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Gluon TMDs:  
a largely unexplored territory
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, ✓i being the polar angles of the final

partons in the virtual photon-hadron cms frame. Note
that A now also receives a contribution from �⇤q ! gq,
leading to somewhat smaller asymmetries.

Since the observables involve final-state heavy quarks
or jets, they require high energy colliders, such as a future
Electron-Ion Collider (EIC) or the Large Hadron electron
Collider (LHeC) proposed at CERN. It is essential that
the individual transverse momentaKi? are reconstructed
with an accuracy �K? better than the magnitude of the
sum of the transverse momenta K1? +K2? = qT . Thus
one has to satisfy �K? ⌧ |qT | ⌧ |K?|.

An analogous asymmetry arises in QED, in the ‘tri-
dents’ processes `e(p) ! `µ+µ�e0(p0 orX) or µ�Z !

µ�`¯̀Z [18–21]. This could be described by the distribu-
tion of linearly polarized photons inside a lepton, pro-
ton, or atom. QCD adds the twist that for gluons inside
a hadron, ISI or FSI can considerably modify the result
depending on the process, for example, in HQ produc-
tion in hadronic collisions: p p ! QQ̄X, which can be
studied at BNL’s Relativistic Heavy Ion Collider (RHIC)
and CERN’s LHC, and p p̄ ! QQ̄X at Fermilab’s Teva-
tron. Since the description involves two TMDs, breaking
of TMD factorization becomes a relevant issue, cf. [14]
and references therein. The cross section for the process
h1(P1)+h2(P2)!Q(K1)+Q̄(K2)+X can be written in a
way similar to the hadroproduction of two jets discussed
in Ref. [13], in the following form
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Besides q2
T , the terms A, B and C will depend on other,

often not explicitly indicated, variables as z, M2
Q/M

2
?

and momentum fractions x1, x2 obtained from x1/2 =
(M1? e±y1 +M2? e±y2 ) /

p
s .

In the most naive partonic description the terms A, B,
and C contain convolutions of TMDs. Schematically,

A : fq
1 ⌦ f q̄

1 , fg
1 ⌦ fg

1 ,

B : h? q
1 ⌦ h? q̄

1 ,
M2

Q

M2
?
fg
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1 ,

C : h? g
1 ⌦ h? g

1 .

Terms with higher powers in M2
Q/M

2
? are left out. In

Fig. 1 the origin of the factorM2
Q/M

2
? in the contribution

of h? g
1 to B is explained.

The factorized description in terms of TMDs is prob-
lematic though. In Ref. [14] it was pointed out that for
hadron or jet pair production in hadron-hadron scatter-
ing TMD factorization fails. The ISI/FSI will not allow
a separation of gauge links into the matrix elements of

the various TMDs. Only in specific simple cases, such
as the single Sivers e↵ect, one can find weighted expres-
sions that do allow a factorized result, but with in gen-
eral di↵erent factors for di↵erent diagrams in the partonic
subprocess [22, 23]. Even if this applies to the present
case for A and B as well, actually two di↵erent func-

tions h?g(2)
1 (x) (and fg(1)

1 (x)) will appear, corresponding
to gluon operators with the color structures fabe fcde and
dabe dcde, respectively [23, 24]. This is similar to what
happens for single transverse spin asymmetries (AN ) in
heavy quark production processes [25–29]. Because there
too two di↵erent (f and d type) gluon correlators arise,
the single-spin asymmetries in D and D̄ meson produc-
tion are found to be di↵erent. However, in the unpo-
larized scattering case considered in this letter the situ-
ation is simpler, since only one operator contributes or
dominates. In the �⇤g ! QQ̄ subprocess only the ma-
trix element with the f f -structure appears, while in the
g g ! QQ̄ subprocess relevant for hadron-hadron colli-
sions the d d-structure dominates (the ff -contribution is
suppressed by 1/N2). A side remark on pT broadening
[30–32]: because of the two di↵erent four-gluon opera-

tors for fg(1)
1 (x) we expect the broadening �p2T in SIDIS,

(�p2T )DIS ⌘ hp2T ieA �hp2T iep, to be di↵erent from the one
in hadron-hadron collisions, (�p2T )hh ⌘ hp2T ipA � hp2T ipp.

In case weighting does allow for factorized expres-
sions, we present here the relevant expressions for B =
B
qq̄!QQ̄ + (M2

Q/M
2
?)B

gg!QQ̄, where
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FIG. 1: Examples of subprocesses contributing to the cos 2�
asymmetries in e p ! e0 QQ̄X and p p ! QQ̄X, respec-
tively. As the helicities of the photons and gluons indicate,
the latter process requires helicity flip in quark propagators
resulting in an M2

Q/M
2
? factor.
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e p ! e jet jet X p p ! ⌘c Xp p ! J/ � X

see, e.g., Boer, den Dunnen, Pisano, Schlegel, Vogelsang, PRL108 (12)  
den Dunnen, Lansberg, Pisano, Schlegel, PRL 112 (14) 

see talk by A. SignoriUnexplored territory!

ep ! e + jet + jet + X
<latexit sha1_base64="HHkuAGmuMgAsVvewBeE4+91xoNY="></latexit>

pp ! J/ + � + X
<latexit sha1_base64="B7aNHcY8w9rD5JbZreyXrn8KkCw="></latexit>

[D. Boer, W.J. den Dunnen, C. Pisano, M. Schlegel, W. Vogelsang, Phys. Rev. Lett. 108 (2012) 032002]  
[W.J. den Dunnen, J.P. Lansberg, C. Pisano, M. Schlegel, Phys. Rev. Lett. 112 (2014) 21200]  

[J.P. Lansberg, C. Pisano, F. Scarpa, M. Schlegel, Phys. Lett. B 784 (2018) 217]  
[A. Bacchetta, D. Boer, C. Pisano, P. Taels, arXiv:1809.02056 [hep-ph]]  

[U. D’Alesio, C. Flore, F. Murgia, C. Pisano, P. Taels, arXiv:1811.02970 [hep-ph]] 

pp ! H(⌘c) + X
<latexit sha1_base64="SKibFmxQoIR9a+2YPcZJdjVx7wg="></latexit>



Motivation
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  Need for a flexible model, suited to phenomenology 

  Correctly reproduces gluon collinear PDF… 

  …allows us to predict unpol. and pol. gluon TMDs 

  Consistent framework for quark TMDs



Effective vertex  
and gluon correlator
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Yg(p
2)
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Effective vertex  
and gluon correlator
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   Spin-1/2 spectator (gluon)
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Selection out of 
12 Dirac structures

Yg(p
2)

<latexit sha1_base64="bLkIoHuTKlkHIB+roMWWX2PBrNA="></latexit>



Gluon TMDs at twist-2
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2.6. Transverse momentum distributions

gluon pol.
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L gg
1 h?g

1L

T f?g
1T gg

1T hg
1, h?g
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Table 2.3. Twist-2 gluon transverse-momentum-dependent distribution functions. U,L,T
correspond to unpolarized, longitudinally polarized and transversely polarized nucleons.
U, circ., lin. correspond to unpolarized, circularly polarized and linearly polarized gluons.
Functions in blue are T-even. Functions in black are T-even and survive integration over
pT . Functions in red are T-odd (see Sec. 2.8).

�h1(x, p2
T )

✏pT {i
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#
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The relation between the TMDs and the coefficient functions in the parametrization
of the unintegrated correlator can be found in [78]. The functions h?

1L, f?
1T , h1, and

h?
1T are T -odd (see Sec. 2.8). A more traditional form of the parametrization [76,

88] can be recovered expanding the STT forms for the pT tensors (see App. B),
considering the following relation among three h-type functions:

h1(x, p2
T )

.
= h1T (x, p2

T ) +
p2

T

2M2
h?

1T (x, p2
T ). (2.6.34)

For a comparison between the current and previous notations see [78]. Looking at
(2.6.33), we see that h1 is a rank-1 function and h?

1T is a rank-3 function. Consid-
ering the more traditional forms in [76, 88], h1T contains both rank-1 and rank-3
pieces, so it is not a function with definite rank. For this reason, its usage within a
rank expansion or cross sections with TMDs in bT -space would be problematic13.

Eventually note that, despite the similarity in name, the function h1 for glu-
ons is different from the quark transversity function h1 (e.g., it does not survive
integration over transverse momentum). The properties of the gluon TMD PDFs
are summarized in Tab. 2.3. It is possible to introduce gluon TMD fragmenta-
tion functions too. See, e.g, [57, 72]. In App. D we give the parametrization of
the Fourier-transformed gluon distribution correlator, �ij(x, bT ), and the relations
between the TMD PDFs in momentum (pT ) space and position (bT ) space.

13E.g., eqs. (2.17, 2.18, 2.20) in [89] are inconsistent from a rank point of view.

33
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State of the art
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  First calculation of leading-twist T-even quark TMDs  
with scalar and axial-vector di-quarks 

[R. Jakob, P. J. Mulders, and J. Rodrigues, Nucl. Phys. A626, 937 (1997)] 

  Gluon TMD PDFs and FFs 
[P.J. Mulders, J. Rodrigues, Phys. Rev. D63 (2001) 094021]  

[J. Rodrigues, PhD thesis (2001)] 

  Complete calculation of all the leading-twist TMDs  
with scalar di-quarks 

[S. Meissner, A. Metz, and K. Goeke, Phys. Rev. D76, 034002 (2007)] 

  Inclusion of different axial-vector di-quark polarization states  
and nucleon-parton-spectator form factors  

(fit to PDF parametrizations)  [A. Bacchetta, F. Conti, M. Radici, Phys. Rev. D78 (2008) 074010]  
(application on azimuthal asymmetries)  [A. Bacchetta, M. Radici, F. Conti, M. Guagnelli, Eur. Phys. J. A45 (2010) 373-388]



How to improve 
the description?



Yg(p
2)

<latexit sha1_base64="bLkIoHuTKlkHIB+roMWWX2PBrNA="></latexit>

Spectator-system  
spectral-mass function
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spectral-mass function

spectator-model TMD
F (x,p2

T ) =

Z
dMX ⇢X(MX) F̂ (x,p2

T ;MX)
<latexit sha1_base64="/JlBzXxF/DHqWx4ckyaSqyGORUE=">AAACgnicdVFdb9MwFHVDgVG+OniEB4sJqUVTlXQPTGJIlZAKL0hDWrdKTQk3zu1qzbEj+wZRRfkh/Cf+AH+DVxDCyfbANrgvPj7nfvk4LZR0FIbfO8GN7s1bt7fu9O7eu//gYX/70bEzpRU4E0YZO0/BoZIaZyRJ4bywCHmq8CQ9e9PoJ5/ROmn0EW0KXOZwquVKCiBPJf3VdPBll1dxalTmNrk/eFEnRx/HQ/6ax1KT12zOs/ p9Mufxbi+2a+PRgDf3Ycusgapp/Z82r5rEYS/p74SjsA1+HUQXYGeyP/n0++3Xp4fJdqcbZ0aUOWoSCpxbRGFBywosSaGw7sWlwwLEGZziwkMNObpl1RpS8+elAzK8QMul4i2Jf1dUkLtmTZ+ZA63dVa0h/6UtSlrtLyupi5JQi2YQSYXtICes9E4jz6RFImg2Ry41F2CBCK3kIIQnS2/9pYHOv2+Nme82xY3OQXNtqP2fxrfoqkvXwfF4FO2Nxh+8gQfsPLbYE/aMDVjEXrIJe8cO2YwJ9o39YD/Zr6AbvAiiYO88Nehc1DxmlyI4+ANPmMMI</latexit>

[Inspired by G.R. Goldstein, J.O.G. Hernandez, S. Liuti, Phys.Rev. D84 (2011) 034007]

Instead of a single on-shell 
spectator, a continuum of 

spectators



Spectator-system  
spectral-mass function
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spectral-mass function

spectator-model TMD

low-x (high-µ2) tail ∝(b - c) 
2N-quark contribution

moderate-x trend  
tri-quark contribution

µ2 = M2
X
� (MH �mq/g)

2
<latexit sha1_base64="EIEBAQhqKt1JmG8IYDQvYuNYnhE=">AAACPXicbVA9TxtBEN0jJBDnAxPKNAtWJChw7gxSUoCEhIRokEDCYMk2p7n1YK/Y3Tt255Csk2t+DS2U/A5+QLqIlpb14YKv18zTezM7Oy/JlHQUhnfB1Ifpj59mZj9Xvnz99n2uOv/jyKW5FdgUqUptKwGHShpskiSFrcwi6EThcXK2PfaPL9A6mZpDGmbY1dA38lQKIC/F1cWOzk8afJPvxS1fV/nyXrzri46L89/90cpJI6 7WwnpYgr8l0YTU2AT78Xww3emlItdoSChwrh2FGXULsCSFwlGlkzvMQJxBH9ueGtDoukV5y4j/yh1QyjO0XCpeivh8ogDt3FAnvlMDDdxrbyy+57VzOv3bLaTJckIjxotIKiwXOWGlDwl5T1okgvHPkUvDBVggQis5COHF3Kf2YqHz9w2w51/bwaHRYLhJqYy24nOLXqf0lhw16tFavXGwXtvamCQ4y36yJbbMIvaHbbFdts+aTLBLdsWu2U1wG/wL/gf3T61TwWRmgb1A8PAImkaqvA==</latexit>
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MX ; {X(pars)} ⌘ {A,B, b, c, C,MD,�}

⌘
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B + µ2c
+
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⇡�
e�

(MX�MD)2

�2

�

<latexit sha1_base64="NVcwSR5/PLTgcYY0FaS4X9ZyctE=">AAAC43icbVJNb9NAEF2bAsV8NIUjlxERUqI6URKQQAKktkGIS6UiSBsp61jrzSRZ1V6b3XWlyPIv4Ia48nv4Dfwb1o6RaMucnua9mTc7s1EWC20Gg9+Oe2vn9p27u/e8+w8ePtpr7T8+02muOE54GqdqGjGNsZA4McLEOM0UsiSK8Ty6GFf8+SUqLVL5xWwyDBK2kmIpODM2FbZ+UbVOwyl4NMal6Xgn4fQN0AKm84KqBDoZU7 pbAi09il9zcelZ7siHYx8iH7gPYx9Owvc+UC1WCat1SqzWpgveO48m+bwYReW2+cyjS8V4cVQWx3AAW5KXJRw0xLgsaCaaVqWH86IHW6Zjx4Je5dSdj6yqVlj01y3wwlZ70B/UATfBsAFt0sRpuO/s0EXK8wSl4THTejYcZCYomDKCx2g75xozxi/YCmcWSpagDop64yU8zzUzKWSoQMRQJ/HfioIlWm+SyCoTZtb6Olcl/8fNcrN8HRRCZrlBySsjI2KsjTRXwp4SYSEUGsOqyRGEBM4UMwaVAMa5Teb2tlcMtX3fGhe22wfcyIRJkKmpP0C1t+H1Ld0EZ6P+8EV/9Oll+/Bts8Fd8pQ8Ix0yJK/IIflITsmEcKfnfHaoE7jofnO/uz+2Utdpap6QK+H+/ANav99h</latexit>

F (x,p2
T ) =

Z
dMX ⇢X(MX) F̂ (x,p2

T ;MX)
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[Inspired by G.R. Goldstein, J.O.G. Hernandez, S. Liuti, Phys.Rev. D84 (2011) 034007]
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low-x (high-µ2) tail ∝(b - c) 
2N-quark contribution

moderate-x trend  
di/tri-quark contribution

Spectral function vs (b - c)
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  Calculate TMDs from parton correlators
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  Calculate TMDs from parton correlators

  Weight TMDs over MX via spectral function

  Integrate over parton pT to get PDFs

 ¡!  Assume -integrated TMDs to reproduce PDFspT

     at the lowest scale ( ) before evolution Q0



Metodology
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  Calculate TMDs from parton correlators

  Weight TMDs over MX via spectral function

  Integrate over parton pT to get PDFs

 ¡!  Assume -integrated TMDs to reproduce PDFspT

     at the lowest scale ( ) before evolution Q0

 Fit model parameters to reproduce f1 and g1  

collinear PDFs
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Unpolarized gluon PDF

!12

Q2
0 = 2.69 GeV2

NNPDF3.1sx

0.001 0.005 0.010 0.050 0.100 0.500

0

1

2

3

4

x

xf1
g(x)



Prelim
inary

Unpolarized gluon PDF
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Prelim
inary
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Bottom line
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  Each TMD shows a distinctive ! - and ! -behavior 

  Data on gluon TMDs will exclude many replicas  
and constrain parameters not yet so well constrained 

by collinear PDFs

x pT



-densitiesρ

!30

[unpol/unpol] f1(x, px, py)



-densitiesρ

!30

[unpol/unpol] f1(x, px, py)

[↺/+]
1
2 [f1(x, px, py) + g1L(x, px, py)]



-densitiesρ

!30

[unpol/unpol] f1(x, px, py)

[↺/+]
1
2 [f1(x, px, py) + g1L(x, px, py)]

1
2 [f1(x, px, py) −

px

MH
g1T(x, px, py)][↺/→]



-densitiesρ

!30

[unpol/unpol] f1(x, px, py)

[↺/+]
1
2 [f1(x, px, py) + g1L(x, px, py)]

1
2 [f1(x, px, py) −

px

MH
g1T(x, px, py)][↺/→]

[↔/unpol]
1
2 [f1(x, px, py) +

p2
x − p2

y

2M2
H

h⊥
1 (x, px, py)]



-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

pX [GeV]

p Y
[G
eV

]
xρg (replica 92)

[G
eV

-2
]

� = �����

��

��

Prelim
inary

[unpol/unpol] -densityρ

!31

x = 10−3

x = 10-1

x = 10-2

x = 10-3

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
0

1

2

3

4

5

pX [GeV]

xρg (py = 0)

������� ��



-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

pX [GeV]

p Y
[G
eV

]
xρg↔ (replica 92)

[G
eV

-2
]

� = �����

��

��

Prelim
inary

[↔/unpol] -density (BM)ρ

!32

x = 10−3

x = 10-1

x = 10-2

x = 10-3

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
0

1

2

3

4

5

pX [GeV]

xρg↔ (py = 0)

������� ��



-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

pX [GeV]

p Y
[G
eV

]
xρg

21
BA /→ (replica 92)

[G
eV

-2
]

� = ���

��

��

Prelim
inary

[↺/→] -density (WG)ρ

!33

x = 10−1

x = 10-1

x = 10-2

x = 10-3

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
0

1

2

3

4

5

pX [GeV]

xρg↔ (py = 0)

������� ��



-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

pX [GeV]

p Y
[G
eV

]
xρg

21
BA /→ (replica 92)

[G
eV

-2
]

� = ����

��

��

Prelim
inary

[↺/→] -density (WG)ρ

!34

x = 10−2

x = 10-1

x = 10-2

x = 10-3

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
0

1

2

3

4

5

pX [GeV]

xρg↔ (py = 0)

������� ��



-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

pX [GeV]

p Y
[G
eV

]
xρg

21
BA /→ (replica 92)

[G
eV

-2
]

� = �����

��

��

Prelim
inary

[↺/→] -density (WG)ρ

!35

x = 10−3

x = 10-1

x = 10-2

x = 10-3

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
0

1

2

3

4

5

pX [GeV]

xρg↔ (py = 0)

������� ��



Conclusions & Outlook

!36



Conclusions & Outlook

!36

  Systematic calculation of all twist-2 T-even gluon TMDs



Conclusions & Outlook

!36

  Systematic calculation of all twist-2 T-even gluon TMDs

   Spectral mass to catch small- and moderate-x effects



Conclusions & Outlook

!36

  Systematic calculation of all twist-2 T-even gluon TMDs

   Spectral mass to catch small- and moderate-x effects

   Simultaneous fit of f1 and g1 PDFs



Conclusions & Outlook

!36

  Systematic calculation of all twist-2 T-even gluon TMDs

   Spectral mass to catch small- and moderate-x effects

   Simultaneous fit of f1 and g1 PDFs

   Uncertainty estimate via replica method



Conclusions & Outlook

!36

  Systematic calculation of all twist-2 T-even gluon TMDs

   Spectral mass to catch small- and moderate-x effects

   Simultaneous fit of f1 and g1 PDFs

   Uncertainty estimate via replica method

   Inclusion of BFKL input on small-x tail



Conclusions & Outlook

!36

  Systematic calculation of all twist-2 T-even gluon TMDs

   Spectral mass to catch small- and moderate-x effects

   Simultaneous fit of f1 and g1 PDFs

   Uncertainty estimate via replica method

   Inclusion of BFKL input on small-x tail

   Extension to quark TMDs in the same framework



Conclusions & Outlook

!36

  Systematic calculation of all twist-2 T-even gluon TMDs

   Spectral mass to catch small- and moderate-x effects

   Simultaneous fit of f1 and g1 PDFs

   Uncertainty estimate via replica method

   Inclusion of BFKL input on small-x tail

   Extension to quark TMDs in the same framework

   T-odd TMDs with one-gluon exchange in eikonal approximation



Conclusions & Outlook

!36

  Systematic calculation of all twist-2 T-even gluon TMDs

   Spectral mass to catch small- and moderate-x effects

   Simultaneous fit of f1 and g1 PDFs

   Uncertainty estimate via replica method

   Inclusion of BFKL input on small-x tail

   Extension to quark TMDs in the same framework

   T-odd TMDs with one-gluon exchange in eikonal approximation

   Use of models to estimate impact of new data
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Parton densities: an overview

!38

pT - integrated pT - unintegrated

Collinear PDFs 
   Inclusive processes 
   pT ~ hardest scale

GPDs 
   Exclusive processes 
   Skewness effects

TMDs 
   (Semi-)inclusive processes 
   pT << hardest scale

UGDs 
 High-energy factorization (BFKL) 
 Small x, large pT 
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Quark and gluon correlators
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Spectator-model gluon TMDs (1)
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Spectator-model gluon TMDs (2)
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Spectator-model quark TMDs 
scalar di-quark (1)
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Spectator-model quark TMDs 
scalar di-quark (2)
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Spectator-model quark TMDs 
axial-vector di-quark (1)
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Spectator-model quark TMDs 
axial-vector di-quark (2)
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Fit specifics

χ2 = 0.51

xTOT = 0.42358 [x > 10−5] + 0.00006 [x < 10−5]
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STOT = 0.339 [x > 10−5] + 0.014 [x < 10−5]
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[unpol/unpol] -densityρ
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x = 10−1
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[unpol/unpol] -densityρ
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