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Motivation
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Gluon TMDs: not much known yet…

[ATLAS 2202.00487]

[Lansberg, Pisano, Scarpa, Schlegel 1710.01684]

Simple gaussian model 
No TMD evolution, LO 

DPS… H0 not useful yet to 
constrain gluon TMDs…

Only existing “fit” of  gluon TMD

•Quark TMDs are fairly well known: advanced theory, different measurements and 
processes, several groups…


•Gluon TMDs: not easy to probe them!

Jets might be useful, but 
have their own issues…
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Quarkonium production as a tool to probe (gluon) TMDs
•Several processes proposed to access (un)polarized gluon TMDs


•Several measurements exist (e.g. di-onium@LHC), data on tape (di-onium asymmetries at LHC), 
future experiments promising (EIC, FT@LHC,…)
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Factorization 
proven

Ansatz: factorization of  2 soft mechanisms in the processes:

soft gluon resummation and formation of  bound state 

—> See talks by Cristian, Luca & Raj

Quarkonium production is both an opportunity and a challenge!!

Need to improve the theory to properly deal with TMDs…

+ more…
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TMD factorization forԟԟ ܽ ᅬվӴսԍ
<latexit sha1_base64="gPopboR/U6SEKj5bGJWtrGiAoNk="></latexit>

[MGE 1907.06494]
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NRQCD in a nutshell
•Non-Relativistic QCD: an effective theory of  QCD


•Expansion of  the QCD lagrangian in powers of  the relative velocity of  the heavy-quark pair
<latexit sha1_base64="GLYozMif1sMYjubIHtOH45hTJdQ="></latexit>

d�(i+ j ! Q+X) =
X

n

d�̂(i+ j ! QQ̄(n) +X) hOQ
n i

Perturbative

(apart from PDFs)

<latexit sha1_base64="LE/dk2JHq4j7krS6ej79nC/3xC4="></latexit>

O
Q
n = ( †n�)

†
X

X

|QXi hQX| ( †n�)

<latexit sha1_base64="fmBLgwyAzPD2h26rXOaAqhvA4SA="></latexit>

n ⌘ 2S+1L[c]
J

X-section is a 
double expansion in 

⍺s and v

LDMEs
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Effective operator in SCET+NRQCD

+ crossed diagram

(ta)bc = �ifabc
<latexit sha1_base64="hD90X+Y9y2ZoPsQyK5dUADPMAek="></latexit>

Caligraphic 
means:

<latexit sha1_base64="Z73mop2SQo9wPmZxXeY4yifzlac="></latexit>
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<latexit sha1_base64="8ojXYaJ6T286ytPUmzbJYLz08M0="></latexit>
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<latexit sha1_base64="ONKTnlqfdmFxgD0zyIcMsYkmAKE="></latexit>
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<latexit sha1_base64="ZRbFgGd9GaEqTXvVSN0UbVtWaOc="></latexit>

1S[1]
0



9

Factorization
•Cross-section given by:

Factorization in EFT 

=


decoupling of  modes!
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<latexit sha1_base64="WnACn8jza/ONq5my4vIqTJUeihA="></latexit>
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, µ

2)|2
<latexit sha1_base64="MIFRQyFVCV0dEVaP5WwJ/TQHbac="></latexit>

<latexit sha1_base64="HV+NS92wOuvOr2beIu+8DKWlW5k="></latexit>
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<latexit sha1_base64="JYLoImtN000e9rPK534n1jOX1PQ="></latexit>

mQv ⇠ qT

<latexit sha1_base64="NOKBQZwErlMhiER2C1l6SofXFpc="></latexit>

|X⌘Qi = |Xni ⌦ |Xn̄i ⌦ |Xs⌘Qi
<latexit sha1_base64="5VRqRVAe1kK3wStkuqHGD9fJyBw="></latexit>��PSA, P̄ SB

↵
= |PSAi ⌦

��P̄SB
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TMDs with eta_c hadroproduction
•After some algebraic manipulations…

xA,B =
p
⌧ e±y

<latexit sha1_base64="nlQQa6jYd4faF9CXo/rhQ2uUzbM="></latexit>

⌧ = (M2 + q2T )/s
<latexit sha1_base64="P3XBDp8x8DS3FL5aqCDz0V599vQ="></latexit>

All of  them have 
rapidity divergences!

•Pure collinear and bare TMD shape functions defined as:
<latexit sha1_base64="k5W+I6lyKrdTK3VSXXRa5acIjPc="></latexit>
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Definition of  gluon TMDs
•We need to introduce the relevant soft function (same as for Higgs production):

Soft function can be split to all orders in pQCD:

TMDs are defined as (Rapidity divergences free):

T̃n ⌘ Gg/A
<latexit sha1_base64="Z1cZeBf9uQPUI8qu71Yj8v2XsxY="></latexit> [MGE, Idilbi, Scimemi 1111.4996, 1211.1947, 1211.1947]


[MGE, Kasemets, Mulders, Pisano 1502.05354]

[Collins’ book 2011]

<latexit sha1_base64="Yq5IChGRGoETy5JAc5B8N+cck14="></latexit>
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<latexit sha1_base64="ITAkWOY/0ywtoE+Sh0vfON2cmPY="></latexit>

S̃(bT ;µ; ⌘n, ⌘n̄) = S̃� (bT ;µ; ⌘n) S̃+ (bT ;µ; ⌘n̄)

<latexit sha1_base64="aNRs1uAyMbnuLX3oDyz08FEFiz8="></latexit>

G̃µ⌫
g/A(xA, b?, SA; ⇣A, µ) = J̃ (0)µ⌫

n (xA, b?, SA;µ; ⌘n) S̃�(bT ;µ; ⌘n)

G̃µ⌫
g/B(xB , b?, SB ; ⇣B , µ) = J̃ (0)µ⌫

n̄ (xB , b?, SB ;µ; ⌘n̄) S̃+(bT ;µ; ⌘n̄)
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Final factorization theorem

TMD Shape Function!

TMDShF

[MGE 1907.06494]

[Fleming, Makris, Mehen 1910.03586]

<latexit sha1_base64="SgaArdbJ3HHK9lg7hEomGPyFXhY="></latexit>

S̃Q(y?) =
S̃(0)
Q (y?)

S̃(y?)

•Valid for all (un)polarized TMDs


•TMD Shape Function is spin-independent


•TMDShF depends on the quarkonium state

<latexit sha1_base64="02/cmxCBe8cYGh6bPv9GfCxWR14="></latexit>
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<latexit sha1_base64="fs6w5oNXZuex3Ot8Gh6ipz73GzQ="></latexit>
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Z
d
2kn?d
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�⌫
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TMDShF: virtual part

contains rapidity 
divergencesS̃Q(y?) =

S̃(0)
Q (y?)

S̃(y?)
<latexit sha1_base64="m8qSkMG/UWP8352Mkz7tbm6DB0s="></latexit>

+ crossed diagrams 
and self-energies…

<latexit sha1_base64="p5BCHCGZzMKLDSLW6No2n7xFbSY="></latexit>
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<latexit sha1_base64="6lx+tn1aNtwFIpzi7w94psmgWB4="></latexit>
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Check of  factorization: Hard part at NLO

(same double log 
as for H0 in pp)

[Petrelli, Cacciari, Greco, Maltoni, Mangano 
hep-ph/9707223]

[MGE, Kasemets, Mulders, Pisano 
1502.05354]

<latexit sha1_base64="ssQp+5IkGM4ExumHsXu0RWrYjRA="></latexit>
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f̃g
1

���
v
= �(1� x) +

↵s

2⇡

"
�CA

"2IR
� 1

"IR

 
�0

2
+ CAlnµ

2

⇣A

!#
�(1� x)

<latexit sha1_base64="6lx+tn1aNtwFIpzi7w94psmgWB4="></latexit>

S̃Q

���
v
= 1 +

↵s

2⇡
CF

⇡2

v

<latexit sha1_base64="cPFeTVfBFKZwRmr0hrq5FXZUDGY="></latexit>
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TMDShFs are an essential non-perturbative functions!

•Up to NLO it turns out to be just the LDME


•But at NNLO and beyond we don’t know!


• It anyway is a non-perturbative function on the same footing as the TMDs


•One has to include (=model!) it in any pheno study!!

<latexit sha1_base64="02/cmxCBe8cYGh6bPv9GfCxWR14="></latexit>

S̃(0)
Q (⇠?) =

1

N2
c � 1

X

Xs

h0|
h
Y†ab
n Ybc

n̄ �
† 

i
(⇠?) |⌘cXsi hXs⌘c|

h
Y†cd
n̄ Yda

n  †�
i
(0) |0i

S̃Q(y?) =
S̃(0)
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<latexit sha1_base64="m8qSkMG/UWP8352Mkz7tbm6DB0s="></latexit>

Analogous to TMDs

<latexit sha1_base64="xrjjWjIaunymuqqWoFb8mY18bjs="></latexit>

S̃Q(b;µ) = C(b;µ) hOQ(µ)i S̃
NP
Q (b)

C(b;µ) = 1 +O(↵2
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TMD factorization for

[Work in progress with

P. Gutierrez and P. Taels]

<latexit sha1_base64="uX0GI/bjuwjY4BYWJ8LMb/OyfFc="></latexit> 𝑒− 𝑝 → 𝑒− 𝐽/𝜓 𝑋
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Effective operator

[Nayak, Qiu, Sterman hep-ph/0501235] 

[Nayak, Qiu, Sterman hep-ph/0509021]


[Rothstein, Shrivastava, Stewart 1806.07398]

Time-like Wilson lines needed for gauge invariance!

For color singlet there was no issue:

Several color-octet LDMEs contribute
[Bacchetta, Boer, Pisano, Taels 1809.02056] 

Ԕਲ ԟ ܽ Ԕਲ ӿ�ᅼ
<latexit sha1_base64="xEP66GHn5aNwbtk54olMWJm831g="></latexit>
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<latexit sha1_base64="fbELihqxPew9RuwcPqfm3QQcPVQ="></latexit>

v = (1, 0, 0, 0) , v2 = 1
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Factorization
•Cross-section given by:

Different from etac case!

There is actually a sum over states, with different 
TMDShFs, H and Lorentz structures, but let's simplify…

This is not full S!

<latexit sha1_base64="IkA8+1G4yWNSl3FbQkfkhJqvOMc="></latexit>
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TMDShF: virtual part

Yv
<latexit sha1_base64="2x4RdgFGRuppQ+rqhp97qh631L8="></latexit>

Yn
<latexit sha1_base64="hzSp1j8fxjFy1n3QgIsm1EPiOIw="></latexit>

+ crossed diagrams 
and self-energies…
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Half  the rapidity 
divergences

Remnant of  S-

No standard rapidity scale scales (no 
mixing of  collinear and soft modes)
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TMDs with JPsi leptoproduction

[Maltoni, Mangano, Petrelli 
hep-ph/9708349]
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(half  the double log as for H0 in pp
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TMDShFs are an essential non-perturbative functions!

•Different from the one(s) for etac hadroproduction


•At NLO it is already something different


•TMDShF universal: same as in Jpsi+pion in e+e-

•One has to include (=model!) it in any pheno study!!

<latexit sha1_base64="ng+sEU9yZei3j/yPY23iwE6Km+A="></latexit>

S̃(0)
Q (⇠?) =

1

N2
c � 1

X

Xs

h0|
h
Y†ab
n Ybc

v �
† 

i
(⇠?) |J/ Xsi hXsJ/ |

h
Y†cd
v Yda

n  †�
i
(0) |0i

<latexit sha1_base64="IkA8+1G4yWNSl3FbQkfkhJqvOMc="></latexit>

S̃Q(y?) =
S̃(0)
Q (y?)

S̃�(y?)

<latexit sha1_base64="+/Ua7zZQAEwvr3K9Pv3olek4sR4="></latexit>

S̃Q(b;µ, ⇣) = C(b;µ, ⇣) hOQ(µ)i S̃
NP
Q (b)

C(b;µ, ⇣) = 1 +O(↵s) Analogous to TMDs
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Quarkonium TMDFFs
�⇤

<latexit sha1_base64="LQG5NcSVTbq+kNN1O6DHi6/CqjQ=">AAAB73icdVDLSgMxFM34rPVVdekmWBRxMWTaaqe7ghuXFewD2rFk0kwbmmTGJCOU0p9w40IRt/6OO//G9CGo6IELh3Pu5d57woQzbRD6cJaWV1bX1jMb2c2t7Z3d3N5+Q8epIrROYh6rVog15UzSumGG01aiKBYhp81weDn1m/dUaRbLGzNKaCBwX7KIEWys1Or0sRD49qybyyO3UvFKfgEi9/yi7CPPElQslv0S9Fw0Qx4sUOvm3ju9mKSCSkM41rrtocQEY6wMI5xOsp1U0wSTIe7TtqUSC6qD8ezeCTy2Sg9GsbIlDZyp3yfGWGg9EqHtFNgM9G9vKv7ltVMT+cGYySQ1VJL5oijl0MRw+jzsMUWJ4SNLMFHM3grJACtMjI0oa0P4+hT+TxoF1yu6hetSvnqyiCMDDsEROAUeKIMquAI1UAcEcPAAnsCzc+c8Oi/O67x1yVnMHIAfcN4+ARhij+4=</latexit>

g
<latexit sha1_base64="dX5veEEZeVVBDofXU53CLaJthVc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbFU0mqoMeCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15lWlfp7HUYQTOIUL8OAa6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxVeM0w==</latexit>

q/q̄
<latexit sha1_base64="6BanIDQLijJxTec+BoGeIDtuzTA=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRqLxhLtgokcSLx4xkQ8DG9ItXWhou0vbNSEbfoUXDxrj1Z/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywup35rSeqNIvkg5nE1Bd4IFnICDZWehxfdgOs0vG0Vyy5ZXcOtEq8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nBU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJb/yUyTgxVJLFojDhyERo9j3qM0WJ4RNLMFHM3orIECtMjM2oYEPwll9eJc1K2auWK/dXpdp5FkceTuAULsCDa6jBHdShAQQEPMMrvDnKeXHenY9Fa87JZo7hD5zPH9N5kFY=</latexit>

�⇤
<latexit sha1_base64="LQG5NcSVTbq+kNN1O6DHi6/CqjQ=">AAAB73icdVDLSgMxFM34rPVVdekmWBRxMWTaaqe7ghuXFewD2rFk0kwbmmTGJCOU0p9w40IRt/6OO//G9CGo6IELh3Pu5d57woQzbRD6cJaWV1bX1jMb2c2t7Z3d3N5+Q8epIrROYh6rVog15UzSumGG01aiKBYhp81weDn1m/dUaRbLGzNKaCBwX7KIEWys1Or0sRD49qybyyO3UvFKfgEi9/yi7CPPElQslv0S9Fw0Qx4sUOvm3ju9mKSCSkM41rrtocQEY6wMI5xOsp1U0wSTIe7TtqUSC6qD8ezeCTy2Sg9GsbIlDZyp3yfGWGg9EqHtFNgM9G9vKv7ltVMT+cGYySQ1VJL5oijl0MRw+jzsMUWJ4SNLMFHM3grJACtMjI0oa0P4+hT+TxoF1yu6hetSvnqyiCMDDsEROAUeKIMquAI1UAcEcPAAnsCzc+c8Oi/O67x1yVnMHIAfcN4+ARhij+4=</latexit>

(a) (c)

B1 + mirror diagram (B2)A C

Wn
<latexit sha1_base64="qQYuTG6f4Hefcq9YtRnFtYeuMPo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbFU0mqoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3Zf9csVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa1a1bus1u6vKvXzPI4inMApXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAuwI2k</latexit>

W †
n

<latexit sha1_base64="/YE/jwW/gUkPxXK+2EePZD2rCi0=">AAAB8XicbVBNS8NAEJ34WetX1aOXxaJ4KkkV9Fjw4rGC/cA2lsl20y7dbMLuRiih/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWjm6nfemJK81jem3HC/AgHkoecorHSQ6snH7NuHweTXqnsVtwZyDLxclKGHPVe6avbj2kaMWmoQK07npsYP0NlOBVsUuymmiVIRzhgHUslRkz72eziCTm1Sp+EsbIlDZmpvycyjLQeR4HtjNAM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAVxMRk+j7pc8WoEWNLkCpubyV0iAqpsSEVbQje4svLpFmteBeV6t1luXaWx1GAYziBc/DgCmpwC3VoAAUJz/AKb452Xpx352PeuuLkM0fwB87nD5phkMg=</latexit>

D1 D2 D3 D4

 †�TA�
<latexit sha1_base64="86EsrNlBxy/z2GmD9MSvS/nTHH8=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUFCcYCC2OR+pKatHIcJ7XqxJHtIFVRfoGFX2FhACFWNjb+BrfNAC1Hsnx0zr269x4vYVQqy/o2SmvrG5tb5e3Kzu7e/oF5eNSVPBWYdDBnXPQ9JAmjMekoqhjpJ4KgyGOk501uZ37vgQhJedxW04S4EQpjGlCMlJZGZs1JJB1mjo/CHDoeZ76cRvrLHEnDCOWwPbyGDh7TkVm16tYccJXYBamCAq2R+eX4HKcRiRVmSMqBbSXKzZBQFDOSV5xUkgThCQrJQNMYRUS62fyiHJ5pxYcBF/rFCs7V3x0ZiuRsUV0ZITWWy95M/M8bpCq4cjMaJ6kiMV4MClIGFYezeKBPBcGKTTVBWFC9K8RjJBBWOsSKDsFePnmVdBt1+7zeuL+oNm+KOMrgBJyCGrDBJWiCO9ACHYDBI3gGr+DNeDJejHfjY1FaMoqeY/AHxucP1tadoA==</latexit>

(b) +  5 more diagrams 

g1
<latexit sha1_base64="ExyY2cRtMBlr1Q+vOyGKX9AhBd4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbFU0mqoMeCF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPpev1xxq+4cZJV4OalAjka//NUbJCyLURomqNZdz02NP6HKcCZwWuplGlPKRjTCrqWSxqj9yfzUKTmzyoCEibIlDZmrvycmNNZ6HAe2M6ZmqJe9mfif181MeONPuEwzg5ItFoWZICYhs7/JgCtkRowtoUxxeythQ6ooMzadkg3BW355lbRqVe+yWru/qtTP8ziKcAKncAEeXEMd7qABTWAQwTO8wpsjnBfn3flYtBacfOYY/sD5/AHqnY13</latexit>

g2
<latexit sha1_base64="r2iBGM4d99dejl5MUopIcJE3w1E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbFU0mqoMeCF48V7Qe0oWy2k3TpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj2kkecgZNVZ6iPq1frniVt05yCrxclKBHI1++as3SFgWozRMUK27npsaf0KV4UzgtNTLNKaUjWiEXUsljVH7k/mpU3JmlQEJE2VLGjJXf09MaKz1OA5sZ0zNUC97M/E/r5uZ8MafcJlmBiVbLAozQUxCZn+TAVfIjBhbQpni9lbChlRRZmw6JRuCt/zyKmnVqt5ltXZ/Vamf53EU4QRO4QI8uIY63EEDmsAggmd4hTdHOC/Ou/OxaC04+cwx/IHz+QPsIY14</latexit>

�⇤
<latexit sha1_base64="LQG5NcSVTbq+kNN1O6DHi6/CqjQ=">AAAB73icdVDLSgMxFM34rPVVdekmWBRxMWTaaqe7ghuXFewD2rFk0kwbmmTGJCOU0p9w40IRt/6OO//G9CGo6IELh3Pu5d57woQzbRD6cJaWV1bX1jMb2c2t7Z3d3N5+Q8epIrROYh6rVog15UzSumGG01aiKBYhp81weDn1m/dUaRbLGzNKaCBwX7KIEWys1Or0sRD49qybyyO3UvFKfgEi9/yi7CPPElQslv0S9Fw0Qx4sUOvm3ju9mKSCSkM41rrtocQEY6wMI5xOsp1U0wSTIe7TtqUSC6qD8ezeCTy2Sg9GsbIlDZyp3yfGWGg9EqHtFNgM9G9vKv7ltVMT+cGYySQ1VJL5oijl0MRw+jzsMUWJ4SNLMFHM3grJACtMjI0oa0P4+hT+TxoF1yu6hetSvnqyiCMDDsEROAUeKIMquAI1UAcEcPAAnsCzc+c8Oi/O67x1yVnMHIAfcN4+ARhij+4=</latexit>

QQ̄(1S[8]
0

.
3P [8]

0,2)
<latexit sha1_base64="ZEDCmBqhCKoywIr1RXhBpl52IkM="></latexit>

QQ̄(3S[1]
1 )

<latexit sha1_base64="EjoCMJlaoT3ptNciY8EGfp343HU=">AAACAHicdVDLSsNAFJ34rPUVdeHCzWBR6qYkrajLghuXLdoHpGmYTCft0MkkzEyEErLxV9y4UMStn+HOv3HaRtCiBy4czrmXe+/xY0alsqxPY2l5ZXVtvbBR3Nza3tk19/bbMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vHH11O/c0+EpBG/U5OYuCEachpQjJSWPPOwCXs+Emkzg+V+7daz+6lju9mZZ5asijUDtCoXC8TOrRLI0fDMj94gwklIuMIMSenYVqzcFAlFMSNZsZdIEiM8RkPiaMpRSKSbzh7I4IlWBjCIhC6u4Ez9OZGiUMpJ6OvOEKmRXPSm4l+ek6jgyk0pjxNFOJ4vChIGVQSnacABFQQrNtEEYUH1rRCPkEBY6cyKOoTvT+H/pF2t2LVKtXleqp/mcRTAETgGZWCDS1AHN6ABWgCDDDyCZ/BiPBhPxqvxNm9dMvKZA/ALxvsXd/mU9A==</latexit>

QQ̄(3S[8]
1 )

<latexit sha1_base64="LF532kHI8+ZiB5f3/b7M/F0xT8I=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLUjchaUW7LLhx2aJ9QJqGyXTSDp08mJkIJWTjr7hxoYhbP8Odf+O0jaBFD1w4nHMv997jxYwKaZqfWmFldW19o7hZ2tre2d3T9w86Iko4Jm0csYj3PCQIoyFpSyoZ6cWcoMBjpOtNrmd+955wQaPwTk5j4gRoFFKfYiSV5OpHLdj3EE9bGawMareuNUjtupOdu3rZNMw5oGlcLhErt8ogR9PVP/rDCCcBCSVmSAjbMmPppIhLihnJSv1EkBjhCRoRW9EQBUQ46fyBDJ4qZQj9iKsKJZyrPydSFAgxDTzVGSA5FsveTPzLsxPp152UhnEiSYgXi/yEQRnBWRpwSDnBkk0VQZhTdSvEY8QRliqzkgrh+1P4P+lUDatmVFsX5cZZHkcRHIMTUAEWuAINcAOaoA0wyMAjeAYv2oP2pL1qb4vWgpbPHIJf0N6/AIKqlPs=</latexit>

QQ̄(3S[8]
1 )

<latexit sha1_base64="LF532kHI8+ZiB5f3/b7M/F0xT8I=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLUjchaUW7LLhx2aJ9QJqGyXTSDp08mJkIJWTjr7hxoYhbP8Odf+O0jaBFD1w4nHMv997jxYwKaZqfWmFldW19o7hZ2tre2d3T9w86Iko4Jm0csYj3PCQIoyFpSyoZ6cWcoMBjpOtNrmd+955wQaPwTk5j4gRoFFKfYiSV5OpHLdj3EE9bGawMareuNUjtupOdu3rZNMw5oGlcLhErt8ogR9PVP/rDCCcBCSVmSAjbMmPppIhLihnJSv1EkBjhCRoRW9EQBUQ46fyBDJ4qZQj9iKsKJZyrPydSFAgxDTzVGSA5FsveTPzLsxPp152UhnEiSYgXi/yEQRnBWRpwSDnBkk0VQZhTdSvEY8QRliqzkgrh+1P4P+lUDatmVFsX5cZZHkcRHIMTUAEWuAINcAOaoA0wyMAjeAYv2oP2pL1qb4vWgpbPHIJf0N6/AIKqlPs=</latexit>

Photon-gluon fusion described in terms of  
gluon TMDPDFs and TMDShFs

Single-parton 
fragmentation

Gluon quarkonium TMDFF: 
[Work in progress with


R. Fernandez del Castillo, S. 
Fernandez and I. Scimemi]

[MGE, Makris, Scimemi 2007.05547]
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Quarkonium quark TMDFF (1/3)
<latexit sha1_base64="XZaqkwd3kTBg9Jwc/hcF0+qvotw="></latexit>

d�

dxdzdQ2d~P 2
?

= �0 |CV (Q
2, µ2)|2

Z 1

0
bdb J0(b|~qT |)f1,f h (xS , b;µ, ⇣1)Df!H (zS , b;µ, ⇣2)

�⇤
<latexit sha1_base64="LQG5NcSVTbq+kNN1O6DHi6/CqjQ=">AAAB73icdVDLSgMxFM34rPVVdekmWBRxMWTaaqe7ghuXFewD2rFk0kwbmmTGJCOU0p9w40IRt/6OO//G9CGo6IELh3Pu5d57woQzbRD6cJaWV1bX1jMb2c2t7Z3d3N5+Q8epIrROYh6rVog15UzSumGG01aiKBYhp81weDn1m/dUaRbLGzNKaCBwX7KIEWys1Or0sRD49qybyyO3UvFKfgEi9/yi7CPPElQslv0S9Fw0Qx4sUOvm3ju9mKSCSkM41rrtocQEY6wMI5xOsp1U0wSTIe7TtqUSC6qD8ezeCTy2Sg9GsbIlDZyp3yfGWGg9EqHtFNgM9G9vKv7ltVMT+cGYySQ1VJL5oijl0MRw+jzsMUWJ4SNLMFHM3grJACtMjI0oa0P4+hT+TxoF1yu6hetSvnqyiCMDDsEROAUeKIMquAI1UAcEcPAAnsCzc+c8Oi/O67x1yVnMHIAfcN4+ARhij+4=</latexit>

g
<latexit sha1_base64="dX5veEEZeVVBDofXU53CLaJthVc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbFU0mqoMeCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqu15lWlfp7HUYQTOIUL8OAa6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxVeM0w==</latexit>

q/q̄
<latexit sha1_base64="6BanIDQLijJxTec+BoGeIDtuzTA=">AAAB8HicbVBNTwIxEJ3FL8Qv1KOXRqLxhLtgokcSLx4xkQ8DG9ItXWhou0vbNSEbfoUXDxrj1Z/jzX9jgT0o+JJJXt6bycy8IOZMG9f9dnJr6xubW/ntws7u3v5B8fCoqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywup35rSeqNIvkg5nE1Bd4IFnICDZWehxfdgOs0vG0Vyy5ZXcOtEq8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nBU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJb/yUyTgxVJLFojDhyERo9j3qM0WJ4RNLMFHM3orIECtMjM2oYEPwll9eJc1K2auWK/dXpdp5FkceTuAULsCDa6jBHdShAQQEPMMrvDnKeXHenY9Fa87JZo7hD5zPH9N5kFY=</latexit>

�⇤
<latexit sha1_base64="LQG5NcSVTbq+kNN1O6DHi6/CqjQ=">AAAB73icdVDLSgMxFM34rPVVdekmWBRxMWTaaqe7ghuXFewD2rFk0kwbmmTGJCOU0p9w40IRt/6OO//G9CGo6IELh3Pu5d57woQzbRD6cJaWV1bX1jMb2c2t7Z3d3N5+Q8epIrROYh6rVog15UzSumGG01aiKBYhp81weDn1m/dUaRbLGzNKaCBwX7KIEWys1Or0sRD49qybyyO3UvFKfgEi9/yi7CPPElQslv0S9Fw0Qx4sUOvm3ju9mKSCSkM41rrtocQEY6wMI5xOsp1U0wSTIe7TtqUSC6qD8ezeCTy2Sg9GsbIlDZyp3yfGWGg9EqHtFNgM9G9vKv7ltVMT+cGYySQ1VJL5oijl0MRw+jzsMUWJ4SNLMFHM3grJACtMjI0oa0P4+hT+TxoF1yu6hetSvnqyiCMDDsEROAUeKIMquAI1UAcEcPAAnsCzc+c8Oi/O67x1yVnMHIAfcN4+ARhij+4=</latexit>

(a) (c)

B1 + mirror diagram (B2)A C

Wn
<latexit sha1_base64="qQYuTG6f4Hefcq9YtRnFtYeuMPo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbFU0mqoMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3Zf9csVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa1a1bus1u6vKvXzPI4inMApXIAH11CHO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gAuwI2k</latexit>

W †
n

<latexit sha1_base64="/YE/jwW/gUkPxXK+2EePZD2rCi0=">AAAB8XicbVBNS8NAEJ34WetX1aOXxaJ4KkkV9Fjw4rGC/cA2lsl20y7dbMLuRiih/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqyho0FrFqB6iZ4JI1DDeCtRPFMAoEawWjm6nfemJK81jem3HC/AgHkoecorHSQ6snH7NuHweTXqnsVtwZyDLxclKGHPVe6avbj2kaMWmoQK07npsYP0NlOBVsUuymmiVIRzhgHUslRkz72eziCTm1Sp+EsbIlDZmpvycyjLQeR4HtjNAM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAVxMRk+j7pc8WoEWNLkCpubyV0iAqpsSEVbQje4svLpFmteBeV6t1luXaWx1GAYziBc/DgCmpwC3VoAAUJz/AKb452Xpx352PeuuLkM0fwB87nD5phkMg=</latexit>
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• In NRQCD the TMDFF is factorized as:

No rapidity divergences at 
this order, i.e., no need to 
include the soft function
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Quarkonium quark TMDFF (2/3)
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Next we perform a proper comparison with full results

[Merabet, Mathiot, Mendez-Galain 1994]

•Photon-gluon fusion at fixed-order analyzed long ago. We take the low pT limit:
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•For a back-of-the-envelope comparison, we also take the large pT limit of  the TMD cross-section:
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•An order of  magnitude comparison of  these two contributions to the cross-section:
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charmonium (v2 ⇠ 0.3) 1.0 0.1 0.04 0.01

bottomonium (v2 ⇠ 0.1) n.a. 10.0 3.8 1.0
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Quarkonium quark TMDFF (3/3)
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•Photon-gluon 
fusion is in general 
dominant at low 
values of  Q and 
x, while for some 
LDME sets quark 
fragmentation plays 
a major part in the 
opposite limit

Here we use the 
full results
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•Quarkonia production is a promising way to probe gluon (and quark) TMDs


•New non-perturbative matrix elements appear: TMD Shape Functions

•TMDShFs are a new zoo of  functions: one for each quarkonium state, channel and process


•Fragmentation mechanism should be considered too in pheno studies


•ToDo: factorization theorems, relations/constraints among TMDShFs, NLO, new pheno,…

Conclusions


