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B1 + mirror diagram (B2)A C
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•Goal: asses how relevant it is the fragmentation process at low pT in SIDIS (EIC).


•Quarkonium production at the EIC is considered a useful way to probe gluon TMDs


•If  we expand in alpha_s we have:

Photon-gluon fusion described in terms of  
gluon TMDPDFs and TMD-shape functions

Single-parton 
fragmentation

[MGE 1907.06494]

[Fleming-Makris-Mehen 1910.03586]
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FACTORIZATION (1/5)
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•Follows the same steps as for standard SIDIS…
<latexit sha1_base64="PiqejXlmEdtr5iHq9rBITnmHiHA="></latexit>

`(l) + h(p) ! `(l0) +H(P ) +X

<latexit sha1_base64="7Q0N2L5uQlDJQmdafV3hxq3W1ME="></latexit>

Q2 = �q2 = �(l � l0)2

x =
Q2

2(pq)

y =
(pq)

(pl)

z =
(pP )

(pq)



4

FACTORIZATION (2/5)
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•We use SCET to factorize the hadronic tensor


•The relevant collinear, anti-collinear and soft matrix elements are:

These have spurious rapidity-divergences…



FACTORIZATION (3/5): DEFINITION OF TMDS

[Collins’ book ’11]

[MGE-Idilbi-Scimemi 1111.4996, 1211.1947, 1402.0869]


[MGE-Kasemets-Mulders-Pisano 1502.05354]

Cancel spurious 
rapidity divergences

ࣛӿ Փ۽ ࣛӿՓ

ԨՈ
ࣛԈ

ࣛԉ Փ۽ ࣛԉՓ
Same invariant mass!

Different rapidities 
(mixed under boosts)
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These are the quantities that one can probe
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FACTORIZATION (4/5): TMD EVOLUTION

TMDs depend on two scales: renormalization and rapidity scales

Known at 3-loops.

Numerical at 4-loops

•The dependence on the renormalization scale is:

Direct NNLO:

[Li, Zhu PRL118(2017)]


[Vladimirov PRL118(2017)]

Indirect NLO: [Becher, Neubert EPJC71(2011)]

Direct NLO: [MGE, Scimemi, Vladimirov PRD93(2016)]

•The dependence on the rapidity scale is:

Cusp does not 
completely determine Dj

Known at 3-loops (almost 4-loops)

[Moch-Vermaseren-Vogt hep-ph/0507039, hep-ph/0403192]

[Moch-Ruijl-Ueda-Vermaseren-Vogt 1707.08315]

QCDxQED corrections for both 
anomalous dimensions in [Bacchetta-MGE 1810.02297]
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FACTORIZATION (5/5)

•Putting everything together:
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?

= �0 |CV (Q2, µ2)|2
! 1

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

<latexit sha1_base64="aFNoMGW94ogOvP185J/XPfpax9Q="></latexit>

!q2
T !

!P2
!

z2

xS ! x

zS ! z

We calculate it 
within NRQCD

We apply known 
results & fits

TMDPDF TMDFF
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QUARKONIUM TMD FRAGMENTATION AT LO (1/3)

<latexit sha1_base64="yAfFRwqjuJr6Lcgqda4MEEiCe60="></latexit>

Dq! H (z, b; µ, ! ) =
!

n

dq! Q øQ(n ) (z, b; µ, ! )
!OH (n)"
N�+�Q�H�XN�T�Q�H�X

<latexit sha1_base64="F86YCTReH5elHP+lh7ylJjT/HrA="></latexit>

Dq! ! (z, b; µ, ! ) = dq! Q øQ(3 S[8]
1 ) (z, b; µ, ! )

!O! (3S[8]
1 )"

(d # 1)(N 2
c # 1)

!
1 + O(" s)

"

•Let us calculate the quarkonium TMDFF using NRQCD factorization:

Interested in Jpsi 
production. Thus at LO:

•At LO there are no rapidity divergences, and there is no need to calculate the 
soft function
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QUARKONIUM TMD FRAGMENTATION AT LO (2/3)

! !
<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/ øq
<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>

Q øQ(1S[8]
0

!
3P [8]

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

Q øQ(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>

Q øQ(3S[8]
1 )

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

Q øQ(3S[8]
1 )

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

<latexit sha1_base64="E0oowgtBXeoFT2FcdNhURBrtpHY="></latexit>

dA = 4 !" 2
sCF

I 0

M 4z3

!
(#! 1)

"
2øzF1(B ! ) ! 2z2F0(B ! )

#
+ z2F! 1(B ! )

$
µ2!

dB 1+ B 2 = 8 ! " 2
s CF

I 0

M 4z3

!
2øzF0(B ! ) ! z2F! 1(B ! )

$
µ2!

dC = 4 !" 2
s CF

I 0

M 4z
F! 1(B ! )µ2! <latexit sha1_base64="ZRsC3QysN5wevNEb561ofibJl2g="></latexit>

mc ! M/ 2

<latexit sha1_base64="ZsDjNqQRAKORCoUJX1hq1xBlPOg="></latexit>

Fn (B ! ) = M 2n
!

d2! 2! kT

(2! )2! 2!

ei k T b

(k2
T + ! )n +1 =

2M 2n

(4! )1! ! " [n + 1]

"
B
!

# n + !
2

K ! n ! !

$
2
!

B !
%

<latexit sha1_base64="8ykQnTh5oINCBxe9ZRSNGI0+xl8="></latexit>

B = b2/ 4

Only one master integral needed:
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QUARKONIUM TMD FRAGMENTATION AT LO (3/3)

•Putting everything together:
<latexit sha1_base64="V+KivUwED3HnmlF9Q10YQyyhxoQ="></latexit>

dq! Q øQ(3 S8
1 ) (z, b; µ, ! ) = ! 16"

#2
s CF

M 3z3

!
(1 ! $)øzF1(B ! ) ! (z2(1 ! $) + 2øz)F0(B ! )

"
µ2!

Consistent with collinear fragmentation function:
<latexit sha1_base64="3Cl5oMJViMU5rO2TzgqqNZpdwXI="></latexit>

Dq! ! (z)
!
!
!
z! 1

! " 4
! 2

sCF

M 3z

" 1
"

" 2 " �H�M
øzM 2

µ2

# #O! (3S[8]
1 )$

(d " 1)(N 2
c " 1)

[Bodwin-Chung-Kim-Lee 1412.7106]

<latexit sha1_base64="qUzUhHyF5URupwQR+s9C+GIybSg="></latexit>

Dq! ! (z, k T ; µ, ! ) = 2
" 2

s CF

#
øz

M 3z3

! 2z2

øz
k 2

T

(k 2
T + øzM 2/z 2)2

+
4

k 2
T + øzM 2/z 2

" !O! (3S(8)
1 )"

3(N 2
c # 1)

•For completeness, in momentum space (kT=0 regulated by M≠0 and z≠1):



11

EVOLUTION OF LDMES (1/2)

<latexit sha1_base64="WCrCTquxM3z/i/fIA5/gDkYaxWU="></latexit>

Dq! ! (z, b; µ, ! ) =
dq! Q øQ(3 S[8]

1 ) (z, b; µ, ! )

N�+�Q�H�XN�T�Q�H�X

!
!OH (3S[8]

1 )"(µ f ) #
24BF

" 0
�H�M

" #s(µ)
#s(µf )

# !OH (3P [8]
0 )"(µ f )

m2
Q

$

NLL evolution of  LDMEs

<latexit sha1_base64="wmc+aOoTe51mXKxT8d+u93UKvMM="></latexit>

Dq! ! (z, b; µ, ! ) = dq! Q øQ(3 S[8]
1 ) (z, b; µ, ! )

!O! (3S[8]
1 )"

Ncol. Npol.

!
1 + O(" s)

"

•Need LDMEs at mu~1/b, but extracted at mu~M. Thus need their evolution!
<latexit sha1_base64="hiqp2ujk9lBSTdTvj/9iMG5NIPY="></latexit>

d
d�H�Mµ

!O! (n)"(µ ) =
!

m

! nm
O !O! (m)"(µ ) Mixing of  LDMEs

<latexit sha1_base64="avm1BDmb4RQLXSlH79UCyJbcDPo="></latexit>

d
d�H�Mµ

dq! Q øQ(n ) (z, b; µ, ! ) =
!

m

"
" D #nm + " nm

d )
#

dq! Q øQ(m ) (z, b; µ, ! )

Would need TMDFF 
at NLO to check it

<latexit sha1_base64="y25tTmbSXn7yEhwr1EApO226QbI="></latexit>

! d = ! ! T
O

•Assuming NRQCD factorization holds beyond LO:
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•Evolution of  LDMEs has quite some impact (we use BCKL set of  LDMEs)


•Effects disappear for PT~M~3 GeV, as expected.

EVOLUTION OF LDMES (2/2)
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PHOTON-GLUON FUSION VS FRAGMENTATION

<latexit sha1_base64="BGVgOkz1niJ8FtjWro3zpjmDnhw="></latexit>

d! (" ! g)

dxdzdQ2dP 2
"

!
#2

s(µ) #2
em$

(1 " %)s2

64 e2
H

27zøz3(2 " z)2

1
x2

#O! (3S[1]
1 )$

Q2M 3 f g# h (x; µ2)Fg(øz,
P"

M
)

<latexit sha1_base64="tTdTLgwJwYFa1NyPoisfxQDShmQ="></latexit>

Fg(a, b) =
a4 + a2 + b2

(1 + b2/a 2)2

•Photon-gluon fusion at fixed-order analyzed long ago. We take the low PT limit:

•For a back-of-the-envelope comparison, we also take the large PT limit of  the TMD 
cross-section:

<latexit sha1_base64="E0+xW/K+OPvbYY5sY5NHOFvjW5k="></latexit>

d! (" ! q)

dxdzdQ2dP 2
"

!
#2

s(µ) #2
�2�K$

(1 " %)s2

!

f

4e2
f

9x2 z
#O! (3S[8]

1 )$
M 5 f f # h (x; µ2)Fq(z,

P 2
"

M 2 øz
)

<latexit sha1_base64="5u0Y4mqSAQSKbLyqtg/2vjHsaDw="></latexit>

Fq(a, b) =
a2b+ 2(1 ! a)(1 + b)

(1 ! a)(1 + b)2

•An order of  magnitude comparison of  these two contributions to the cross-section:

<latexit sha1_base64="+Ec0ODTspRz4frU8NZKGFEoxEMU="></latexit>

d! (" ! g)
d! (" ! q)

!
! M

Qv2

" 2

<latexit sha1_base64="1o9wYxlueqN7B0Q6elcUZjDH15Q="></latexit>

M 2/ (Q2v4) Q = 10 [�:�2�o] Q = 30 [�:�2�o] Q = 50 [�:�2�o] Q = 100 [�:�2�o]

�+�?���`�K�Q�M�B�m�K �Uv2 ! 0.3�V �R�X�y �y�X�R �y�X�y�9 �y�X�y�R

�#�Q�i�i�Q�K�Q�M�B�m�K �Uv2 ! 0.1�V �M�X���X �R�y�X�y �j�X�3 �R�X�y

Next we perform a proper comparison with full results

[Merabet, Mathiot, Mendez-Galain 1994]
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NUMERICS

[Bodwin-Chung-Kim-Lee, 1403.3612]

[Butenschoen-Kniehl, 1105.0820]

[Chao-Ma-Shao-Wang-Zhang, 1201.2675]

<latexit sha1_base64="J6zYx2CZRyd7mFcTKAXxDFhrxJg="></latexit>

!OJ/ ! (3S[1]
1 )" !OJ/ ! (3S[8]

1 )" !OJ/ ! (3P [8]
0 )"/m 2

c

�"�*�E�G 1.32± 0.20 (1.1 ± 1.0) # 10! 2 (0.49± 0.44) # 10! 2

�"���E 1.32± 0.20 (0.224± 0.59) # 10! 2 ($ 0.72± 0.88) # 10! 2

�*�J�a�q�w 1.32± 0.20 (0.30± 0.12) # 10! 2 (0.56± 0.21) # 10! 2

•We make use of  arTeMiDe code and modify it as needed


•We use NNPDF31 PDF set and a recent fit of  quark TMDPDFs at NNLO-N3LL


•TMD evolution implemented with the so-called zeta-prescription and at N3LL


•We take the full fixed-order result for photon-gluon fusion


•We go away from z~1 to suppress color-octet channels in photon-gluon fusion


•Chosen kinematical regions relevant for the EIC, with TMD constraint:

[Scimemi, Vladimirov 1912.06532]

•LDMEs supposed to be universal, but not yet. We take 3 sets:

<latexit sha1_base64="sfbYskSN75nxeSgDPH8D61uOddI="></latexit>

P! ! [0, z�K�B�MQ�K�B�M/ 2]
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PREDICTIONS
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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



16

CONCLUSIONS & OUTLOOK

•We studied single-parton fragmentation into quarkonium, and defined and 
calculated quarkonium TMDFF at LO (1 loop) using NRQCD factorization in terms 
of  coefficients and LDMEs.


•Applied the results to the EIC kinematics to explore the relevance of  both photon-
gluon fusion and quark fragmentation channels.


•Quarkonium production @EIC generally considered as a tool to probe gluon 
TMDs, but it is actually non-trivial: fragmentation process needs to be considered.

! Extend the calculation of  the quarkonium TMDFF to NLO

! Apply this formalism to other processes (e.g. quarkonium TMDFF from a gluon)

! Obtain TMD factorization for photon-gluon fusion (twist-3 TMDs and TMD-shape 
functions…)
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Backup
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