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Transverse Momentum 
Distributions: 0D+3D map 



Key information from TMDs

•Complete momentum spectrum of single particle


•Transverse momentum size as function of x (3D map) 


•Spin-Spin and Spin-Orbit Correlations of partons


•Information on parton orbital angular momentum  
(no direct model-independent relation)


•Study interesting new non-trivial aspects of pQCD: role of re-scattering 
of active partons, factorization, universality, evolution,….


•Non-perturbative structure we cannot calculate with QCD
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A few references on TMDs



Where TMDs started from ….. 1991

Consider the scattering of a transversely polarized proton off an unpolarized proton 

AN ⌘ L�R

L+R
=

�" � �#

�" + �#

<latexit sha1_base64="milM3Gltk/QI3+NTNV1FVEJNhXs="></latexit>

p"p ! ⇡X

<latexit sha1_base64="SSyV/KHsdbTldkdzOJSqqwYwQgo=">AAACKXicbVDLSgMxFM3UVx1fVZdugkUQF2WmKLpwUXDjsoJ9QKeWTHrbhmYyMckoZejvuPFX3Cgo6tYfMX0sauuBwLnn3MvNPaHkTBvP+3IyS8srq2vZdXdjc2t7J7e7V9VxoihUaMxjVQ+JBs4EVAwzHOpSAYlCDrWwfzXyaw+gNIvFrRlIaEakK1iHUWKs1MqVghC6TKRwL4hSZHAydOVdkEhbxI9Y4kCxbs9MqkAyXHcDEO2Z9lYu7xW8MfAi8ackj6Yot3JvQTumSQTCUE60bvieNM2UKMMoh6EbJBokoX3ShYalgkSgm+n40iE+skobd2JlnzB4rM5OpCTSehCFtjMipqfnvZH4n9dITOeimTIhEwOCThZ1Eo5NjEex4TZTQA0fWEKoYvavmPaIItTYcF0bgj9/8iKpFgv+aeHsppgvXU7jyKIDdIiOkY/OUQldozKqIIqe0At6Rx/Os/PqfDrfk9aMM53ZR3/g/PwC4/2nmQ==</latexit>

p
s = 20GeV

<latexit sha1_base64="sWOtMaS3D3yZUC1yhhvF2XG4SiM=">AAACI3icbVDLSgMxFM34rPVVdekmWAQRKTNFUUSh4EKXFewDOkPJZG7b0ExmmmSEMvRf3PgrblwoxY0L/8X0saitBwKHc85Nco8fc6a0bX9bS8srq2vrmY3s5tb2zm5ub7+qokRSqNCIR7LuEwWcCahopjnUYwkk9DnU/O7dyK89g1QsEk+6H4MXkrZgLUaJNlIzd+360GYihZ4gUpL+6SDrqp7UqRrcFm3snuHUlSG+h6oxQAQzwWYubxfsMfAicaYkj6YoN3NDN4hoEoLQlBOlGo4day8lUjPKwdyfKIgJ7ZI2NAwVJATlpeMdB/jYKAFuRdIcofFYnZ1ISahUP/RNMiS6o+a9kfif10h068pLmYgTDYJOHmolHOsIjwrDAZNANe8bQqhk5q+YdogkVJtas6YEZ37lRVItFpzzwsVjMV+6mdaRQYfoCJ0gB12iEnpAZVRBFL2gN/SBPq1X690aWl+T6JI1nTlAf2D9/AK/AaRO</latexit>

FNAL E704

PLB 264 (1991) 462 
PLB 261 (1991) 201

[ANL: ZGS (’76) ; Fermilab: E704 (’91); BNL: AGS ('99); STAR ('02); BRAHMS (’05); PHENIX (’13)] 




If partons have only longitudinal momentum, SSA would vanish

G.L. Kane, J. Pumplin, W. Repko, Phys. Rev. Lett. 41 (1978) 1689

Early theory prediction:



If partons have only longitudinal momentum, SSA would vanish

G.L. Kane, J. Pumplin, W. Repko, Phys. Rev. Lett. 41 (1978) 1689

Early theory prediction:

k?

<latexit sha1_base64="pa5P4X1S9fVfyJXMm2sa5wAEqLY="></latexit>

f(x)

<latexit sha1_base64="wz0iuaIcm+pJrWZg+IoXSVETsqY=">AAACD3icbVBNS8NAEN3Urxq/qh69BItSPZSkKHos9OKxgv2ANpTNZtIu3Wzi7kYsof/Ai3/FiwdFvHr15r9x2+ZQWx8MPN6bYWaeFzMqlW3/GLmV1bX1jfymubW9s7tX2D9oyigRBBokYpFoe1gCoxwaiioG7VgADj0GLW9Ym/itBxCSRvxOjWJwQ9znNKAEKy31CqddD/qUp3DPsRB4dD42g9LjmdkF7s+JvULRLttTWMvEyUgRZaj3Ct9dPyJJCFwRhqXsOHas3BQLRQmDsdlNJMSYDHEfOppyHIJ00+k/Y+tEK74VREIXV9ZUnZ9IcSjlKPR0Z4jVQC56E/E/r5Oo4NpNKY8TBZzMFgUJs1RkTcKxfCqAKDbSBBNB9a0WGWCBidIRmjoEZ/HlZdKslJ2L8uVtpVitZXHk0RE6RiXkoCtURTeojhqIoCf0gt7Qu/FsvBofxuesNWdkM4foD4yvX6zsnG8=</latexit>

1D

f(x, k?)

<latexit sha1_base64="FstHbrnfuFwcWSg4m9vW2OeSME8=">AAACF3icbVDLSsNAFJ3UV42vqks3wSJUkZIURZeFblxWsA9oQplMb9qhk0mcmYgh9C/c+CtuXCjiVnf+jdPHorYeuHA4517uvcePGZXKtn+M3Mrq2vpGftPc2t7Z3SvsHzRllAgCDRKxSLR9LIFRDg1FFYN2LACHPoOWP6yN/dYDCEkjfqfSGLwQ9zkNKMFKS91C2fWhT3kG9xwLgdOzkRmUHs+HXTcGEZ+aLvDenNktFO2yPYG1TJwZKaIZ6t3Ct9uLSBICV4RhKTuOHSsvw0JRwmBkuomEGJMh7kNHU45DkF42+WtknWilZwWR0MWVNVHnJzIcSpmGvu4MsRrIRW8s/ud1EhVcexnlcaKAk+miIGGWiqxxSFaPCiCKpZpgIqi+1SIDLDBROkpTh+AsvrxMmpWyc1G+vK0Uq7VZHHl0hI5RCTnoClXRDaqjBiLoCb2gN/RuPBuvxofxOW3NGbOZQ/QHxtcv7mCfyA==</latexit>

3D



TMDs: rich quantum correlations between spin and momentum

•TMDs in black survive transverse-momentum integration 

•TMDs in red are T-odd (change sign in SIDIS and DY processes) 

•TMDs in blue require OAM transfer


•No effects for U/L and L/U polarizations due to parity invariance 

(similar classification for gluons)



Where can we access TMDs?

we are interested  
in the region of small transverse-momenta

 sensitive to non-perturbative QCD effects

`(l) +N(P ) ! `(l0) + h(Ph) +X h(P1) + h(P2) ! `+(l) + `�(l0)



TMD

FF

TMD

TMD

Fragmentation Functions

✓Factorization 

✓Universality 

`(l) +N(P ) ! `(l0) + h(Ph) +X h(P1) + h(P2) ! `+(l) + `�(l0)

Where can we access TMDs?



d� ⇠ Lµ⌫Wµ⌫
<latexit sha1_base64="zXvFKwfhlf3Elwhvl7sFilxltVY=">AAACLXicbVDLSgMxFM34tr6qLt0EiyAuykxd6MKFoAsXLhRsK3RquZO5bUOTzJhkhDL0h9z4KyK4UMStv2H6QHwdCDmccw/JPVEquLG+/+JNTc/Mzs0vLBaWlldW14rrGzWTZJphlSUi0dcRGBRcYdVyK/A61QgyEliPeidDv36H2vBEXdl+ik0JHcXbnIF1Uqt4GkbY4SrHWwVaQ39vUIhDwzsSqLskPb/JQ5mFKhvQeuuLhqjib5FWseSX/RHoXxJMSIlMcNEqPoVxwjKJyjIBxjQCP7XNHLTlTOCgEGYGU2A96GDDUQUSTTMfbTugO06JaTvR7ihLR+r3RA7SmL6M3KQE2zW/vaH4n9fIbPuwmXOVZhYVGz/UzgS1CR1WR2OukVnRdwSY5u6vlHVBA7Ou4IIrIfi98l9Sq5SD/XLlslI6PprUsUC2yDbZJQE5IMfkjFyQKmHknjySF/LqPXjP3pv3Ph6d8iaZTfID3scnqV6plw==</latexit>

`(l,�`) +N(P, S) ! `(l0,�0
`) + h(Ph, Sh) +X

<latexit sha1_base64="Ug9//7ik+heAGkQkTESbsJAm0NQ="></latexit>

• 6 independent kinematical variables

xB =
Q2

2P · q
<latexit sha1_base64="8p1DFVpDop0M05L2k+W8aki11AU="></latexit>

Q2
<latexit sha1_base64="DjZCGG+Vl//+DhBoxFde4L85ml0=">AAACDnicbVC7TsNAEDyHVzAvAyWNRRQJUUR2KKCgiERDmUjkIcUhOp83ySnns7k7I1lWvoCGX6GhACFaajr+hkviIiSMtNJoZle7O37MqFSO82MU1tY3NreK2+bO7t7+gXV41JJRIgg0ScQi0fGxBEY5NBVVDDqxABz6DNr++Gbqtx9BSBrxO5XG0AvxkNMBJVhpqW+VPR+GlGfwwLEQOD2fmI37qukBDxa0vlVyKs4M9ipxc1JCOep969sLIpKEwBVhWMqu68Sql2GhKGEwMb1EQozJGA+hqynHIcheNntnYpe1EtiDSOjiyp6pixMZDqVMQ193hliN5LI3Ff/zuokaXPUyyuNEASfzRYOE2Sqyp9nYARVAFEs1wURQfatNRlhgonSCpg7BXX55lbSqFfeiUm1US7XrPI4iOkGn6Ay56BLV0C2qoyYi6Am9oDf0bjwbr8aH8TlvLRj5zDH6A+PrFwE6nAw=</latexit>

�S
<latexit sha1_base64="KCKSSEaYDeNFzzlGc56S4cE+iSg=">AAACEXicbVC7TsNAEDzzDOZloKQ5ESFFFJEdCigoItFQBkEeUmJZ5/MmOeV8NndnpMjKL9DwKzQUIERLR8ffcHkUIWGklUYzu9rdCVPOlHbdH2tldW19Y7OwZW/v7O7tOweHDZVkkkKdJjyRrZAo4ExAXTPNoZVKIHHIoRkOrsd+8xGkYom418MU/Jj0BOsySrSRAqfUCaHHRA4PgkhJhmcju5P2WXBnd0BEc3LgFN2yOwFeJt6MFNEMtcD57kQJzWIQmnKiVNtzU+3nRGpGOZg1mYKU0AHpQdtQQWJQfj75aIRPjRLhbiJNCY0n6vxETmKlhnFoOmOi+2rRG4v/ee1Mdy/9nIk00yDodFE341gneBwPjpgEqvnQEEIlM7di2ieSUG1CtE0I3uLLy6RRKXvn5cptpVi9msVRQMfoBJWQhy5QFd2gGqojip7QC3pD79az9Wp9WJ/T1hVrNnOE/sD6+gXMnJ2Y</latexit>

Ph? = |~Ph?|
<latexit sha1_base64="FmQMW8IBz7wX09fWLPXniSC+f54=">AAACJ3icbVDLSgMxFM34rONr1KWbYBHERZmpC12oFNy4rGAf0Cklk962oZnMmGQKZdq/ceOvuBFURJf+iekDrK0HAodzzuXmniDmTGnX/bKWlldW19YzG/bm1vbOrrO3X1ZRIimUaMQjWQ2IAs4ElDTTHKqxBBIGHCpB92bkV3ogFYvEve7HUA9JW7AWo0QbqeFc+wG0mUjhQRApSf90aBcbacePQcbDq4HfA4p/hYHtg2jOhBtO1s25Y+BF4k1JFk1RbDivfjOiSQhCU06UqnlurOspkZpRDkPbTxTEhHZJG2qGChKCqqfjO4f42ChN3IqkeULjsTo7kZJQqX4YmGRIdEfNeyPxP6+W6NZFPWUiTjQIOlnUSjjWER6VhptMAtW8bwihkpm/YtohklBtqrVNCd78yYuknM95Z7n8XT5buJzWkUGH6AidIA+dowK6RUVUQhQ9omf0ht6tJ+vF+rA+J9ElazpzgP7A+v4BM5CnWA==</latexit>

�h
<latexit sha1_base64="XHn7l9jOQVjNDqcYVhmVdOUQm5I=">AAACEXicbVBNS8NAEN3Urxq/oh69BItQPJSkHvTgoeDFYwX7AW0pm82kWbrZxN2NEEL/ghf/ihcPinj15s1/47bNobY+GHi8N8PMPC9hVCrH+TFKa+sbm1vlbXNnd2//wDo8ass4FQRaJGax6HpYAqMcWooqBt1EAI48Bh1vfDP1O48gJI35vcoSGER4xGlACVZaGlrVvgcjynN44FgInJ1PzH4S0mFo9oH7C/LQqjg1ZwZ7lbgFqaACzaH13fdjkkbAFWFYyp7rJGqQY6EoYaDXpBISTMZ4BD1NOY5ADvLZRxP7TCu+HcRCF1f2TF2cyHEkZRZ5ujPCKpTL3lT8z+ulKrga5JQnqQJO5ouClNkqtqfx2D4VQBTLNMFEUH2rTUIsMFE6RFOH4C6/vEra9Zp7Uavf1SuN6yKOMjpBp6iKXHSJGugWNVELEfSEXtAbejeejVfjw/ict5aMYuYY/YHx9QvtwJ2t</latexit>

SIDIS

z =
P · Ph

P · q

<latexit sha1_base64="poecrYpu8Bf7dKOAmpOVP32swn0=">AAACKHicbVDLSgMxFM34rPVVdekmWARxUWaKogvFghuXFewDOqVkMnfa0ExmmmSEOvRz3PgrbkQU6dYvMX0ItfVA4HDOuUnu8WLOlLbtobW0vLK6tp7ZyG5ube/s5vb2qypKJIUKjXgk6x5RwJmAimaaQz2WQEKPQ83r3o782iNIxSLxoPsxNEPSFixglGgjtXI3rgdtJlLoCSIl6Z8Osk/XbiAJTcsu9SONy63O4Jf3BlkXhD+TbuXydsEeAy8SZ0ryaIpyK/fu+hFNQhCacqJUw7Fj3UyJ1IxyMPcnCmJCu6QNDUMFCUE10/GiA3xsFB8HkTRHaDxWZydSEirVDz2TDInuqHlvJP7nNRIdXDZTJuJEg6CTh4KEYx3hUWvYZxKo5n1DCJXM/BXTDjEtadNt1pTgzK+8SKrFgnNWOL8v5ktX0zoy6BAdoRPkoAtUQneojCqIomf0ij7Qp/VivVlf1nASXbKmMwfoD6zvHzSyp0Y=</latexit>



~PhT ⇡ z~k? + ~P?

<latexit sha1_base64="c+NXkFfFtA0d/B2gJ1zPVOO/1PA="></latexit>

SIDIS kinematics

Figure from Bacchetta et al., arXiv: 2206.07598



Hadronic tensor at tree level

Wµ⌫ ⇠ 2xBzh
Q2

X

q

e2q

Z
d2~k? d2~p? �(2)(~k? + ~q? � ~p?)

<latexit sha1_base64="PeFHOMxNYCSgz/TztbjUmphk9Tw="></latexit>

⇥Tr

Z
dk� �q(k, P, S) �µ

Z
dp+ �(p, Ph) �

⌫

� ���
k+=xBP+

<latexit sha1_base64="hz8X58I1iv0V1DNPWuVtB65XxLA="></latexit>



TMDs parametrize quark-quark correlator

TMDs(P+, ~P? = 0), S
<latexit sha1_base64="6g9GwFMJwOAHz/qlC+/V3mQA41I=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoWspMu9CNUHDjsqJ9QKeWTHrbhmYyQ5IplKHf4cZfceNCEXfixr8xfQhaPRA4nHMuN/f4EWdKO86nlVpaXlldS69nNja3tnfs3b2aCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9weXE78+BKlYKG71KIJWQHqCdRkl2kht2/V86DGREM564mScyVXuTvPeECiutL0IZHThHOdvPBCd70jbzjoFZwr8l7hzkkVzVNr2u9cJaRyA0JQTpZquE+lWQqRmlMM448UKIkIHpAdNQwUJQLWS6WljfGSUDu6G0jyh8VT9OZGQQKlR4JtkQHRfLXoT8T+vGevueSthIoo1CDpb1I051iGe9IQ7TALVfGQIoZKZv2LaJ5JQbdrMmBLcxZP/klqx4JYKxetitlya15FGB+gQ5ZCLzlAZXaEKqiKK7tEjekYv1oP1ZL1ab7NoyprP7KNfsD6+AB2Cn54=</latexit>

(P+, ~P? = 0), S
<latexit sha1_base64="6g9GwFMJwOAHz/qlC+/V3mQA41I=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoWspMu9CNUHDjsqJ9QKeWTHrbhmYyQ5IplKHf4cZfceNCEXfixr8xfQhaPRA4nHMuN/f4EWdKO86nlVpaXlldS69nNja3tnfs3b2aCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9weXE78+BKlYKG71KIJWQHqCdRkl2kht2/V86DGREM564mScyVXuTvPeECiutL0IZHThHOdvPBCd70jbzjoFZwr8l7hzkkVzVNr2u9cJaRyA0JQTpZquE+lWQqRmlMM448UKIkIHpAdNQwUJQLWS6WljfGSUDu6G0jyh8VT9OZGQQKlR4JtkQHRfLXoT8T+vGevueSthIoo1CDpb1I051iGe9IQ7TALVfGQIoZKZv2LaJ5JQbdrMmBLcxZP/klqx4JYKxetitlya15FGB+gQ5ZCLzlAZXaEKqiKK7tEjekYv1oP1ZL1ab7NoyprP7KNfsD6+AB2Cn54=</latexit>

(x,~k?),�
0

<latexit sha1_base64="uSepY/Nh6IBwjxu4yDiifwQULhM=">AAACHnicbVDLSgMxFM3UVx1foy7dBItYpZSZFtGl4MalgtVCp5RM5rYNzWSGJFMsQ7/Ejb/ixoUigiv9G9OHoK0HAodzzk1yT5BwprTrflm5hcWl5ZX8qr22vrG55Wzv3Ko4lRRqNOaxrAdEAWcCapppDvVEAokCDndB72Lk3/VBKhaLGz1IoBmRjmBtRok2Uss58QPoMJERzjrieGgX70t+HyjutfwEZHJU8rm5LCSHtg8i/Im1nIJbdsfA88SbkgKa4qrlfPhhTNMIhKacKNXw3EQ3MyI1oxyGtp8qSAjtkQ40DBUkAtXMxusN8YFRQtyOpTlC47H6eyIjkVKDKDDJiOiumvVG4n9eI9Xts2bGRJJqEHTyUDvlWMd41BUOmQSq+cAQQiUzf8W0SySh2jRqmxK82ZXnyW2l7FXLletK4bw6rSOP9tA+KiIPnaJzdImuUA1R9ICe0At6tR6tZ+vNep9Ec9Z0Zhf9gfX5Dex+oa4=</latexit>

�q(x,~k?, P, S) =

Z
dk� �q(k, P, S) =

Z
dz�d2~z?
(2⇡)3

eik·zhP, S| ̄(�z

2
) (

z

2
)|P, Si

���
z+=0

<latexit sha1_base64="TfFqY27c6hPxSgptDdYKn261M/o="></latexit>

(x,~k?),�
<latexit sha1_base64="blo4g4XyQjGSYLauC6g4MejtDZ8=">AAACHXicbVDLSgMxFM34rOOr6tJNsAhVSplpBV0W3LisYB/QKSWTuW1DM5khyRTL0B9x46+4caGICzfi35g+BG09EDicc26Se/yYM6Ud58taWV1b39jMbNnbO7t7+9mDw7qKEkmhRiMeyaZPFHAmoKaZ5tCMJZDQ59DwB9cTvzEEqVgk7vQohnZIeoJ1GSXaSJ3shedDj4mUcNYT52M7f1/whkDxoOPFIOOzgsfNZQGxPRDBT6qTzTlFZwq8TNw5yaE5qp3shxdENAlBaMqJUi3XiXU7JVIzymFse4mCmNAB6UHLUEFCUO10ut0YnxolwN1ImiM0nqq/J1ISKjUKfZMMie6rRW8i/ue1Et29aqdMxIkGQWcPdROOdYQnVeGASaCajwwhVDLzV0z7RBKqTaG2KcFdXHmZ1EtFt1ws3ZZylfK8jgw6Ricoj1x0iSroBlVRDVH0gJ7QC3q1Hq1n6816n0VXrPnMEfoD6/Mbe/GhfQ==</latexit>

TMD Correlators



TMDs parametrize quark-quark correlator

TMDs(P+, ~P? = 0), S
<latexit sha1_base64="6g9GwFMJwOAHz/qlC+/V3mQA41I=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoWspMu9CNUHDjsqJ9QKeWTHrbhmYyQ5IplKHf4cZfceNCEXfixr8xfQhaPRA4nHMuN/f4EWdKO86nlVpaXlldS69nNja3tnfs3b2aCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9weXE78+BKlYKG71KIJWQHqCdRkl2kht2/V86DGREM564mScyVXuTvPeECiutL0IZHThHOdvPBCd70jbzjoFZwr8l7hzkkVzVNr2u9cJaRyA0JQTpZquE+lWQqRmlMM448UKIkIHpAdNQwUJQLWS6WljfGSUDu6G0jyh8VT9OZGQQKlR4JtkQHRfLXoT8T+vGevueSthIoo1CDpb1I051iGe9IQ7TALVfGQIoZKZv2LaJ5JQbdrMmBLcxZP/klqx4JYKxetitlya15FGB+gQ5ZCLzlAZXaEKqiKK7tEjekYv1oP1ZL1ab7NoyprP7KNfsD6+AB2Cn54=</latexit>

(P+, ~P? = 0), S
<latexit sha1_base64="6g9GwFMJwOAHz/qlC+/V3mQA41I=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoWspMu9CNUHDjsqJ9QKeWTHrbhmYyQ5IplKHf4cZfceNCEXfixr8xfQhaPRA4nHMuN/f4EWdKO86nlVpaXlldS69nNja3tnfs3b2aCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9weXE78+BKlYKG71KIJWQHqCdRkl2kht2/V86DGREM564mScyVXuTvPeECiutL0IZHThHOdvPBCd70jbzjoFZwr8l7hzkkVzVNr2u9cJaRyA0JQTpZquE+lWQqRmlMM448UKIkIHpAdNQwUJQLWS6WljfGSUDu6G0jyh8VT9OZGQQKlR4JtkQHRfLXoT8T+vGevueSthIoo1CDpb1I051iGe9IQ7TALVfGQIoZKZv2LaJ5JQbdrMmBLcxZP/klqx4JYKxetitlya15FGB+gQ5ZCLzlAZXaEKqiKK7tEjekYv1oP1ZL1ab7NoyprP7KNfsD6+AB2Cn54=</latexit>

(x,~k?),�
0

<latexit sha1_base64="uSepY/Nh6IBwjxu4yDiifwQULhM=">AAACHnicbVDLSgMxFM3UVx1foy7dBItYpZSZFtGl4MalgtVCp5RM5rYNzWSGJFMsQ7/Ejb/ixoUigiv9G9OHoK0HAodzzk1yT5BwprTrflm5hcWl5ZX8qr22vrG55Wzv3Ko4lRRqNOaxrAdEAWcCapppDvVEAokCDndB72Lk3/VBKhaLGz1IoBmRjmBtRok2Uss58QPoMJERzjrieGgX70t+HyjutfwEZHJU8rm5LCSHtg8i/Im1nIJbdsfA88SbkgKa4qrlfPhhTNMIhKacKNXw3EQ3MyI1oxyGtp8qSAjtkQ40DBUkAtXMxusN8YFRQtyOpTlC47H6eyIjkVKDKDDJiOiumvVG4n9eI9Xts2bGRJJqEHTyUDvlWMd41BUOmQSq+cAQQiUzf8W0SySh2jRqmxK82ZXnyW2l7FXLletK4bw6rSOP9tA+KiIPnaJzdImuUA1R9ICe0At6tR6tZ+vNep9Ec9Z0Zhf9gfX5Dex+oa4=</latexit>

�q(x,~k?, P, S) =

Z
dk� �q(k, P, S) =

Z
dz�d2~z?
(2⇡)3

eik·zhP, S| ̄(�z

2
) (

z

2
)|P, Si

���
z+=0

<latexit sha1_base64="TfFqY27c6hPxSgptDdYKn261M/o="></latexit>

(x,~k?),�
<latexit sha1_base64="blo4g4XyQjGSYLauC6g4MejtDZ8=">AAACHXicbVDLSgMxFM34rOOr6tJNsAhVSplpBV0W3LisYB/QKSWTuW1DM5khyRTL0B9x46+4caGICzfi35g+BG09EDicc26Se/yYM6Ud58taWV1b39jMbNnbO7t7+9mDw7qKEkmhRiMeyaZPFHAmoKaZ5tCMJZDQ59DwB9cTvzEEqVgk7vQohnZIeoJ1GSXaSJ3shedDj4mUcNYT52M7f1/whkDxoOPFIOOzgsfNZQGxPRDBT6qTzTlFZwq8TNw5yaE5qp3shxdENAlBaMqJUi3XiXU7JVIzymFse4mCmNAB6UHLUEFCUO10ut0YnxolwN1ImiM0nqq/J1ISKjUKfZMMie6rRW8i/ue1Et29aqdMxIkGQWcPdROOdYQnVeGASaCajwwhVDLzV0z7RBKqTaG2KcFdXHmZ1EtFt1ws3ZZylfK8jgw6Ricoj1x0iSroBlVRDVH0gJ7QC3q1Hq1n6816n0VXrPnMEfoD6/Mbe/GhfQ==</latexit>

FFsFFs

FFs parametrize fragmentation correlator

Ph, Sh
<latexit sha1_base64="GpuEpr9NMD/c2p021PLw5q2wAIc=">AAACC3icbVDLSsNAFJ34rPFVdelmaBFEpCTtQpcFNy4r2ge0IUwmN+3QySTMTIQSunfjr7hxoYhbf8Cdf+P0IWjrgQuHc+7l3nuClDOlHefLWlldW9/YLGzZ2zu7e/vFg8OWSjJJoUkTnshOQBRwJqCpmebQSSWQOODQDoZXE799D1KxRNzpUQpeTPqCRYwSbSS/WOoF0GciJ5z1xdnYbviD81t/0AMR/mh+sexUnCnwMnHnpIzmaPjFz16Y0CwGoSknSnVdJ9VeTqRmlMPY7mUKUkKHpA9dQwWJQXn59JcxPjFKiKNEmhIaT9XfEzmJlRrFgemMiR6oRW8i/ud1Mx1dejkTaaZB0NmiKONYJ3gSDA6ZBKr5yBBCJTO3YjogklBt4rNNCO7iy8ukVa24tUr1plqu1+ZxFNAxKqFT5KILVEfXqIGaiKIH9IRe0Kv1aD1bb9b7rHXFms8coT+wPr4Bgc2apw==</latexit>

Ph, Sh
<latexit sha1_base64="GpuEpr9NMD/c2p021PLw5q2wAIc=">AAACC3icbVDLSsNAFJ34rPFVdelmaBFEpCTtQpcFNy4r2ge0IUwmN+3QySTMTIQSunfjr7hxoYhbf8Cdf+P0IWjrgQuHc+7l3nuClDOlHefLWlldW9/YLGzZ2zu7e/vFg8OWSjJJoUkTnshOQBRwJqCpmebQSSWQOODQDoZXE799D1KxRNzpUQpeTPqCRYwSbSS/WOoF0GciJ5z1xdnYbviD81t/0AMR/mh+sexUnCnwMnHnpIzmaPjFz16Y0CwGoSknSnVdJ9VeTqRmlMPY7mUKUkKHpA9dQwWJQXn59JcxPjFKiKNEmhIaT9XfEzmJlRrFgemMiR6oRW8i/ud1Mx1dejkTaaZB0NmiKONYJ3gSDA6ZBKr5yBBCJTO3YjogklBt4rNNCO7iy8ukVa24tUr1plqu1+ZxFNAxKqFT5KILVEfXqIGaiKIH9IRe0Kv1aD1bb9b7rHXFms8coT+wPr4Bgc2apw==</latexit>

(zh, ~p?),�
<latexit sha1_base64="PGDQ5+fPRBG/iNg66E2jIudxCQ8=">AAACJXicbVDLSgMxFM34dnxVXboJFkFFyky70IULwY1LBatCpwx3MrdtMJOJSUaoQ3/Gjb/ixoUigit/xbR24etA4HDOuUnuSZTgxgbBuzcxOTU9Mzs37y8sLi2vVFbXLkxeaIZNlotcXyVgUHCJTcutwCulEbJE4GVyfTz0L29RG57Lc9tX2M6gK3mHM7BOiiuHUYJdLku8kaA19HcH/vZd3NuLbpFRFUcKtdrZi4S7MQU/Qpl+i8aValALRqB/STgmVTLGaVx5idKcFRlKywQY0woDZdslaMuZwIEfFQYVsGvoYstRCRmadjnackC3nJLSTq7dkZaO1O8TJWTG9LPEJTOwPfPbG4r/ea3Cdg7aJZeqsCjZ10OdQlCb02FlNOUamRV9R4Bp7v5KWQ80MOuK9V0J4e+V/5KLei1s1Opn9epRY1zHHNkgm2SbhGSfHJETckqahJF78kieyYv34D15r97bV3TCG8+skx/wPj4BpZulSw==</latexit>

(zh, ~p?),�
0

<latexit sha1_base64="p2LwAetYQsAkck2fh78Iml7aCi0=">AAACJnicbVDLSgMxFM34dnxVXboJFvGBlJm60I0guHGpYFXolOFO5rYNZjIxyQh16Ne48VfcuFBE3PkpprULXwcCh3POTXJPogQ3NgjevbHxicmp6ZlZf25+YXGpsrxyYfJCM2ywXOT6KgGDgktsWG4FXimNkCUCL5Pr44F/eYva8Fye257CVgYdyducgXVSXDmMEuxwWeKNBK2ht9P3t+7i7m50i4yqOFKo1fZuJNyNKWz6Ecr0WzauVINaMAT9S8IRqZIRTuPKc5TmrMhQWibAmGYYKNsqQVvOBPb9qDCogF1DB5uOSsjQtMrhmn264ZSUtnPtjrR0qH6fKCEzppclLpmB7Zrf3kD8z2sWtn3QKrlUhUXJvh5qF4LanA46oynXyKzoOQJMc/dXyrqggVnXrO9KCH+v/Jdc1GvhXq1+Vq8e7Y3qmCFrZJ1skZDskyNyQk5JgzByTx7JM3nxHrwn79V7+4qOeaOZVfID3scnGOKlfA==</latexit>

�(zh, ~p?, Ph, Sh) =

Z
dp+ �(p, Ph, Sh) =

X

X

Z
dz+d2~z?
(2⇡)3

eip·zh0| (z
2
)|Ph, Sh;XihPh, Sh;X| ̄(�z

2
)|0i

���
z�=0

<latexit sha1_base64="W9xtYoQbYoL31He3uzMNhh+v8uk="></latexit>

TMD Correlators



Dirac matrix 

selects quark polarization

TMDs parametrize 
 quark-quark correlator

�[�] =
1

2
Tr[��]

<latexit sha1_base64="JN5w5PH7FITftQxLV4nVwFwnWhA="></latexit>

Γ

TMDs(P+, ~P? = 0), S
<latexit sha1_base64="6g9GwFMJwOAHz/qlC+/V3mQA41I=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoWspMu9CNUHDjsqJ9QKeWTHrbhmYyQ5IplKHf4cZfceNCEXfixr8xfQhaPRA4nHMuN/f4EWdKO86nlVpaXlldS69nNja3tnfs3b2aCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9weXE78+BKlYKG71KIJWQHqCdRkl2kht2/V86DGREM564mScyVXuTvPeECiutL0IZHThHOdvPBCd70jbzjoFZwr8l7hzkkVzVNr2u9cJaRyA0JQTpZquE+lWQqRmlMM448UKIkIHpAdNQwUJQLWS6WljfGSUDu6G0jyh8VT9OZGQQKlR4JtkQHRfLXoT8T+vGevueSthIoo1CDpb1I051iGe9IQ7TALVfGQIoZKZv2LaJ5JQbdrMmBLcxZP/klqx4JYKxetitlya15FGB+gQ5ZCLzlAZXaEKqiKK7tEjekYv1oP1ZL1ab7NoyprP7KNfsD6+AB2Cn54=</latexit>

(P+, ~P? = 0), S
<latexit sha1_base64="6g9GwFMJwOAHz/qlC+/V3mQA41I=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoWspMu9CNUHDjsqJ9QKeWTHrbhmYyQ5IplKHf4cZfceNCEXfixr8xfQhaPRA4nHMuN/f4EWdKO86nlVpaXlldS69nNja3tnfs3b2aCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9weXE78+BKlYKG71KIJWQHqCdRkl2kht2/V86DGREM564mScyVXuTvPeECiutL0IZHThHOdvPBCd70jbzjoFZwr8l7hzkkVzVNr2u9cJaRyA0JQTpZquE+lWQqRmlMM448UKIkIHpAdNQwUJQLWS6WljfGSUDu6G0jyh8VT9OZGQQKlR4JtkQHRfLXoT8T+vGevueSthIoo1CDpb1I051iGe9IQ7TALVfGQIoZKZv2LaJ5JQbdrMmBLcxZP/klqx4JYKxetitlya15FGB+gQ5ZCLzlAZXaEKqiKK7tEjekYv1oP1ZL1ab7NoyprP7KNfsD6+AB2Cn54=</latexit>

(x,~k?),�
<latexit sha1_base64="blo4g4XyQjGSYLauC6g4MejtDZ8=">AAACHXicbVDLSgMxFM34rOOr6tJNsAhVSplpBV0W3LisYB/QKSWTuW1DM5khyRTL0B9x46+4caGICzfi35g+BG09EDicc26Se/yYM6Ud58taWV1b39jMbNnbO7t7+9mDw7qKEkmhRiMeyaZPFHAmoKaZ5tCMJZDQ59DwB9cTvzEEqVgk7vQohnZIeoJ1GSXaSJ3shedDj4mUcNYT52M7f1/whkDxoOPFIOOzgsfNZQGxPRDBT6qTzTlFZwq8TNw5yaE5qp3shxdENAlBaMqJUi3XiXU7JVIzymFse4mCmNAB6UHLUEFCUO10ut0YnxolwN1ImiM0nqq/J1ISKjUKfZMMie6rRW8i/ue1Et29aqdMxIkGQWcPdROOdYQnVeGASaCajwwhVDLzV0z7RBKqTaG2KcFdXHmZ1EtFt1ws3ZZylfK8jgw6Ricoj1x0iSroBlVRDVH0gJ7QC3q1Hq1n6816n0VXrPnMEfoD6/Mbe/GhfQ==</latexit>

(x,~k?),�
<latexit sha1_base64="blo4g4XyQjGSYLauC6g4MejtDZ8=">AAACHXicbVDLSgMxFM34rOOr6tJNsAhVSplpBV0W3LisYB/QKSWTuW1DM5khyRTL0B9x46+4caGICzfi35g+BG09EDicc26Se/yYM6Ud58taWV1b39jMbNnbO7t7+9mDw7qKEkmhRiMeyaZPFHAmoKaZ5tCMJZDQ59DwB9cTvzEEqVgk7vQohnZIeoJ1GSXaSJ3shedDj4mUcNYT52M7f1/whkDxoOPFIOOzgsfNZQGxPRDBT6qTzTlFZwq8TNw5yaE5qp3shxdENAlBaMqJUi3XiXU7JVIzymFse4mCmNAB6UHLUEFCUO10ut0YnxolwN1ImiM0nqq/J1ISKjUKfZMMie6rRW8i/ue1Et29aqdMxIkGQWcPdROOdYQnVeGASaCajwwhVDLzV0z7RBKqTaG2KcFdXHmZ1EtFt1ws3ZZylfK8jgw6Ricoj1x0iSroBlVRDVH0gJ7QC3q1Hq1n6816n0VXrPnMEfoD6/Mbe/GhfQ==</latexit>

�ij(x, k?, S) =

Z
dz�d2z?
2(2⇡)3

eik·zhp, S| ̄j(�
z

2
)W[�z

2
,
z

2
] i(

z

2
)|p, Si

���
z+=0

<latexit sha1_base64="t4Dv0w9vd/M3tnh/sBgQs+Z8PQE="></latexit>

 TMDs - PDFs of Quarks



�q[�+�5](x,~k?) = �⇤ gq1 +
�~k? · ~S?

M
g? q
1T

<latexit sha1_base64="bKc5HcklB7Hv6dwsh8mqQkMK1+M="></latexit>

�q[�+](x,~k?) = fq
1 �

✏ij?k
i
?S

j
?

M
f? q
1T

<latexit sha1_base64="dTpAQQn1YHdAVvZEBpL3EHFT5js="></latexit>

si? �q[i�i+�5](x,~k?) = ~s? · ~S? hq
1 +

⇤~k? · ~s?
M

h? q
1L �

✏ij?k
i
?s

j
?

M
h? q
1

<latexit sha1_base64="MJ7FxKhXe1wbwjSwW8/61KI7Jvk="></latexit>

+
1

2M2

⇣
2~k? · ~s? ~k? · ~S? � ~k 2 ~s? · ~S?

⌘
h? q
1T

<latexit sha1_base64="aNNmnR8kLYhrDB+HtO55HANIZ+c="></latexit>

Γ

TMDs(P+, ~P? = 0), S
<latexit sha1_base64="6g9GwFMJwOAHz/qlC+/V3mQA41I=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoWspMu9CNUHDjsqJ9QKeWTHrbhmYyQ5IplKHf4cZfceNCEXfixr8xfQhaPRA4nHMuN/f4EWdKO86nlVpaXlldS69nNja3tnfs3b2aCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9weXE78+BKlYKG71KIJWQHqCdRkl2kht2/V86DGREM564mScyVXuTvPeECiutL0IZHThHOdvPBCd70jbzjoFZwr8l7hzkkVzVNr2u9cJaRyA0JQTpZquE+lWQqRmlMM448UKIkIHpAdNQwUJQLWS6WljfGSUDu6G0jyh8VT9OZGQQKlR4JtkQHRfLXoT8T+vGevueSthIoo1CDpb1I051iGe9IQ7TALVfGQIoZKZv2LaJ5JQbdrMmBLcxZP/klqx4JYKxetitlya15FGB+gQ5ZCLzlAZXaEKqiKK7tEjekYv1oP1ZL1ab7NoyprP7KNfsD6+AB2Cn54=</latexit>

(P+, ~P? = 0), S
<latexit sha1_base64="6g9GwFMJwOAHz/qlC+/V3mQA41I=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoWspMu9CNUHDjsqJ9QKeWTHrbhmYyQ5IplKHf4cZfceNCEXfixr8xfQhaPRA4nHMuN/f4EWdKO86nlVpaXlldS69nNja3tnfs3b2aCmNJoUpDHsqGTxRwJqCqmebQiCSQwOdQ9weXE78+BKlYKG71KIJWQHqCdRkl2kht2/V86DGREM564mScyVXuTvPeECiutL0IZHThHOdvPBCd70jbzjoFZwr8l7hzkkVzVNr2u9cJaRyA0JQTpZquE+lWQqRmlMM448UKIkIHpAdNQwUJQLWS6WljfGSUDu6G0jyh8VT9OZGQQKlR4JtkQHRfLXoT8T+vGevueSthIoo1CDpb1I051iGe9IQ7TALVfGQIoZKZv2LaJ5JQbdrMmBLcxZP/klqx4JYKxetitlya15FGB+gQ5ZCLzlAZXaEKqiKK7tEjekYv1oP1ZL1ab7NoyprP7KNfsD6+AB2Cn54=</latexit>

S =

✓
⇤P+

M
,�⇤P�

M
, ~S?

◆
S2 = ⇤2 � ~S 2

? = �1 P · S = 0
<latexit sha1_base64="NyCXj98xOjmaRVln0DqGrFcb72c="></latexit>

• leading-twist: � = (�+, �+�5, i�
i+�5)

<latexit sha1_base64="3pg+LgUiHYak3wxgULShJOe60RM="></latexit>

• spin four-vector:

• TMDs depend on     and  x
<latexit sha1_base64="ZQ+V20S537Lp3oZuu54RCuImFdo=">AAACCnicbVC7TsMwFHV4lvIKMLIEKiTEUCVlADFVYmEsEn1ITVQ5zk1r1XGC7SCiqDMLv8LCAEKsfAEbf4PbZigtR7rS8Tn3yvceP2FUKtv+MZaWV1bX1ksb5c2t7Z1dc2+/JeNUEGiSmMWi42MJjHJoKqoYdBIBOPIZtP3h9dhvP4CQNOZ3KkvAi3Cf05ASrLTUM49cH/qU53DPsRA4Oxs9usCDmXfPrNhVewJrkTgFqaACjZ757QYxSSPgijAsZdexE+XlWChKGIzKbiohwWSI+9DVlOMIpJdPThlZJ1oJrDAWuriyJursRI4jKbPI150RVgM5743F/7xuqsJLL6c8SRVwMv0oTJmlYmucixVQAUSxTBNMBNW7WmSABSZKp1fWITjzJy+SVq3qnFdrt7VK/aqIo4QO0TE6RQ66QHV0gxqoiQh6Qi/oDb0bz8ar8WF8TluXjGLmAP2B8fULiQKbZQ==</latexit>

~k 2
?

<latexit sha1_base64="YNNvElmqZ4cHOjoMe9kuxc+xuq4=">AAACG3icbVDLSgMxFM3UV62vqks3wSKISJkZF4qrghuXFewDOmPJpLdtaCYzJplCGeY/3Pgrblwo4kpw4d+YPha19UDgcM653NwTxJwpbds/Vm5ldW19I79Z2Nre2d0r7h/UVZRICjUa8Ug2A6KAMwE1zTSHZiyBhAGHRjC4GfuNIUjFInGvRzH4IekJ1mWUaCO1i64XQI+JFB4FkZKMzjJvCBQPHlLv3M3aXgwy9kB05gLtYsku2xPgZeLMSAnNUG0Xv7xORJMQhKacKNVy7Fj7KZGaUQ5ZwUsUxIQOSA9ahgoSgvLTyW0ZPjFKB3cjaZ7QeKLOT6QkVGoUBiYZEt1Xi95Y/M9rJbp75adMxIkGQaeLugnHOsLjonCHSaCajwwhVDLzV0z7RBKqTZ0FU4KzePIyqbtl56Ls3rmlyvWsjjw6QsfoFDnoElXQLaqiGqLoCb2gN/RuPVuv1of1OY3mrNnMIfoD6/sXbJeiPg==</latexit>

TMD-PDFs of quarks at leading twist



quark polarization

fin
al

 h
ad

ro
n 

po
l.

•Same interpretation as for TMDs, but with the role of quark and hadron interchanged 

•FFs in red are T-odd 

Quark fragmentation functions



d�

dxBdyd�Sdzhd�hdP 2
h?

⇠
⇢
(1� y +

1

2
y2)FUU,T + (1� y) cos(2�h)F

cos 2�h

UU
<latexit sha1_base64="XQ17+Os7z75UkxX4HlrSbMcsQlI="></latexit>

+⇤(1� y) sin(2�h)F
sin 2�h

UL + �l⇤y(1�
1

2
y)FLL

<latexit sha1_base64="S9U+tFfUnuQ88qRGDkCionlwFf4="></latexit>

+|~S?|(1� y +
1

2
y2) sin(�h � �S)F

sin(�h��S)
UT,T

<latexit sha1_base64="TVj+0cugywhDhHMCTiIJAqeo4Nk="></latexit>

+|~S?|(1� y) sin(�h + �S)F
sin(�h+�S)
UT

<latexit sha1_base64="iTPETAhpzyYgvxVni5iHEVW0Ecc="></latexit>

+|~S?|(1� y) sin(3�h � �S)F
sin(3�h��S)
UT

<latexit sha1_base64="Sw31E0K7C7uLr8tnt8Dytc1hV8M="></latexit>

+ �`|~S?|y(1�
1

2
y) cos(�h � �S)F

cos(�h��S)
LT

<latexit sha1_base64="5MpackBQ0P770bHHT9mjZMzgVC4="></latexit>

+ 10 additional terms
o

<latexit sha1_base64="Uqf/CgWYHntH3CrV3WIvoWaCXSA=">AAACEXicbVC7TsMwFHV4lvIKMLJEVEgVQ5WUgY4VLIxFog+pjSrHuUmtOk6wHaQo6i+w8CssDCDEysbG3+C2GUrLkSwfnXPvte/xEkalsu0fY219Y3Nru7RT3t3bPzg0j447Mk4FgTaJWSx6HpbAKIe2oopBLxGAI49B1xvfTP3uIwhJY36vsgTcCIecBpRgpaWhWR14EFKewwPHQuDsYlIeXNNwoC/g/oI8NCt2zZ7BWiVOQSqoQGtofg/8mKQRcEUYlrLv2IlycywUJQz0/FRCgskYh9DXlOMIpJvPNppY51rxrSAW+nBlzdTFjhxHUmaRpysjrEZy2ZuK/3n9VAUNN6c8SRVwMn8oSJmlYmsaj+VTAUSxTBNMBNV/tcgIC0yUDrGsQ3CWV14lnXrNuazV7+qVZqOIo4RO0RmqIgddoSa6RS3URgQ9oRf0ht6NZ+PV+DA+56VrRtFzgv7A+PoFvgydjA==</latexit>

Fi = Fi(xB , zh, P
2
h?, Q

2)
<latexit sha1_base64="HNBZ+Oqw7lPOaX+1ZCI5fKGK/Ho="></latexit>

virtual-photon polarizationL(T )
<latexit sha1_base64="0ZTXnsG+ytMgn679NSeTAcyidXQ=">AAACD3icbVA9TwJBEN3DLzy/Ti1tNhINWpA7LLSwILGxsMCErwQI2VsG2LC3d+7umZAL/8DGv2JjoTG2tnb+Gxe4AsGXTPLy3kxm5vkRZ0q77o+VWVldW9/Ibtpb2zu7e87+QU2FsaRQpSEPZcMnCjgTUNVMc2hEEkjgc6j7w5uJX38EqVgoKnoUQTsgfcF6jBJtpI5z2vKhz0QCD4JISUbnY/suXzmzWyC6c2LHybkFdwq8TLyU5FCKcsf5bnVDGgcgNOVEqabnRrqdEKkZ5TC2W7GCiNAh6UPTUEECUO1k+s8Ynxili3uhNCU0nqrzEwkJlBoFvukMiB6oRW8i/uc1Y927aidMRLEGQWeLejHHOsSTcHCXSaCajwwhVDJzK6YDIgnVJkLbhOAtvrxMasWCd1Eo3hdzpes0jiw6Qscojzx0iUroFpVRFVH0hF7QG3q3nq1X68P6nLVmrHTmEP2B9fULRz2cJg==</latexit>

target polarizationY
<latexit sha1_base64="rGbxmWbgCgTkpYBZCLeIn6hJjG8=">AAACDHicbVC7TsMwFHXKq4RXgZElokJCDFVSBhgYKrEwFok+UBNVjnPTWnWcYDtIUdQPYOFXWBhAiJUPYONvcNsMpeVIlo7OOVfX9/gJo1LZ9o9RWlldW98ob5pb2zu7e5X9g7aMU0GgRWIWi66PJTDKoaWoYtBNBODIZ9DxR9cTv/MIQtKY36ksAS/CA05DSrDSUr9SdX0YUJ7DA8dC4OxsbN6bLvBgTtEpu2ZPYS0TpyBVVKDZr3y7QUzSCLgiDEvZc+xEeTkWihIGY9NNJSSYjPAAeppyHIH08ukxY+tEK4EVxkI/rqypOj+R40jKLPJ1MsJqKBe9ifif10tVeOnllCepAk5mi8KUWSq2Js1YARVAFMs0wURQ/VeLDLHAROn+TF2Cs3jyMmnXa855rX5brzauijrK6Agdo1PkoAvUQDeoiVqIoCf0gt7Qu/FsvBofxucsWjKKmUP0B8bXL9EMm3A=</latexit>

beam polarizationX
<latexit sha1_base64="XdpXwGMhjx3eEmiVtmfG0rhsv1s=">AAACDHicbVC7TsMwFHV4lvAqMLJYVEiIoUrKAANDJRbGItGH1EaV49y0Vh0n2A5SFPUDWPgVFgYQYuUD2Pgb3DZDaTmSpaNzztX1PX7CmdKO82OtrK6tb2yWtuztnd29/fLBYUvFqaTQpDGPZccnCjgT0NRMc+gkEkjkc2j7o5uJ334EqVgs7nWWgBeRgWAho0QbqV+u9HwYMJHDgyBSkux8bHfsHohgTjEpp+pMgZeJW5AKKtDol797QUzTCISmnCjVdZ1EezmRmlEOY7uXKkgIHZEBdA0VJALl5dNjxvjUKAEOY2me0Hiqzk/kJFIqi3yTjIgeqkVvIv7ndVMdXnk5E0mqQdDZojDlWMd40gwOmASqeWYIoZKZv2I6JJJQbfqzTQnu4snLpFWruhfV2l2tUr8u6iihY3SCzpCLLlEd3aIGaiKKntALekPv1rP1an1Yn7PoilXMHKE/sL5+Ac94m28=</latexit>

angular distribution of produced hadronweight
<latexit sha1_base64="5ryvF/Xz0a6K4oYUzX6c5Blyg1c=">AAACHHicbVDLSsNAFJ34rPUVdekmWARxUZJ2oQsXBTcuK9gHNKVMJjft0MkkzkyUEPIhbvwVNy4UceNC8G+ctlnU1gMDh3PPvXPv8WJGpbLtH2NldW19Y7O0Vd7e2d3bNw8O2zJKBIEWiVgkuh6WwCiHlqKKQTcWgEOPQccbX0/qnQcQkkb8TqUx9EM85DSgBCstDcy668GQ8gzuORYCp+d5OXNDrEYizB6BDkcqz8sucH/OMTArdtWewlomTkEqqEBzYH65fkSSELgiDEvZc+xY9TMsFCUM9PxEQozJGA+hpynHIch+Nj0ut0614ltBJPTjypqq8x0ZDqVMQ087J3vLxdpE/K/WS1Rw2c8ojxMFnMw+ChJmqciaJGX5VABRLNUEE0H1rhYZYYGJ0nmWdQjO4snLpF2rOvVq7bZWaVwVcZTQMTpBZ8hBF6iBblATtRBBT+gFvaF349l4NT6Mz5l1xSh6jtAfGN+/4nOjFA==</latexit>

Fweight
XY,L(T )

<latexit sha1_base64="3cN9YSeNDo+dXbfyumcJnBZKvFo="></latexit>

• Structure functions depend on 4 variables:

Bacchetta, et al., JHEP 0702 (2007) 93

SIDIS cross section



Bacchetta et. al, JHEP 0702 (2007) 93

F
cos 2�h

UU ⇠ h
?
1 ⌦ H

?
1

<latexit sha1_base64="2QJpvPen3Jsp6VNK6x4vu8XPC2o="></latexit>

F
sin 2�h

UL ⇠ h
?
1L ⌦ H

?
1

<latexit sha1_base64="TRgfkI0r4U/vBuO93mN0QQ++bpM="></latexit>

F
sin(3�h��S)
UT,T ⇠ h

?
1T ⌦ H

?
1

<latexit sha1_base64="iIz8JAL4k11Ywp8OYHEedsnC3Dc="></latexit>

F sin(�h��S)
UT,T ⇠ f?

1T ⌦ D1
<latexit sha1_base64="X/4NhLTQpbDE4o0B/JrkmwIspY8="></latexit>

F
sin(�h+�S)
UT ⇠ h1 ⌦ H

?
1

<latexit sha1_base64="Pxl60A7pkETMpco6e9hQ88dvexQ="></latexit>

FLL ⇠ g1 ⌦ D1
<latexit sha1_base64="W49Qa+dk1qj2//V+ZhuMSWzlbu4="></latexit>

F cos(�h��S)
LT ⇠ g1T ⌦ D1

<latexit sha1_base64="tXevN2OKrVEgdXf6M8c4UkM5RD8="></latexit>

• transverse parton momenta of TMDs and FFs are convoluted  
(convolutions may contain additional powers of transverse parton momenta)


FUU,T = xB

X

q

e2q

Z
d2~k?d

2~p? �(2)(~k? + ~q? � ~p?) f1(x,~k
2
?)D1(zh, ~p

2
?)

<latexit sha1_base64="lr7XGZdXMBV7LJQVvV9vw13fTu4="></latexit>

SIDIS structure functions at tree level



h1 + h2 ! l+ + l� +X
<latexit sha1_base64="T5UNbgnuK7/FfMQcWgpn2DXjhlc="></latexit>

• Hadronic tensor at tree level, for low     of gauge boson~q?
<latexit sha1_base64="svx6rgA1f8VKyOIWDm2EMlAUs6Y=">AAACF3icbVBNS8NAEN34WetX1aOXxSKIh5DUgz0WvHisYD+gCWGznbZLN5t0d1Moof/Ci3/FiwdFvOrNf+O2zaG2Phh4vDfDzLww4Uxpx/mxNja3tnd2C3vF/YPDo+PSyWlTxamk0KAxj2U7JAo4E9DQTHNoJxJIFHJohcO7md8ag1QsFo96koAfkb5gPUaJNlJQsr0Q+kxkMBJESjK5nha9MVA8CrwEZII9EN0lMyiVHduZA68TNydllKMelL69bkzTCISmnCjVcZ1E+xmRmlEOZlmqICF0SPrQMVSQCJSfzf+a4kujdHEvlqaExnN1eSIjkVKTKDSdEdEDterNxP+8Tqp7VT9jIkk1CLpY1Es51jGehYS7TALVfGIIoZKZWzEdEEmoNlEWTQju6svrpFmx3Ru78lAp16p5HAV0ji7QFXLRLaqhe1RHDUTRE3pBb+jderZerQ/rc9G6YeUzZ+gPrK9fra6gNA==</latexit>

Wµ⌫ ⇠
X

q

e2q

Z
d2~ka? d2~kb? �(2)(~ka? + ~kb? � ~q?)

<latexit sha1_base64="RVi56zZ32Bf2OApJZGOBChFZWi4="></latexit>

⇥Tr
h
�q(xa,~ka?, P1, S1) �

µ �q̄(xb,~kb?, P2, S2) �
⌫
i ���

k+
a =xBP+

1
<latexit sha1_base64="e7lv17n6fC+xXtS/T77xaVyUJ7g="></latexit>

k+
b =xbP

+
2

<latexit sha1_base64="nB2NXmS41kmEutgMOyRXJ3LQoFA=">AAACHXicbVDLSsNAFJ3UV62vqks3wSKIQkmiYDdCwY3LCvYBbQ2TyU07dDKJMxOxhPyIG3/FjQtFXLgR/8bpY1FbDwwczjmXO/d4MaNSWdaPkVtaXlldy68XNja3tneKu3sNGSWCQJ1ELBItD0tglENdUcWgFQvAoceg6Q2uRn7zAYSkEb9Vwxi6Ie5xGlCClZbc4nnHgx7lKdxzLAQenmSFNHPTwd2p610+ul5NEyfrAPdnIm6xZJWtMcxFYk9JCU1Rc4tfHT8iSQhcEYalbNtWrLopFooSBlmhk0iIMRngHrQ15TgE2U3H12XmkVZ8M4iEflyZY3V2IsWhlMPQ08kQq76c90bif147UUGlm1IeJwo4mSwKEmaqyBxVZfpUAFFsqAkmguq/mqSPBSZKF1rQJdjzJy+ShlO2z8rOjVOqVqZ15NEBOkTHyEYXqIquUQ3VEUFP6AW9oXfj2Xg1PozPSTRnTGf20R8Y379AA6KX</latexit>

• It involves two TMD-PDFs

• transverse parton momenta are convoluted 

• longitudinal momentum fractions fixed by the kinematics

• cross section parametrised by 48 structure functions  

[Arnold, Metz, Schlegel, PRD 79 (2009) 489]

Drell-Yan process at tree level

~qT = ~k?A + ~k?B

<latexit sha1_base64="q77ckle7hCwrhQoxo0zpK7/eeoM="></latexit>



Light-front wave function  
representation



Light-front wave functions

Proton state

Probability Amplitude for the N,β Fock state

Eigenstates of parton light-front helicity
Ŝiz ⇤

�1...�N
= �i ⇤

�1...�N

Eigenstates of total OAM

L̂z ⇤
�1...�N

= `z ⇤
�1...�N

gaugeA+ = 0

⇤ =
PN

i=1 �i + `z

|(P+, ~P?),⇤i =
X

N,�

[dx]N [d~k?]N 
⇤
N,�(xi,~k? i)|N,�; (xiP

+, xi
~P? + ~k? i),�ii

<latexit sha1_base64="Mu/LLIxZxfWQjohvSvBU7GZ2tEY="></latexit>

Internal variables: xi =
p+i
P+

<latexit sha1_base64="AzGm1vqgxY8H1RH3Pxgbv171fPQ=">AAACIHicbVDLSgMxFM3UVx1fVZduBosgFspMBetGKLhxWcE+oJ0OmfROG5rJjElGLEM/xY2/4saFIrrTrzF9LGrrgcDhnHOT3OPHjEpl299GZmV1bX0ju2lube/s7uX2D+oySgSBGolYJJo+lsAoh5qiikEzFoBDn0HDH1yP/cYDCEkjfqeGMbgh7nEaUIKVlrxcue1Dj/IU7jkWAg/PRuajR6/agcAkjTsFj47SaqcwMtvAu3MpL5e3i/YE1jJxZiSPZqh6ua92NyJJCFwRhqVsOXas3BQLRQkDfX8iIcZkgHvQ0pTjEKSbThYcWSda6VpBJPThypqo8xMpDqUchr5Ohlj15aI3Fv/zWokKLt2U8jhRwMn0oSBhloqscVtWlwogig01wURQ/VeL9LHuRulOTV2Cs7jyMqmXis55sXRbylcuZnVk0RE6RqfIQWVUQTeoimqIoCf0gt7Qu/FsvBofxuc0mjFmM4foD4yfX6jjo9g=</latexit>

NX

i=1

xi = 1
<latexit sha1_base64="IPCivfUSVKVk4kELkosaelqxQcY=">AAACHXicbVDLSgMxFM3UV62vqks3wSKIizJTRd0IBTeupIJ9QFuHTHqnDc1kxiQjlqE/4sZfceNCERduxL8xbWdRWw8EDuecy809XsSZ0rb9Y2UWFpeWV7KrubX1jc2t/PZOTYWxpFClIQ9lwyMKOBNQ1UxzaEQSSOBxqHv9y5FffwCpWChu9SCCdkC6gvmMEm0kN3/S8qDLRAL3gkhJBkfDXEvFgZuwC2d4d40fXUNyLRCdqYibL9hFeww8T5yUFFCKipv/anVCGgcgNOVEqaZjR7qdEKkZ5WBWxgoiQvukC01DBQlAtZPxdUN8YJQO9kNpntB4rE5PJCRQahB4JhkQ3VOz3kj8z2vG2j9vJ0xEsQZBJ4v8mGMd4lFVuMMkUM0HhhAqmfkrpj0iCdWm0JwpwZk9eZ7USkXnuFi6KRXKp2kdWbSH9tEhctAZKqMrVEFVRNETekFv6N16tl6tD+tzEs1Y6cwu+gPr+xdzBKIU</latexit>

NX

i=1

~ki? = ~0?
<latexit sha1_base64="pY8KO65hR4xlWnREVqGPEry6OM8="></latexit>

Frame Independent



Light-Front Wave Function Overlap Representation

N

<latexit sha1_base64="0F5i5SDhNqNbSLvSB7ohhYgFqX4=">AAACC3icbVBNS8NAEN3Ur1q/qh69LC2CeChJUfRY8OJJKtgPaELZbCbt0s0m7m6EEnr34l/x4kERr/4Bb/4bt20O2vpg4PHeDDPz/IQzpW372yqsrK6tbxQ3S1vbO7t75f2DtopTSaFFYx7Lrk8UcCagpZnm0E0kkMjn0PFHV1O/8wBSsVjc6XECXkQGgoWMEm2kfrni+jBgIoN7QaQk49PJDXZBBL+Efrlq1+wZ8DJxclJFOZr98pcbxDSNQGjKiVI9x060lxGpGeUwKbmpgoTQERlAz1BBIlBeNvtlgo+NEuAwlqaExjP190RGIqXGkW86I6KHatGbiv95vVSHl17GRJJqEHS+KEw51jGeBoMDJoFqPjaEUMnMrZgOiSRUm/hKJgRn8eVl0q7XnLPa+W292qjncRTREaqgE+SgC9RA16iJWoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+gPrM8fpJ2bYQ==</latexit>

N

<latexit sha1_base64="0F5i5SDhNqNbSLvSB7ohhYgFqX4=">AAACC3icbVBNS8NAEN3Ur1q/qh69LC2CeChJUfRY8OJJKtgPaELZbCbt0s0m7m6EEnr34l/x4kERr/4Bb/4bt20O2vpg4PHeDDPz/IQzpW372yqsrK6tbxQ3S1vbO7t75f2DtopTSaFFYx7Lrk8UcCagpZnm0E0kkMjn0PFHV1O/8wBSsVjc6XECXkQGgoWMEm2kfrni+jBgIoN7QaQk49PJDXZBBL+Efrlq1+wZ8DJxclJFOZr98pcbxDSNQGjKiVI9x060lxGpGeUwKbmpgoTQERlAz1BBIlBeNvtlgo+NEuAwlqaExjP190RGIqXGkW86I6KHatGbiv95vVSHl17GRJJqEHS+KEw51jGeBoMDJoFqPjaEUMnMrZgOiSRUm/hKJgRn8eVl0q7XnLPa+W292qjncRTREaqgE+SgC9RA16iJWoiiR/SMXtGb9WS9WO/Wx7y1YOUzh+gPrM8fpJ2bYQ==</latexit>

x, ~k?

<latexit sha1_base64="IRHtRvSG0IZKFdSawiO4MZ3M3kA=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMgEsJuiOgx4MVjBPOA7LLMTjrJkNnZdWY2GJZ8hxd/xYsHRbyJF//GyeMQEwsaiqpuuruCmDOlbfvHyqytb2xuZbdzO7t7+wf5w6OGihJJoU4jHslWQBRwJqCumebQiiWQMODQDAY3E785BKlYJO71KAYvJD3BuowSbSQ/77gB9JhI4UEQKcnoYvxYdIvuECge+G4MMsYuiM6C7+cLdsmeAq8SZ04KaI6an/9yOxFNQhCacqJU27Fj7aVEakY5jHNuoiAmdEB60DZUkBCUl05fG+Mzo3RwN5KmhMZTdXEiJaFSozAwnSHRfbXsTcT/vHaiu9deykScaBB0tqibcKwjPMkJd5gEqvnIEEIlM7di2ieSUG3SzJkQnOWXV0mjXHIqpcu7cqFamceRRSfoFJ0jB12hKrpFNVRHFD2hF/SG3q1n69X6sD5nrRlrPnOM/sD6/gUCgKFu</latexit>

x, ~k?

<latexit sha1_base64="IRHtRvSG0IZKFdSawiO4MZ3M3kA=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMgEsJuiOgx4MVjBPOA7LLMTjrJkNnZdWY2GJZ8hxd/xYsHRbyJF//GyeMQEwsaiqpuuruCmDOlbfvHyqytb2xuZbdzO7t7+wf5w6OGihJJoU4jHslWQBRwJqCumebQiiWQMODQDAY3E785BKlYJO71KAYvJD3BuowSbSQ/77gB9JhI4UEQKcnoYvxYdIvuECge+G4MMsYuiM6C7+cLdsmeAq8SZ04KaI6an/9yOxFNQhCacqJU27Fj7aVEakY5jHNuoiAmdEB60DZUkBCUl05fG+Mzo3RwN5KmhMZTdXEiJaFSozAwnSHRfbXsTcT/vHaiu9deykScaBB0tqibcKwjPMkJd5gEqvnIEEIlM7di2ieSUG3SzJkQnOWXV0mjXHIqpcu7cqFamceRRSfoFJ0jB12hKrpFNVRHFD2hF/SG3q1n69X6sD5nrRlrPnOM/sD6/gUCgKFu</latexit>

(P+, ~0?)

<latexit sha1_base64="FbCNFwfmNi9vSXA6pWC9MQqI8fc=">AAACH3icbVDLTgIxFO3gC/GFunTTSExQCZkh+FiSuHGJiTwSBkmnXKCh0xnbDgmZ8Cdu/BU3LjTGuONvLI8FgidpcnLOubm9xws5U9q2x1ZibX1jcyu5ndrZ3ds/SB8eVVUQSQoVGvBA1j2igDMBFc00h3oogfgeh5rXv5v4tQFIxQLxqIchNH3SFazDKNFGaqWvXQ+6TMTwLIiUZHgxypafLnNuDrsDoNhuuSHI8By7INoLoVY6Y+ftKfAqceYkg+Yot9I/bjugkQ9CU06Uajh2qJsxkZpRDqOUGykICe2TLjQMFcQH1Yyn943wmVHauBNI84TGU3VxIia+UkPfM0mf6J5a9ibif14j0p3bZsxEGGkQdLaoE3GsAzwpC7eZBKr50BBCJTN/xbRHJKHaVJoyJTjLJ6+SaiHvFPNXD4VMqTivI4lO0CnKIgfdoBK6R2VUQRS9oDf0gT6tV+vd+rK+Z9GENZ85Rn9gjX8B392iNw==</latexit>

(P+, ~0?)

<latexit sha1_base64="FbCNFwfmNi9vSXA6pWC9MQqI8fc=">AAACH3icbVDLTgIxFO3gC/GFunTTSExQCZkh+FiSuHGJiTwSBkmnXKCh0xnbDgmZ8Cdu/BU3LjTGuONvLI8FgidpcnLOubm9xws5U9q2x1ZibX1jcyu5ndrZ3ds/SB8eVVUQSQoVGvBA1j2igDMBFc00h3oogfgeh5rXv5v4tQFIxQLxqIchNH3SFazDKNFGaqWvXQ+6TMTwLIiUZHgxypafLnNuDrsDoNhuuSHI8By7INoLoVY6Y+ftKfAqceYkg+Yot9I/bjugkQ9CU06Uajh2qJsxkZpRDqOUGykICe2TLjQMFcQH1Yyn943wmVHauBNI84TGU3VxIia+UkPfM0mf6J5a9ibif14j0p3bZsxEGGkQdLaoE3GsAzwpC7eZBKr50BBCJTN/xbRHJKHaVJoyJTjLJ6+SaiHvFPNXD4VMqTivI4lO0CnKIgfdoBK6R2VUQRS9oDf0gT6tV+vd+rK+Z9GENZ85Rn9gjX8B392iNw==</latexit>

TMDs ⇠
X

N

Z
[dx]N | N (kN )|2�(. . . )

<latexit sha1_base64="pPV1+jI1zQwmJIuuVLinLoqOUrY="></latexit>

probability density in 3D momentum space 

probability density in 1D momentum spacePDFs ⇠
X

N

Z
[d3k]N | N (kN )|2�(. . . )

<latexit sha1_base64="/M0wqtILHeBXG6qyN8x+WgP3zDk="></latexit>



LCWF: eigenstate of OAM

Lz =
P

Lz
Lz

Lz hP, " |P, "iLz

Lq
z = 1

2 � Jq
z

Lq
z = 0Lq

z = �1

Jq
z = �1

2
=

1

2
=

3

2

                   :probability to find the proton in a state with eigenvalue of OAM

squared of LFWFs

Lz hP, " |P, "iLz

Lq
z = 1 Lq

z = 2

= �3

2

Lz

gaugeA+ = 0

Quark-OAM: partial wave decomposition of LFWF
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+

g1T: another interes=ng func=on
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total angular momentum conservation
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OAM decomposition of T-even TMDs
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Model results with light-front wave functions fitted to nucleon electromagnetic form factors

OAM content of TMDs
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OAM content of TMDs in observables
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red: positive

blue: negative
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future measurements will be very important to clarify the sign and size of the pretzelosity
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First attempt to extract pretzelosity from data



model-dependent relation

“pretzelosity”

   [She, Zhu, Ma, 2009;  Avakian, Efremov, Schweitzer, Yuan, 2010] 

first derived in LF-diquark model and bag model

Quark OAM from pretzelosity



model-dependent relation

“pretzelosity”

   [She, Zhu, Ma, 2009;  Avakian, Efremov, Schweitzer, Yuan, 2010] 

first derived in LF-diquark model and bag model

no operator identity

relation at level of matrix elements of operators 

chiral even and charge even chiral odd and charge odd

Quark OAM from pretzelosity



model-dependent relation

“pretzelosity”

   [She, Zhu, Ma, 2009;  Avakian, Efremov, Schweitzer, Yuan, 2010] 

first derived in LF-diquark model and bag model

no operator identity

relation at level of matrix elements of operators 

chiral even and charge even chiral odd and charge odd

valid in all quark models with spherical symmetry in the rest frame 
 [Lorcé, BP, PLB 710 (2012) 486]

Quark OAM from pretzelosity



Common assumptions : ! No gluons

! Independent quarks

! Spherical symmetry in the nucleon rest frame

!SU(6) symmetry

the quark distribution does not depend 
on the direction of polarization 

spherical symmetry 

in the rest frame

zero OAM

rest frame

 [Lorcé, BP, PLB 710 (2012) 486]



Common assumptions : ! No gluons

! Independent quarks

! Spherical symmetry in the nucleon rest frame

!SU(6) symmetry

the quark distribution does not depend 
on the direction of polarization 

spherical symmetry 

in the rest frame

zero OAM

rest frame

Light-cone boost
NON-zero OAM 

infinite-momentum  frame

LC polarizations of quark and nucleon 
are NOT all independent  

|~k,�iLF
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Common assumptions : ! No gluons

! Independent quarks

! Spherical symmetry in the nucleon rest frame

!SU(6) symmetry

the quark distribution does not depend 
on the direction of polarization 

spherical symmetry 

in the rest frame

zero OAM

rest frame

relations  
among polarized TMDs

Light-cone boost
NON-zero OAM 

infinite-momentum  frame

LC polarizations of quark and nucleon 
are NOT all independent  

|~k,�iLF
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[Avakian, Efremov, Schweitzer, Yuan, 2008]

*=SU(6)

[Lorcé, Pasquini, 2011]

Bag

QSM

LFQM

S Diquark

AV Diquark
Cov. Parton

Quark Target

[Jaffe, Ji 1991); Signal (1997); Barone & al. (2002); Avakian & al., (2008-2010)]

[Lorcé, Pasquini, Vanderhaeghen (2011)]

[Pasquini & al. (2008)]

[Ma & al. (1996-2009); Jakob & al. (1997); Bacchetta & al. (2008)]
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[Efremov & al. (2009)]

[Meissner & al. (2007)]

�

! No gluons

! Independent quarks

Common assumptions:

Relations among T-even TMDs



Transverse momentum

Fraction of  
longitudinal momentum

We know the integrated PDF very well.

We aim to the the TMD still poorly.

How wide is the distribution 

Is there a difference between flavours 
How does it change with x  ?

The unpolarized TMD f1



Quark unpolarized TMD extractions

Framework HERMES
COMPAS

S
DY Z


Production
N of 

points

Pavia 2016 
arXiv:1703.10157

NLL 8059

SV 2017 
arXiv:1706.01473

NNLL 309

BSV 2019 
arXiv:1902.08474

NNLL 457

Pavia 2019

arXiv:1912.07550

NNNLL 353

SV 2020 
arXiv:1912.06532

NNNLL 1039

MAP 2022

arXiv:2206.07598

NNNLL 2031

https://arxiv.org/pdf/1912.07550.pdf
https://arxiv.org/pdf/1912.06532.pdf


Quark unpolarized TMD extractions f1(x,~k?)
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Scimemi, Vladimirov, JHEP 06 (2020)137

DY data at NNNLL

DY+ SIDIS data  
at NNNLL

Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici, JHEP 07 (2020) 117



Quark unpolarized TMD extractions f1(x,~k?)
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Scimemi, Vladimirov, JHEP 06 (2020)137

The shape changes in a non trivial way as function of x   

 It deviates from a simple gaussian 

Flavor dependence remains an open issue

Larger uncertainties at small x -> needed EIC data with better accuracy

DY data at NNNLL

DY+ SIDIS data  
at NNNLL

Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici, JHEP 07 (2020) 117
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FIG. 15: Flavor-ratios at a pion mass m� � 500MeV. The
solid curve and the statistical error band in blue have been
obtained from the Gaussian fits displayed in Fig. 12 and
13. The corresponding errors associated with �[�m] are
shown as a gray band at the bottom. For the dashed curve
and the band in orange we have used alternative Gaussian
parametrizations as discussed in section VE. The respective
uncertainties from �[�m] are shown at the top of each plot.
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⌅TT,q ⌅ ⌅q(x,k⇥; 0, s⇥, 0,S⇥) =
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2

�
f1,q

+ s⇥ · S⇥h1,q +
sj(2kjki � k2

⇥⇥ji)Si

2m2
N

h⇥
1T,q

+

⇤
sj�jiki

mN
h⇥
1,q

⌅

odd

⇥
, (56)

where the first and the second index of ⌅ indicates the
nucleon and quark polarization, respectively.
From the x-moments of amplitudes ⌃Ai obtained on the

lattice, we can construct x-integrated densities ⌅[1]q , and
decompose them in analogy to Eq. (40) as

⌅[1]q (k⇥;⇤, s⇥,⇥,S⇥)

⌅
⇧ 1

�1
dx ⌅q(x,k⇥;⇤, s⇥,⇥,S⇥)

=

⇧ 1

0
dx ⌅q(x,k⇥;⇤, s⇥,⇥,S⇥)

�
⇧ 1

0
dx ⌅q̄(x,�k⇥;�⇤, s⇥,⇥,S⇥) . (57)

where the anti-quark density ⌅q̄ is defined as in Eq. (49)
but using the correlator ⇤c

q of Eq. (E1) in the appendix.
Here the appearance of minus signs in front of ⌅q̄ and
⇤ accommodates the sign changes in the Dirac matrix �
after charge conjugation, i.e., �c = � 1

2 (�
+ � ⇤�+�5 �

sji⇧+j�5). We conclude that the x-integrated densities

⌅[1]q are di⌅erences of quark densities ⌅q and anti-quark
densities ⌅q̄ of

• opposite transverse momentum �k⇥,

• opposite light cone helicity �⇤,

• same transverse polarization s⇥.

Strictly speaking, the densities that are integrated over
x from �1 to +1 are thus not densities themselves and
can, at least in principle, become negative.
With the Gaussian x-moments of TMDs from Table

IV as input, we are in a position to draw plots of the
x-integrated transverse momentum dependent densities
of quarks in the nucleon. Two particularly interesting
and statistically well-determined x-integrated densities

are ⌅[1]LT and ⌅[1]TL. They feature significant dipole defor-
mations due to correlations in the transverse spins and
intrinsic transverse momentum, as can be seen from the
terms proportional to g1T and h⇥

1L in Eqns. (54) and (55),
in combination with our non-zero results for the relevant
amplitudes ⌃A7 and ⌃A10, see Eq. (16). For corresponding
density plots and their interpretation, we refer to our pre-
vious publication Ref. [32]. The dipole deformations can
be characterized by average transverse momentum shifts
of the quarks, denoted by ⇧kx⌃TL and ⇧kx⌃LT . These are
defined by ratios of specific moments in x- and k⇥ of the
densities, as we will discuss in the following section.

Musch, Hagler, Negele, Schaefer, PRD83 (2011) 094507

Pioneering lattice-QCD studies hint at a  
down distribution being wider than up

“less” up quarks 

number of quarks as function of transverse momentum
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Flavor structure of TMDs: indications from lattice QCD



Unpolarized TMD at EIC

uncertainty band from SV19: Scimemi, Vladimirov, JHEP06 (2020) 137

uncertainty band from SV17+ EIC pseudodata

EIC Yellow Report, arXiv: 2103.05019



correlation between x and k⊥

correlation between x, k⊥ and spin
information on parton OAM

Adding the spin
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Need of the Gauge-Link



Wilson lines have physical consequences….

fq/p"(x,~k?) = f?
1T (x, k

2
?) +

(~S ⇥ ~k?) · ~p?
M |~p?|

f?
1T (x, k

2
?)
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•1990: introduced by D. Sivers to describe the large SSA measured in inclusive hadron 
production in p+p collisions at Fermilab.

(~S ⇥ ~k?) · ~p?

<latexit sha1_base64="mZOPxLsBNoZtSI0Z0HCN5l3KbpU="></latexit>

•1993 Collins: time reversal changes sign of Sivers function = 0 ???

•2002, Brodsky, Hwang, Schmidt, Collins:

NO!  
Time reversal interchanges Wilson line  

for SIDIS (future pointing) and Drell-Yan (past pointing) 

f?,SIDIS
1T (x, k2?) = �f?,DY

1T (x, k2?)

<latexit sha1_base64="VKjGz56WiwgPWmAHg3dIJthh97c="></latexit>

•2016/17: sign change has been observed/hinted



Sivers function
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f�1T =

unpolarized quarks in     pol. nucleon⊥

non-zero ONLY with final-state interaction

the helicity mismatch requires orbital angular momentum (OAM)

non trivial correlation between quark OAM and nucleon transverse spin



Sivers effect has been measured in SIDIS
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Figure 7: Sivers asymmetry against x, z and ph
T for the “all” charged pions and kaons

samples from the 2003–2004 data, and “all” K0
S’s sample from the 2002–2004 data.

significance was observed.
Also, the correlation between the measured Collins and Sivers asymmetries which

originates from the non-uniform φh/φS acceptance of the spectrometer has been studied
and the corresponding systematic error has been evaluated to be negligible as compared
with the statistical error. The smallness of the asymmetries makes the systematic error
due to the uncertainties on PT and f totally negligible. These studies altogether lead to
the final conclusion that the systematic errors are considerably smaller (well below 30%)
than the statistical errors.

All the measured asymmetries are small, a trend which was already observed in the
published data of the non-identified hadrons. Small asymmetries are not a surprise, it was
expected that transverse spin effects be small in the deuteron due to the opposite sign
which was predicted for the u- and d-quark distributions, very much like in the helicity
case.

The interpretation of the results on the deuteron can be done only in conjunction
with corresponding proton data, measured by the HERMES Collaboration albeit at lower
energy. Proton target data have been collected by COMPASS in 2007, but the results are
not final at the time of writing. As shown in Refs. [8,11] a simple analysis of the HERMES
charged pion data and of the non-identified charged hadron data in COMPASS, assuming
that all the hadrons are pions, led to the following conclusions:

1. the favoured and unfavoured Collins functions have about the same size and the
COMPASS deuteron data are needed for the extraction of the d-quark transversity;

2. the null result for the Sivers asymmetry for the COMPASS data is a clear indication

11

hermes 4

x Q2 y z Ph⊥ W W′ fπ+

pair fπ−

pair 1− fπ+

p 1− fπ−

p

GeV2 GeV GeV GeV
0.156 1.38 0.81 0.50 0.435 2.91 2.07 22.0±4.4% 24.0±4.8% 0.212 ± 0.032 (0.027) 0.348± 0.032 (0.022)
0.206 1.76 0.78 0.52 0.38 2.77 1.97 8.0±2.0% 14.0±2.0% 0.144 ± 0.031 (0.029) 0.205± 0.037 (0.027)
0.265 2.16 0.75 0.54 0.32 2.63 1.84 2.5±0.9% 5.0±1.8% 0.171 ± 0.029 (0.028) 0.287± 0.036 (0.024)
0.349 2.68 0.70 0.58 0.24 2.43 1.68 1.0±0.5% 2.0±1.0% 0.107 ± 0.026 (0.030) 0.220± 0.032 (0.026)

TABLE I. Central kinematics for the four x bins. The fractional e− energy loss y, the hadron energy fraction z with respect
of electron energy transfer and the transverse momentum Ph⊥ are all defined following the notation of Ref. [10]. The pair

production background fπ±

pair and the proton dilution 1− fπ±

p are shown with their total experimental systematic uncertainties.
The numbers in parentheses represent the model uncertainties corresponding to unpolarized FSI effects.
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FIG. 1. (Color online) The extracted Collins/Sivers moments
on 3He are shown together with uncertainty bands (see text)
for both π+ and π− electro-production.

cluding 2〈sinφS〉 and 2〈sin (2φh − φS)〉, azimuthal mod-
ulations of the unpolarized cross section including the
Cahn (2〈cosφh〉) and Boer-Mulders (2〈cos(2φh)〉) ef-
fects [10], and leakage from the longitudinal SSA (AUL)
due to the small longitudinal component of the target po-
larization. The effects of these terms were estimated by
varying each term within an allowed range derived from
the HERMES data [34, 35], assuming the magnitude of
each term for the neutron is similar to that of the pro-
ton. The 2〈sinφS〉 term gives the largest effect, followed
by the 2〈sin(3φh − φS)〉 and 2〈sin (2φh − φS)〉 terms.
A Monte Carlo simulation of the experiment was

adapted from the package SIMC used in the analysis of
SIDIS cross section measurements on 1H and 2H from
JLab Hall C [12] to include models of our target and
spectrometers. SIMC was used to estimate the combined
effects of acceptance, resolution and radiative corrections
on the extraction of the Collins and Sivers moments, and
these effects were included in the experimental systematic
uncertainties. Additionally, the contamination in identi-
fied SIDIS events from decays of diffractively produced
ρ mesons was estimated to range from 3-5% (5-10%) for

π+ (π−) by PYTHIA6.4 [36]. Consistent with the HER-
MES analysis, no corrections for this background have
been applied to our results. The contamination from ra-
diative tails of exclusive electroproduction, estimated by
normalizing the MC spectrum to the data in the low-W
region, was found to be less than 3%.
The extracted 3He Collins AC ≡ 2〈sin(φh + φS)〉 and

Sivers AS ≡ 2〈sin(φh−φS)〉 moments are shown in Fig. 1
and tabulated in Table. II. The error bars represent sta-
tistical uncertainties only. The experimental systematic
uncertainties combined in quadrature are shown as the
band labeled “Exp.”. The combined extraction model
uncertainties due to neglecting other allowed terms are
shown as the band labeled “Fit”. The extracted 3He
Collins and Sivers moments are all below 5%. The
Collins moments are mostly consistent with zero, except
the π+ Collins moment at x=0.35, which deviates from
zero by 2.3σ after combining the statistical and system-
atic uncertainties in quadrature. The π+ Sivers moments
favor negative values, and the π− Sivers moments are
consistent with zero.
To extract the neutron Collins/Sivers SSAs (AC/S

n )

from the measured 3He moments (AC/S
3He

), we used,

AC/S
3He

= Pn · (1− fp) ·A
C/S
n + Ppfp ·A

C/S
p , (2)

which was shown to be valid in a calculation by Scopetta
[37] including initial-state nuclear effects. Here, Pn =
0.86+0.036

−0.02 (Pp = −0.028+0.009
−0.004) is the neutron (proton)

effective polarization [38]. The proton dilution fp = 2σp

σ3He

of 3He was measured by comparing the yields of unpolar-
ized hydrogen and 3He targets in the SIDIS kinematics.
An additional model uncertainty from spin-independent
FSI was estimated using pion multiplicity data [39] and a
Lund string model-based calculation of the pion absorp-
tion probability [40]. An upper limit of 3.5% on the size of
the FSI effect was used to estimate the uncertainty in fp,
shown in Table I, and included in the “Fit” systematic
uncertainty. The neutron SSAs due to spin-dependent
FSI were estimated to be well below 1% across the entire
x range with a simple Glauber rescattering model.
The resulting neutron Collins/Sivers moments calcu-

lated using Eq. (2), with fp from our data and proton
Collins/Sivers moments from Refs. [41–43], are shown in

4
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0.156 1.38 0.81 0.50 0.435 2.91 2.07 22.0±4.4% 24.0±4.8% 0.212 ± 0.032 (0.027) 0.348± 0.032 (0.022)
0.206 1.76 0.78 0.52 0.38 2.77 1.97 8.0±2.0% 14.0±2.0% 0.144 ± 0.031 (0.029) 0.205± 0.037 (0.027)
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0.349 2.68 0.70 0.58 0.24 2.43 1.68 1.0±0.5% 2.0±1.0% 0.107 ± 0.026 (0.030) 0.220± 0.032 (0.026)

TABLE I. Central kinematics for the four x bins. The fractional e− energy loss y, the hadron energy fraction z with respect
of electron energy transfer and the transverse momentum Ph⊥ are all defined following the notation of Ref. [10]. The pair

production background fπ±

pair and the proton dilution 1− fπ±

p are shown with their total experimental systematic uncertainties.
The numbers in parentheses represent the model uncertainties corresponding to unpolarized FSI effects.
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FIG. 1. (Color online) The extracted Collins/Sivers moments
on 3He are shown together with uncertainty bands (see text)
for both π+ and π− electro-production.

cluding 2〈sinφS〉 and 2〈sin (2φh − φS)〉, azimuthal mod-
ulations of the unpolarized cross section including the
Cahn (2〈cosφh〉) and Boer-Mulders (2〈cos(2φh)〉) ef-
fects [10], and leakage from the longitudinal SSA (AUL)
due to the small longitudinal component of the target po-
larization. The effects of these terms were estimated by
varying each term within an allowed range derived from
the HERMES data [34, 35], assuming the magnitude of
each term for the neutron is similar to that of the pro-
ton. The 2〈sinφS〉 term gives the largest effect, followed
by the 2〈sin(3φh − φS)〉 and 2〈sin (2φh − φS)〉 terms.
A Monte Carlo simulation of the experiment was

adapted from the package SIMC used in the analysis of
SIDIS cross section measurements on 1H and 2H from
JLab Hall C [12] to include models of our target and
spectrometers. SIMC was used to estimate the combined
effects of acceptance, resolution and radiative corrections
on the extraction of the Collins and Sivers moments, and
these effects were included in the experimental systematic
uncertainties. Additionally, the contamination in identi-
fied SIDIS events from decays of diffractively produced
ρ mesons was estimated to range from 3-5% (5-10%) for

π+ (π−) by PYTHIA6.4 [36]. Consistent with the HER-
MES analysis, no corrections for this background have
been applied to our results. The contamination from ra-
diative tails of exclusive electroproduction, estimated by
normalizing the MC spectrum to the data in the low-W
region, was found to be less than 3%.
The extracted 3He Collins AC ≡ 2〈sin(φh + φS)〉 and

Sivers AS ≡ 2〈sin(φh−φS)〉 moments are shown in Fig. 1
and tabulated in Table. II. The error bars represent sta-
tistical uncertainties only. The experimental systematic
uncertainties combined in quadrature are shown as the
band labeled “Exp.”. The combined extraction model
uncertainties due to neglecting other allowed terms are
shown as the band labeled “Fit”. The extracted 3He
Collins and Sivers moments are all below 5%. The
Collins moments are mostly consistent with zero, except
the π+ Collins moment at x=0.35, which deviates from
zero by 2.3σ after combining the statistical and system-
atic uncertainties in quadrature. The π+ Sivers moments
favor negative values, and the π− Sivers moments are
consistent with zero.
To extract the neutron Collins/Sivers SSAs (AC/S

n )

from the measured 3He moments (AC/S
3He

), we used,

AC/S
3He

= Pn · (1− fp) ·A
C/S
n + Ppfp ·A

C/S
p , (2)

which was shown to be valid in a calculation by Scopetta
[37] including initial-state nuclear effects. Here, Pn =
0.86+0.036

−0.02 (Pp = −0.028+0.009
−0.004) is the neutron (proton)

effective polarization [38]. The proton dilution fp = 2σp

σ3He

of 3He was measured by comparing the yields of unpolar-
ized hydrogen and 3He targets in the SIDIS kinematics.
An additional model uncertainty from spin-independent
FSI was estimated using pion multiplicity data [39] and a
Lund string model-based calculation of the pion absorp-
tion probability [40]. An upper limit of 3.5% on the size of
the FSI effect was used to estimate the uncertainty in fp,
shown in Table I, and included in the “Fit” systematic
uncertainty. The neutron SSAs due to spin-dependent
FSI were estimated to be well below 1% across the entire
x range with a simple Glauber rescattering model.
The resulting neutron Collins/Sivers moments calcu-

lated using Eq. (2), with fp from our data and proton
Collins/Sivers moments from Refs. [41–43], are shown in

Hall A
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Sivers effect has been measured in DY and             production            W±/Z0
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26Another way to access orbital angular momentum 
information without final state interactions:
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Bhattacharya et al,  
PRD105, 034007 (2022)

Worm-gear shift           compatible with lattice resultshkxiTL
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First extraction of g1T



Pioneering lattice QCD studies

genuine effect of intrinsic transverse momentum of quarks!

not counterpart in impact parameter space distributions

 g1T, h1L⊥ IPDs

Musch, Hagler, Negele, Schaefer, Europhysics Lett. 88 (2009) 61001 
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- sample data for 

- models predict small effects 

 - data basically only allow conclusion that effect is 
compatible with zero
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•lack of data precision (due to lack of machine luminosity) 

•lack of kinematical coverage 

•lack of polarization  

•limited detector capabilities


Existing data/facilities often suffer from one or more of the following:

Limitations of existing data/facilities
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• JLab12 program very important to constrain TMD distributions at large xB

• complementary measurements with different targets 

• Hall B: large acceptance (CLAS), unpolarized and polarized H e D targets;  
cross sections, single and double-spin asymmetries; start kaon SIDIS program with RICH detector 

• Hall C: SHMS + HMS, precision magnetic spectrometer setup, unpolarized target; 
L/T separation in SIDIS, precision cross section of      and      , and K+ and K-⇡+
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⇡�
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• Hall A: forward large acceptance (SOLID), longitudinal and transversely polarized 3He target; 
pion and kaon run; access to neutron structure at high xB and Q2

JLab12 SIDIS program



hermes

EIC
Gluons Sea quarks Valence quarks

Accardi et al., The Electron Ion Collider: the next QCD Frontier, EPJA52 (2016) 268

Paste, present and future TMD measurements

- multidimensional binning

- high Q2 reach

- large range in transverse momentum



Foreseen EIC impact on unp. TMDs: SIDIS measurements 

Sensitivity coefficients: measure of the correlation between fit parameters and  
measurable quantities at EIC

EIC Yellow Report: arXiv: 2103.05419 
based on Bacchetta, et al.,  JHEP 07 (2020) 117




Library and Plotting tools for collinear parton distributions

LHAPDF
lhapdf.hepforge.org

www.xfitter.org
github.com/vbertone/apfelxx


apfel.mi.infn.it

Dedicated software to study and fit TMDs

arTeMiDe
teorica.fis.ucm.es/artemide

TMD lib and TMD Plotter
tmdlib.hepforge.org

NangaParbat
MapCollaboration/NangaParbat

Dedicated Softwares to study GPDs

GeParD
PARtonic

Tomography

Of

Nucleon

Softwarepartons.cea.fr not yet public

Efforts to combine different inputs to understand  
PDFs, TMDs and GPDs in an unified framework 
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quark polarization
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T E Ẽ HT , H̃T

TMD U L T

U f1 h?
1

L g1L h?
1L

T f?
1T g1T h1, h?

1T

the distributions in red vanish if there is no quark orbital angular momentum 

the distributions in black survive in the collinear limit  

each distribution contains unique information

Angular Correlations



The blind men and the elephant

Different observables in different kinematical regimes 

need to talk to each other 


to reconstruct the full picture of the nucleon


