-like functions
Bacchetta, DB, Pisano, Taels, 2018

However these are not the wave functions  
of the quarkonia (Δ ≠ Ψ)
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Shape function vs LDMEs

Assumption: shape functions ∝ LDMEs
Idem for Δh

qT dependent

Consequently, the TMD evolved expressions will also be proportional to the LO 
expressions in terms of LDMEs

BUU/AUU same as before
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Matching high and low transverse momentum

Calculate the high pT contributions and consider 
their low pT limit

This should match with the high pT limit of the TMD contribution, but that can only 
work out after including a shape function Δ: 

=

It turns out that the perturbative tail is L (or more generally) n independent: 

23



Effect of smearing & matching

Taking into account unexpected non-continuous behavior:

DB, Bor, Maxia, Pisano, Yuan, 2023;
DB, D’Alesio, Murgia, Pisano, Taels, 2020

24

Shape functions can be different for different quarkonia, but there is also  
process dependence, like in open heavy quark production!

Catani, Grazzini, Torre, 2015

This may yield results that are very different from NRQCD analyses

One might think the log is of the form            , but it is not, rather it is log
M2
 
µ2
H

Q̃4
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LO NRQCD:

holds at 𝒪(αs), at least at large kT ≫ ΛQCD⟹



Shape function vs LDMEs

Perturbative tail of the shape functions in b space:

Echevarria, Romera, Taels, 2407.04793

Includes v-suppressed off-diagonal terms

Confirms:

⇣B
?
=

M2
 
µ2
H

Q̃4
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Generalized factorization expressions
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Sun, C.-P.  Yuan & F.  Yuan, 2013

Catani, Grazzini, Torre, 2014

Additional process dependent factor
Similar to open heavy quark pair  
production

ep case: Zhu, Sun, Fuan, 2013; del  
Castillo, Echevarria, Makris, Scimemi, 2020

Picture by G. Ferrera 



Generalized factorization expressions
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Determine 

Evolve                  to                    =

DB, Bor, Maxia, Pisano, Yuan, 2023

Compare to experimental determination of                     

Recipe to test the process dependence:

The challenge will be to do this test for CS and CO  
shape functions for the same quarkonium state 



Factorization breaking
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CO involves complicated gauge link structure  
in gluonic correlators & possibly 
factorization breaking

ep and pp collisions both needed to determine importance of factorization 
breaking effects and of process dependence

Sun, C.-P.  Yuan & F.  Yuan, 2013

Single hard scale process (no Q^2), therefore, process dependence not easily recognized, 
but Sudakov factor different from CS quarkonium production 



Factorization breaking
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No proof of factorization breaking for the sum over diagrams of this order in QCD
Even if it leads to factorization breaking, the importance/magnitude of it is unknown
Experimental data must be used to show this (like done for diffractive PDFs) 

Example diagram in QCD:

Rogers, Mulders, 2010

Collins, Qiu, 2007
Collins, 2007

Nonfactorizing diagrams in pp→jet jet X due to gauge links
Also for pp→h h’ X and for CO-CO in di-J/ψ production



Effects of ISI & FSI
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Interesting to check to what extent this type of process dependence is correct: 
synergy with polarized FT experiments at LHC

F.  Yuan, 2008

Nonzero SSA only for CO in ep

Nonzero SSA only for CS in pp

Zero SSA for CO in pp

SSA from gluon Sivers

But not at twist-3 (large pT)
cf. Shinsuke Yoshida’s talk



TMD evolution studies
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pp→ χQ X

For χQ1 there is no contribution due to Landau-Yang theorem

Comparing pp→ H X, where H=χc0, χb0 or Higgs allows to test TMD evolution
32

χQJ LDMEs are order v2 w.r.t. ηQ
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Comparing pp→ H X, where H=χc0, χb0 or Higgs allows to test TMD evolution

The relative contribution from linearly polarized gluons w.r.t. unpolarized gluons 
decreases with increasing mass of the produced state (which sets the hard scale):  

Effect of TMD evolution

33
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The range of predictions for C-even (pseudo-)scalar bottomonium production:

Very large theoretical uncertainties, even more so for charmonium production,  
but contribution of 20% or more can be expected

Echevarria, Kasemets, Mulders, Pisano, 2015DB, Den Dunnen, 2014
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Variation of the nonperturbative Sudakov  
factor and the renormalization scale

Variation of nonperturbative input for the TMDs  
and treatment of the very small b region (b<1/Q)

Bottomonium production in pp
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pp→ ηc,b X

Bacchetta, Celiberto, Radici, Signori, 2022 35



p↑p→ ηc,b X

Kato, Maxia, Pisano, 2024
36



T-odd gluon TMDs at small x - scale evolution

DB, Hagiwara, Jian Zhou & Ya-Jin Zhou, 2022

x=0.01

Comparison of p↑p→ ηc X and p↑p→ ηb X can test this (for WW gluons TMDs) 

Scale evolution does not preserve the small-x equality of T-odd dipole gluon TMDs

37

Initial scale 1.6 GeV

At polarized FT experiment at LHC?



TMD regime in pp collisions

38

Associated production of J/𝜓 with a photon, both 
with large pT, but their sum needs to be small
  
A good probe of the gluon TMD and its evolution

Den Dunnen, Lansberg, Pisano, Schlegel, 2014

J/ ,⌥
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J/ ,⌥
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CS-CS ≫ CO-CO

Works in double J/𝜓 production too:

Lansberg, Pisano, Scarpa, Schlegel, 2018



Associated J/𝜓 production

p p ! Q �X
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could be a good process to extract                 at LHC fg
1 (x, p

2
T )
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The CS contribution dominates in ϒ+ɣ production and for lower invariant 
mass of the pair also in J/ψ+ɣ production

Den Dunnen, Lansberg, Pisano, Schlegel, 2014
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J/𝜓 pair production

J/𝝍 pair invariant mass allows to study TMD evolution

LHCb, 2024Scarpa, DB, Echevarria, Lansberg, Pisano, Schlegel, 2020

The shape of this normalized (DPS subtracted) distribution and its scale evolution 
is not fully described by the TMD description (also not within uncertainties  
from nonperturbative physics) [soon to be updated, see Jelle Bor’s talk]

40



Linear gluon polarization in di-J/Ψ production 
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Estimated to lead to 1-5% level azimuthal modulations at LHC (incl. TMD evolution)
Scarpa, DB, Echevarria, Lansberg, Pisano, Schlegel, 2019

p p ! J/ J/ X
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h1⊥g  can be probed through angular modulations in                                  

CO contributions estimated to be below the percent level, except at large Δy
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Conclusions



• Quarkonium production in both pp and ep collisions are well suited to study 
gluon TMDs, but can also offer new opportunities to learn about the 
quarkonium production mechanism itself

• In the TMD regime CO LDMEs can be extracted by exploiting the quarkonium 
polarization, linear gluon polarization or open heavy quark pair production

• In TMD regime polarization of quarkonia produced in ep collisions not firmly 
predicted 

• Generally, predictions are still quite uncertain because of many factors: unknown 
nonperturbative Sudakov factors, scale uncertainty, poorly known LDMEs or 
unknown shape functions 

• Process dependence, factorization breaking, and TMD evolution all need to be 
studied more extensively by comparing ep and pp observables

• Lots of synergies of EIC & LHC regarding TMD studies, include SSAs in a 
polarized FT experiment at LHC

Conclusions
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