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• Gluon TMDs: gauge links & small-x limit


• Wilson loop TMDs: evolution & phenomenology


• Wilson loop GTMDs: phenomenology


• Odderons

Overview
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Gluon TMDs



Probing gluon TMDs

Open heavy quark pair production and quarkonium production are arguably 
the simplest processes that are sensitive to the transverse momentum of gluons
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Probing gluon TMDs

Open heavy quark pair production and quarkonium production are arguably 
the simplest processes that are sensitive to the transverse momentum of gluons

Jet pair production a good option also, especially at small x, where gluons dominate
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Nuclei can also help boost the gluon density, but not for the polarized case
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Gluons TMDs

Gluon TMD correlator:

transverse momentum dependent (TMD)
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Gluons TMDs

Gluon TMD correlator:

For unpolarized protons:
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Gluons TMDs

unpolarized gluon TMD
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Gluons TMDs

unpolarized gluon TMD
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linearly polarized 
gluon TMD

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

unpolarized gluon TMD

Gluon TMD correlator:

gluon Sivers TMD
For transversely polarized protons:
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Quarkonium production

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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One can cancel out the CO LDMEs by considering ratios with spin asymmetries

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

A cos(2φT) asymmetry probes h? g
1
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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:
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Bacchetta, DB, Pisano, Taels, 2018
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Higher order corrections and  
shape functions will complicate 
this simple picture of course
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Quarkonium production in ep
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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 and  
shape functions will complicate 
this simple picture of course

In addition, TMDs are process dependent: which functions are probed here?
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Process dependence of 
gluon TMDs



Operator structure of gluon TMDs
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Gluon TMD correlators depend on two gauge links:
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Operator structure of gluon TMDs
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Gluon TMD correlators depend on two gauge links:

For most gluon TMDs there are only 2 link combinations of interest: [+,+] & [+,−]      

[−,−] & [−,+] are related to them by parity and time reversal

More complicated links arise in processes where TMD factorization is questionable 
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For unpolarized gluons there are two gluon TMDs of relevance

WW vs DP

[+,+]

[+,−]

For unpolarized gluons [+,+] = [−,−] and [+,−] = [−,+]
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For unpolarized gluons there are two gluon TMDs of relevance

WW vs DP

Dominguez, Marquet, Xiao, Yuan, 2011

At small x the two correspond to the Weizsäcker-Williams (WW) and dipole (DP) 
distributions, which are generally different in magnitude and width:

WW

DP

[+,+]

[+,−]

For unpolarized gluons [+,+] = [−,−] and [+,−] = [−,+]

10



For unpolarized gluons there are two gluon TMDs of relevance

WW vs DP

Dominguez, Marquet, Xiao, Yuan, 2011

At small x the two correspond to the Weizsäcker-Williams (WW) and dipole (DP) 
distributions, which are generally different in magnitude and width:

WW

DP

Explains Kharzeev, Kovchegov & Tuchin’s “tale of two gluon distributions” (2003) 

[+,+]

[+,−]

For unpolarized gluons [+,+] = [−,−] and [+,−] = [−,+]
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Wilson loop correlator

�[+,�] ij(x,kT )
x!0�! kiT k

j
T

2⇡L
�[⇤]
0 (kT )

DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016

a single Wilson loop matrix element

The leading twist [+,−] correlator becomes a Wilson loop correlator in the small-x 
limit:  
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Wilson loop correlator
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x!0�! kiT k

j
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2⇡L
�[⇤]
0 (kT )

DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016

a single Wilson loop matrix element

The leading twist [+,−] correlator becomes a Wilson loop correlator in the small-x 
limit:  
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U [⇤] = U [+]
[0,y]U

[�]
[y,0]

Measures flux through the loop

Large kT corresponds to narrow loop
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Wilson loop correlator
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DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016

a single Wilson loop matrix element

The leading twist [+,−] correlator becomes a Wilson loop correlator in the small-x 
limit:  

What are the processes that probe this quantity?
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|P, Si

<latexit sha1_base64="SpuHAiG6/7yNMHpYErYYd5hBJ2I="></latexit>

U [⇤] = U [+]
[0,y]U

[�]
[y,0]

Measures flux through the loop

Large kT corresponds to narrow loop

11



Probing gluon TMDs using heavy quarks

Open heavy quark pair production and single quarkonium production:
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Probing gluon TMDs using heavy quarks

Open heavy quark pair production and single quarkonium production:

q

p

PJ/ψ

QQ
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(8)
J

]

J/ ,⌥
<latexit sha1_base64="xSSWTFy2mM/hRSsNGYYsaDOJiQA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4kJpUQY9FL+KpgmkLTSmb7aZdutmE3U2hhP4TLx4U8eo/8ea/cdPmoK0Phnm8N8POviDhTGnH+bZWVtfWNzZLW+Xtnd29ffvgsKniVBLqkZjHsh1gRTkT1NNMc9pOJMVRwGkrGN3lfmtMpWKxeNKThHYjPBAsZARrI/Vs++HCTxQ7R75nGs+lilN1ZkDLxC1IBQo0evaX349JGlGhCcdKdVwn0d0MS80Ip9OynyqaYDLCA9oxVOCIqm42u3yKTo3SR2EsTQmNZurvjQxHSk2iwExGWA/VopeL/3mdVIc33YyJJNVUkPlDYcqRjlEeA+ozSYnmE0MwkczcisgQS0y0CatsQnAXv7xMmrWqe1mtPV5V6rdFHCU4hhM4AxeuoQ730AAPCIzhGV7hzcqsF+vd+piPrljFzhH8gfX5A58FkwI=</latexit>

[+,+]
<latexit sha1_base64="mExcqJEOEi6i/Z+vJLK7OqSi7o4=">AAAB7HicdVBdSwJBFL1rX2ZfVo+9DEkQGLKr5seb1EuPBq0KusjsOOrg7OwyMxuI+Bt66aGIXvtBvfVvGnWDijpw4XDOvdx7jx9xprRtf1iptfWNza30dmZnd2//IHt41FJhLAl1SchD2fGxopwJ6mqmOe1EkuLA57TtT64XfvueSsVCcaenEfUCPBJsyAjWRnK7+Yu818/m7IJdLpYuq8iQJQypVSpOvY6cRMlBgmY/+94bhCQOqNCEY6W6jh1pb4alZoTTeaYXKxphMsEj2jVU4IAqb7Y8do7OjDJAw1CaEhot1e8TMxwoNQ180xlgPVa/vYX4l9eN9bDmzZiIYk0FWS0axhzpEC0+RwMmKdF8aggmkplbERljiYk2+WRMCF+fov9Jq1hwSoXibTnXuEriSMMJnMI5OFCFBtxAE1wgwOABnuDZEtaj9WK9rlpTVjJzDD9gvX0C+dWOJg==</latexit>

q

p

PJ/ψ

QQ
[

2S+1L
(8)
J

]

⌘c, ⌘b,�c0,�b0
<latexit sha1_base64="NEdRYPNIuDbXdlnJN2T4pe56T+Y=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwISWpgi6LblxWsA9oQ5jcTtqhkwczE6GE/IAbf8WNC0Xcunfn3zhNI2jrgeEezrmXO/d4MWdSWdaXUVpaXlldK69XNja3tnfM3b22jBIBtAURj0TXI5JyFtKWYorTbiwoCTxOO974eup37qmQLArv1CSmTkCGIfMZEKUl1zzqU0VcOMV59XSFEXNTsLIf6lmZa1atmpUDLxK7IFVUoOman/1BBElAQwWcSNmzrVg5KRGKAadZpZ9IGhMYkyHtaRqSgEonza/J8LFWBtiPhH6hwrn6eyIlgZSTwNOdAVEjOe9Nxf+8XqL8SydlYZwoGsJskZ9wrCI8jQYPmKCg+EQTAoLpv2IYEUFA6QArOgR7/uRF0q7X7LNa/fa82rgq4iijA3SITpCNLlAD3aAmaiFAD+gJvaBX49F4Nt6M91lryShm9tEfGB/fkWKanQ==</latexit>

[�,�]
<latexit sha1_base64="xvZw+z9JGm5rDXL70BjgqDJxUEM=">AAAB7HicdVBdSwJBFL1rX2ZfVo+9DEnQQ8qumh9vUi89GrQq6CKz46iDs7PLzGwg4m/opYcieu0H9da/adQNKurAhcM593LvPX7EmdK2/WGl1tY3NrfS25md3b39g+zhUUuFsSTUJSEPZcfHinImqKuZ5rQTSYoDn9O2P7le+O17KhULxZ2eRtQL8EiwISNYG8nt5i/yXj+bswt2uVi6rCJDljCkVqk49TpyEiUHCZr97HtvEJI4oEITjpXqOnakvRmWmhFO55lerGiEyQSPaNdQgQOqvNny2Dk6M8oADUNpSmi0VL9PzHCg1DTwTWeA9Vj99hbiX1431sOaN2MiijUVZLVoGHOkQ7T4HA2YpETzqSGYSGZuRWSMJSba5JMxIXx9iv4nrWLBKRWKt+Vc4yqJIw0ncArn4EAVGnADTXCBAIMHeIJnS1iP1ov1umpNWcnMMfyA9fYJ/+2OKg==</latexit>

J/ ,⌥
<latexit sha1_base64="xSSWTFy2mM/hRSsNGYYsaDOJiQA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4kJpUQY9FL+KpgmkLTSmb7aZdutmE3U2hhP4TLx4U8eo/8ea/cdPmoK0Phnm8N8POviDhTGnH+bZWVtfWNzZLW+Xtnd29ffvgsKniVBLqkZjHsh1gRTkT1NNMc9pOJMVRwGkrGN3lfmtMpWKxeNKThHYjPBAsZARrI/Vs++HCTxQ7R75nGs+lilN1ZkDLxC1IBQo0evaX349JGlGhCcdKdVwn0d0MS80Ip9OynyqaYDLCA9oxVOCIqm42u3yKTo3SR2EsTQmNZurvjQxHSk2iwExGWA/VopeL/3mdVIc33YyJJNVUkPlDYcqRjlEeA+ozSYnmE0MwkczcisgQS0y0CatsQnAXv7xMmrWqe1mtPV5V6rdFHCU4hhM4AxeuoQ730AAPCIzhGV7hzcqsF+vd+piPrljFzhH8gfX5A58FkwI=</latexit>

CS not allowed by Landau-Yang theorem
CO complicated link structure & possibly 
factorization breaking

In pp collisions one probes the [−,−] correlator through gluon-gluon fusion 
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Probing gluon TMDs using heavy quarks
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CS allowed, nevertheless complicated link 
structure & possibly factorization breaking

jet

13



Probing gluon TMDs using heavy quarks

q

p

PJ/ψ

QQ
[

2S+1L
(8)
J

]

J/ ,⌥
<latexit sha1_base64="xSSWTFy2mM/hRSsNGYYsaDOJiQA=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4kJpUQY9FL+KpgmkLTSmb7aZdutmE3U2hhP4TLx4U8eo/8ea/cdPmoK0Phnm8N8POviDhTGnH+bZWVtfWNzZLW+Xtnd29ffvgsKniVBLqkZjHsh1gRTkT1NNMc9pOJMVRwGkrGN3lfmtMpWKxeNKThHYjPBAsZARrI/Vs++HCTxQ7R75nGs+lilN1ZkDLxC1IBQo0evaX349JGlGhCcdKdVwn0d0MS80Ip9OynyqaYDLCA9oxVOCIqm42u3yKTo3SR2EsTQmNZurvjQxHSk2iwExGWA/VopeL/3mdVIc33YyJJNVUkPlDYcqRjlEeA+ozSYnmE0MwkczcisgQS0y0CatsQnAXv7xMmrWqe1mtPV5V6rdFHCU4hhM4AxeuoQ730AAPCIzhGV7hzcqsF+vd+piPrljFzhH8gfX5A58FkwI=</latexit>

CS allowed, nevertheless complicated link 
structure & possibly factorization breaking
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J/ ,⌥
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J/ ,⌥
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[Scarpa et al., 2020]

CS-CS ≫ CO-CO

[�,�]
<latexit sha1_base64="xvZw+z9JGm5rDXL70BjgqDJxUEM=">AAAB7HicdVBdSwJBFL1rX2ZfVo+9DEnQQ8qumh9vUi89GrQq6CKz46iDs7PLzGwg4m/opYcieu0H9da/adQNKurAhcM593LvPX7EmdK2/WGl1tY3NrfS25md3b39g+zhUUuFsSTUJSEPZcfHinImqKuZ5rQTSYoDn9O2P7le+O17KhULxZ2eRtQL8EiwISNYG8nt5i/yXj+bswt2uVi6rCJDljCkVqk49TpyEiUHCZr97HtvEJI4oEITjpXqOnakvRmWmhFO55lerGiEyQSPaNdQgQOqvNny2Dk6M8oADUNpSmi0VL9PzHCg1DTwTWeA9Vj99hbiX1431sOaN2MiijUVZLVoGHOkQ7T4HA2YpETzqSGYSGZuRWSMJSba5JMxIXx9iv4nrWLBKRWKt+Vc4yqJIw0ncArn4EAVGnADTXCBAIMHeIJnS1iP1ov1umpNWcnMMfyA9fYJ/+2OKg==</latexit>
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[Scarpa et al., 2020]

CS-CS ≫ CO-CO

[�,�]
<latexit sha1_base64="xvZw+z9JGm5rDXL70BjgqDJxUEM=">AAAB7HicdVBdSwJBFL1rX2ZfVo+9DEnQQ8qumh9vUi89GrQq6CKz46iDs7PLzGwg4m/opYcieu0H9da/adQNKurAhcM593LvPX7EmdK2/WGl1tY3NrfS25md3b39g+zhUUuFsSTUJSEPZcfHinImqKuZ5rQTSYoDn9O2P7le+O17KhULxZ2eRtQL8EiwISNYG8nt5i/yXj+bswt2uVi6rCJDljCkVqk49TpyEiUHCZr97HtvEJI4oEITjpXqOnakvRmWmhFO55lerGiEyQSPaNdQgQOqvNny2Dk6M8oADUNpSmi0VL9PzHCg1DTwTWeA9Vj99hbiX1431sOaN2MiijUVZLVoGHOkQ7T4HA2YpETzqSGYSGZuRWSMJSba5JMxIXx9iv4nrWLBKRWKt+Vc4yqJIw0ncArn4EAVGnADTXCBAIMHeIJnS1iP1ov1umpNWcnMMfyA9fYJ/+2OKg==</latexit>

pp→ QQ X 
 

TMD factorization is a concern here 

_

Never CS

[Rogers, Mulders, 2010; Catani, Grazzini, Torre, 2015] 
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Processes that probe gluon TMDs

process dependence
of the TMDs Γ[U,U’]: 
[+,+] = ± [−,−]
[+,−] = ± [−,+]
with + if T-even
and − if T-odd

f
g [+,+]
1 pp ! � J/ X LHC

pp ! �⌥X LHC

f
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h
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0
QQX EIC
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0
jet jetX EIC
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⇤
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0
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f
? g [�,�]
1T p

"
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f
? g [+,�]
1T p

"
A ! �

(⇤)
jetX RHIC

p
"
A ! hX (xF < 0) RHIC
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Small x
- 

Unpolarized case



Wilson loop correlator

�[+,�] ij(x,kT )
x!0�! kiT k

j
T

2⇡L
�[⇤]
0 (kT )

DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016

a single Wilson loop matrix element

U [⇤] = U [+]
[0,y]U

[�]
[y,0]

The leading twist [+,−] correlator becomes a Wilson loop correlator in the small-x 
limit:  
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Wilson loop correlator

�ij
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#
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2M2
e(k2
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xf1(x,k
2
T ) =

k2
T

2M2
lim
x!0

xh?
1 (x,k

2
T ) =

k2
T

2M2
e(k2

T )

As a consequence, the DP h1⊥g becomes maximal when x → 0

DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016
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U [⇤] = U [+]
[0,y]U
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The leading twist [+,−] correlator becomes a Wilson loop correlator in the small-x 
limit:  

In line with MV model calculation:
Metz, Zhou, 2011
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16
CGC gluons are maximally linear polarized (amount probed depends on process) 



Linear gluon polarization at small x
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Linear gluon polarization at small x

17

The DP h1⊥g becomes maximal when x → 0, but is this stable under evolution?

Under small-x evolution it is, as it satisfies the same BK equation as f1
Dominguez, Qiu, Xiao, Yuan, 2012

Under TMD (scale) evolution however there is Sudakov suppression:

Still it may be accessible DB, Mulders, Jian Zhou & Ya-Jin Zhou, 2017

x=0.01
MV model



Sudakov suppression of linear gluon polarization 

DB, Mulders, Jian Zhou & Ya-Jin Zhou, 2017

Despite the DP linear gluon polarization becoming maximal at small x, there is 
amplitude and Sudakov suppression of the cos(2φ) asymmetry in pA→𝛾* jet X: 

              ~5% asymmetry at RHIC (p-Au)

pA→ 𝛾* jet X offers a good opportunity to study the DP linear gluon polarization
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Small x
- 

Polarized case



Dipole gluon Sivers effect

DB, Echevarria, Mulders, J. Zhou, 2016
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J. Zhou, 2013This corresponds with the spin-dependent odderon
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Similar relations hold for spin-1 hadrons as well 
DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016

Implies

DB, Echevarria, Mulders, J. Zhou, 2016

Presumably preserved under x evolution, but ratio to f1 rapidly drops
Kovchegov, Szymanowski, Wallon, 2004; Hatta, Iancu, Itakura, McLerran, 2005; …



T-odd gluon TMDs at small x - scale evolution

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

x=0.01

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

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

x=0.01

Not the MV model since applied to polarized protons at not too small x
Rather a diquark model that is used as a source for the gluon distributions
Szymanowski and J. Zhou, 2016

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

21



T-odd DP gluon asymmetries at small x

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

Gluon Sivers asymmetry largest, but small (% level) in this model

22



Gluon GTMDs



3D momentum and spatial distributions

TMDs - 3D momentum structure (x & kT)

GPDs - 3D spatial structure (ξ & t or z & bT)


GTMDs - combined 5D (or 6D) structure 

The transverse momentum tells us about the transverse size of the partons


bT of the GPD tells us about the transverse position within the hadron

24



3D momentum and spatial distributions

TMDs - 3D momentum structure (x & kT)

GPDs - 3D spatial structure (ξ & t or z & bT)


GTMDs - combined 5D (or 6D) structure 

The transverse momentum tells us about the transverse size of the partons


bT of the GPD tells us about the transverse position within the hadron

Teaches us about orbital angular momentum
Lorce, Pasquini, 2011; Hatta, 2011; … 
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GTMDs - 5D parton distributions

Off-forward distributions, like GPDs, give access to the transverse spatial 
distributions; here the proton stays intact but gets a momentum kick

25



GTMDs - 5D parton distributions

GTMDs can be seen as:

- off-forward TMDs

- transverse momentum dependent GPDs

- Fourier transforms of Wigner distributions

Ji, 2003; Belitsky, Ji & Yuan, 2004
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Meißner, Metz, Schlegel, 2009
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GTMDs - 5D parton distributions

GTMDs can be seen as:

- off-forward TMDs

- transverse momentum dependent GPDs

- Fourier transforms of Wigner distributions

Ji, 2003; Belitsky, Ji & Yuan, 2004

G(x,kT ,�T )
FT !W (x,kT , bT )

Meißner, Metz, Schlegel, 2009

GTMDs combine all properties of TMDs and GPDs, such as the gauge link 
and process dependence & translation non-invariance

Off-forward distributions, like GPDs, give access to the transverse spatial 
distributions; here the proton stays intact but gets a momentum kick

25



Gluon GTMDs for unpolarized protons
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For unpolarized protons there are 4 (complex valued) gluon GTMDs

DB, van Daal, Mulders, Petreska, 2018

For GTMDs one has one more vector so more anisotropic terms can arise

Lorce, Pasquini, 2013; More, Mukherjee, Nair, 2018
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Like for TMDs gauge links [U,U’] will matter for GTMDs → WW and DP versions



Dipole gluon GTMD

27
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In the x→0 the dipole gluon GTMD becomes a correlator of a single Wilson loop: 
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DB, van Daal, Mulders, Petreska, 2018



Small-x limit of GTMDs

For [+,−] there is only one gluon GTMD in the limit x→0 (at leading twist)

DB, van Daal, Mulders, Petreska, 2018

All gluon polarization states (linear & circular) become maximal: 
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Small-x limit of GTMDs

For [+,−] there is only one gluon GTMD in the limit x→0 (at leading twist)

DB, van Daal, Mulders, Petreska, 2018

All gluon polarization states (linear & circular) become maximal: 

28

Not expected to hold for the WW GTMD, except at large k⊥  

Real part of G[☐](k,Δ) only depends on k2, Δ2 and (k·Δ)2



Elliptic Wigner distributions

The cos 2(ɸb-ɸk) part is called the elliptic Wigner distribution 
Hatta, Xiao, Yuan, 2016; J. Zhou, 2016; Mäntysaari, Mueller, Schenke, 2019; Salazar, Schenke, 2019 

There can be such an elliptic piece in each Wigner distribution
Hence 4 in general for an unpolarized proton, reducing to 1 in the small-x limit 

29



Lorce, Pasquini, 2011

Due to quark orbital angular momentum

A nonzero elliptic quark Wigner distribution 
in the lightcone constituent quark model:

Lorce, Pasquini, 2011; Hatta, 2011 

Elliptic Wigner distributions

The cos 2(ɸb-ɸk) part is called the elliptic Wigner distribution 
Hatta, Xiao, Yuan, 2016; J. Zhou, 2016; Mäntysaari, Mueller, Schenke, 2019; Salazar, Schenke, 2019 

There can be such an elliptic piece in each Wigner distribution
Hence 4 in general for an unpolarized proton, reducing to 1 in the small-x limit 
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Accessing gluon GTMDs



Double Parton Scattering

From Matteo Rinaldi

at MPI@LHC 2015 

31

DPS: 2 hard scatterings off partons in the same hadron simultaneously



Double Parton Scattering

From Matteo Rinaldi

at MPI@LHC 2015 

DPD = Double Parton Distribution 

DPDs capture the spin, color & flavor correlations between partons

F (x, x0; z?)
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DPS: 2 hard scatterings off partons in the same hadron simultaneously



GTMDs from exclusive DPS

Bhattacharya, Metz, Zhou, 2017 
Echevarria, Gutierrez Garcia, Scimemi, 2022

Exclusive double Drell-Yan process
probes quark GTMDs

If the hadron stays intact, then there is a connection to GTMDs:

32

DPD → GTMD2 
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Exclusive double Drell-Yan process
probes quark GTMDs

Likewise, exclusive double production of pseudoscalar quarkonia (ηc or ηb) in
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GTMDs from exclusive DPS

Bhattacharya, Metz, Zhou, 2017 
Echevarria, Gutierrez Garcia, Scimemi, 2022

Exclusive double Drell-Yan process
probes quark GTMDs

Likewise, exclusive double production of pseudoscalar quarkonia (ηc or ηb) in
nucleon-nucleon collisions probes gluon GTMDs
Bhattacharya, Metz, Kumar Ojha, Tsai, Zhou, 2018

If the hadron stays intact, then there is a connection to GTMDs:

Also exclusive coherent diffractive processes have been suggested, 
which involve 2 DP gluon GTMDs, rather than 4 WW ones

32
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Diffractive dijet production

Probe gluon GTMDs via hard diffractive dijet production in eA (Δ⊥ ≠ 0, ξ = 0)

Altinoluk, Armesto, Beuf, Rezaeian, 2016; Hatta, Xiao, Yuan, 2016

Earlier suggested to probe gluon GPDs (Δ⊥= 0, ξ ≠ 0)
Braun, Ivanov, 2005
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The GTMD correlator with [+,−] link appears, as opposed to the inclusive case
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By varying Q2 and K⊥ one probes differently weighted integrals over the GTMD
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Idem for the longitudinal photon polarization (which requires Q2 ≠ 0): 

DB, Setyadi, 2021



Diffractive J/𝜓 production
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Again the transverse momentum dependence of the GTMD is probed indirectly

By varying t one probes (slightly) differently weighted integrals 
Using different quarkonia also changes the weights (r⊥ ~ 1/MV)

AT,L =
⇡i

2Nc

Z 1

0
dz

Z
d2r? ( ⇤

V �)T,L (r?, z)

Z
d2q?J0 (|q? + �?|r?)F [⇤]

0 (x, q?,�?)
<latexit sha1_base64="HXgVcxHWkJFMg1e7zYwlr8Ol0Qw="></latexit>

�? = (
1

2
� z)�?

<latexit sha1_base64="W5YX54kSD1XChM9kd/PSuoLy5Go=">AAACLHicbVDLSgMxFM34rPVVdekmWIS6sMxUQTdCsS5cVrAP6JSSydxpQzMPkoxQh/kgN/6KIC4s4tbvMNN2UVsPBA7nnEvuPU7EmVSmOTZWVtfWNzZzW/ntnd29/cLBYVOGsaDQoCEPRdshEjgLoKGY4tCOBBDf4dByhrXMbz2BkCwMHtUogq5P+gHzGCVKS71CzXZC7vpEDRLbBa5I2rMjEBG+wSXbE4QmVppUUnyOn8/wXPZuLtsrFM2yOQFeJtaMFNEM9V7h3XZDGvsQKMqJlB3LjFQ3IUIxyiHN27GEiNAh6UNH04D4ILvJ5NgUn2rFxV4o9AsUnqjzEwnxpRz5jk5mq8pFLxP/8zqx8q67CQuiWEFApx95MccqxFlz2GUCqOIjTQgVTO+K6YDoipTuN69LsBZPXibNStm6KFceLovV21kdOXSMTlAJWegKVdE9qqMGougFvaFPNDZejQ/jy/ieRleM2cwR+gPj5xdHDqg7</latexit>Kowalski, Teaney, 2003; Kowalski, Motyka, Watt, 2006; many others



Diffractive J/𝜓 production

35

Again the transverse momentum dependence of the GTMD is probed indirectly

By varying t one probes (slightly) differently weighted integrals 
Using different quarkonia also changes the weights (r⊥ ~ 1/MV)

AT,L =
⇡i

2Nc

Z 1

0
dz

Z
d2r? ( ⇤

V �)T,L (r?, z)

Z
d2q?J0 (|q? + �?|r?)F [⇤]

0 (x, q?,�?)
<latexit sha1_base64="HXgVcxHWkJFMg1e7zYwlr8Ol0Qw="></latexit>

�? = (
1

2
� z)�?

<latexit sha1_base64="W5YX54kSD1XChM9kd/PSuoLy5Go=">AAACLHicbVDLSgMxFM34rPVVdekmWIS6sMxUQTdCsS5cVrAP6JSSydxpQzMPkoxQh/kgN/6KIC4s4tbvMNN2UVsPBA7nnEvuPU7EmVSmOTZWVtfWNzZzW/ntnd29/cLBYVOGsaDQoCEPRdshEjgLoKGY4tCOBBDf4dByhrXMbz2BkCwMHtUogq5P+gHzGCVKS71CzXZC7vpEDRLbBa5I2rMjEBG+wSXbE4QmVppUUnyOn8/wXPZuLtsrFM2yOQFeJtaMFNEM9V7h3XZDGvsQKMqJlB3LjFQ3IUIxyiHN27GEiNAh6UNH04D4ILvJ5NgUn2rFxV4o9AsUnqjzEwnxpRz5jk5mq8pFLxP/8zqx8q67CQuiWEFApx95MccqxFlz2GUCqOIjTQgVTO+K6YDoipTuN69LsBZPXibNStm6KFceLovV21kdOXSMTlAJWegKVdE9qqMGougFvaFPNDZejQ/jy/ieRleM2cwR+gPj5xdHDqg7</latexit>

Often one considers this process to probe GPDs, which one (formally) recovers  
upon applying a collinear expansion: r⊥ ~ 1/MV means q⊥r⊥ ≪ 1 
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This yields an expression in terms of a GPD (requires regularization)

Kowalski, Teaney, 2003; Kowalski, Motyka, Watt, 2006; many others
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Phenomenology



MV-like model

We consider the MV-like model:
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Similar to Hagiwara, Hatta, Pasechnik, Tasevsky & Teryaev, 2017; Salazar, Schenke, 2019
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For details see DB, Setyadi, 2023

𝛘 sets the normalization of Qs and is x dependent (of GBW form)
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Qs is proportional to the proton (Gaussian)  
or nuclear (Woods-Saxon) profile 

Similar to Hagiwara, Hatta, Pasechnik, Tasevsky & Teryaev, 2017; Salazar, Schenke, 2019
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Best fit of H1 dijet data with Rp = 0.49 fm, λ = 0.29, and ϵr = (0.4 fm)−2
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Diffractive J/𝜓 production data of 
HERA (H1 & ZEUS) prefer smaller  
Rp (0.40-0.41 fm), smaller λ (0.22),  
and is more sensitive to ϵr
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and is more sensitive to ϵr
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Description of ALICE UPC data 
qualitatively fine with an A dependence 
somewhat smaller than A1/3, but this is 
dependent on the profile functions

DB, Setyadi, 2023



Tension between diffractive dijet and J/ψ production

40

There is tension between the dijet 
and J/𝜓 data regarding the steepness 
of the t-slope (dictated by Rp)

UPC data from RHIC and LHC and especially EIC data can 
shed further light on these issues, in order to check whether 
a common GTMD description is possible

DB, Setyadi, 2023
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Odderon GTMDs
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S[☐]  can also have an imaginary part:
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Hermiticity and PT constraints imply:

DB, van Daal, Mulders, Petreska, 2018

Odderon (for ξ = 0) involves only odd harmonics cos[(2n+1)(φk − φ∆)]

W1 leads to odd harmonics in dihadron production through double parton  
scattering in pA collisions (not exclusive DPS in this case, but using large Nc) 

Lappi, Schenke, Schlichting, Venugopalan, 2016
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W1 leads to odd harmonics in dihadron production through double parton  
scattering in pA collisions (not exclusive DPS in this case, but using large Nc) 

Lappi, Schenke, Schlichting, Venugopalan, 2016

For ξ ≠ 0 odd powers of k·Δ can appear in the real parts as well



Exclusive χc production at EIC 
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Benić, Dumitru, Kaushik, Motyka, Stebel, 2024

C-even final state requires 
C-odd t-channel exchange

Constructive interference
with photon t-channel exchange
for |t| ~ 1 GeV2 

This process also probes the odderon:



Spin dependent odderon

G[⇤](k,�)�G[⇤†](k,�) only depends on odd powers of k ·�
<latexit sha1_base64="ovkjR5RXEY1EcaWBBzcYez4+AkM="></latexit>

Therefore, no odderon in the forward limit for unpolarized protons 

For polarized protons the forward limit does not need to vanish however
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Spin dependent odderon

DB, Echevarria, Mulders, J. Zhou, 2016
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The d-type gluon Sivers function                  at small x is part of:                 f? g [+,�]
1T

J. Zhou, 2013At small x it can be identified with the spin-dependent odderon

It can be probed for instance in p↑p → h± X at xF<0 

G[⇤](k,�)�G[⇤†](k,�) only depends on odd powers of k ·�
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p↑p ➝ h± X at xF < 0 
It is the only relevant contribution to AN  in backward (xF < 0) charged hadron 
production in p↑p or p↑A (in contrast to the many contributions at xF > 0)
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p↑p ➝ h± X at xF < 0 
It is the only relevant contribution to AN  in backward (xF < 0) charged hadron 
production in p↑p or p↑A (in contrast to the many contributions at xF > 0)

As the odderon is C-odd, for gg-dominated scattering one should select final states 
that are not C-even, hence charged hadron production (as opposed to jets or π0)
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p↑p ➝ h± X at xF < 0 

BRAHMS, 2008   √s = 62.4 GeV
low pT, up to roughly 1.2 GeV 

where gg channel dominates

quark dominatedgluon dominated

xF =
2pzp
s

Backward charged hadron production at RHIC

The asymmetry in the gluon dominated region is smaller and needs more precision

It is the only relevant contribution to AN  in backward (xF < 0) charged hadron 
production in p↑p or p↑A (in contrast to the many contributions at xF > 0)

As the odderon is C-odd, for gg-dominated scattering one should select final states 
that are not C-even, hence charged hadron production (as opposed to jets or π0)
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p↑p ➝ h± X at xF < 0 

BRAHMS, 2008   √s = 62.4 GeV
low pT, up to roughly 1.2 GeV 

where gg channel dominates

PHENIX, 2017
√s = 200 GeV
pT between 1.25 and 7 GeV
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p↑p ➝ h± X at xF < 0 

BRAHMS, 2008   √s = 62.4 GeV
low pT, up to roughly 1.2 GeV 

where gg channel dominates

PHENIX, 2017
√s = 200 GeV
pT between 1.25 and 7 GeV

More data at larger negative xF needed 
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Conclusions



• TMDs and GTMDs are process dependent, with WW and DP versions at small x

• The DP gluon (G)TMDs become a Wilson loop correlator in the small-x limit, 
leading to maximally polarized states, which are preserved under x evolution (at 
least for linear gluon polarization), but not scale evolution (Sudakov suppression)

• CGC gluons are maximally polarized, but the amount of polarization observed 
depends on the process and kinematics

• p A→ 𝛾* jet X offers a good opportunity to study the DP gluon TMD and 

exclusive coherent diffractive dijet & J/ψ production in ep the DP gluon GTMD

• The imaginary parts of the DP GTMDs are odderon quantities, which lead at 
small x to odd harmonics in forward dihadron production in pA through DPS

• The spin-dependent odderon TMD can be probed in p↑p → h± X at xF<0 

Conclusions
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TMDs are T-odd and the 
h-type functions are chiral-odd



Parallels between quarks and gluons

For quarks the BM & Sivers 
TMDs are T-odd and the 
h-type functions are chiral-odd

For gluons h1⊥ is T-even and 
h1 is kT-odd,  T-odd and unrelated 
to transversity 



Probing gluon TMDs using heavy quarks in ep

Open heavy quark pair production and single quarkonium production:

q

p

PJ/ψ

QQ
[

2S+1L
(8)
J

]

ep ! e0QQ̄X e p ! e0 QX

J/ ,⌥
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TMD factorization of the heavy quark pair or dijet production will involve a new 6 
Wilson line soft factor complicating the description
Zhu, Sun, Yuan, 2013; del Castillo, Echevarria, Makris, Scimemi, 2020
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TMD factorization of the heavy quark pair or dijet production will involve a new 6 
Wilson line soft factor complicating the description
Zhu, Sun, Yuan, 2013; del Castillo, Echevarria, Makris, Scimemi, 2020

TMD factorization of quarkonium production will involve new shape functions
Echevarria, 2019; Fleming, Makris & Mehen, 2019; Boer, D’Alesio, Murgia, Pisano, Taels, 2020;  
Boer, Bor, Maxia, Pisano, Yuan 2023 
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Open heavy quark electro-production

φT , φ⊥ are the angles of qT, K⊥

The heavy quarks will not be exactly 
back-to-back in the transverse plane: 

K? = (KQ? �KQ̄?)/2
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Unpolarized open heavy quark production at EIC probes the WW h? g
1 (x, p2T )
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WW linear gluon polarization shows up as a cos 2φT  or cos 2(φT − φ⊥) distribution
Boer, Brodsky, Mulders & Pisano, 2010
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WW linear gluon polarization shows up as a cos 2φT  or cos 2(φT − φ⊥) distribution
Boer, Brodsky, Mulders & Pisano, 2010

h1⊥g  (WW) is also accessible in inclusive dijet production at EIC 
Metz, Zhou 2011; Pisano, Boer, Brodsky, Buffing, Mulders, 2013; Dumitru, Lappi, Skokov, 2015; …
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For the WW gluon distributions the equality does not hold, except at large k⊥
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small x
MV model

|K?| = 10GeV

z = 0.5

y = 0.3

Up to 10% asymmetries at EIC

charm quarks bottom quarks
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However, this does not include TMD or x-evolution
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Inclusive dijet production at EIC

WW linear gluon polarization shows itself through a cos2φ distribution (“v2”)

φ=φT − φ⊥

55

Caucal, Salazar, Schenke, Stebel, 
Venugopalan, 2024

LO

NLO

Effect of including NLO corrections

Large effects are found 

Dumitru, Lappi, Skokov, 2015
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Inclusive dijet production at EIC

WW linear gluon polarization shows itself through a cos2φ distribution (“v2”)

Sign of v2 is matter of definition and depends on sign of h1⊥, but it can apparently flip 
due to HO corrections; note that WW distribution does not satisfy same BK eq as f1

φ=φT − φ⊥

55

Caucal, Salazar, Schenke, Stebel, 
Venugopalan, 2024
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NLO

Effect of including NLO corrections

Large effects are found 

Dumitru, Lappi, Skokov, 2015
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Quarkonium production in ep

A cos(2φT) asymmetry probes h? g
1
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Asymmetries for 
Q=M𝑄 & y=0.1
in the MV model and 
including nonlinear 
evolution on a 2D 
lattice

Bacchetta, Boer, Pisano, Taels, 2018cos2φT asymmetry decreases towards small x
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Dipole gluon GTMDs

From PhD thesis by Tom van Daal, 2018
57



T-odd gluon TMDs at small x

DB, Echevarria, Mulders, J. Zhou, 2016

J. Zhou, 2013

The spin-dependent odderon

58

Implies



T-odd gluon TMDs at small x

DB, Echevarria, Mulders, J. Zhou, 2016

J. Zhou, 2013

The spin-dependent odderon

Similar relations hold for spin-1 hadrons as well 
DB, Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, 2016

58

Implies



MV-like model

We consider the MV-like model:

F [⇤](k?,�?) = 4Nc
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_
ϵr cuts out the region where the dipole size becomes large compared to the  
target size, where the model should not be applicable

This allows to consider the GTMD independent from the process (which in practice 
provides the cut off through the dijet invariant mass or the quarkonium mass)

59

Similar expression as considered by Hagiwara, Hatta, Pasechnik, Tasevsky & Teryaev, 2017;  
Salazar, Schenke, 2019
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_
ϵr cuts out the region where the dipole size becomes large compared to the  
target size, where the model should not be applicable

This allows to consider the GTMD independent from the process (which in practice 
provides the cut off through the dijet invariant mass or the quarkonium mass)

59

For details see DB, Setyadi, 2023

𝛘 sets the normalization of Qs and is x dependent (of GBW form)

�(x) = �̄
⇣x0

x

⌘�
x0 = 3⇥ 10�4 � = 0.29

<latexit sha1_base64="W2VC7SUZazo9TdvddAFCMusA7iY="></latexit>

Qs is proportional to the proton (Gaussian) or nuclear (Woods-Saxon) profile 

Similar expression as considered by Hagiwara, Hatta, Pasechnik, Tasevsky & Teryaev, 2017;  
Salazar, Schenke, 2019



x-dependent gluon GTMD model

The data is angle integrated,
therefore we restrict to 𝓕0

F [⇤](k?,�?) = F [⇤]
0 (k?,�?) + 2F [⇤]

2 (k?,�?) cos 2✓k� + ...
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Dominant contribution from: 
60

�? ⌧ K? or MV
<latexit sha1_base64="0UqrdUA8d3/VuHiwBm7KU0vqEz8=">AAACHHicbVDLSgMxFM34rPU16tJNsAiuykwr6LKoC0GECvYBTRky6W0bmpkMSUYoQz/Ejb/ixoUiblwI/o3pY6GtBwKHc+7l5pwwEVwbz/t2lpZXVtfWcxv5za3tnV13b7+uZaoY1JgUUjVDqkHwGGqGGwHNRAGNQgGNcHA59hsPoDSX8b0ZJtCOaC/mXc6osVLglkkoRSeipp+RKxCGjgKSgEowEQLfTDnBGVERlmpE8G1Qx4Fb8IreBHiR+DNSQDNUA/eTdCRLI4gNE1Trlu8lpp1RZTgTMMqTVENC2YD2oGVpTCPQ7WwSboSPrdLBXansiw2eqL83MhppPYxCOzmOoee9sfif10pN97yd8ThJDcRseqibCmwkHjeFO1wBM2JoCWWK279i1qeKMmP7zNsS/PnIi6ReKvrlYunutFC5mNWRQ4foCJ0gH52hCrpGVVRDDD2iZ/SK3pwn58V5dz6mo0vObOcA/YHz9QNnE6GD</latexit>



Dihadron production through DPS

61

W1 does lead to odd harmonics in dihadron production through double parton  
scattering in pA collisions (not exclusive DPS in this case) 

Lappi, Schenke, Schlichting, Venugopalan, 2016
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Fp(x1, x2, b1 � b2) = fp(x1, x2)
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In the large Nc limit this factorizes further:

Simplify further assuming a Gaussian form for the double quark distribution: 



Directed flow

62
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This shows the cross section displays directed flow (v1)

Boer, van Daal, Mulders, Petreska, 2018

but also without breaking of rotational symmetry (C-odd squared effect)

This can arise from azimuthal anisotropy (rotationally non-invariant targets) 
Dumitru, Giannini 2015; Dumitru, Skokov, 2015; Lappi, Schenke, Schlichting, Venugopalan, 2016


