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Motivation
• Gluon transverse momentum dependent distributions (TMDs) are difficult to access 

due to the lack of clean processes where the factorization of the cross-section holds 
and incoming gluons constitute the dominant effect. E.g. Higgs production
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• We  consider  two processes  which  are  presently  attracting  increasing attention

Dominguez, Xiao, Yuan, 2013

Boer, Brodsky, Mulders, Pisano, 2011

Zhang, 2017

Arratia, Furletova, Hobbs, Olness, Nguyen et al. 2020

Gutierrez-Reyez, Leal-Gómez, Scimemi, Vladimirov, 2019



Kinematic region
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Factorization holds for   and for the central rapidity region|rT | ≪ pT

rT = p1T + p2T
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pT =
|p1T |+ |p2T |
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Kinematic region   vs   EIC coverage

5

Overlapping increases with higher beam energies
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Factorization
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New dijet soft function

7

Ŝ�f = Ŝ�g(n $ v2)
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            at one-loop order…
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Evolution & imaginary part
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• We find imaginary parts and -dependent parts in the perturbative result and ADsϕb
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•  angle is integrated out with the Fourier transform and imaginary parts cancelϕb

• We split the evolution kernels

-prescriptionζIntegrate over ϕb
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<latexit sha1_base64="LfKCM1KCgFYN0i45njYYMfaaBYc=">AAAB7nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY9ELx7xwSOBDZkdemHC7MOZWROy4Tf0ZNSbH+MP+DfO4h4UrFN1V3VS1V4suNK2/WUVVlbX1jeKm6Wt7Z3dvfL+QVtFiWTYYpGIZNejCgUPsaW5FtiNJdLAE9jxJleZ3nlEqXgU3utpjG5ARyH3OaParNx+QPWYUZHezgZ3g3LFrtpzkGXi5KQCOZqD8md/GLEkwFAzQZXqOXas3ZRKzZnAWamfKIwpm9AR9gwNaYDKTeehZ+TEjyTRYyTz+bc3pYFS08AzniyeWtSy5X9aL9H+hZvyME40hsxYjOYnguiIZN3JkEtkWkwNoUxyk5KwMZWUafOhkqnvLJZdJu2zqlOv1m5qlcZl/ogiHMExnIID59CAa2hCCxg8wDO8wbsVW0/Wi/X6Yy1Y+c0h/IH18Q3GlY/M</latexit>RS

Single scale evolutionIntegrate over ϕb

<latexit sha1_base64="9YGCMv4MuQSI+3tcFHM1qgaA23M=">AAAB/HicbVDLSsNAFL2pr1pfUVfiZrAIrkoiRV0Wu3FZxT6gDWEynbRDJw9mJkIJ0Z/Rlag7v8If8G+c1CDaelbn3nMu3HO8mDOpLOvTKC0tr6yuldcrG5tb2zvm7l5HRokgtE0iHomehyXlLKRtxRSnvVhQHHicdr1JM9e7d1RIFoW3ahpTJ8CjkPmMYKVXrnkwCLAaE8zTm8xNf4Zmlrlm1apZM6BFYhekCgVarvkxGEYkCWioCMdS9m0rVk6KhWKE06wySCSNMZngEe1rGuKASiedRcjQsR8JpMYUzebf3hQHUk4DT3vy7+S8li//0/qJ8i+clIVxomhItEVrfsKRilDeBBoyQYniU00wEUx/icgYC0yU7qui49vzYRdJ57Rmn9Xq1/Vq47IoogyHcAQnYMM5NOAKWtAGAg/wBK/wZtwbj8az8fJtLRnFzT78gfH+BezmlYs=</latexit>RC
<latexit sha1_base64="M39GaE0YcxzsAw737O4q076PI6U=">AAACA3icbVBLS8NAGNzUV62vqkcvi0XwVBIp6rHYi8cq9gFNDJvtl2bp5sHuRighR/0zehL15j/wD/hv3NQi2jqn2ZlZ+Ga8hDOpTPPTKC0tr6yuldcrG5tb2zvV3b2ujFNBoUNjHou+RyRwFkFHMcWhnwggoceh541bhd+7AyFZHN2oSQJOSEYR8xklSktuFdshUQElPLvObzM7CVjuZj9aK8/das2sm1PgRWLNSA3N0HarH/YwpmkIkaKcSDmwzEQ5GRGKUQ55xU4lJISOyQgGmkYkBOlk0yY5PvJjgVUAePr+nc1IKOUk9HSmuE7Oe4X4nzdIlX/uZCxKUgUR1RHt+SnHKsbFIHjIBFDFJ5oQKpi+EtOACEKVnq2i61vzZRdJ96RundYbV41a82I2RBkdoEN0jCx0hproErVRB1H0gJ7QK3oz7o1H49l4+Y6WjNmfffQHxvsXqZ2YxA==</latexit>

R�
C

Scimemi, Vladimirov, 2020
Scimemi, Vladimirov, 2018

Hornig, Makris, Mehen, 2016

b⃗ jet transverse 
direction

ϕb



Evolution & imaginary part

9

<latexit sha1_base64="svxJdpxr1kFtWlsaZITvSe8/nmE="></latexit>

d�(b) ⇠ |cos�b|2A (cos(B⇡)� i⇥ (�b) sin(B⇡))R ({µk} ! µ)

2

41 +
X

k2{H,F,J,S,C}

as (µk) f
[1]
k

(b, cos�b)

3

5

<latexit sha1_base64="3emC9X+N3ATLBnHbGIEi8oycm/k="></latexit>

A ({µi}) =
X

i2{S,C}

ci

Z µ

µi

�cusp [↵s] d lnµ
0, B ({µi}) =

X

i2{S,C}

c0i

Z µ

µi

�cusp [↵s] d lnµ
0

• After this manipulation -space cross-section is proportional to:b

• We need  in order for the -integral to be well-defined  restriction over initial scales2𝒜 > − 1 ϕb ⇒

<latexit sha1_base64="igr/zt8gXrmAwvLeulr76FxwvqQ="></latexit>

In(A) ⌘
Z +⇡

�⇡
d�b | cos�b|2A lnn | cos�b|Master integral:

• This restriction do not let us completely resum logs in collinear-soft and heavy meson jet function

<latexit sha1_base64="fi1HipRTHD99D6DYnGJ59MWbGfI=">AAAB/3icbVDLSsNAFJ34rPUVdamLwSK6KokUdVMounFZwT6gDWEyvWmHziRhZiKU0IX+jK5E3fkP/oB/47RG0NazGM6951yYc4KEM6Ud59NaWFxaXlktrBXXNza3tu2d3aaKU0mhQWMey3ZAFHAWQUMzzaGdSCAi4NAKhlcTvXUHUrE4utWjBDxB+hELGSXarHz7oKtS4TNMfVbF+Gc4Nk8VO75dcsrOFHieuDkpoRx13/7o9mKaCog05USpjusk2suI1IxyGBe7qYKE0CHpQ8fQiAhQXjZNMcZHYSyxHgCezr+9GRFKjURgPILogZrVJsv/tE6qwwsvY1GSaoiosRgtTDnWMZ6UgXtMAtV8ZAihkplfYjogklBtKiua+O5s2HnSPC27Z+XKTaVUu8yLKKB9dIhOkIvOUQ1dozpqIIoe0BN6RW/WvfVoPVsv39YFK7/ZQ39gvX8BQYCUOg==</latexit>X

i

ci =
X

i

c0i = 0

Perturbative result-independent and real kernelϕ

• All -integrals can be written in terms of a master integralϕb



Evolution & imaginary part
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• We need  in order for the -integral to be well-defined  restriction over initial scales2𝒜 > − 1 ϕb ⇒
<latexit sha1_base64="igr/zt8gXrmAwvLeulr76FxwvqQ="></latexit>

In(A) ⌘
Z +⇡

�⇡
d�b | cos�b|2A lnn | cos�b|Master integral:

<latexit sha1_base64="3emC9X+N3ATLBnHbGIEi8oycm/k="></latexit>

A ({µi}) =
X

i2{S,C}

ci

Z µ

µi

�cusp [↵s] d lnµ
0, B ({µi}) =

X

i2{S,C}

c0i

Z µ

µi

�cusp [↵s] d lnµ
0

Not well-defined if 2𝒜 < − 1

For linearly polarized gluons we have an extra :cos 2ϕb

Same for angular modulation and Sivers asymmetry…



Evolution, -prescriptionζ
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fixed  evolutionμ

<latexit sha1_base64="3FOtyH4RbraVFyJ7q7/TOjC/u6A="></latexit>

S (b;µf , ⇣2,f ) = exp

Z

P
(�S (µ, ⇣2) d lnµ�DS(µ, b)d ln ⇣2)

�
S (b;µ0, ⇣2,0)

<latexit sha1_base64="uuzLgCrMfu3BbeKqhpADqBMJLVs="></latexit>

d

d lnµ
S(b;µ, ⇣) = �S(b;µ, ⇣)S(b;µ, ⇣)

<latexit sha1_base64="E+IHsmTZHIhj/f2XyOr/RCRu66c="></latexit>

d

d ln ⇣
S(b;µ, ⇣) = �DS(b, µ)S(b;µ, ⇣)

<latexit sha1_base64="+Aw4qtS094o3N6RRRCt+wxth2C8=">AAACCXicbVDLSsNAFL3xWesr6tLNYFFclUQU3QhFsbisYB/QhDKZTtqhk0yYmQil9Av0Z3Ql6s6tP+DfOKlZ1NazmTPnnAv33CDhTGnH+bYWFpeWV1YLa8X1jc2tbXtnt6FEKgmtE8GFbAVYUc5iWtdMc9pKJMVRwGkzGFxnfvOBSsVEfK+HCfUj3ItZyAjWRurYR14geFcNI/MgL8YBx6iKLtG0fIOqHbvklJ0J0Dxxc1KCHLWO/eV1BUkjGmvCsVJt10m0P8JSM8LpuOiliiaYDHCPtg2NcUSVP5r0GaPDUEik+xRN/tPZEY5UtpXJRFj31ayXif957VSHF/6IxUmqaUxMxHhhypEWKDsL6jJJieZDQzCRzGyJSB9LTLQ5XtHUd2fLzpPGSdk9Kzt3p6XKVX6IAuzDARyDC+dQgVuoQR0IPMELvMOH9Wg9W6/W2290wcpn9uAPrM8f21uZDg==</latexit>rF = EF
<latexit sha1_base64="J0w96Li0ebyklZqJeqJSI88d+UE=">AAACIHicbVDLSgMxFM34tr6qLt0Ei9BCLTOi6EYQH+BS0arQKeVOetuGJjNDkhHq0J/Rn1EQRF3p15ipFXydTU7uORfuOUEsuDau++aMjI6NT0xOTedmZufmF/KLSxc6ShTDKotEpK4C0Ch4iFXDjcCrWCHIQOBl0D3I9MtrVJpH4bnpxViX0A55izMwdtTI7/pBJJq6J+1Dj+guLfptkBIaZ8Wg7Muk7N+ggVJ53ZdgOgxEetj/0kqlRr7gVtwB6F/iDUmBDHHSyD/6zYglEkPDBGhd89zY1FNQhjOB/ZyfaIyBdaGNNUtDkKjr6SBmn661IkVNB+ng/92bgtRZBuvJztS/tWz4n1ZLTGunnvIwTgyGzFqs1koENRHN2qJNrpAZ0bMEmOL2Sso6oIAZ22nOxvd+h/1LLjYq3lbFPd0s7O0Pi5giK2SVFIlHtskeOSYnpEoYuSMP5IW8OrfOvfPkPH9aR5zhzjL5Aef9A9lgoXA=</latexit>

E = (�S(b, µ, ⇣),�DS(b, µ))
<latexit sha1_base64="0lFKmfslCqvHr17UhcYAt3iHsMo=">AAACI3icbVBLS8NAGNz4rPVV9ehlsQieSlIUvQhFPXhUtCo0NXzZfmkXd5OwuxFqyM/RP2NPooIH/4vbWsHXnGZnZuGbCVPBtXHdN2dicmp6ZrY0V55fWFxarqysXugkUwybLBGJugpBo+AxNg03Aq9ShSBDgZfhzeHQv7xFpXkSn5t+im0J3ZhHnIGxUlBp+F2QEoIzuk/r1JdgegxEflRYxY8UsLxDfRFT/w4NBLkvs6L4kmR2XS+CStWtuSPQv8QbkyoZ4ySoDPxOwjKJsWECtG55bmraOSjDmcCi7GcaU2A30MWWpTFI1O181LSgm1GiqOkhHb2/Z3OQWvdlaDPDEvq3NxT/81qZifbaOY/TzGDMbMR6USaoSehwMNrhCpkRfUuAKW6vpKwHdhljZy3b+t7vsn/JRb3m7dTc0+1q42A8RImskw2yRTyySxrkmJyQJmHkgQzIC3l17p1H58l5/oxOOOM/a+QHnPcPMFKj9w==</latexit>

�S = 2DS
d ln ⇣µ
d lnµ2

<latexit sha1_base64="/e2zdJJFZYe1Yto8m1h09vVOLAg="></latexit>

RS

�
(µ0, ⇣2,0) ! (µf , ⇣f )

�
=

 
⇣f

⇣2,µ(b, µf )

!�DS(b,µf )

<latexit sha1_base64="C9p6oTAevsxik+19/ECK0qUTbGs="></latexit>

⇣�⇤g2,µ (b, µ) =
⇣ µ

µ0

⌘ 2CF
CA ⇣2,0e

vS(b,µ)

<latexit sha1_base64="3cqcKlVMo7/SzeNb6rj+QKx67m0=">AAAB43icbZDLTgJBEEVr8IX4Ql266UhMXJEZo9El0Y1LNPJIgJCepgY69DzSXWNCJnyBroy684/8Af/GBmeh4F2drns7qVt+oqQh1/1yCiura+sbxc3S1vbO7l55/6Bp4lQLbIhYxbrtc4NKRtggSQrbiUYe+gpb/vhm5rceURsZRw80SbAX8mEkAyk42dF9d9ovV9yqOxdbBi+HCuSq98uf3UEs0hAjEoob0/HchHoZ1ySFwmmpmxpMuBjzIXYsRjxE08vmm07ZSRBrRiNk8/fvbMZDYyahbzMhp5FZ9GbD/7xOSsFVL5NRkhJGwkasF6SKUcxmhdlAahSkJha40NJuycSIay7InqVk63uLZZeheVb1Lqru3Xmldp0foghHcAyn4MEl1OAW6tAAAQE8wxu8O+g8OS/O60+04OR/DuGPnI9vkpKLAA==</latexit> }

<latexit sha1_base64="3cqcKlVMo7/SzeNb6rj+QKx67m0=">AAAB43icbZDLTgJBEEVr8IX4Ql266UhMXJEZo9El0Y1LNPJIgJCepgY69DzSXWNCJnyBroy684/8Af/GBmeh4F2drns7qVt+oqQh1/1yCiura+sbxc3S1vbO7l55/6Bp4lQLbIhYxbrtc4NKRtggSQrbiUYe+gpb/vhm5rceURsZRw80SbAX8mEkAyk42dF9d9ovV9yqOxdbBi+HCuSq98uf3UEs0hAjEoob0/HchHoZ1ySFwmmpmxpMuBjzIXYsRjxE08vmm07ZSRBrRiNk8/fvbMZDYyahbzMhp5FZ9GbD/7xOSsFVL5NRkhJGwkasF6SKUcxmhdlAahSkJha40NJuycSIay7InqVk63uLZZeheVb1Lqru3Xmldp0foghHcAyn4MEl1OAW6tAAAQE8wxu8O+g8OS/O60+04OR/DuGPnI9vkpKLAA==</latexit>

}
Equipotential (null-evolution) line is given by

Saddle point 

gluon channel solution
perturbative

Evolution kernel is given by

Scimemi, Vladimirov, 2020
Scimemi, Vladimirov, 2018

Figure: Alexey Vladimirov & Ignazio Scimemi



Scale choices and NP-model
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<latexit sha1_base64="aVnOlhOAMSQrdZxCrWsZLbxUcaE="></latexit>

C(b, R; pT ) = RC(b, R; pT , µC)Cpert(b, R;µC)f
NP
C (b, R)

<latexit sha1_base64="B2NYg8o4twla7UyNdwnLkF9YeT0="></latexit>

S�i(b; pT , 1) = RS({µ0, ⇣0} ! {pT , 1})Spert
�i (b;µ0, ⇣0)f

NP
S (b)

<latexit sha1_base64="hEeG4szI/Plkh3rhedDl+VDWQ1s="></latexit>

J (b,mQ/pT ; pT ) = RJ (b,mQ/pT ; pT , µJ )J pert(b,mQ/pT ;µJ )fNP
J (b;mQ)

<latexit sha1_base64="pmETqGPEtJ8Dx/DoNhPG1KveNyU="></latexit>

fNP
i (b) = exp

 
� b2
�
Bi

NP

�2

!

• For the new -dependent function we consider a gaussian model for NP contributionb

<latexit sha1_base64="LZ9QfzwuLQe1HfMDawA+4Cfjs+I="></latexit>

µC = 2e��E

✓
1

b
+

1

bmax

◆

<latexit sha1_base64="wdiz0eDlsu9yUDEtv3/XUpGiSg0="></latexit>

µJ =
1

2
e��E

✓
1

b
+

1

bmax

◆

<latexit sha1_base64="fFG8kvO6H1kJZMAmKopspoHGqRA=">AAAB7nicbZDNSgMxFIXv1L9a/6ou3QSL4KrMiKgboehGXFXpH7TDkEkzbWgyE5OMUIa+hq5E3fkwvoBvY1pnoa1n9eWeE7jnhpIzbVz3yyksLa+srhXXSxubW9s75d29lk5SRWiTJDxRnRBryllMm4YZTjtSUSxCTtvh6Hrqtx+p0iyJG2YsqS/wIGYRI9jYkd8TaXCLLpEMGug+KFfcqjsTWgQvhwrkqgflz14/IamgsSEca931XGn8DCvDCKeTUi/VVGIywgPatRhjQbWfzZaeoKMoUcgMKZq9f2czLLQei9BmBDZDPe9Nh/953dREF37GYpkaGhMbsV6UcmQSNO2O+kxRYvjYAiaK2S0RGWKFibEXKtn63nzZRWidVL2z6undaaV2lR+iCAdwCMfgwTnU4Abq0AQCD/AMb/DuSOfJeXFef6IFJ/+zD3/kfHwD7cWOkw==</latexit>

µJ = pTR

<latexit sha1_base64="HEo0U3pEic7YU55OMPs/42cGMuU=">AAAB7HicbZDNSgMxFIUz/tb6V3XpJlgEQSgzUtSNUHTjsgX7A9NhyKR32tAkMyQZoQx9C12JuvNpfAHfxrTOQlvP6ss9J3DPjVLOtHHdL2dldW19Y7O0Vd7e2d3brxwcdnSSKQptmvBE9SKigTMJbcMMh16qgIiIQzca38387iMozRL5YCYpBIIMJYsZJcaO/L7IwnN8g0XYCitVt+bOhZfBK6CKCjXDymd/kNBMgDSUE619z01NkBNlGOUwLfczDSmhYzIE36IkAnSQz1ee4tM4UdiMAM/fv7M5EVpPRGQzgpiRXvRmw/88PzPxdZAzmWYGJLUR68UZxybBs+Z4wBRQwycWCFXMbonpiChCjb1P2db3FssuQ+ei5l3W6q16tXFbHKKEjtEJOkMeukINdI+aqI0oStAzekPvjnSenBfn9Se64hR/jtAfOR/fupCN6A==</latexit>µ+ = mQ

<latexit sha1_base64="iy6Efa2IaZkA79TptpDyZ/fYAA4="></latexit>

µS =
2e��E

b⇤
, b⇤ =

bp
1 + b2/b2max

<latexit sha1_base64="Y6gqh4dp9iy2iRpNyfUAt6Tals4="></latexit>

⇣�g2,0 =

✓
4p2T
ŝ

◆ 2CF
CA

<latexit sha1_base64="Jg///ZJDC7cBdMw/UPThB0hgnNg=">AAAB7HicbZDNSgMxFIUz9a/Wv6pLN8EiuCozUtSNUHTjskL/YDoMmfROG5pMhiQjlKFvoStRdz6NL+DbmNZZaOtZfbnnBO65UcqZNq775ZTW1jc2t8rblZ3dvf2D6uFRV8tMUehQyaXqR0QDZwl0DDMc+qkCIiIOvWhyN/d7j6A0k0nbTFMIBBklLGaUGDvyByILY3yD07AdVmtu3V0Ir4JXQA0VaoXVz8FQ0kxAYignWvuem5ogJ8owymFWGWQaUkInZAS+xYQI0EG+WHmGz2KpsBkDXrx/Z3MitJ6KyGYEMWO97M2H/3l+ZuLrIGdJmhlIqI1YL844NhLPm+MhU0ANn1ogVDG7JaZjogg19j4VW99bLrsK3Yu6d1lvPDRqzdviEGV0gk7ROfLQFWqie9RCHUSRRM/oDb07ifPkvDivP9GSU/w5Rn/kfHwDHQWOKQ==</latexit>µf = pT

<latexit sha1_base64="R4PfetBjXqC8rHFZFfZBJ4rrFm4=">AAAB8nicbZDLSsNAFIYnXmu9tOrSzWARXEhJSlE3QtGNywr2Am0Ik+lJO3RyYeZEqKEvoitRdz6KL+DbOK1ZaOu/+ub8/8D5j59IodG2v6yV1bX1jc3CVnF7Z3evVN4/aOs4VRxaPJax6vpMgxQRtFCghG6igIW+hI4/vpn5nQdQWsTRPU4ScEM2jEQgOEMz8sql/iMg87LamT2lV9TxyhW7as9Fl8HJoUJyNb3yZ38Q8zSECLlkWvccO0E3YwoFlzAt9lMNCeNjNoSewYiFoN1svviUngSxojgCOn//zmYs1HoS+iYTMhzpRW82/M/rpRhcupmIkhQh4iZivCCVFGM6608HQgFHOTHAuBJmS8pHTDGO5kpFU99ZLLsM7VrVOa/W7+qVxnV+iAI5IsfklDjkgjTILWmSFuEkJc/kjbxbaD1ZL9brT3TFyv8ckj+yPr4BuNyPgg==</latexit>

⇣2,0 = 1

Initial scales Final scales



Plots for phenomenological analysis

• We use arTeMiDe to obtain the plots

• TMDPDF and TMDFF structure and evolution is included arTeMiDe

• SF double-scale evolution and jet functions included as new modules

13

https://teorica.fis.ucm.es/artemide/ 
https://github.com/vladimirovalexey/artemide-public.” 

<latexit sha1_base64="0XitjPS8+19AaA/KxxmjVpGMFpE=">AAACCnicbVDLSgNBEJz1GeMr6tHLYBAVJOxKUC9C0IMeE8hDyC5hdtIxg7MPZ3rFsOQP9Gf0JOrNoz/g3zgbc9Bonaq7qqGr/FgKjbb9aU1Nz8zOzecW8otLyyurhbX1po4SxaHBIxmpS59pkCKEBgqUcBkrYIEvoeVfn2V66xaUFlFYx0EMXsCuQtETnKFZdQo7cadOT+iB7e5TF+EO03NoDt2bhHXpbqa5WgS0ttcpFO2SPQL9S5wxKZIxqp3Ch9uNeBJAiFwyrduOHaOXMoWCSxjm3URDzPg1u4K2oSELQHvpKNCQbvciRbEPdDT/9KYs0HoQ+MYTMOzrSS1b/qe1E+wde6kI4wQh5MZitF4iKUY064V2hQKOcmAI40qYLynvM8U4mvbyJr4zGfYvaR6UnMNSuVYuVk7HReTIJtkiu8QhR6RCLkiVNAgnD+SJvJI36956tJ6tl2/rlDW+2SC/YL1/AdgFmGU=</latexit>

pT = 20GeV (pT ⇠ Q)
<latexit sha1_base64="XmMd8JBKROKFGIu/T3pKfPQD/lU=">AAAB/nicbVDLSgNBEJyNrxhfqx5zGQyCBwm7EtSLEPSgxwjmAdkQZiedZMjsw5leMSwB/Rk9iXrzI/wB/8ZJzEET61TdVQ1d5cdSaHScLyuzsLi0vJJdza2tb2xu2ds7NR0likOVRzJSDZ9pkCKEKgqU0IgVsMCXUPcHF2O9fgdKiyi8wWEMrYD1QtEVnKFZte28p28VpnpEz6hbcrxD6iHcY3oJtVHbLjhFZwI6T9wpKZApKm370+tEPAkgRC6Z1k3XibGVMoWCSxjlvERDzPiA9aBpaMgC0K10EmJE97uRotgHOpl/e1MWaD0MfOMJGPb1rDZe/qc1E+yetlIRxglCyI3FaN1EUozouAvaEQo4yqEhjCthvqS8zxTjaBrLmfjubNh5UjsqusfF0nWpUD6fFpElebJHDohLTkiZXJEKqRJOHskzeSPv1oP1ZL1Yrz/WjDW92SV/YH18A+YVlL0=</latexit>p
s = 140GeV

Integrated over 

Central rapidity region

x
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Total cross-section

Linearly polarized

gluon channel

Dijet production
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Heavy hadron pair production
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Conclusion

• We have established factorization for dijet and heavy hadron pair production

• Can be potentially observed in the future EIC

• We have been able to compute the new TMD Soft Function up to NLO and its 

anomalous dimension up to three-loops


• Rapidity structure of this new SF allows us to use the -prescription

• The presence of the new SF makes the gluon TMDPDF extraction non-trivial

• Analysis of the numerical result for the cross-section shows the effect of linearly 

polarized gluon TMDs can be neglected compared to unpolarized gluon TMDs

• Future work: Gluon Sivers function, dihadron production,…

ζ
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Thank you for listening!



Backup



Evolution & imaginary part

20

Constant terms

We rewrite

Single logarithmic terms

Imaginary part cancels in this way for every case

From the perturbative result



Zero-bin subtraction

21

S(b, µ,
p
�+��) = S

1
2 (b, µ, �+⌫)S

1
2 (b, µ, ��/⌫)

<latexit sha1_base64="7BJaItxsQr5ogM2+ZQS4S+S+emo="></latexit>

Due to the rapidity divergencies structure of the two-direction soft function (zero-bin)

 can be split as

Fi(⇠, b, µ, ⇣1) =
Bun.

i (⇠, b, µ, k�/��)

S
1
2 (b, µ, ��/⌫)

�����p
2 k�/⌫!

p
⇣1

<latexit sha1_base64="UcGG8+TD8zCd7pW4p1gYKVM7jfo="></latexit>

S�i(b, µ, ⇣2) =
Ŝ�i(b, µ,

p
An �+)

S
1
2 (b, µ, �+⌫)

�����
⌫/

p
2An!

p
⇣2

<latexit sha1_base64="H+Q8m/qEF9STqqxSMiqIx7Quhds="></latexit>

In this way we defined the rapidity divergence-free objects

Universal TMDPDF Rapidity divergence-free dijet soft function

 arbitrary positive 
number

ν

 scale associated with the -regulator and zero-bin splitζ δ

⇣1 ⇣2 = p2T

<latexit sha1_base64="RMVGU36RnXfaFWfSLz+He7fmhA4=">AAAB/nicbZDLSsNAFIYn9VbrLeqym8EiuJCSlIK6EAq6cFmhN2himExP2qGTCzMToYaCvoyuRN35EL6Ab2PSZqGtZ/XN+f+B8/9uxJlUhvGtFVZW19Y3ipulre2d3T19/6Ajw1hQaNOQh6LnEgmcBdBWTHHoRQKI73LouuOrTO/eg5AsDFpqEoHtk2HAPEaJSleOXrYeQBHHxNYpnmMNX+LIad3VSo5eMarGbPAymDlUUD5NR/+yBiGNfQgU5UTKvmlEyk6IUIxymJasWEJE6JgMoZ9iQHyQdjILMcXHXiiwGgGevX97E+JLOfHd1OMTNZKLWrb8T+vHyju3ExZEsYKAppZU82KOVYizLvCACaCKT1IgVLD0SkxHRBCq0say+OZi2GXo1KpmvXpxW680rvMiiqiMjtAJMtEZaqAb1ERtRNETekHv6EN71J61V+1tbi1o+Z9D9Ge0zx8vRZOf</latexit>

In the Breit frame



Kinematic definitions

22

nµ =
1p
2
(1, 0, 0, 1), n2 = n̄2 = 0, n̄ · n = 1

<latexit sha1_base64="kCk3BA4wc/Wbhk8KLHEmEFu2N+Y="></latexit>

v2J = v̄2J = 0, vJ · v̄J = 1, with J = 1, 2

<latexit sha1_base64="DH1tYHunPcm+PCs4jNYU5hcstgo="></latexit>

We define three light-like vectors for the incoming beam and the outgoing jets

The standard Lorentz invariants

Q2 = �q2, x =
Q2

2P · q , ⇠ =
k+

P+

<latexit sha1_base64="huzlEPMWZWVckTFvgChVVzu1hEo="></latexit>

rT = p1T + p2T , pT =
|p1T |+ |p2T |

2

<latexit sha1_base64="kjEfMmIgZd6mBdieGvdcwXFX4js="></latexit>

The transverse momentum imbalance



Kinematic definitions

23

We can rewrite them in terms of the Born level kinematics

The parsonic Mandelstam variables are given by

Q = 2pT cosh(⌘�) exp(⌘+), ⇠ = 2x cosh(⌘+) exp(�⌘+)

<latexit sha1_base64="K0EBjiknERJPlj1Us4XbU0u5mdg="></latexit>

⌘± =
⌘1 ± ⌘2

2

<latexit sha1_base64="xd/uqs90wf7jCOAa5Ogz/nhzW+A=">AAACC3icbVBLS8NAGNz4rPUV9ehlsQg9laQU1INQ0IPHCvYBTQib7Zd26ebB7kYoIT9B/4yeRL158w/4b9zGHLR1TrMzs/DN+AlnUlnWl7Gyura+sVnZqm7v7O7tmweHPRmngkKXxjwWA59I4CyCrmKKwyARQEKfQ9+fXs39/j0IyeLoTs0ScEMyjljAKFFa8sy6A4p4mZOEOb7ETiAIzQrJxlrDBW3mWTP3zJrVsArgZWKXpIZKdDzz0xnFNA0hUpQTKYe2lSg3I0IxyiGvOqmEhNApGcNQ04iEIN2saJTj0yAWWE0AF+/f2YyEUs5CX2dCoiZy0ZuL/3nDVAXnbsaiJFUQUR3RXpByrGI8HwaPmACq+EwTQgXTV2I6IXoPpeer6vr2Ytll0ms27Fbj4rZVa1+XQ1TQMTpBdWSjM9RGN6iDuoiiR/SM3tC78WA8GS/G6090xSj/HKE/MD6+ARGkmmE=</latexit>

ŝ = (q + k)2 = +4p2T cosh2(⌘�)

<latexit sha1_base64="y+wU3P+q9BqGeRMveX7PBLz+3Jo=">AAACEXicbVDLSgNBEJz1bXxFPXoZDEqCGHZDQD0IAT14jJAYIRuX2UnHHTL7cKZXCEu+Qn9GT6Le9Af8GycxB191qu6qhq7yEyk02vaHNTU9Mzs3v7CYW1peWV3Lr29c6DhVHJo8lrG69JkGKSJookAJl4kCFvoSWn7/ZKS3bkFpEUcNHCTQCdl1JHqCMzQrL192A4aZHtLd4+LNXr90VaHHlO7RKk28hhlcHuvgqlJ0AZm3X/LyBbtsj0H/EmdCCmSCupd/d7sxT0OIkEumdduxE+xkTKHgEoY5N9WQMN5n19A2NGIh6E42zjWkO71YUQyAjufv3oyFWg9C33hChoH+rY2W/2ntFHuHnUxESYoQcWMxWi+VFGM6qod2hQKOcmAI40qYLykPmGIcTYk5E9/5HfYvuaiUnWr56LxaqJ1OilggW2SbFIlDDkiNnJE6aRJO7skjeSGv1p31YD1Zz1/WKWtys0l+wHr7BJMdmaQ=</latexit>

t̂ = (q � p2)
2 = �4p2T cosh(⌘�) cosh(⌘+) exp(⌘1)

<latexit sha1_base64="VN2YawI5YN0c7KYVsxJI9DMM3UE="></latexit>

û = (q � p1)
2 = �4p2T cosh(⌘�) cosh(⌘+) exp(⌘2)

<latexit sha1_base64="LsAk6pYqbVEWApjrr+HUTp9cqHg="></latexit>

ŝ+ t̂+ û = �Q2

<latexit sha1_base64="oyWc55hkAdGD+k5P82TsyMudlQE=">AAACA3icbZDLSgMxGIUzXmu9jbp0EyyCIJaZUlAXQkEXLluwF2jHkkkzndDMheQfoQyz1JfRlag738AX8G1Mp11o69nky39OIOd3Y8EVWNa3sbS8srq2Xtgobm5t7+yae/stFSWSsiaNRCQ7LlFM8JA1gYNgnVgyEriCtd3R9cRvPzCpeBTewThmTkCGIfc4JaBHfRP3fAKpyvBpDpBNzyTDV/gMN+4rfbNkla1ceBHsGZTQTPW++dUbRDQJWAhUEKW6thWDkxIJnAqWFXuJYjGhIzJkXY0hCZhy0rxJho+9SGLwGc7vv7MpCZQaB67OBAR8Ne9Nhv953QS8CyflYZwAC6mOaM9LBIYITxaCB1wyCmKsgVDJ9S8x9YkkFPTairq+PV92EVqVsl0tXzaqpdrNbBEFdIiO0Amy0TmqoVtUR01E0RN6Qe/ow3g0no1X420aXTJmbw7QHxmfP47Rlr4=</latexit>
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Cross-section factorization
Dijet production

25

d�

dxd⌘1d⌘2dpT drT

<latexit sha1_base64="EQ3Jt0dBGDKKlfFvQYhwoEqljpQ=">AAACHXicbVDLSsNAFJ3UV62vqks3g0VwVZJS8LEq6MJlhb6gKWEyuWmHTh7MTMQS8i36M7oq6k78Gyc1C229m3vuPefCPceNOZPKNL+M0tr6xuZWebuys7u3f1A9POrJKBEUujTikRi4RAJnIXQVUxwGsQASuBz67vQm5/sPICSLwo6axTAKyDhkPqNE6ZVTvbZ9QWjq2ZKNA1LJUu8RezYo4lhFb2Avdjp6cCPuyVmgWyoyp5M51ZpZNxeFV4FVgBoqqu1U57YX0SSAUFFOpBxaZqxGKRGKUQ5ZxU4kxIROyRiGGoYkADlKFx4zfOZHAqsJ4MX8W5uSQOZ/aU1A1EQuc/nyP26YKP9ylLIwThSEVEs05yccqwjnUWGPCaCKzzQgVDD9JaYTouNSOtCKtm8tm10FvUbdatav7pu11m0RRBmdoFN0jix0gVroDrVRF1H0jF7RO/ownowXY268/UhLRnFzjP6U8fkN3WKiYQ==</latexit>

(�⇤g)

<latexit sha1_base64="It01ZRHbdBdO8+3q9R37fOvqNrg=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAjVRZjWYJtdwY0rqWAf0MQymU7SoTNJmJkIJfQzdCXqzp/xB/wbp7WCip7VufecC+fcIOVMaYTeraXlldW19cJGcXNre2e3tLffUUkmCW2ThCeyF2BFOYtpWzPNaS+VFIuA024wvpjp3TsqFUviGz1JqS9wFLOQEazNyqt4ERYC357C6GRQKiPbbTRc5EBkOwg59ZohZ67rniNYtdEcZbBAa1B684YJyQSNNeFYqX4VpdrPsdSMcDotepmiKSZjHNG+oTEWVPn5PPMUHoeJhHpE4Xz+7s2xUGoiAuMRWI/Ub222/EvrZzps+DmL00zTmBiL0cKMQ53AWXU4ZJISzSeGYCKZSQnJCEtMtHlQ0dT/6gj/J52aXXVs99opN68WjyiAQ3AEKqAK6qAJLkELtAEBKXgAz+DFSqx769F6+rQuWYubA/AD1usH9MqOuQ==</latexit>

(�⇤f)

<latexit sha1_base64="BRs6xFTSQM8xIhentWfiUJ0yoSw=">AAAB7XicdVDLSsNAFJ34rPVVdelmsAjVRZjUYJtdwY0rqWAf0MQymU7aoTNJmJkIJfQzdCXqzp/xB/wbp7WCip7VufecC+fcMOVMaYTeraXlldW19cJGcXNre2e3tLffVkkmCW2RhCeyG2JFOYtpSzPNaTeVFIuQ0044vpjpnTsqFUviGz1JaSDwMGYRI1iblV/xh1gIfHsKo5N+qYxsr173kAuR7SLk1qqGnHmed46gY6M5ymCBZr/05g8Skgkaa8KxUj0HpTrIsdSMcDot+pmiKSZjPKQ9Q2MsqAryeeYpPI4SCfWIwvn83ZtjodREhMYjsB6p39ps+ZfWy3RUD3IWp5mmMTEWo0UZhzqBs+pwwCQlmk8MwUQykxKSEZaYaPOgoqn/1RH+T9pV23Ft79otN64WjyiAQ3AEKsABNdAAl6AJWoCAFDyAZ/BiJda99Wg9fVqXrMXNAfgB6/UD80uOuA==</latexit>

-  Bjorken variable

-  jet pseudorapidity

-  transverse momentum

-  transverse momentum imbalance

x
ηi
pT
rT

We measure over



Unpolarized & linearly polarized cross-section
Dijet production

Unpolarized cross-section

Linearly polarized 

cross-section



Zero-bin subtraction

• We need to subtract the zero-bin from the TMD beam function


• The zero-bin corresponds to the two-direction back-to-back soft function (the one used in 
Drell-Yan or SIDIS). Here, we use the subtraction as done in Echevarría, Idilbi, Scimemi, 2013.


• We can reorganize the zero-bin to obtain rapidity divergence-free function as expressed in the 
cross-section factorization


• This leads to the universal TMDPDF and a rapidity divergence-free new TMD soft function 
and the introduction of the scale ζ

27

Bun.
i (⇠, b, µ, k�/��) �! Fi(⇠, b, µ, ⇣1)

<latexit sha1_base64="FmTCXy43dOcTWJ6Nb9uPNfvDgU4="></latexit>

Ŝ�i(b, µ,
p

An �
+) �! S�i(b, µ, ⇣2)

<latexit sha1_base64="DP4W5MwA1LI5tTrNqaEpK4dl5XQ="></latexit>



Zero-bin subtraction

28

The scale can be removed from the final result by introducing the constrain
 scaleζ

⇣1 ⇣2 =
(k�)2

An
=

û t̂

ŝ

<latexit sha1_base64="NoHvWoli/shqGrR5LHLHJIxmWV8="></latexit>

In the Breit-frame this leads to
⇣1 ⇣2 = p2T

<latexit sha1_base64="RMVGU36RnXfaFWfSLz+He7fmhA4=">AAAB/nicbZDLSsNAFIYn9VbrLeqym8EiuJCSlIK6EAq6cFmhN2himExP2qGTCzMToYaCvoyuRN35EL6Ab2PSZqGtZ/XN+f+B8/9uxJlUhvGtFVZW19Y3ipulre2d3T19/6Ajw1hQaNOQh6LnEgmcBdBWTHHoRQKI73LouuOrTO/eg5AsDFpqEoHtk2HAPEaJSleOXrYeQBHHxNYpnmMNX+LIad3VSo5eMarGbPAymDlUUD5NR/+yBiGNfQgU5UTKvmlEyk6IUIxymJasWEJE6JgMoZ9iQHyQdjILMcXHXiiwGgGevX97E+JLOfHd1OMTNZKLWrb8T+vHyju3ExZEsYKAppZU82KOVYizLvCACaCKT1IgVLD0SkxHRBCq0say+OZi2GXo1KpmvXpxW680rvMiiqiMjtAJMtEZaqAb1ERtRNETekHv6EN71J61V+1tbi1o+Z9D9Ge0zx8vRZOf</latexit>

Notice that
 has square mass dimension 


 is dimensionless

ζ1

ζ2


ζ1 = p2
T

ζ2 = 1

natural way of 


choosing the scale

Procedure totally analogous to the one used in Drell-Yan or SIDIS
This allows to use -prescription for TMDPDF and SF evolutionζ

Scimemi, Vladimirov, 2020



Zero-bin subtraction
Subtracted soft function, finite result

 - channel(γ*g)

<latexit sha1_base64="dbYHWCVYA+ClM0CAD0Ft7/u6cvE="></latexit>

Ab =
(v1 · v2)

2 (v1 · b̂) (v2 · b̂)
= � ŝ

4 p2T c2b

29

with…



Consistency check

30

Dijet-production

<latexit sha1_base64="3u7X1KqJsLGEpsH4DucVBjwpoOA=">AAACFnicbVBNS8MwAE39nPOr6tFLcAgTZLR+oBdh6EGPE9wHrKWkabqFJW1JUmGU/g/9M3oSFTx49d+YbRV0813y8t4L5D0/YVQqy/oy5uYXFpeWSyvl1bX1jU1za7sl41Rg0sQxi0XHR5IwGpGmooqRTiII4j4jbX9wNfLb90RIGkd3apgQl6NeREOKkdKSZx47oUA4C/IscFjk8DSH11V9HMALCJ0e4hx5E8E5/HE8s2LVrDHgLLELUgEFGp754QQxTjmJFGZIyq5tJcrNkFAUM5KXnVSSBOEB6pGuphHiRLrZuFwO98NYQNUncHz/nc0Ql3LIfZ3hSPXltDcS//O6qQrP3YxGSapIhHVEe2HKoIrhaCMYUEGwYkNNEBZU/xLiPtI7Kb1kWde3p8vOktZRzT6tWbcnlfplMUQJ7II9UAU2OAN1cAMaoAkweATP4A28Gw/Gk/FivE6ic0bxZgf8gfH5Den8nSs=</latexit>

d

d lnµ
G(µ) = �G(µ)G(µ)

<latexit sha1_base64="pAUL7yS7SMcetDCBrzJ9bbK+lug="></latexit>

(�⇤g)-channel �H�g + �S�g + �Fg + 2�Jf + �C1 + �C2 + �↵ = 0
<latexit sha1_base64="xr3VWdpnrHNtcC3V4r5Eu7L+rac="></latexit>

(�⇤f)-channel �H�f + �S�f + �Ff + �Jf + �Jg + �Cf + �Cg + �↵ = 0

The sum of all anomalous dimensions should cancel for each channel

<latexit sha1_base64="EezpNV0JwP9nFBCqvWrjWuGfZ/I="></latexit>

(vf ) = �(vf̄ ) = �(vg) = i⇡ sign(cb)

They cancel !!!

-logsζ
-logsϕ

b⃗ jet transverse 
direction

ϕ



Heavy-meson pair production

• Experimentally more challenging


• Observation of charmed mesons could be possible

31

dijet LO process:

heavy meson pair at LO:

(�⇤g)
<latexit sha1_base64="J8coPN5hkT51PA5EvkXIytYySMA=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItSPZTdKuix4MVjBfsB3bXMptltaJJdkqxQSv+GFw+KePXPePPfmLZ70OqDgcd7M8zMC1POtHHdL6ewsrq2vlHcLG1t7+zulfcP2jrJFKEtkvBEdUPQlDNJW4YZTrupoiBCTjvh6Gbmdx6p0iyR92ac0kBALFnECBgr+VU/BiHg4RzHZ/1yxa25c+C/xMtJBeVo9suf/iAhmaDSEA5a9zw3NcEElGGE02nJzzRNgYwgpj1LJQiqg8n85ik+scoAR4myJQ2eqz8nJiC0HovQdgowQ73szcT/vF5moutgwmSaGSrJYlGUcWwSPAsAD5iixPCxJUAUs7diMgQFxNiYSjYEb/nlv6Rdr3kXtfrdZaVxmsdRREfoGFWRh65QA92iJmohglL0hF7Qq5M5z86b875oLTj5zCH6BefjG4NckJk=</latexit>

(�⇤f)
<latexit sha1_base64="hxhjwwKSLwfAqWdYud89cC8OwLk=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItSPZTdKuix4MVjBfsB3bXMptk2NMkuSVYoS/+GFw+KePXPePPfmLZ70OqDgcd7M8zMCxPOtHHdL6ewsrq2vlHcLG1t7+zulfcP2jpOFaEtEvNYdUPQlDNJW4YZTruJoiBCTjvh+Gbmdx6p0iyW92aS0EDAULKIETBW8qv+EISAh3McnfXLFbfmzoH/Ei8nFZSj2S9/+oOYpIJKQzho3fPcxAQZKMMIp9OSn2qaABnDkPYslSCoDrL5zVN8YpUBjmJlSxo8V39OZCC0nojQdgowI73szcT/vF5qousgYzJJDZVksShKOTYxngWAB0xRYvjEEiCK2VsxGYECYmxMJRuCt/zyX9Ku17yLWv3ustI4zeMooiN0jKrIQ1eogW5RE7UQQQl6Qi/o1UmdZ+fNeV+0Fpx85hD9gvPxDYHXkJg=</latexit>

+ + . . . 

+ . . . 

pµ1
<latexit sha1_base64="tGojqvU+NYcCLWarxz1q7RgcSio=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbF07JbRT0WvHisYD+kXUs2zbahSXZJskJZ+iu8eFDEqz/Hm//GtF1Biz4YeLw3w8y8MOFMG8/7dApLyyura8X10sbm1vZOeXevqeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4upr6rQeqNIvlrRknNBB4IFnECDZWukt6/n3WFemkV654rjcD8tzzBeLnVgVy1Hvlj24/Jqmg0hCOte74XmKCDCvDCKeTUjfVNMFkhAe0Y6nEguogmx08QUdW6aMoVrakQTP150SGhdZjEdpOgc1QL3pT8S+vk5roMsiYTFJDJZkvilKOTIym36M+U5QYPrYEE8XsrYgMscLE2IxKNoTvT9H/pFl1/VO3enNWqR3ncRThAA7hBHy4gBpcQx0aQEDAIzzDi6OcJ+fVeZu3Fpx8Zh9+wXn/AtvnkFw=</latexit>

pµ2
<latexit sha1_base64="ZTWNniBWanf5aeqn0rGMTiqUh0U=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbF07JbRT0WvHisYD+kXUs2zbahSXZJskJZ+iu8eFDEqz/Hm//GtF1Biz4YeLw3w8y8MOFMG8/7dApLyyura8X10sbm1vZOeXevqeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4upr6rQeqNIvlrRknNBB4IFnECDZWukt61fusK9JJr1zxXG8G5LnnC8TPrQrkqPfKH91+TFJBpSEca93xvcQEGVaGEU4npW6qaYLJCA9ox1KJBdVBNjt4go6s0kdRrGxJg2bqz4kMC63HIrSdApuhXvSm4l9eJzXRZZAxmaSGSjJfFKUcmRhNv0d9pigxfGwJJorZWxEZYoWJsRmVbAjfn6L/SbPq+qdu9easUjvO4yjCARzCCfhwATW4hjo0gICAR3iGF0c5T86r8zZvLTj5zD78gvP+Bd1xkF0=</latexit>

qµ =
Qp
2
(nµ � n̄µ) = (0, 0, 0, Q)

<latexit sha1_base64="7+faBURMonmc9B3AUsQjfCH/RUI="></latexit>

kµ =
⇠p
2x

Qn̄µ =
⇠

2x
(Q, 0, 0,�Q)

<latexit sha1_base64="xn1t+/hv2JPZ1N8LvPoygrkyK8E="></latexit>

`+ h ! `
0 +H + H̄ +X

<latexit sha1_base64="GJ/pp488rNrC1RKQXhtR7V++6so=">AAACBXicbVBLS8NAGNzUV62vqEcvS4sPKJRECuqt6KXHCvYBTSib7Zd26ebB7kYooWf9M3oS9eYf8A/4b9zUHLR1TvPNzMLOeDFnUlnWl1FYWV1b3yhulra2d3b3zP2DjowSQaFNIx6JnkckcBZCWzHFoRcLIIHHoetNbjK/ew9Csii8U9MY3ICMQuYzSpSWBmbZAc5xFY9PHBVhnF2nVdzUiuMRkTZn1d7ArFg1aw68TOycVFCO1sD8dIYRTQIIFeVEyr5txcpNiVCMcpiVnERCTOiEjKCvaUgCkG467zLDx34ksBoDnt+/sykJpJwGns4ERI3lopeJ/3n9RPmXbsrCOFEQUh3Rnp9wrAtnk+AhE0AVn2pCqGD6l5iOiSBU6eFKur69WHaZdM5rdr12dVuvNK7zIYroCJXRGbLRBWqgJmqhNqLoET2jN/RuPBhPxovx+hMtGPmbQ/QHxsc3MQ6Vww==</latexit>

Arratia, Furletova, Hobbs, Olness, Nguyen et al. 2020

Li, Liu, Vitev, 2020

Chudakov, Higinbotham, Hyde, Furletov, Furletova, Nguyen, 2016
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-  Bjorken variable

- ,  heavy meson pseudorapidity

-  transverse momentum

-  transverse momentum imbalance

x
ηH ηH̄
pT
rT

We measure over

<latexit sha1_base64="y/asoZNX1Jcl+QBycsa5J+cyjOM=">AAACCXicbVC7TsMwFHXKq5RXgJHFogIxoCpBIBgrWDoWqS+pCZHjOq1VJ45sB6lK8wXwMzAhYGPlB/gbnJIBWs7i43vOle45fsyoVJb1ZZSWlldW18rrlY3Nre0dc3evI3kiMGljzrjo+UgSRiPSVlQx0osFQaHPSNcf3+R6954ISXnUUpOYuCEaRjSgGCk98szjqeNzNpCTUD+pyLwWnEKHMRh7rbu0cer4SMBG5plVq2bNABeJXZAqKND0zE9nwHESkkhhhqTs21as3BQJRTEjWcVJJIkRHqMh6WsaoZBIN53lyeBRwAVUIwJn/9/eFIUyv1V7QqRGcl7Lh/9p/UQFV25KozhRJMLaorUgYVBxmNcCB1QQrNhEE4QF1VdCPEICYaXLq+j49nzYRdI5q9kXNev2vFq/LooogwNwCE6ADS5BHTRAE7QBBo/gGbyBd+PBeDJejNcfa8kodvbBHxgf3yi1meI=</latexit>

|rT | ⌧ pH,H̄

T
<latexit sha1_base64="3CsZp0nxV5iWWmoQQTZxx4f0mvU=">AAAB9HicbZC9TsMwFIUdfkv5S2FksaiQmKoEgWCsYOlYpP5JbYgc9ya1aieR7RRVUd8EJgRsPAkvwNvglgzQcqbP9xxL954g5Uxpx/my1tY3Nre2Szvl3b39g0O7ctRRSSYptGnCE9kLiALOYmhrpjn0UglEBBy6wfhu7ncnIBVL4paepuAJEsUsZJRoM/LtSurnrdlD3pjhQRRh4Td8u+rUnIXwKrgFVFGhpm9/DoYJzQTEmnKiVN91Uu3lRGpGOczKg0xBSuiYRNA3GBMByssXq8/wWZhIrEeAF+/f2ZwIpaYiMBlB9Egte/Phf14/0+GNl7M4zTTE1ESMF2Yc6wTPG8BDJoFqPjVAqGRmS0xHRBKqTU9lc767fOwqdC5q7lXNub+s1m+LIkroBJ2ic+Sia1RHDdREbUTRI3pGb+jdmlhP1ov1+hNds4o/x+iPrI9vaz2RJQ==</latexit>

pH
T

� mH

Region sensitive to TMD

Factorization for highly boosted heavy mesons


We have a new scale

Fickinger, Fleming, Kim, Mereghetti, 2016

<latexit sha1_base64="B92cOEG4dy/z+j1OxxE3Vr1mjkE=">AAAB5HicbZDNTgIxFIXv4B/iH+rSTSMxcUVmjESXRDcuIcpPAhPSKXegoZ2ZtB0TMuENdGXUnU/kC/g2FpyFgmf19Z7T5J4bJIJr47pfTmFtfWNzq7hd2tnd2z8oHx61dZwqhi0Wi1h1A6pR8AhbhhuB3UQhlYHATjC5nfudR1Sax9GDmSboSzqKeMgZNXZ0LwfNQbniVt2FyCp4OVQgV2NQ/uwPY5ZKjAwTVOue5ybGz6gynAmclfqpxoSyCR1hz2JEJWo/W6w6I2dhrIgZI1m8f2czKrWeysBmJDVjvezNh/95vdSE137GoyQ1GDEbsV6YCmJiMm9MhlwhM2JqgTLF7ZaEjamizNi7lGx9b7nsKrQvql6t6jYvK/Wb/BBFOIFTOAcPrqAOd9CAFjAYwTO8wbsTOk/Oi/P6Ey04+Z9j+CPn4xsd1otO</latexit>mQ
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We can see that the shape function is related to the heavy meson jet function

-   We can check our NLO calculation (finite terms)

-   We can get the jet function AD up to two loops

Fickinger, Fleming, Kim, Mereghetti, 2016

This sum is known up to three-loops…

<latexit sha1_base64="FMm+tDMv9mcXutI8UM2hZNPG4xE=">AAACDnicbVDLTttAFB3zTMOjgS67GREhISFFNhTBBgnRTZdBbUik2FjXk5tkxIxtzVwjRZb/AX4GVlXbXRf8QP+mk5AFr7M6c84Z6Z6T5Epa8v1/3sLi0vLKau1DfW19Y/NjY2v70maFEdgRmcpMLwGLSqbYIUkKe7lB0InCbnL9dep3b9BYmaU/aJJjpGGUyqEUQE6KG/vhABUBD0egNVyV/cOoisvvcfkk8FFV8VMeqkFGNm40/ZY/A39LgjlpsjnaceMxHGSi0JiSUGBtP/BzikowJIXCqh4WFnMQ1zDCvqMpaLRROStV8d1hZjiNkc/ez7MlaGsnOnEZDTS2r72p+J7XL2h4EpUyzQvCVLiI84aF4pTx6TZ8IA0KUhNHQBjpruRiDAYEuQXrrn7wuuxbcnnQCo5a/sWX5tn5fIga+8x22B4L2DE7Y99Ym3WYYHfsgf1mf7xb79776f16ii548z+f2At4f/8D/iWb/g==</latexit>

��[3]
S�g

= . . .

Soft function


anomalous dimension



Connection to the fragmentation shape function
Heavy meson pair production

34

Shape function is defined as

and its Fourier transformation…

We can see that it is related to the bHQET jet function

-   We can check our NLO calculation (finite terms)

-   We can get the jet function AD up to two loops

Fickinger, Fleming, Kim, Mereghetti, 2016
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We use heavy-quark jet function to describe the fragmentation of heavy mesons from heavy 
quarks. In the limit  there are two scales that need to be resummed rT ≪ pT

To do this we use bHQET (boosted heavy quark effective theory) to factorize the jet 
function into a hard matching coefficient and a TMD matrix element

Known up to two-loops

Appears for the first time
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Up to one loop order we find

<latexit sha1_base64="YfQk5g6EcWoteTAQ+bsl7TGf1PI="></latexit>

�J =
↵sCF

⇡
{1� 2 lnR}

with…

We have separated scales and can now be resummed


Anomalous dimension are consistent Consistent !!!
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Bare soft 


function

Finite soft 


function

<latexit sha1_base64="dbYHWCVYA+ClM0CAD0Ft7/u6cvE="></latexit>

Ab =
(v1 · v2)

2 (v1 · b̂) (v2 · b̂)
= � ŝ

4 p2T c2b
<latexit sha1_base64="BMyt+HHlExxPC+SResIMJPw8NaY=">AAACJHicbVBNS8MwGE7n15xfU49egkPYQEZbFL0Im148TnAfsJaSZukWlqYlSQej9O/on5knUfHibzGbE3XzPT1fgTyPHzMqlWm+G7mV1bX1jfxmYWt7Z3evuH/QklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/vJn67RERkkb8Xo1j4oaoz2lAMVJa8or1usfhFXQCgXAKyyPPgg7uRQqOPLuSpbZzCsvwR+WwMuP2N69kXrFkVs3ZwWVgzUEJzK/hFSdOL8JJSLjCDEnZtcxYuSkSimJGsoKTSBIjPER90tWQo5BIN51VzeBJEAmoBgTO+O9sikIpx6GvMyFSA7noTcX/vG6igks3pTxOFOFYR7QXJAyqCE4Xgz0qCFZsrAHCgupfQjxAei+ldy3o+tZi2WXQsqvWedW8OyvVrudD5MEROAZlYIELUAO3oAGaAINH8ARewZvxYEyMZ+PlK5oz5m8OwZ8zPj4Bv2mgdg==</latexit>

An =
(v1 · v2)

2 (v1 · n)(v2 · n)



Zero-bin subtraction
Subtracted soft function

Finite soft 


function

Renormalization


function

<latexit sha1_base64="dbYHWCVYA+ClM0CAD0Ft7/u6cvE="></latexit>

Ab =
(v1 · v2)

2 (v1 · b̂) (v2 · b̂)
= � ŝ

4 p2T c2b
<latexit sha1_base64="BMyt+HHlExxPC+SResIMJPw8NaY=">AAACJHicbVBNS8MwGE7n15xfU49egkPYQEZbFL0Im148TnAfsJaSZukWlqYlSQej9O/on5knUfHibzGbE3XzPT1fgTyPHzMqlWm+G7mV1bX1jfxmYWt7Z3evuH/QklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/vJn67RERkkb8Xo1j4oaoz2lAMVJa8or1usfhFXQCgXAKyyPPgg7uRQqOPLuSpbZzCsvwR+WwMuP2N69kXrFkVs3ZwWVgzUEJzK/hFSdOL8JJSLjCDEnZtcxYuSkSimJGsoKTSBIjPER90tWQo5BIN51VzeBJEAmoBgTO+O9sikIpx6GvMyFSA7noTcX/vG6igks3pTxOFOFYR7QXJAyqCE4Xgz0qCFZsrAHCgupfQjxAei+ldy3o+tZi2WXQsqvWedW8OyvVrudD5MEROAZlYIELUAO3oAGaAINH8ARewZvxYEyMZ+PlK5oz5m8OwZ8zPj4Bv2mgdg==</latexit>

An =
(v1 · v2)

2 (v1 · n)(v2 · n)

38
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Describe evolution of functions 
depending on two scales

TMDPDF TMDFF Dijets SF

 scale ζ

 scaleμ Renormalization 
scale

 regulator 
(DR) 

ε

Rapidity 
scale  regulatorδ

fixed  evolutionμ
Evolution, double-scale evolution

Scimemi, Vladimirov, 2018
Scimemi, Vladimirov, 2020


