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GTMDs - introduction



GTMDs - 5D imaging

TMDs: transverse momentum dependent PDFs


GPDs: generalized parton densities = off-forward PDFs


GTMDs: generalized TMDs = off-forward TMDs

GTMDs can also be seen as the transverse momentum dependent GPDs  
or as Fourier transform of a Wigner distribution

Ji, 2003; Belitsky, Ji & Yuan, 2004

G(x,kT ,�T )
FT !W (x,kT , bT )

Meißner, Metz, Schlegel, 2009

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


But they also display new features, such as elliptic distributions   
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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 any of the Wigner distributions 

Lorce & Pasquini, 2011

Due to quark orbital angular momentum


Requires a distribution around a center

A nonzero elliptic quark Wigner distribution 

in the lightcone constituent quark model:
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Gluon GTMDs for unpolarized protons

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

[Boer, van Daal, Mulders, Petreska, 2018]

[Lorce, Pasquini, 2013; More, Mukherjee, Nair, 2018]

Likewise there are 4 independent (complex valued) Wigner distributions
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In this talk only the unpolarized gluon GTMD x𝓕1 will be considered and only its  

isotropic part in the ξ→0 and x→0 limit, so 4D imaging 

In diffractive dijet production in electron-proton collisions the gluon GTMD  
correlator with [+,−] link appears:

G[+,�](k?,�?) ⌘ lim
x,⇠!0

G[+,�]ij(x,k?, ⇠,�?)�
ij
T /2

<latexit sha1_base64="+StrdpJ8IwvVY4eYvbVIVcYvUG0="></latexit>



Process dependence of gluon TMDs

�µ⌫[U,U 0]
g (x, kT ) ⌘ F.T.hP |Trc

h
F+⌫(0)U[0,⇠] F

+µ(⇠)U 0
[⇠,0]

i
|P i

UC [0, ⇠] = P exp

 
�ig

Z

C[0,⇠]
dsµ A

µ(s)

!
⇠ = [0+, ⇠�, ⇠T ]

The color flow in a process determines the TMD correlator probed

The 2 link combinations of most interest: [+,+] & [+,−]      

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


The same links can appear in gluon GTMDs
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Dipole gluon GTMD

In diffractive dijet production in ep the GTMD correlator with the [+,−] link appears

S[⇤](x?,y?) ⌘
1

Nc
Tr

h
U [⇤](y?,x?)

i

<latexit sha1_base64="EglW+FHOJb2GoPPUEzh8hpmQKuM="></latexit>

[Dominguez, Marquet, Xiao, Yuan, 2011]

This is the off-forward generalization of the dipole (DP) gluon TMD distribution:

[Boer, van Daal, Mulders, Petreska, 2018]

In the x→0 this becomes a correlator of a single Wilson loop: 

G[+,�](k?,�?) ⌘
1

2⇡g2


k2
? � �2

?
4

�
G[⇤](k?,�?)

<latexit sha1_base64="Fj0R1SnTKVEdsNvK8UVHY+G1YJ0="></latexit>
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U [⇤](y, x) = U [+]
[x,y]U

[�]
[y,x]

<latexit sha1_base64="LN2oz9vlT0riqWTVb/UVhqnKAHU="></latexit>



GPDs

Deeply Virtual Compton Scattering (DVCS):


Theoretical description involves Generalized Parton Distributions (GPDs)


GPDs are off-forward matrix elements (P’ ≠ P)

γ ∗ γ

GPD
P P’

�⇤ + p ! � + p0

RCM
? ⌘

X

i

xir?i

GPDs provide information about the spatial distribution of quarks inside nucleons


It describes the transverse spatial distance of quarks w.r.t. the “center” of the proton

The transverse center of longitudinal momentum:  
[Burkardt, 2000; Soper, 1977]

[Müller et al., 1994; Radyushkin, 1996; Ji, 1997; …]
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Impact parameter dependent GPDs

Impact parameter dependent quark GPD [Burkardt, 2000]

q(x, b?) =

Z
d�

2⇡P+
ei�x hP+,R? = 0|  (��

2
n+ b?) �

+ L (�
2
n+ b?) |P+,R? = 0i

<latexit sha1_base64="u4gh36T0rUE/X3HXCRz//reB8Ww="></latexit>

|P+,R? = 0i = N
Z

d2P?
(2⇡)2

�(P?)|P+,P?i
<latexit sha1_base64="cT6so+gFzuA80AM70YTjLJ5ebFI="></latexit>

Normalized proton state localized in the spatial ⊥ direction for some wave packet Φ

For the 3D spatial distribution of the proton: inevitable wave packet dependence
See e.g. Jaffe, 2021 

For 2D spatial distributions one can take P+ large, in order to have a sufficiently  
broad distribution in P⊥ while P−≪ P+ (∆Pz small, ∆z large, while ∆x and ∆y small)                                          
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The wave packet must be sufficiently localized in transverse position space,  
in order to be viewed as the FT of a GPD:

q(x, b?) ⇡
Z

d
2�?
(2⇡)2

e
�ib?·�?H(x, 0,��2

?)
<latexit sha1_base64="BVt45HK04yLfDdZGfOXMBbj0M5o="></latexit>

�(P? +�?) ⇡ �(P?)
<latexit sha1_base64="jvV52cEYfvp/7jjmkE3nch+q9UU="></latexit>

[Burkardt, 2000; Diehl, 2002]



Wigner distributions

qW (x,k?,�?) ⌘
Z

d2b?
(2⇡)2

eib?·�?W (x,k?, b?)
<latexit sha1_base64="dtNdEUyzlqa4Zyh3KBuf0RaYCw4="></latexit>

The GTMD definition as an off-forward TMD coincides with the definition as  
a Fourier transform of Wigner distribution in the limit P+ →∞ (P− → 0)

This applies to the relation between the Wigner distribution and the GTMD as well:
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W (x,k?, b?) ⌘
Z

d�

2⇡P+
d2r?e

i�xeik?·r?

⇥ hP+,R? = 0|  (��
2
n+ b? � r?

2
)�+L (�

2
n+ b? +

r?
2
) |P+,R? = 0i

<latexit sha1_base64="QHMwse6AKc0ppXthg4jw+buLQUE="></latexit>

At small x (s ≫ Q2) one considers this for gluons and in the dipole frame (q− ≫ q+),  
which allows to include also photo-production

Note that the Wigner distribution involves a diagonal matrix element, but  
its Fourier transform corresponds to an off-forward matrix element



Small-x model for the

unpolarized gluon GTMD



Impact parameter dependent MV model

In the saturation regime at small x one often employs the McLerran-Venugopalan  
(MV) model for the dipole scattering amplitude: 

⌧
S[⇤](x?,y?) + S[⇤]†(x?,y?)

2

�

C

= exp

✓
�1

4
r2?Q

2
s ln


1

r2?⇤
2
+ e

�◆

<latexit sha1_base64="8IdQQjmF5SIt1c+vAOMbQtx50hU="></latexit>

where an average over the color configurations of the target is taken

hS[⇤](b?, r?)iC = hP+,R? = 0|S[⇤](b?, r?)|P+,R? = 0i
<latexit sha1_base64="Jp1UfjDQBomWDz1uQVp/1KLb/jk="></latexit>

If Qs is b⊥ dependent, then the Fourier transform corresponds to an  
off-forward matrix element and hence to a GTMD: 

Q2
s ! Q2

s(b?) =
4⇡↵2

sCF

Nc
Tp(b?)

<latexit sha1_base64="BrZbu9rjU+l8DydSH1nkWR7zeS8="></latexit>

Often Qs is given a b⊥ dependence (position w.r.t. the center of the target):
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r? = y? � x?
<latexit sha1_base64="M1NGAWcKpaLe8XWtYA3sUHWDta4=">AAACJ3icdZBNS8NAEIY39avWr6hHL4tF8GJJaqG5KEUvHivYD2hC2Ww37dJNNuxuxBL6b7z4V7wIKqJH/4mbNkIVHVj25ZkZZub1Y0alsqwPo7C0vLK6VlwvbWxube+Yu3ttyROBSQtzxkXXR5IwGpGWooqRbiwICn1GOv74Mst3bomQlEc3ahITL0TDiAYUI6VR3zx3fc4GchLqLxXTvhsTEZ8twkkOTxbhXQ77ZtmqWLOAC6JesxzHgXZOyiCPZt98dgccJyGJFGZIyp5txcpLkVAUMzItuYkkMcJjNCQ9LSMUEumlszun8EiTAQy40C9ScEYXO1IUymxBXRkiNZK/cxn8K9dLVOB4KY3iRJEIzwcFCYOKw8w0OKCCYMUmWiAsqN4V4hESCCttbUmb8H0p/F+0qxX7tFK9rpUbF7kdRXAADsExsEEdNMAVaIIWwOAePIIX8Go8GE/Gm/E+Ly0Yec8++BHG5xfYlakC</latexit>

b? = (x? + y?)/2
<latexit sha1_base64="R2UrOG32iw09O/BAHCtHro8Y1Aw=">AAACK3icdZBNSwMxEIaz9avWr6pHL8EiVIS6rYXuRSj14rGCbYW2lGw224ZmkyXJimXp//HiX/GgBz/w6v8w265QRQdCXp6ZYWZeN2RUadt+szJLyyura9n13Mbm1vZOfnevrUQkMWlhwYS8cZEijHLS0lQzchNKggKXkY47vkjynVsiFRX8Wk9C0g/QkFOfYqQNGuQbPVcwT00C88XudNALiQzPi4v0LqUni3CSwuPTyiBfsEv2LOCCqFVtx3FgOSUFkEZzkH/qeQJHAeEaM6RUt2yHuh8jqSlmZJrrRYqECI/RkHSN5Cggqh/Pbp3CI0M86AtpHtdwRhc7YhSoZEdTGSA9Ur9zCfwr14207/RjysNIE47ng/yIQS1gYhz0qCRYs4kRCEtqdoV4hCTC2tibMyZ8Xwr/F+1KqXxWqlxVC/VGakcWHIBDUARlUAN1cAmaoAUwuAeP4AW8Wg/Ws/VufcxLM1basw9+hPX5Bbr5qco=</latexit>



G[⇤](k?,�?) = 4Nc

Z
d2r?d2b?

(2⇡)2
e�ik?·r?ei�?·b? exp

✓
�1

4
r2?Q

2
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
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2
+ e

�◆

<latexit sha1_base64="quLMSt43YWuPTmTlvA3t1u7hHB4="></latexit>

MV-like model

This leads to a small-x MV-like model for the gluon GTMD:

Similar expressions were considered by Hagiwara, Hatta, Pasechnik, Tasevsky & Teryaev, 2017;  
Salazar, Schenke, 2019
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When Rp →∞, then one retrieves the forward case: Δ⊥= 0 

The MV model expression for the gluon TMD is retrieved

Consider a Gaussian profile for the proton

Tp(b?) = exp
�
�b2?/(2R

2
p)
�

<latexit sha1_base64="U0ICcjWKZ0259P9fXri4HCgGEKo="></latexit>

Rp = gluonic radius of the target

Side remark: the wave packet of the state |P+, R⊥= 0> describes how well the state   
is localized, which should be much smaller than the width of the b⊥ profile



Diffractive dijet production



Diffractive dijet production

First suggestion to measure gluon GTMDs: hard diffractive dijet production in eA

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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This is considered in the dipole frame at small x (large s), where the photon

splits into a quark-antiquark dipole before interacting with the target (ISI & FSI)

Both jets have large transverse momenta to guarantee small (perturbative) dipoles


But the transverse momentum of the jet pair is taken small (Δ⊥≠ 0, ξ=0)

The transverse momentum dependence of the GTMD is probed indirectly



Diffractive dijet production

Back-to-back correlation limit:

� = k1 + k2
<latexit sha1_base64="YzoTv1z/kASN+Q1RCAudJa4OYuw=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0UQhJLUQrMRirpwWcE+oA1hMr1ph04ezEwKJfRP3LhQxK1/4s6/cdpGqKIHLhzOuZd77/ETzqSyrE+jsLa+sblV3C7t7O7tH5iHR20Zp4JCi8Y8Fl2fSOAsgpZiikM3EUBCn0PHH9/M/c4EhGRx9KCmCbghGUYsYJQoLXmm2b8Frgi+wmPPvhh7Vc8sWxVrAbxC6jXLcRxs50oZ5Wh65kd/ENM0hEhRTqTs2Vai3IwIxSiHWamfSkgIHZMh9DSNSAjSzRaXz/CZVgY4iIWuSOGFujqRkVDKaejrzpCokfztzcW/vF6qAsfNWJSkCiK6XBSkHKsYz2PAAyaAKj7VhFDB9K2YjoggVOmwSjqE70/x/6RdrdiXlep9rdy4zuMoohN0is6Rjeqoge5QE7UQRRP0iJ7Ri5EZT8ar8bZsLRj5zDH6AeP9C5eFklc=</latexit>

K = (k1 � k2)/2
<latexit sha1_base64="3wCy6OsqdFUWSFOGMerhD1yBJKs=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0WoC2sSC81GKLoR3FSwD2hDmEwn7ZDJJM5MCiX0O9y4UMStH+POv3H6EKrogQuHc+7l3nv8hFGpTPPTyK2srq1v5DcLW9s7u3vF/YOWjFOBSRPHLBYdH0nCKCdNRRUjnUQQFPmMtP3weuq3R0RIGvN7NU6IG6EBpwHFSGnJvb0sh551Fnr26bntFUtmxZwBLpFa1XQcB1oLpQQWaHjFj14/xmlEuMIMSdm1zES5GRKKYkYmhV4qSYJwiAakqylHEZFuNjt6Ak+00odBLHRxBWfq8kSGIinHka87I6SG8rc3Ff/yuqkKHDejPEkV4Xi+KEgZVDGcJgD7VBCs2FgThAXVt0I8RAJhpXMq6BC+P4X/k5ZdsS4q9l21VL9axJEHR+AYlIEFaqAObkADNAEGD+ARPIMXY2Q8Ga/G27w1ZyxmDsEPGO9fTpmQgQ==</latexit>

�? ⌧ K?
<latexit sha1_base64="gAamajsHmkQlec8F4VJ1XJYfRqk=">AAACAXicdVDLSsNAFJ34rPUVdSO4GSyCq5LUQrMs6kJwU8E+oAlhMr1ph04ezEyEEurGX3HjQhG3/oU7/8bpQ6iiBy4czrmXe+8JUs6ksqxPY2l5ZXVtvbBR3Nza3tk19/ZbMskEhSZNeCI6AZHAWQxNxRSHTiqARAGHdjC8mPjtOxCSJfGtGqXgRaQfs5BRorTkm4fuJXBFfDcFkWKXc3w9475ZssrWFHiB1KqW4zjYnislNEfDNz/cXkKzCGJFOZGya1up8nIiFKMcxkU3k5ASOiR96Goakwikl08/GOMTrfRwmAhdscJTdXEiJ5GUoyjQnRFRA/nbm4h/ed1MhY6XszjNFMR0tijMOFYJnsSBe0wAVXykCaGC6VsxHRBBqNKhFXUI35/i/0mrUrbPypWbaql+Po+jgI7QMTpFNqqhOrpCDdREFN2jR/SMXowH48l4Nd5mrUvGfOYA/YDx/gUWipar</latexit>

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

d�

dy1dy2d2k1?d2k2?
/

Z
d2q?d

2q0
?F [⇤](q?,�?)F [⇤](q0

?,�?)A(K?, q?, q
0
?, ✏

2
f )

<latexit sha1_base64="NAOYCB8d6gmY3J6/NNziXPRDS18="></latexit>

G[⇤] ! F [⇤]
<latexit sha1_base64="YZYEl4r1odqh54B5HkAC4uDtQ1E=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0VwVZJaaJalgrqsYB+QxDKZTtqhkwczE7GEbN34K25cKOLWP3Dn3zhto1TRAwOHc+7lzjlezKiQhvGhFZaWV1bXiuuljc2t7R19d68jooRj0sYRi3jPQ4IwGpK2pJKRXswJCjxGut74dOp3bwgXNAqv5CQmboCGIfUpRlJJfR2eX6e204xu3Qw6MoKpgxGDZ9m32tfLRsWYAS6Qes2wLAuauVIGOVp9/d0ZRDgJSCgxQ0LYphFLN0VcUsxIVnISQWKEx2hIbEVDFBDhprMkGTxSygD6EVcvlHCmLm6kKBBiEnhqMkByJH57U/Evz06kb7kpDeNEkhDPD/kJgyrytBY4oJxgySaKIMyp+ivEI8QRlqq8kirhKyn8n3SqFfOkUr2slRvNvI4iOACH4BiYoA4a4AK0QBtgcAcewBN41u61R+1Fe52PFrR8Zx/8gPb2Cf4Fmeg=</latexit>

✏2f = z(1� z)Q2
<latexit sha1_base64="gTOO2snhVHvWMCMGqrnblBarCX8=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWAR6sKSxEKzEYpuXLZgH9CmZTKdtEMnD2YmQhvqxl9x40IRt/6FO//GaRuhih64cDjnXu69x40YFdIwPrXMyura+kZ2M7e1vbO7p+8fNEQYc0zqOGQhb7lIEEYDUpdUMtKKOEG+y0jTHV3P/OYd4YKGwa0cR8Tx0SCgHsVIKqmnH3VIJChT1Ota8BJOCub55KzWtXp63igac8AlUi4Ztm1DM1XyIEW1p390+iGOfRJIzJAQbdOIpJMgLilmZJrrxIJECI/QgLQVDZBPhJPMP5jCU6X0oRdyVYGEc3V5IkG+EGPfVZ0+kkPx25uJf3ntWHq2k9AgiiUJ8GKRFzMoQziLA/YpJ1iysSIIc6puhXiIOMJShZZTIXx/Cv8nDatoXhStWilfuUrjyIJjcAIKwARlUAE3oArqAIN78AiewYv2oD1pr9rbojWjpTOH4Ae09y8yIJVu</latexit>

S[⇤](x?,y?) ! 1� S[⇤](x?,y?)
<latexit sha1_base64="rdmL4Z4Zf8FV5N3rXE57M7l1gIg="></latexit>

One can access the off-forwardness through Δ⊥: t = ��2
?

<latexit sha1_base64="b1VoGcGnpvWIJdrWbyViO5HvjZQ=">AAAB+3icdVDJSgNBEO2JW4zbGI9eGoPgxTCJgeQiBPXgMYJZIDOGnk4ladKz0F0jhpBf8eJBEa/+iDf/xs4iRNEHBY/3qqiq58dSaHScTyu1srq2vpHezGxt7+zu2fvZho4SxaHOIxmpls80SBFCHQVKaMUKWOBLaPrDy6nfvAelRRTe4igGL2D9UPQEZ2ikjp3F81P3CiSyjhuDiu+KtGPnnLwzA10i5ZJTqVRoYaHkyAK1jv3hdiOeBBAil0zrdsGJ0RszhYJLmGTcREPM+JD1oW1oyALQ3nh2+4QeG6VLe5EyFSKdqcsTYxZoPQp80xkwHOjf3lT8y2sn2Kt4YxHGCULI54t6iaQY0WkQtCsUcJQjQxhXwtxK+YApxtHElTEhfH9K/yeNYr5wli/elHLVi0UcaXJIjsgJKZAyqZJrUiN1wskDeSTP5MWaWE/Wq/U2b01Zi5kD8gPW+xcIN5PM</latexit>
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MV-like model

Apply an MV-like model that is similar to the model by Hagiwara et al, 2017:

Two free parameters are to be fitted to the data: ϵr and 𝛘

F [⇤](k?,�?) = 4Nc
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
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2
+ e

�◆�

<latexit sha1_base64="nWzzlxI4WZNnIsxLs6jSm6CnbqY="></latexit>

_
ϵr cuts out the region where the qq dipole size becomes large compared to the  
target size, where the model should not be applicable (cut-off in b not needed)

[Boer, Setyadi, 2021]
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Q2
s(x) = A1/3(3 · 10�4/x)0.3 [GeV2]

<latexit sha1_base64="vK4IY/cV7XWEMUi5fcx8W6Oa380="></latexit>

𝛘 is viewed as determining the average small-x value


The inclusive DIS HERA data (GBW model) is described well by  


So we expect 

Smaller x data will require larger 𝛘

� ⇠ x�0.3
<latexit sha1_base64="5REMZnwB5wpfuB4IOO5zWUxuMZc=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgxpC0hWZZdOOygn1AG8tkOmmHTiZhZiItIb/ixoUibv0Rd/6N0zZCFT1w4XDOvdx7jx8zKpVtfxqFjc2t7Z3ibmlv/+DwyDwud2SUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6TrT68XfveBCEkjfqfmMfFCNOY0oBgpLQ3N8gBPKBxIGsLZfXppW7VsaFZsy14CrpFG3XZdFzq5UgE5WkPzYzCKcBISrjBDUvYdO1ZeioSimJGsNEgkiRGeojHpa8pRSKSXLm/P4LlWRjCIhC6u4FJdn0hRKOU89HVniNRE/vYW4l9eP1GB66WUx4kiHK8WBQmDKoKLIOCICoIVm2uCsKD6VognSCCsdFwlHcL3p/B/0qlaTs2q3tYrzas8jiI4BWfgAjigAZrgBrRAG2AwA4/gGbwYmfFkvBpvq9aCkc+cgB8w3r8Any2Thw==</latexit>



Model

The data is φ integrated,

therefore we restrict to 𝓕0

F [⇤](k?,�?) = 4Nc
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<latexit sha1_base64="nWzzlxI4WZNnIsxLs6jSm6CnbqY="></latexit>

ϵr is chosen to correspond  
to the gluonic radius 

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

2 (k?,�?) cos 2✓k� + ...
<latexit sha1_base64="iBqaQjWAnQwShWjY5smrGQH3d80="></latexit>

Data will be for K⊥ > 5 GeV 
Dominant contribution from: 

�? ⌧ K? ⇡ k1?
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H1 data

The H1 data considered is on ep → e’ j j X’ p, so not strictly exclusive dijets, 

but it will be dominated by dijets (the LO contribution) 


The ZEUS data on exclusive diffractive dijets are not differential enough

EPJC 72 (2012) 1970

EPJC 76 (2016) 16

Boer, Setyadi, 2021
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H1 data

The data as function of t and K⊥ is integrated over Q and y (√s = 319 GeV) 
This corresponds to an average small-x value on the order of 10-3

The data as a function of Q is only integrated over y, hence all data points  
correspond to a different average x value, not fully captured by this x→0 model 

Q2 = xys 


This explains why smaller Q2 
data points favor larger 𝛘 and

vice versa

Smaller x means larger 𝛘

Boer, Setyadi, 2021
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For effects of soft gluon radiation, see 

Hatta, Mueller, Ueda, Yuan, 2019; 

Hatta, Yuan, Xiao, Zhou, 2020



Predictions for EIC

Predictions for photo-production 
and for electroproduction in a 

somewhat different regime


For √s=140 GeV the average x is 
between 10-3 and 10-2 (expected 
to favor somewhat smaller 𝛘)

For lower K⊥, the data are 
expected to favor higher 𝛘 
and overshoot the lines, and 
vice versa for higher K⊥

Boer, Setyadi, 2021
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Conclusions



• Like TMDs the GTMDs are process dependent and like GPDs they require 
translation non-invariance, such as a b⊥ profile w.r.t. a center


• This b⊥ profile of the proton is the one as seen by a relativistic probe  
(here 𝛾* or 𝛾)


• Diffractive dijet production in ep collisions probes the dipole gluon GTMD, 
which becomes a Wilson loop correlator in the small-x limit


• An MV-like model for the unpolarized dipole gluon GTMD was shown to 
provide a reasonable description of the H1 data, leading to predictions for EIC   

• Comparing H1 and EIC data for the angular-integrated cross sections at  
small x would offer a first test of the underlying GTMD description


Conclusions
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Back-up slides



Small-x limit of GTMDs

For unpolarized hadrons there are 4 independent (complex valued) gluon GTMDs


The imaginary part corresponding to the odderon operator, which for an  
unpolarized proton vanishes in the forward limit 
Boer, van Daal, Mulders, Petreska, 2018

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


This implies: 
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Gluon GTMDs

PhD thesis by Tom van Daal, 2018
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MV-like model

Apply an MV-like model that is similar to the model by Hagiwara et al, 2017:

Two free parameters are to be fitted to the data: ϵr and 𝛘

𝛘 is viewed as determining the average small-x value


The inclusive DIS HERA data (GBW model) is described well by  


Equating this expression for ⍺s ≈ 0.3 with  

one finds
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_
ϵr cuts out the region where the qq dipole size becomes large compared to the  
target size, where the model should not be applicable (cut-off in b not needed)

Smaller x means larger 𝛘 Boer, Setyadi, 2021
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GPDs

Impact parameter dependent quark GPD [Burkardt 2000]
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Normalized proton state localized in the spatial ⊥ direction for some wave packet Φ

Wave packet slowly varying on the scale of the off-forwardness,

i.e. sufficiently localized in transverse position space

For 3D spatial distribution of the proton this leads to wave packet dependence:   
insufficient room between Compton wave length (0.21 fm) and system size (0.85 fm) 
Jaffe, 2021 29



Wilson loop correlator

�[+,�] ij(x,kT )
x!0�! kiT k

j
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D.B., Cotogno, van Daal, Mulders, Signori & Ya-Jin Zhou, JHEP 2016

a single Wilson loop matrix element
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[�]
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Amplitudes
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