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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



 V. Barone, A. Drago, P. Ratcliffe, Phys. Rept. 359 (2002) 1


U. D’Alesio, F. Murgia, Prog. Part. Nucl. Phys. 61 (2008) 394


A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P. Mulders, M. Schlegel, JHEP 0702 (2007) 93


M. Anselmino, et al., Eur. Phys. J. A47 (2011) 35


C. Aidala, S. Bass, D. Hasch, G. Mallot, Rev. Mod. Phys. 85 (2013) 655


Collins, Foundations of Perturbative QCD, Cambridge U. Press, 2011


A. Metz, A. Vossen,   Prog. Part. Nucl. Phys. 91 (2016) 136 
     

A few references on TMDs



TMD

FF

TMD

TMD

Fragmentation Functions

✓Factorization 

✓Universality 

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

How to measure 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>

zh =
P · Ph

P · q
<latexit sha1_base64="YZ6/mKQKuoOVM96Q/TmVq1tmkpI=">AAACKnicbVDLSgMxFM34rPVVdekmWARxUWbqQhcKFTcuK9gHdMqQydxpg5nMNMkIdej3uPFX3HShFLd+iOlDqK0HAodzzk1yj59wprRtj6yV1bX1jc3cVn57Z3dvv3BwWFdxKinUaMxj2fSJAs4E1DTTHJqJBBL5HBr+093YbzyDVCwWj7qfQDsiHcFCRok2kle4dX3oMJFBTxApSf98kH/xujduKAnNqi4NYo2rXnfwy3uDvAsimMt7haJdsifAy8SZkSKaoeoVhm4Q0zQCoSknSrUcO9HtjEjNKAdzf6ogIfSJdKBlqCARqHY2WXWAT40S4DCW5giNJ+r8REYipfqRb5IR0V216I3F/7xWqsOrdsZEkmoQdPpQmHKsYzzuDQdMAtW8bwihkpm/YtolpiVt2s2bEpzFlZdJvVxyLkrlh3Kxcj2rI4eO0Qk6Qw66RBV0j6qohih6Re/oA31ab9bQGllf0+iKNZs5Qn9gff8A3XqoHQ==</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



⇥hPS|Jµ(0)|PX ;PhShihPX ;PhSh|J⌫(0)|PSi
<latexit sha1_base64="9sK+0IJijruZGm4xOLP2k7ioosw="></latexit>

Wµ⌫ =
1

2M

X

X

Z
d3 ~PX

(2⇡)32P 0
X

�(4)(q + P � PX � Ph)
<latexit sha1_base64="+2xW6ADGfZ1ejsgwykN5rBouysA="></latexit>

Hadronic tensor at tree level



⇥hPS|Jµ(0)|PX ;PhShihPX ;PhSh|J⌫(0)|PSi
<latexit sha1_base64="9sK+0IJijruZGm4xOLP2k7ioosw="></latexit>

Wµ⌫ =
1

2M

X

X

Z
d3 ~PX

(2⇡)32P 0
X

�(4)(q + P � PX � Ph)
<latexit sha1_base64="+2xW6ADGfZ1ejsgwykN5rBouysA="></latexit>

Jµ(x) =:  ̄�µ (x) :

<latexit sha1_base64="m7QKGJTYNoF/0JFr/8uL65BqOTw="></latexit>

Hadronic tensor at tree level



⇥hPS|Jµ(0)|PX ;PhShihPX ;PhSh|J⌫(0)|PSi
<latexit sha1_base64="9sK+0IJijruZGm4xOLP2k7ioosw="></latexit>

Wµ⌫ =
1

2M

X

X

Z
d3 ~PX

(2⇡)32P 0
X

�(4)(q + P � PX � Ph)
<latexit sha1_base64="+2xW6ADGfZ1ejsgwykN5rBouysA="></latexit>

Wµ⌫ ⇠
X

q

e2q

Z
d4k d4p �(4)(k + q � p) Tr [�q(k, P, S) �µ �q(p, Ph) �

⌫ ]
<latexit sha1_base64="1cZ7Dq+/7Cso2NxcAN0qCWrByP0="></latexit>

�(k, P, S) =
1

(2⇡)4

Z
d4z eik·z hPS| ̄(�z

2
) (

z

2
)|PSi

<latexit sha1_base64="ORu+Y0R8R3QlbGY0w+Q8eRBunYQ="></latexit>

�(p, Ph) =
1

(2⇡)4

Z
d4z eip·z h0| (z

2
)
X

X

|X;PhShihX;PhSh| ̄(�
z

2
)|0i

<latexit sha1_base64="QUSnh35QqB2akpAfYMhBgH/9DTc="></latexit>

Jµ(x) =:  ̄�µ (x) :

<latexit sha1_base64="m7QKGJTYNoF/0JFr/8uL65BqOTw="></latexit>

Hadronic tensor at tree level



• consider        and         large  P+
<latexit sha1_base64="HZ3ulmEvv0gf44O6pSp13883pVk=">AAACDXicbVBNS8NAEN3Urxq/qh69BKsgCiWpB3ssePFYwX5AE8tmM2mXbjZxdyOU0D/gxb/ixYMiXr1789+4bXOorQ8GHu/NMDPPTxiVyrZ/jMLK6tr6RnHT3Nre2d0r7R+0ZJwKAk0Ss1h0fCyBUQ5NRRWDTiIARz6Dtj+8nvjtRxCSxvxOjRLwItznNKQEKy31SieuD33KM3jgWAg8Oh+bjfsLF3gwJ/VKZbtiT2EtEycnZZSj0St9u0FM0gi4IgxL2XXsRHkZFooSBmPTTSUkmAxxH7qachyB9LLpN2PrVCuBFcZCF1fWVJ2fyHAk5SjydWeE1UAuehPxP6+bqrDmZZQnqQJOZovClFkqtibRWAEVQBQbaYKJoPpWiwywwETpAE0dgrP48jJpVSvOZaV6Wy3Xa3kcRXSEjtEZctAVqqMb1EBNRNATekFv6N14Nl6ND+Nz1low8plD9AfG1y+2hZvs</latexit>

P�
h

<latexit sha1_base64="V6M6FV9PcIol0ami2jc0e6eNglk=">AAACD3icbVA9SwNBEN2LX/H8ilraLAZFBMNdLEwZsLGMYD4gOY+9zSRZsrd37u4J4cg/sPGv2FgoYmtr579xk1wREx8MPN6bYWZeEHOmtOP8WLmV1bX1jfymvbW9s7tX2D9oqCiRFOo04pFsBUQBZwLqmmkOrVgCCQMOzWB4PfGbjyAVi8SdHsXghaQvWI9Roo3kF047AfSZSOFBECnJ6Hxs1+4v/EEHRHdO9AtFp+RMgZeJm5EiylDzC9+dbkSTEISmnCjVdp1YeymRmlEOY7uTKIgJHZI+tA0VJATlpdN/xvjEKF3ci6QpofFUnZ9ISajUKAxMZ0j0QC16E/E/r53oXsVLmYgTDYLOFvUSjnWEJ+HgLpNANR8ZQqhk5lZMB0QSqk2EtgnBXXx5mTTKJfeyVL4tF6uVLI48OkLH6Ay56ApV0Q2qoTqi6Am9oDf0bj1br9aH9TlrzVnZzCH6A+vrF02XnMk=</latexit>

k+ = xP+,
<latexit sha1_base64="wN7FODLyDMCMFn43rvtkfj8x1Wk=">AAACE3icbVDLSsNAFJ34rPFVdekmWARppSR1YTdCwY3LCvYBTVsm05t26GQSZyZiCP0HN/6KGxeKuHXjzr9x+ljU1gMXDufcy733eBGjUtn2j7Gyura+sZnZMrd3dvf2sweHdRnGgkCNhCwUTQ9LYJRDTVHFoBkJwIHHoOENr8d+4wGEpCG/U0kE7QD3OfUpwUpL3Wze9aBPeQr3HAuBk/zIHHYKV4/VTuHcBd6bM7rZnF20J7CWiTMjOTRDtZv9dnshiQPgijAsZcuxI9VOsVCUMBiZbiwhwmSI+9DSlOMAZDud/DSyTrXSs/xQ6OLKmqjzEykOpEwCT3cGWA3kojcW//NasfLL7ZTyKFbAyXSRHzNLhdY4IKtHBRDFEk0wEVTfapEBFpgoHaOpQ3AWX14m9VLRuSiWbku5SnkWRwYdoxN0hhx0iSroBlVRDRH0hF7QG3o3no1X48P4nLauGLOZI/QHxtcvrVqd/Q==</latexit>

large 

�(4)(k + q � p) ⇡ �(k+ + q+)�(q� � p�)�(2)(~k? + ~q? � ~p?)
<latexit sha1_base64="orPS3oXyX2GdqcLgxYleDCsQjRg="></latexit>

~Ph? = 0
<latexit sha1_base64="j42EzdB+cv/1RYhtegQS3HbsG4Q=">AAACHHicbVC7SgNBFJ2NrxhfUUubwSCIRdhNCtMIARvLCOYB2WWZndwkQ2Zn15nZwLLkQ2z8FRsLRWwsBP/GyaOIiQcGDuecy517gpgzpW37x8ptbG5t7+R3C3v7B4dHxeOTlooSSaFJIx7JTkAUcCagqZnm0IklkDDg0A5Gt1O/PQapWCQedBqDF5KBYH1GiTaSX6y6AQyYyOBREClJejUpuGOguOFnQ+zGIOPJje2C6C0l/GLJLtsz4HXiLEgJLdDwi19uL6JJCEJTTpTqOnasvYxIzSgHszFREBM6IgPoGipICMrLZsdN8IVRergfSfOExjN1eSIjoVJpGJhkSPRQrXpT8T+vm+h+zcuYiBMNgs4X9ROOdYSnTeEek0A1Tw0hVDLzV0yHRBKqTZ8FU4KzevI6aVXKTrVcua+U6rVFHXl0hs7RJXLQNaqjO9RATUTRE3pBb+jderZerQ/rcx7NWYuZU/QH1vcvRzyiEg==</latexit>

~q? 6= 0
<latexit sha1_base64="J4rhoMynIC3vsxGLwW01/awTYHs=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQF2WmCnZZcOOygn1AZxgy6W0bmslMk0yhDP0RN/6KGxeKuHAj/o3pY1FbDwQO55zLzT1hwpnSjvNj5TY2t7Z38ruFvf2DwyP7+KSh4lRSqNOYx7IVEgWcCahrpjm0EgkkCjk0w8Hd1G+OQCoWi0c9TsCPSE+wLqNEGymwb7wQekxkMBRESjK+mhS8EVA8DDLsJSCTiSfA8UB0liKBXXRKzgx4nbgLUkQL1AL7y+vENI1AaMqJUm3XSbSfEakZ5WBWpgoSQgekB21DBYlA+dnsugm+MEoHd2NpntB4pi5PZCRSahyFJhkR3Ver3lT8z2unulvxMyaSVIOg80XdlGMd42lVuMMkUM3HhhAqmfkrpn0iCdWm0IIpwV09eZ00yiX3ulR+KBerlUUdeXSGztElctEtqqJ7VEN1RNETekFv6N16tl6tD+tzHs1Zi5lT9AfW9y+JNKLH</latexit>

• consider frame with                and small  

• neglect small light-cone components of parton momenta 

Wµ⌫ ⇠ 2xBzh
Q2

X

q

e2q

Z
d2~k? d2~p? �(2)(~k? + ~q? � ~p?)

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

Wµ⌫ ⇠
X

q

e2q

Z
d4k d4p �(4)(k + q � p) Tr [�q(k, P, S) �µ �q(p, Ph) �

⌫ ]
<latexit sha1_base64="QGb25qtdTtDDrSkDsqIUpKR7VIo="></latexit>

⇥Tr

Z
dk� �q(k, P, S) �µ

Z
dp+ �(p, Ph) �

⌫

� ���
k+=xBP+

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

p�=P�
h /zh

<latexit sha1_base64="RPd/YHO41Ff2qD2L1c3lT2Y148M=">AAACGnicbVDLSsNAFJ3UV62vqEs3wSKI0JrUhd0IBTcuK9gHtGmYTG+boZNJnJkINfQ73Pgrblwo4k7c+DdOH4vaeuDC4Zx7ufceP2ZUKtv+MTIrq2vrG9nN3Nb2zu6euX9Ql1EiCNRIxCLR9LEERjnUFFUMmrEAHPoMGv7geuw3HkBIGvE7NYzBDXGf0x4lWGnJM522D33KU7jnWAg8PBvlvDTuFK6qnYIXnD96wagNvDvne2beLtoTWMvEmZE8mqHqmV/tbkSSELgiDEvZcuxYuSkWihIGo1w7kRBjMsB9aGnKcQjSTSevjawTrXStXiR0cWVN1PmJFIdSDkNfd4ZYBXLRG4v/ea1E9cpuSnmcKOBkuqiXMEtF1jgnq0sFEMWGmmAiqL7VIgEWmCidZk6H4Cy+vEzqpaJzUSzdlvKV8iyOLDpCx+gUOegSVdANqqIaIugJvaA39G48G6/Gh/E5bc0Ys5lD9AfG9y+lt6E2</latexit>

P�
h = zhp

�
<latexit sha1_base64="OEHsjD4Z98px5s+pgwAW5QQPLGs=">AAACF3icbVDLSgNBEJz1GeMr6tHLYBBESNiNB3MRAl48RjAPyCbL7KSTDJmdXWdmhXXJX3jxV7x4UMSr3vwbJ49DTCxoKKq66e7yI86Utu0fa2V1bX1jM7OV3d7Z3dvPHRzWVRhLCjUa8lA2faKAMwE1zTSHZiSBBD6Hhj+8HvuNB5CKheJOJxG0A9IXrMco0UbyckXXhz4TKdwLIiVJzkfZaqfgDa4evQGOOgUXRHfO9HJ5u2hPgJeJMyN5NEPVy3273ZDGAQhNOVGq5diRbqdEakY5jLJurCAidEj60DJUkABUO538NcKnRuniXihNCY0n6vxESgKlksA3nQHRA7XojcX/vFase+V2ykQUaxB0uqgXc6xDPA4Jd5kEqnliCKGSmVsxHRBJqDZRZk0IzuLLy6ReKjoXxdJtKV8pz+LIoGN0gs6Qgy5RBd2gKqohip7QC3pD79az9Wp9WJ/T1hVrNnOE/sD6+gXdjZ+y</latexit>

(k�, p+)

<latexit sha1_base64="DRafaZ+TZdCJcv7fMxB8ffF8DP4=">AAACFnicbVDJTgJBEO3BDXFDPXrpSExQgcwQtyOJF4+YyJIwQHqaAjr09IzdPSZkwld48Ve8eNAYr8abf2OzHBB9SSUv71Wlqp4Xcqa0bX9biaXlldW15HpqY3Nreye9u1dVQSQpVGjAA1n3iALOBFQ00xzqoQTiexxq3uB67NceQCoWiDs9DKHpk55gXUaJNlI7nXc96DERw70gUpLhySg7aOVz2M3hsHV67ILozHntdMYu2BPgv8SZkQyaodxOf7mdgEY+CE05Uarh2KFuxkRqRjmMUm6kICR0QHrQMFQQH1Qznrw1wkdG6eBuIE0JjSfq/ERMfKWGvmc6faL7atEbi/95jUh3r5oxE2GkQdDpom7EsQ7wOCPcYRKo5kNDCJXM3Ippn0hCtUkyZUJwFl/+S6rFgnNWOL8tZkoXsziS6AAdoixy0CUqoRtURhVE0SN6Rq/ozXqyXqx362PamrBmM/voF6zPH/2Lnpk=</latexit>

Hadronic tensor in SIDIS



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



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



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>
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Z
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)W[�z
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,
z
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] 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-number density

quark-helicity density

transverse-spin density

insert Fourier expansion of quark field

• Density interpretation spoiled by QCD effects (radiative corrections)

 †
+," +," +  †

+,# +,#

<latexit sha1_base64="JhEz+3FZuGrlMt5OF2LKdlVG79k="></latexit>

 †
+," +," �  †

+,# +,#

<latexit sha1_base64="L1y69Bww9hyg3yMjWHrY6660RAY="></latexit>

 †
+,si +,si �  †

+,�si +,�si

<latexit sha1_base64="aYxVvwRKhdCdeHhdxdIJcVwwMCU="></latexit>

Partonic interpretation



TMDs and their probabilistic interpretation

TMDs in black survive transverse‐momentum integra<on

TMDs in red are T‐odd

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

Wednesday, May 27, 2009

•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 

unpolarized 
target and partons

deformation due to 
spin-spin and spin-orbit correlations

TMDs and their probabilistic interpretation



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



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



Shape of gauge links
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SIDIS

The “staple” gauge link

Wednesday, 26 May 2010

The staple gauge-link
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<latexit sha1_base64="f7MVCd4OtlemmJmob0iYwiE0JEY=">AAACB3icbVDLSsNAFJ3UV62vqktBgkUQwZJUQZcFNy4r2Ac0sUwmN+nQySTMTIQaunPjr7hxoYhbf8Gdf+O0jaCtBy6cOede5t7jJYxKZVlfRmFhcWl5pbhaWlvf2Nwqb++0ZJwKAk0Ss1h0PCyBUQ5NRRWDTiIARx6Dtje4HPvtOxCSxvxGDRNwIxxyGlCClZZ65X3Hg5DyDDMa8uNR6f72xAHu/7x75YpVtSYw54mdkwrK0eiVPx0/JmkEXBGGpezaVqLcDAtFCYNRyUklJJgMcAhdTTmOQLrZ5I6ReagV3wxioYsrc6L+nshwJOUw8nRnhFVfznpj8T+vm6rgws0oT1IFnEw/ClJmqtgch2L6VABRbKgJJoLqXU3SxwITpaMr6RDs2ZPnSatWtU+rtetapX6Wx1FEe+gAHSEbnaM6ukIN1EQEPaAn9IJejUfj2Xgz3qetBSOf2UV/YHx8A7d7mSg=</latexit>

~z?
<latexit sha1_base64="N2Ear3MuXrgck5YmtNjDFWZTB4k=">AAACEHicbVDLSgNBEJz1GeMr6tHLYBDFQ9iNgh4DXjxGMA/IhjA725sMmZ0dZmYDccknePFXvHhQxKtHb/6Nk4egiQUNRVU33V2B5Ewb1/1ylpZXVtfWcxv5za3tnd3C3n5dJ6miUKMJT1QzIBo4E1AzzHBoSgUkDjg0gv712G8MQGmWiDszlNCOSVewiFFirNQpnPgBdJnICGddcTbK+wOg+L7jS1DSBxH+GJ1C0S25E+BF4s1IEc1Q7RQ+/TChaQzCUE60bnmuNO2MKMMoB7so1SAJ7ZMutCwVJAbdziYPjfCxVUIcJcqWMHii/p7ISKz1MA5sZ0xMT897Y/E/r5Wa6KqdMSFTA4JOF0UpxybB43RwyBRQw4eWEKqYvRXTHlGEGpth3obgzb+8SOrlkndeKt+Wi5WLWRw5dIiO0Cny0CWqoBtURTVE0QN6Qi/o1Xl0np03533auuTMZg7QHzgf3/yvnSM=</latexit>

z�
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Light-front wave functions
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Light-Front Wave Function Overlap Representation
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LCWF: eigenstate of OAM
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Quark-OAM: partial wave decomposition of LFWF
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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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✦ Effects on SIDIS observables

Boffi, Efremov, BP, Schweitzer, PRD79(2009)

OAM content of TMDs in observables



up down x = 0.1
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red: positive

blue: negative

Lefky, Prokudin, PRD91(2015) 034010

up down Q2 = 2.4 GeV2
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future measurements will be very important to clarify the sign and size of the pretzelosity
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convolution in SIDIS with           factor              suppressed for   hPh,?i < 1GeV
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First attempt to extract pretzelosity from data



Transverse momentum

Fraction of  
longitudinal momentum

We know the integrated PDF very well.

We aim to the the TMD still poorly.

Correlation between x and k⊥ 

Flavor dependence of TMDs ?

The unpolarized TMD f1
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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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2m2
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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
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Ratio width of down valence/ 
width of up valence

Signori,et.al., JHEP 1311 (13)

fit to SIDIS multiplicities from HERMES:  

There is room for flavour dependence, but we do not control it well

Flavor structure of TMDs: indications from data



Quark unpolarized TMD extractions

Framework HERMES COMPASS 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

in progress

NNNLL >1500

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


Quark unpolarized TMD extractions f1(x,~k?)
<latexit sha1_base64="cLHIHXIIQualSDVfKm7qW0XVr34="></latexit>

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?)
<latexit sha1_base64="cLHIHXIIQualSDVfKm7qW0XVr34="></latexit>

Scimemi, Vladimirov, JHEP 06 (2020)137

Open issues:

 Flavor dependence and more flexible functional forms     

 Different choices in implementation of TMD formalism

 More data needed to test the formalism and functional form of parametrizations

 Improvements on the knowledge of the fragmentation functions

DY data at NNNLL

DY+ SIDIS data  
at NNNLL

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



correlation between x and k⊥

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

Adding the spin
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 h1L⊥

+

longitudinally pol. quarks  
in transversely pol. nucleon

transversely pol. quarks  
in longitudinal pol. nucleon

 g1T

+

g1T: another interes=ng func=on
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Worm gear

26Another way to access orbital angular momentum 
information without final state interactions:


Worm gear functions 

+, Lz+, (Lz + 1) �, (Lz + 1)+, Lz

The Worm-Gear functions



qT /Q < 0.50
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data set after the cut
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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 

 g1T

 h1L⊥

 up  down

hkqxig1T ⇡ �hkqxih?
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Linear Relations Quadratic Relations

Flavor dependent

Flavor 
independent

* * * 

* * * 

* * * * * 

[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)]

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

[Meissner & al. (2007)]
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! No gluons

! Independent quarks

Common assumptions:

Relations among T-even TMDs



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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 [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

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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Sivers function
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f�1T =

unpolarized quarks in     pol. nucleon⊥

non-zero ONLY with final-state interaction
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Figure 7: Sivers asymmetry against x, z and ph
T for the “all” charged pions and kaons
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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
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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

x Q2 y z Ph⊥ W W′ fπ+

pair fπ−

pair 1− fπ+

p 1− fπ−

p

GeV2 GeV GeV GeV
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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
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<latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit>

no sign change}
<latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit><latexit sha1_base64="ASPIPmVDm2tUWpkmevjKt0+7138=">AAAB63icdVDLSgMxFM3UV62vqks3wVZwNWTG0tZdwY24qmAf0A4lk6ZtaJIZkoxQhv6CGxeKuPWH3Pk3ZtoKKnrgwuGce7n3njDmTBuEPpzc2vrG5lZ+u7Czu7d/UDw8ausoUYS2SMQj1Q2xppxJ2jLMcNqNFcUi5LQTTq8yv3NPlWaRvDOzmAYCjyUbMYJNJpX78/KgWELuZb3qV6oQuQjVPN/LiF+rXFSgZ5UMJbBCc1B87w8jkggqDeFY656HYhOkWBlGOJ0X+ommMSZTPKY9SyUWVAfp4tY5PLPKEI4iZUsauFC/T6RYaD0Toe0U2Ez0by8T//J6iRnVg5TJODFUkuWiUcKhiWD2OBwyRYnhM0swUczeCskEK0yMjadgQ/j6FP5P2r7rIde79UuNm1UceXACTsE58EANNMA1aIIWIGACHsATeHaE8+i8OK/L1pyzmjkGP+C8fQK4pY4L</latexit>

Drell-Yan

@ COMPASS 
PRL 119(2017)112002


p"p ! W±/Z
<latexit sha1_base64="LOg1rREYtgmYd1VZJaU6leb/U94=">AAACCnicbZC7TsMwFIadcivlFmBkMbRITCXpQsdKLIxFohfRpJXjuq1V27FsB1RFnVl4FRYGEGLlCdh4G9w2AxR+ydLn/5wj+/yRZFQbz/tyciura+sb+c3C1vbO7p67f9DUcaIwaeCYxaodIU0YFaRhqGGkLRVBPGKkFY0vZ/XWHVGaxuLGTCQJORoKOqAYGWv13OOS7AaJRErF91AGig5HZnFpdQPJz29LPbfolb254F/wMyiCTPWe+xn0Y5xwIgxmSOuO70kTpkgZihmZFoJEE4nwGA1Jx6JAnOgwna8yhafW6cNBrOwRBs7dnxMp4lpPeGQ7OTIjvVybmf/VOokZVMOUCpkYIvDioUHCoInhLBfYp4pgwyYWEFbU/hXiEVIIG5tewYbgL6/8F5qVsm/5ulKsVbM48uAInIAz4IMLUANXoA4aAIMH8ARewKvz6Dw7b877ojXnZDOH4Jecj2+5eJo3</latexit><latexit sha1_base64="LOg1rREYtgmYd1VZJaU6leb/U94=">AAACCnicbZC7TsMwFIadcivlFmBkMbRITCXpQsdKLIxFohfRpJXjuq1V27FsB1RFnVl4FRYGEGLlCdh4G9w2AxR+ydLn/5wj+/yRZFQbz/tyciura+sb+c3C1vbO7p67f9DUcaIwaeCYxaodIU0YFaRhqGGkLRVBPGKkFY0vZ/XWHVGaxuLGTCQJORoKOqAYGWv13OOS7AaJRErF91AGig5HZnFpdQPJz29LPbfolb254F/wMyiCTPWe+xn0Y5xwIgxmSOuO70kTpkgZihmZFoJEE4nwGA1Jx6JAnOgwna8yhafW6cNBrOwRBs7dnxMp4lpPeGQ7OTIjvVybmf/VOokZVMOUCpkYIvDioUHCoInhLBfYp4pgwyYWEFbU/hXiEVIIG5tewYbgL6/8F5qVsm/5ulKsVbM48uAInIAz4IMLUANXoA4aAIMH8ARewKvz6Dw7b877ojXnZDOH4Jecj2+5eJo3</latexit><latexit sha1_base64="LOg1rREYtgmYd1VZJaU6leb/U94=">AAACCnicbZC7TsMwFIadcivlFmBkMbRITCXpQsdKLIxFohfRpJXjuq1V27FsB1RFnVl4FRYGEGLlCdh4G9w2AxR+ydLn/5wj+/yRZFQbz/tyciura+sb+c3C1vbO7p67f9DUcaIwaeCYxaodIU0YFaRhqGGkLRVBPGKkFY0vZ/XWHVGaxuLGTCQJORoKOqAYGWv13OOS7AaJRErF91AGig5HZnFpdQPJz29LPbfolb254F/wMyiCTPWe+xn0Y5xwIgxmSOuO70kTpkgZihmZFoJEE4nwGA1Jx6JAnOgwna8yhafW6cNBrOwRBs7dnxMp4lpPeGQ7OTIjvVybmf/VOokZVMOUCpkYIvDioUHCoInhLBfYp4pgwyYWEFbU/hXiEVIIG5tewYbgL6/8F5qVsm/5ulKsVbM48uAInIAz4IMLUANXoA4aAIMH8ARewKvz6Dw7b877ojXnZDOH4Jecj2+5eJo3</latexit><latexit sha1_base64="LOg1rREYtgmYd1VZJaU6leb/U94=">AAACCnicbZC7TsMwFIadcivlFmBkMbRITCXpQsdKLIxFohfRpJXjuq1V27FsB1RFnVl4FRYGEGLlCdh4G9w2AxR+ydLn/5wj+/yRZFQbz/tyciura+sb+c3C1vbO7p67f9DUcaIwaeCYxaodIU0YFaRhqGGkLRVBPGKkFY0vZ/XWHVGaxuLGTCQJORoKOqAYGWv13OOS7AaJRErF91AGig5HZnFpdQPJz29LPbfolb254F/wMyiCTPWe+xn0Y5xwIgxmSOuO70kTpkgZihmZFoJEE4nwGA1Jx6JAnOgwna8yhafW6cNBrOwRBs7dnxMp4lpPeGQ7OTIjvVybmf/VOokZVMOUCpkYIvDioUHCoInhLBfYp4pgwyYWEFbU/hXiEVIIG5tewYbgL6/8F5qVsm/5ulKsVbM48uAInIAz4IMLUANXoA4aAIMH8ARewKvz6Dw7b877ojXnZDOH4Jecj2+5eJo3</latexit>

@ RHIC-STAR Coll.

PRL 116(2016)132301


⇡p ! µµX
<latexit sha1_base64="qzDk6ALFvLKCNLvGJVmFIK7fVIw=">AAACBXicbZC7TsMwFIYdrqXcAowwWLRITFXShY6VWBiLRC9SE1WO67ZWfZPtgKqoCwuvwsIAQqy8Axtvg9tmgJYjW/r0/+fIPn+iGDU2CL69tfWNza3twk5xd2//4NA/Om4ZmWpMmlgyqTsJMoRRQZqWWkY6ShPEE0bayfh65rfviTZUijs7USTmaCjogGJkndTzz8qRohCqSNPhyCKt5QOMeOoO7JR7fimoBPOCqxDmUAJ5NXr+V9SXOOVEWMyQMd0wUDbOkLYUMzItRqkhCuExGpKuQ4E4MXE232IKL5zShwOp3RUWztXfExnixkx44jo5siOz7M3E/7xuage1OKNCpZYIvHhokDJoJZxFAvtUE2zZxAHCmrq/QjxCGmHrgiu6EMLllVehVa2Ejm+rpXotj6MATsE5uAQhuAJ1cAMaoAkweATP4BW8eU/ei/fufSxa17x85gT8Ke/zBxOBl50=</latexit><latexit sha1_base64="qzDk6ALFvLKCNLvGJVmFIK7fVIw=">AAACBXicbZC7TsMwFIYdrqXcAowwWLRITFXShY6VWBiLRC9SE1WO67ZWfZPtgKqoCwuvwsIAQqy8Axtvg9tmgJYjW/r0/+fIPn+iGDU2CL69tfWNza3twk5xd2//4NA/Om4ZmWpMmlgyqTsJMoRRQZqWWkY6ShPEE0bayfh65rfviTZUijs7USTmaCjogGJkndTzz8qRohCqSNPhyCKt5QOMeOoO7JR7fimoBPOCqxDmUAJ5NXr+V9SXOOVEWMyQMd0wUDbOkLYUMzItRqkhCuExGpKuQ4E4MXE232IKL5zShwOp3RUWztXfExnixkx44jo5siOz7M3E/7xuage1OKNCpZYIvHhokDJoJZxFAvtUE2zZxAHCmrq/QjxCGmHrgiu6EMLllVehVa2Ejm+rpXotj6MATsE5uAQhuAJ1cAMaoAkweATP4BW8eU/ei/fufSxa17x85gT8Ke/zBxOBl50=</latexit><latexit sha1_base64="qzDk6ALFvLKCNLvGJVmFIK7fVIw=">AAACBXicbZC7TsMwFIYdrqXcAowwWLRITFXShY6VWBiLRC9SE1WO67ZWfZPtgKqoCwuvwsIAQqy8Axtvg9tmgJYjW/r0/+fIPn+iGDU2CL69tfWNza3twk5xd2//4NA/Om4ZmWpMmlgyqTsJMoRRQZqWWkY6ShPEE0bayfh65rfviTZUijs7USTmaCjogGJkndTzz8qRohCqSNPhyCKt5QOMeOoO7JR7fimoBPOCqxDmUAJ5NXr+V9SXOOVEWMyQMd0wUDbOkLYUMzItRqkhCuExGpKuQ4E4MXE232IKL5zShwOp3RUWztXfExnixkx44jo5siOz7M3E/7xuage1OKNCpZYIvHhokDJoJZxFAvtUE2zZxAHCmrq/QjxCGmHrgiu6EMLllVehVa2Ejm+rpXotj6MATsE5uAQhuAJ1cAMaoAkweATP4BW8eU/ei/fufSxa17x85gT8Ke/zBxOBl50=</latexit><latexit sha1_base64="qzDk6ALFvLKCNLvGJVmFIK7fVIw=">AAACBXicbZC7TsMwFIYdrqXcAowwWLRITFXShY6VWBiLRC9SE1WO67ZWfZPtgKqoCwuvwsIAQqy8Axtvg9tmgJYjW/r0/+fIPn+iGDU2CL69tfWNza3twk5xd2//4NA/Om4ZmWpMmlgyqTsJMoRRQZqWWkY6ShPEE0bayfh65rfviTZUijs7USTmaCjogGJkndTzz8qRohCqSNPhyCKt5QOMeOoO7JR7fimoBPOCqxDmUAJ5NXr+V9SXOOVEWMyQMd0wUDbOkLYUMzItRqkhCuExGpKuQ4E4MXE232IKL5zShwOp3RUWztXfExnixkx44jo5siOz7M3E/7xuage1OKNCpZYIvHhokDJoJZxFAvtUE2zZxAHCmrq/QjxCGmHrgiu6EMLllVehVa2Ejm+rpXotj6MATsE5uAQhuAJ1cAMaoAkweATP4BW8eU/ei/fufSxa17x85gT8Ke/zBxOBl50=</latexit>

sign change

no sign change

First hints of sign change



(longitudinal components are not shown)

IPDs

�
~�?
2

<latexit sha1_base64="nBEaWQui0tW/xbHFMTp49DG6kW4="></latexit>

~�?
2

<latexit sha1_base64="Rmr2200V0tdDZUhbSttlFXees+k="></latexit>

~b?
<latexit sha1_base64="fMR5P4TuhA7QTGQYSMPqvyc0uCI="></latexit>

~b?
<latexit sha1_base64="fMR5P4TuhA7QTGQYSMPqvyc0uCI="></latexit>

~0?
<latexit sha1_base64="7J48xvPv/EKf8thpjNQlWKuHenM=">AAACF3icdVBNSwMxEM3W7/q16tFLsAjioSQVbb0JXjxWsFXolpJNpzU0m12TbKEs/gsv/hUvHhTxqjf/jdm2goo+GHi8N8PMvDCRwlhCPrzCzOzc/MLiUnF5ZXVt3d/YbJo41RwaPJaxvgqZASkUNKywEq4SDSwKJVyGg9PcvxyCNiJWF3aUQDtifSV6gjPrpI5fDkLoC5XBjWJas9H+bTEYAsekEySgk2IAqvvN7PglUiaEUE pxTmj1iDhyfFyr0BqmueVQQlPUO/570I15GoGyXDJjWpQktp0xbQWX4JalBhLGB6wPLUcVi8C0s/Fft3jXKV3ci7UrZfFY/T6RsciYURS6zojZa/Pby8W/vFZqe7V2JlSSWlB8sqiXSmxjnIeEu0IDt3LkCONauFsxv2aaceuiLLoQvj7F/5NmpUwPypXzSunkcBrHItpGO2gPUVRFJ+gM1VEDcXSHHtATevbuvUfvxXudtBa86cwW+gHv7RNvAaAQ</latexit>

TMDs

~0?
<latexit sha1_base64="7J48xvPv/EKf8thpjNQlWKuHenM="></latexit>

~k?
<latexit sha1_base64="CsMzSk+74d4PU2xN9lFRv15ZRv8="></latexit>

~k?
<latexit sha1_base64="CsMzSk+74d4PU2xN9lFRv15ZRv8="></latexit>

difference

of transverse position 

average of

transverse momenta

~k?
<latexit sha1_base64="LilYCcL666vzxeshLEoMPHPKNes="></latexit>

~z?
<latexit sha1_base64="WemmkOAGzq394kYWGHQ1SRLzG18="></latexit>

average 

position 

~b?
<latexit sha1_base64="fMR5P4TuhA7QTGQYSMPqvyc0uCI="></latexit>

difference of 
transverse momenta

~�?
<latexit sha1_base64="He0GdxAAL0xGV1LrgFgGSiMQQkw="></latexit>

Z
d2z?e

�i~z?·~k?h0?| ̄(�
~z?
2
) . . . (

~z?
2
)|~0?i

<latexit sha1_base64="RKfRQYuvD6SyjT34573Wqw+eEFo=">AAADyXiclVJNa9tAEF1L/UjVL6c99rLUFNLSGK1i/HELFEqhlxTqJOB1zGo9dhavVsruytRRdOo/7K2n/pWuFQUSpy3pgOAxs2/mzdPEmRTGhuHPhuffu//g4daj4PGTp8+eN7dfHJo01xyGPJWpPo6ZASkUDK2wEo4zDSyJJRzFiw/r+tEStBGp+mpXGYwTNldiJjizLjXZbvyiMcyFKuBMMa3Z6l0ZUKEsnp5EBa36j/Q8Hh dhOwxDQsj7NSC9bujAYNCPSL88n9AMdFZiOCl2RbBBG/S7Uadb0XokqvhRr7PXKekSOL7iUj5N7V0HVsxFzXR6JVNzCXdlhzXxIqAx0zQzYueuknfpTDNe3FBeRGX5ljr1Bgf/1exvvS42Hfy3D1frBFRXNlBQ02t/c9JsVR1c4NuA1KCF6jiYNH+4ZXiegLJcMmNGJMzsuGDaCi7BjckNZIwv2BxGDiqWgBkXleASv3GZKZ6l2n3uiKrsdUbBEmNWSexeJsyems3aOvmn2ii3s/64ECrLLSh+OWiWS2xTvD5rPBUauJUrBxjXwmnF/JQ5g607/sCZQDZXvg0OozbZa0dfotZ+v7ZjC71Cr9EOIqiH9tEndICGiHsfPenl3tL/7J/53/zzy6deo+a8RDfC//4b+pYkEg==</latexit>

Z
d2�?e

�i~b?·~�?h�
~�?
2

| ̄(~b?) . . . (~b?)|
~�?
2

i
<latexit sha1_base64="S1+jOWHTxyjzG77Zrrfczu8ZaTQ="></latexit>

TMDs vs IPDs

see Lectures of Markus Diehl



correlations in

correlations in

time-reversal odd → GPD=0  

time-reversal odd → GPD=0  

Diehl, Haegler, EPJ C44 (2005) 87

correlations in correlations in

⇤sibi?
<latexit sha1_base64="t5E9J1nB06VcJrWhl1dl5UMRrHA=">AAACHnicbVDLSsNAFJ34rPVVdelmsAjioiQVsUvBjQsXFewDmhhuJrd1cDKJMxOhBL/Ejb/ixoUigiv9G6ePha8DA4dzzuXOPVEmuDau++nMzM7NLyyWlsrLK6tr65WNzbZOc8WwxVKRqm4EGgWX2DLcCOxmCiGJBHai65OR37lFpXkqL8wwwyCBgeR9zsBYKawc+hEOuCzwRoJSMNy/K/tndjwGqi95FPoZquyS+yjjb5mwUnVr7hj0L/GmpEqmaIaVdz9OWZ6gNEyA1j3PzUxQgDKcCbQ7c40ZsGsYYM9SCQnqoBifd0d3rRLTfqrsk4aO1e8TBSRaD5PIJhMwV/q3NxL/83q56TeCgsssNyjZZFE/F9SkdNQVjblCZsTQEmCK279SdgUKmLGNlm0J3u+T/5J2veYd1Orn9epxY1pHiWyTHbJHPHJEjskpaZIWYeSePJJn8uI8OE/Oq/M2ic4405kt8gPOxxeB9KNP</latexit>

Si�bi?
<latexit sha1_base64="SdBVadUi/yebnprRsVJ7mPq/Yjs=">AAACH3icbVDLSgMxFM3UVx1fVZdugkUQF2WmgnZZcOOyolWhU8udzG0NzWTGJCOUoX/ixl9x40IRcde/Ma2z8HUgcDjn3CT3hKng2njexCnNzS8sLpWX3ZXVtfWNyubWpU4yxbDNEpGo6xA0Ci6xbbgReJ0qhDgUeBUOT6b+1T0qzRN5YUYpdmMYSN7nDIyVepWjIMQBlzneSVAKRgdjl57f8EDYKyKgYS9IUaVWQBl9C/UqVa/mzUD/Er8gVVKg1at8BFHCshilYQK07vhearo5KMOZwLEbZBpTYEMYYMdSCTHqbj7bb0z3rBLRfqLskYbO1O8TOcRaj+LQJmMwt/q3NxX/8zqZ6Te6OZdpZlCyr4f6maAmodOyaMQVMiNGlgBT3P6VsltQwIyt1LUl+L9X/ksu6zX/sFY/q1ebjaKOMtkhu2Sf+OSYNMkpaZE2YeSBPJEX8uo8Os/Om/P+FS05xcw2+QFn8gnkSKN5</latexit>

~b?, ⇤, �
<latexit sha1_base64="OeixtUqlvVQqSC4KU145YUPWwxc="></latexit>

~k?,⇤,�

<latexit sha1_base64="avfvRsRqizoS1jnq0B7hhFlkWIY="></latexit>

~k?, ~S?,�

<latexit sha1_base64="Nyczvh2nBz1jP7P126ZaH5XAM40="></latexit>

~k?,⇤,~s?

<latexit sha1_base64="Dx6lnYah4EsJfjKsOvMwPUDdbhk="></latexit>

⇢TL(x,~k?) =
1

2
[f1 + �Si

? ki?
1

M
g?1T ]

<latexit sha1_base64="BVn0jcFiRxBO0BBV/Tj2eoLfgiQ="></latexit>

⇢LT (x,~k?) =
1

2
[f1 + ⇤ si? ki?

1

M
h?
1L]

<latexit sha1_base64="MvnRLObKc8JBScK5ODdAqmZ9/S4="></latexit>

⇢LL(x,~k?) =
1

2
[f1 + ⇤� g1L]

<latexit sha1_base64="34jljPROKvs42x3NcnyoUylMGTY="></latexit>

correlations in ~k?, ~S?,~s?

<latexit sha1_base64="4XwdqkDMPGhzudGQQ+0Z4tZeYw8="></latexit>

⇢TT (x,~k?) =
1

2
[f1 + Si

? si? h1

<latexit sha1_base64="tWgiAd2UGECRVlgbAzvkmb37ea4="></latexit>

+Si
? (2kikj � k2?�

ij) sj?
1

2M2
h?
1T ]

<latexit sha1_base64="GvtP+OGeipdTxlzqpYyKVuNHNAY="></latexit>

⇢̃TL(x,~b?) =
1

2
[H + ⇤� H̃]

<latexit sha1_base64="x85DZ3chvL7Um9JjVlNdJC2+6Es="></latexit>

correlations in ~b?, ~S?, ~s?
<latexit sha1_base64="2qmLD4xaMWOXuwCaC/WwRpv8aFA="></latexit>

⇢̃TT (x,~b?) =
1

2
[H � S

i
? s

i
?(HT � 1

4M2
�b H̃T )

<latexit sha1_base64="9BL/XhG0tu2g/fuLxewZFYMIoas="></latexit>

+S
i
? (2bibj � b

2
�
ij) sj?

1

M2
H̃

00
T ]

<latexit sha1_base64="UUQGhBl73myzjC4/Mwm9IfmOIVg="></latexit>

⇢XY

<latexit sha1_base64="gaKVFur/TVr6Kbs1HgwK7oNHt/I=">AAACFHicbZDLSsNAFIYn9VbrLerSTbAIolCS4m1ZcOOygr1IG8JkctIOnUzizEQIoQ/hxldx40IRty7c+TZOL4vaemDg4//PmZnz+wmjUtn2j1FYWl5ZXSuulzY2t7Z3zN29poxTQaBBYhaLto8lMMqhoahi0E4E4Mhn0PIH1yO/9QhC0pjfqSwBN8I9TkNKsNKSZ552fehRnsMDx0Lg7GRY6op+7OXte03AgxnHM8t2xR6XtQjOFMpoWnXP/O4GMUkj4IowLGXHsRPl5lgoShjo+1MJCSYD3IOORo4jkG4+XmpoHWklsMJY6MOVNVZnJ3IcSZlFvu6MsOrLeW8k/ud1UhVeuTnlSaqAk8lDYcosFVujhKyACiCKZRowEVT/1SJ9LDBROseSDsGZX3kRmtWKc1Y5v62WaxfTOIroAB2iY+SgS1RDN6iOGoigJ/SC3tC78Wy8Gh/G56S1YExn9tGfMr5+AYIAnxI=</latexit>

X =

<latexit sha1_base64="ZfI9WbAID2tKsh2+GGjVqqqcIWI=">AAACDXicbVDLSsNAFJ3UV42vqEs3g1UQFyUpvjZCwY3LCvYBbSmTyU07dDKJMxOhhP6AG3/FjQtF3Lp35984fSxq64ELh3Pu5d57/IQzpV33x8otLa+sruXX7Y3Nre0dZ3evpuJUUqjSmMey4RMFnAmoaqY5NBIJJPI51P3+zcivP4JULBb3epBAOyJdwUJGiTZSxzlq+dBlIoMHQaQkg9Oh3bi2WyCCGanjFNyiOwZeJN6UFNAUlY7z3QpimkYgNOVEqabnJrqdEakZ5TC0W6mChNA+6ULTUEEiUO1s/M0QHxslwGEsTQmNx+rsREYipQaRbzojontq3huJ/3nNVIdX7YyJJNUg6GRRmHKsYzyKBgdMAtV8YAihkplbMe0RSag2AdomBG/+5UVSKxW9s+L5XalQvpjGkUcH6BCdIA9dojK6RRVURRQ9oRf0ht6tZ+vV+rA+J605azqzj/7A+voFW9abtA==</latexit>

Y =

<latexit sha1_base64="WNlXMc0Gle5WeERt2DYApxLLbQ4=">AAACDXicbVDLSsNAFJ34rPEVdekmWAVxUZLiayMU3LisYB/SljKZ3LRDJ5M4MxFC6A+48VfcuFDErXt3/o3TNovaeuDC4Zx7ufceL2ZUKsf5MRYWl5ZXVgtr5vrG5ta2tbNbl1EiCNRIxCLR9LAERjnUFFUMmrEAHHoMGt7geuQ3HkFIGvE7lcbQCXGP04ASrLTUtQ7bHvQoz+CBYyFwejI076/MNnB/SupaRafkjGHPEzcnRZSj2rW+235EkhC4IgxL2XKdWHUyLBQlDIZmO5EQYzLAPWhpynEIspONvxnaR1rx7SASuriyx+r0RIZDKdPQ050hVn05643E/7xWooLLTkZ5nCjgZLIoSJitInsUje1TAUSxVBNMBNW32qSPBSZKB2jqENzZl+dJvVxyT0tnt+Vi5TyPo4D20QE6Ri66QBV0g6qohgh6Qi/oDb0bz8ar8WF8TloXjHxmD/2B8fULXWubtQ==</latexit>

proton pol

quark pol

TMDs vs IPDs
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correlations in correlations in

⇤sibi?
<latexit sha1_base64="t5E9J1nB06VcJrWhl1dl5UMRrHA=">AAACHnicbVDLSsNAFJ34rPVVdelmsAjioiQVsUvBjQsXFewDmhhuJrd1cDKJMxOhBL/Ejb/ixoUigiv9G6ePha8DA4dzzuXOPVEmuDau++nMzM7NLyyWlsrLK6tr65WNzbZOc8WwxVKRqm4EGgWX2DLcCOxmCiGJBHai65OR37lFpXkqL8wwwyCBgeR9zsBYKawc+hEOuCzwRoJSMNy/K/tndjwGqi95FPoZquyS+yjjb5mwUnVr7hj0L/GmpEqmaIaVdz9OWZ6gNEyA1j3PzUxQgDKcCbQ7c40ZsGsYYM9SCQnqoBifd0d3rRLTfqrsk4aO1e8TBSRaD5PIJhMwV/q3NxL/83q56TeCgsssNyjZZFE/F9SkdNQVjblCZsTQEmCK279SdgUKmLGNlm0J3u+T/5J2veYd1Orn9epxY1pHiWyTHbJHPHJEjskpaZIWYeSePJJn8uI8OE/Oq/M2ic4405kt8gPOxxeB9KNP</latexit> ✕

Si�bi?
<latexit sha1_base64="SdBVadUi/yebnprRsVJ7mPq/Yjs=">AAACH3icbVDLSgMxFM3UVx1fVZdugkUQF2WmgnZZcOOyolWhU8udzG0NzWTGJCOUoX/ixl9x40IRcde/Ma2z8HUgcDjn3CT3hKng2njexCnNzS8sLpWX3ZXVtfWNyubWpU4yxbDNEpGo6xA0Ci6xbbgReJ0qhDgUeBUOT6b+1T0qzRN5YUYpdmMYSN7nDIyVepWjIMQBlzneSVAKRgdjl57f8EDYKyKgYS9IUaVWQBl9C/UqVa/mzUD/Er8gVVKg1at8BFHCshilYQK07vhearo5KMOZwLEbZBpTYEMYYMdSCTHqbj7bb0z3rBLRfqLskYbO1O8TOcRaj+LQJmMwt/q3NxX/8zqZ6Te6OZdpZlCyr4f6maAmodOyaMQVMiNGlgBT3P6VsltQwIyt1LUl+L9X/ksu6zX/sFY/q1ebjaKOMtkhu2Sf+OSYNMkpaZE2YeSBPJEX8uo8Os/Om/P+FS05xcw2+QFn8gnkSKN5</latexit>

~b?, ⇤, �
<latexit sha1_base64="OeixtUqlvVQqSC4KU145YUPWwxc="></latexit>

~k?,⇤,�

<latexit sha1_base64="avfvRsRqizoS1jnq0B7hhFlkWIY="></latexit>

~k?, ~S?,�

<latexit sha1_base64="Nyczvh2nBz1jP7P126ZaH5XAM40="></latexit>

~k?,⇤,~s?

<latexit sha1_base64="Dx6lnYah4EsJfjKsOvMwPUDdbhk="></latexit>

⇢TL(x,~k?) =
1

2
[f1 + �Si

? ki?
1

M
g?1T ]

<latexit sha1_base64="BVn0jcFiRxBO0BBV/Tj2eoLfgiQ="></latexit>

⇢LT (x,~k?) =
1

2
[f1 + ⇤ si? ki?

1

M
h?
1L]

<latexit sha1_base64="MvnRLObKc8JBScK5ODdAqmZ9/S4="></latexit>

⇢LL(x,~k?) =
1

2
[f1 + ⇤� g1L]

<latexit sha1_base64="34jljPROKvs42x3NcnyoUylMGTY="></latexit>

correlations in ~k?, ~S?,~s?

<latexit sha1_base64="4XwdqkDMPGhzudGQQ+0Z4tZeYw8="></latexit>

⇢TT (x,~k?) =
1

2
[f1 + Si

? si? h1

<latexit sha1_base64="tWgiAd2UGECRVlgbAzvkmb37ea4="></latexit>

+Si
? (2kikj � k2?�

ij) sj?
1

2M2
h?
1T ]

<latexit sha1_base64="GvtP+OGeipdTxlzqpYyKVuNHNAY="></latexit>

⇢̃TL(x,~b?) =
1

2
[H + ⇤� H̃]

<latexit sha1_base64="x85DZ3chvL7Um9JjVlNdJC2+6Es="></latexit>

correlations in ~b?, ~S?, ~s?
<latexit sha1_base64="2qmLD4xaMWOXuwCaC/WwRpv8aFA="></latexit>

⇢̃TT (x,~b?) =
1

2
[H � S

i
? s

i
?(HT � 1

4M2
�b H̃T )

<latexit sha1_base64="9BL/XhG0tu2g/fuLxewZFYMIoas="></latexit>

+S
i
? (2bibj � b

2
�
ij) sj?

1

M2
H̃

00
T ]

<latexit sha1_base64="UUQGhBl73myzjC4/Mwm9IfmOIVg="></latexit>

⇢XY

<latexit sha1_base64="gaKVFur/TVr6Kbs1HgwK7oNHt/I=">AAACFHicbZDLSsNAFIYn9VbrLerSTbAIolCS4m1ZcOOygr1IG8JkctIOnUzizEQIoQ/hxldx40IRty7c+TZOL4vaemDg4//PmZnz+wmjUtn2j1FYWl5ZXSuulzY2t7Z3zN29poxTQaBBYhaLto8lMMqhoahi0E4E4Mhn0PIH1yO/9QhC0pjfqSwBN8I9TkNKsNKSZ552fehRnsMDx0Lg7GRY6op+7OXte03AgxnHM8t2xR6XtQjOFMpoWnXP/O4GMUkj4IowLGXHsRPl5lgoShjo+1MJCSYD3IOORo4jkG4+XmpoHWklsMJY6MOVNVZnJ3IcSZlFvu6MsOrLeW8k/ud1UhVeuTnlSaqAk8lDYcosFVujhKyACiCKZRowEVT/1SJ9LDBROseSDsGZX3kRmtWKc1Y5v62WaxfTOIroAB2iY+SgS1RDN6iOGoigJ/SC3tC78Wy8Gh/G56S1YExn9tGfMr5+AYIAnxI=</latexit>

X =

<latexit sha1_base64="ZfI9WbAID2tKsh2+GGjVqqqcIWI=">AAACDXicbVDLSsNAFJ3UV42vqEs3g1UQFyUpvjZCwY3LCvYBbSmTyU07dDKJMxOhhP6AG3/FjQtF3Lp35984fSxq64ELh3Pu5d57/IQzpV33x8otLa+sruXX7Y3Nre0dZ3evpuJUUqjSmMey4RMFnAmoaqY5NBIJJPI51P3+zcivP4JULBb3epBAOyJdwUJGiTZSxzlq+dBlIoMHQaQkg9Oh3bi2WyCCGanjFNyiOwZeJN6UFNAUlY7z3QpimkYgNOVEqabnJrqdEakZ5TC0W6mChNA+6ULTUEEiUO1s/M0QHxslwGEsTQmNx+rsREYipQaRbzojontq3huJ/3nNVIdX7YyJJNUg6GRRmHKsYzyKBgdMAtV8YAihkplbMe0RSag2AdomBG/+5UVSKxW9s+L5XalQvpjGkUcH6BCdIA9dojK6RRVURRQ9oRf0ht6tZ+vV+rA+J605azqzj/7A+voFW9abtA==</latexit>

Y =

<latexit sha1_base64="WNlXMc0Gle5WeERt2DYApxLLbQ4=">AAACDXicbVDLSsNAFJ34rPEVdekmWAVxUZLiayMU3LisYB/SljKZ3LRDJ5M4MxFC6A+48VfcuFDErXt3/o3TNovaeuDC4Zx7ufceL2ZUKsf5MRYWl5ZXVgtr5vrG5ta2tbNbl1EiCNRIxCLR9LAERjnUFFUMmrEAHHoMGt7geuQ3HkFIGvE7lcbQCXGP04ASrLTUtQ7bHvQoz+CBYyFwejI076/MNnB/SupaRafkjGHPEzcnRZSj2rW+235EkhC4IgxL2XKdWHUyLBQlDIZmO5EQYzLAPWhpynEIspONvxnaR1rx7SASuriyx+r0RIZDKdPQ050hVn05643E/7xWooLLTkZ5nCjgZLIoSJitInsUje1TAUSxVBNMBNW32qSPBSZKB2jqENzZl+dJvVxyT0tnt+Vi5TyPo4D20QE6Ri66QBV0g6qohgh6Qi/oDb0bz8ar8WF8TloXjHxmD/2B8fULXWubtQ==</latexit>

proton pol

quark pol

TMDs vs IPDs



correlations in

correlations in

time-reversal odd → GPD=0  

time-reversal odd → GPD=0  
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correlations in correlations in

⇤sibi?
<latexit sha1_base64="t5E9J1nB06VcJrWhl1dl5UMRrHA=">AAACHnicbVDLSsNAFJ34rPVVdelmsAjioiQVsUvBjQsXFewDmhhuJrd1cDKJMxOhBL/Ejb/ixoUigiv9G6ePha8DA4dzzuXOPVEmuDau++nMzM7NLyyWlsrLK6tr65WNzbZOc8WwxVKRqm4EGgWX2DLcCOxmCiGJBHai65OR37lFpXkqL8wwwyCBgeR9zsBYKawc+hEOuCzwRoJSMNy/K/tndjwGqi95FPoZquyS+yjjb5mwUnVr7hj0L/GmpEqmaIaVdz9OWZ6gNEyA1j3PzUxQgDKcCbQ7c40ZsGsYYM9SCQnqoBifd0d3rRLTfqrsk4aO1e8TBSRaD5PIJhMwV/q3NxL/83q56TeCgsssNyjZZFE/F9SkdNQVjblCZsTQEmCK279SdgUKmLGNlm0J3u+T/5J2veYd1Orn9epxY1pHiWyTHbJHPHJEjskpaZIWYeSePJJn8uI8OE/Oq/M2ic4405kt8gPOxxeB9KNP</latexit> ✕

Si�bi?
<latexit sha1_base64="SdBVadUi/yebnprRsVJ7mPq/Yjs=">AAACH3icbVDLSgMxFM3UVx1fVZdugkUQF2WmgnZZcOOyolWhU8udzG0NzWTGJCOUoX/ixl9x40IRcde/Ma2z8HUgcDjn3CT3hKng2njexCnNzS8sLpWX3ZXVtfWNyubWpU4yxbDNEpGo6xA0Ci6xbbgReJ0qhDgUeBUOT6b+1T0qzRN5YUYpdmMYSN7nDIyVepWjIMQBlzneSVAKRgdjl57f8EDYKyKgYS9IUaVWQBl9C/UqVa/mzUD/Er8gVVKg1at8BFHCshilYQK07vhearo5KMOZwLEbZBpTYEMYYMdSCTHqbj7bb0z3rBLRfqLskYbO1O8TOcRaj+LQJmMwt/q3NxX/8zqZ6Te6OZdpZlCyr4f6maAmodOyaMQVMiNGlgBT3P6VsltQwIyt1LUl+L9X/ksu6zX/sFY/q1ebjaKOMtkhu2Sf+OSYNMkpaZE2YeSBPJEX8uo8Os/Om/P+FS05xcw2+QFn8gnkSKN5</latexit> ✕

~b?, ⇤, �
<latexit sha1_base64="OeixtUqlvVQqSC4KU145YUPWwxc="></latexit>

~k?,⇤,�

<latexit sha1_base64="avfvRsRqizoS1jnq0B7hhFlkWIY="></latexit>

~k?, ~S?,�

<latexit sha1_base64="Nyczvh2nBz1jP7P126ZaH5XAM40="></latexit>

~k?,⇤,~s?

<latexit sha1_base64="Dx6lnYah4EsJfjKsOvMwPUDdbhk="></latexit>

⇢TL(x,~k?) =
1

2
[f1 + �Si

? ki?
1

M
g?1T ]

<latexit sha1_base64="BVn0jcFiRxBO0BBV/Tj2eoLfgiQ="></latexit>

⇢LT (x,~k?) =
1

2
[f1 + ⇤ si? ki?

1

M
h?
1L]

<latexit sha1_base64="MvnRLObKc8JBScK5ODdAqmZ9/S4="></latexit>

⇢LL(x,~k?) =
1

2
[f1 + ⇤� g1L]

<latexit sha1_base64="34jljPROKvs42x3NcnyoUylMGTY="></latexit>

correlations in ~k?, ~S?,~s?

<latexit sha1_base64="4XwdqkDMPGhzudGQQ+0Z4tZeYw8="></latexit>

⇢TT (x,~k?) =
1

2
[f1 + Si

? si? h1

<latexit sha1_base64="tWgiAd2UGECRVlgbAzvkmb37ea4="></latexit>

+Si
? (2kikj � k2?�

ij) sj?
1

2M2
h?
1T ]

<latexit sha1_base64="GvtP+OGeipdTxlzqpYyKVuNHNAY="></latexit>

⇢̃TL(x,~b?) =
1

2
[H + ⇤� H̃]

<latexit sha1_base64="x85DZ3chvL7Um9JjVlNdJC2+6Es="></latexit>

correlations in ~b?, ~S?, ~s?
<latexit sha1_base64="2qmLD4xaMWOXuwCaC/WwRpv8aFA="></latexit>

⇢̃TT (x,~b?) =
1

2
[H � S

i
? s

i
?(HT � 1

4M2
�b H̃T )

<latexit sha1_base64="9BL/XhG0tu2g/fuLxewZFYMIoas="></latexit>

+S
i
? (2bibj � b

2
�
ij) sj?

1

M2
H̃

00
T ]

<latexit sha1_base64="UUQGhBl73myzjC4/Mwm9IfmOIVg="></latexit>

⇢XY

<latexit sha1_base64="gaKVFur/TVr6Kbs1HgwK7oNHt/I=">AAACFHicbZDLSsNAFIYn9VbrLerSTbAIolCS4m1ZcOOygr1IG8JkctIOnUzizEQIoQ/hxldx40IRty7c+TZOL4vaemDg4//PmZnz+wmjUtn2j1FYWl5ZXSuulzY2t7Z3zN29poxTQaBBYhaLto8lMMqhoahi0E4E4Mhn0PIH1yO/9QhC0pjfqSwBN8I9TkNKsNKSZ552fehRnsMDx0Lg7GRY6op+7OXte03AgxnHM8t2xR6XtQjOFMpoWnXP/O4GMUkj4IowLGXHsRPl5lgoShjo+1MJCSYD3IOORo4jkG4+XmpoHWklsMJY6MOVNVZnJ3IcSZlFvu6MsOrLeW8k/ud1UhVeuTnlSaqAk8lDYcosFVujhKyACiCKZRowEVT/1SJ9LDBROseSDsGZX3kRmtWKc1Y5v62WaxfTOIroAB2iY+SgS1RDN6iOGoigJ/SC3tC78Wy8Gh/G56S1YExn9tGfMr5+AYIAnxI=</latexit>

X =

<latexit sha1_base64="ZfI9WbAID2tKsh2+GGjVqqqcIWI=">AAACDXicbVDLSsNAFJ3UV42vqEs3g1UQFyUpvjZCwY3LCvYBbSmTyU07dDKJMxOhhP6AG3/FjQtF3Lp35984fSxq64ELh3Pu5d57/IQzpV33x8otLa+sruXX7Y3Nre0dZ3evpuJUUqjSmMey4RMFnAmoaqY5NBIJJPI51P3+zcivP4JULBb3epBAOyJdwUJGiTZSxzlq+dBlIoMHQaQkg9Oh3bi2WyCCGanjFNyiOwZeJN6UFNAUlY7z3QpimkYgNOVEqabnJrqdEakZ5TC0W6mChNA+6ULTUEEiUO1s/M0QHxslwGEsTQmNx+rsREYipQaRbzojontq3huJ/3nNVIdX7YyJJNUg6GRRmHKsYzyKBgdMAtV8YAihkplbMe0RSag2AdomBG/+5UVSKxW9s+L5XalQvpjGkUcH6BCdIA9dojK6RRVURRQ9oRf0ht6tZ+vV+rA+J605azqzj/7A+voFW9abtA==</latexit>

Y =

<latexit sha1_base64="WNlXMc0Gle5WeERt2DYApxLLbQ4=">AAACDXicbVDLSsNAFJ34rPEVdekmWAVxUZLiayMU3LisYB/SljKZ3LRDJ5M4MxFC6A+48VfcuFDErXt3/o3TNovaeuDC4Zx7ufceL2ZUKsf5MRYWl5ZXVgtr5vrG5ta2tbNbl1EiCNRIxCLR9LAERjnUFFUMmrEAHHoMGt7geuQ3HkFIGvE7lcbQCXGP04ASrLTUtQ7bHvQoz+CBYyFwejI076/MNnB/SupaRafkjGHPEzcnRZSj2rW+235EkhC4IgxL2XKdWHUyLBQlDIZmO5EQYzLAPWhpynEIspONvxnaR1rx7SASuriyx+r0RIZDKdPQ050hVn05643E/7xWooLLTkZ5nCjgZLIoSJitInsUje1TAUSxVBNMBNW32qSPBSZKB2jqENzZl+dJvVxyT0tnt+Vi5TyPo4D20QE6Ri66QBV0g6qohgh6Qi/oDb0bz8ar8WF8TloXjHxmD/2B8fULXWubtQ==</latexit>
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TMDs for unpolarized quarks in a transversely pol. proton
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The derivative in (66) can now act either on the quark
fields or on the Wilson lines. In the first case though,
one gets no contribution to the average transverse mo-
mentum, since the involved combination of Wilson lines
vanishes,
[
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= 0 . (67)

The result (67) is obvious because both Wilson lines are
just running along the light-cone.

On the other hand, if the derivative acts on the Wilson
lines, one finds
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where the paths of the remaining Wilson lines run along
the light-cone and the function Iq,i is defined by
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Plugging the results together one arrives at the following
expression for the average transverse momentum,

〈
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〉
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Equation (70) is a representation of the average trans-
verse momentum in terms of a specific quark-gluon-quark
light-cone correlator [36, 52, 64]. Since the gluon field in
the three-parton correlator in (70) has zero longitudinal
momentum one often talks about a soft gluon matrix el-
ement. The reader is referred to [65, 66, 67, 68] where
such (or similar) matrix elements were first discussed in
connection with transverse SSAs.

To unravel a possible connection between the Sivers
effect and the GPD Eq, in Ref. [36] the RHS of (70)
was transformed to the impact parameter space, where
it takes the form

〈
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with z1/2 as given in Eq. (36). Comparing the expression
in (71) with the correlator (34) for the quark GPDs in

impact parameter space (for Γ = γ+) one realizes that
the only difference is the additional factor Iq,i and an
integration upon the impact parameter #bT [36]. On the
basis of this observation one may hope to find a relation
of the type

〈

kq,i
T (x)

〉

UT
=
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d2#kT ki
T Φq(x,#kT ; S)

#
∫

d2#bT Iq,i(x,#bT )Fq(x,#bT ; S) , (72)

where, in rough terms, the function Iq,i incorporates the
effect of the gluon field in the correlator on the RHS
of (70). We mention that in the second term on the RHS
of (72) only the spin-dependent term of Fq contributes.

Expressed in terms of TMDs and GPDs Eq. (72) reads
〈
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. (73)

Interestingly, the relation (73) is indeed fulfilled in
the context of perturbative low order model calcula-
tions [37] (see also Sec. IV). It also provides an intu-
itive understanding of the origin of the Sivers transverse
SSA [35, 36]. However, Eq. (73) does not have the sta-
tus of a general, model-independent result (see also, e.g.,
Ref. [69]). The crucial problem lies in the fact that, in
general, the average transverse momentum

〈

kq,i
T (x)

〉

UT
caused by the Sivers effect cannot be factorized into the
function Iq,i (called lensing function in [36]) and the dis-
tortion of the impact parameter distribution of quarks
in a transversely polarized target which is determined by
(Eq)′.

C. Generalization of relations

To get further insight into possible relations between
GPDs and TMDs, which at least may hold in the context
of model calculations, we now follow a procedure given
in Ref. [38]. The equations defining the GPDs in impact
parameter space [see Eqs. (38)–(41)] on the one hand
and the TMDs [see Eqs. (48)–(50) and (52)–(54)] on the
other obviously have a corresponding structure if one in-
terchanges the impact parameter #bT and the transverse
momentum #kT . Comparing these equations one directly
finds out which functions may be related. However, using
this procedure one cannot extract the precise form of the
relations. Note also that the two TMDs g1T and h⊥

1L have
no counterpart on the GPD side, as already pointed out
in Sec. II C. In the following we, respectively, talk about
relations of first, second, third, and fourth type, depend-
ing on the number of derivatives of the involved GPDs
in impact parameter space. In the case of quark distri-
butions the results given in this subsection were already

9
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fields or on the Wilson lines. In the first case though,
one gets no contribution to the average transverse mo-
mentum, since the involved combination of Wilson lines
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〈

kq,i
T (x)

〉

UT

=
1

2

∫
dz−

2π
eik·z 〈

P ; #ST

∣
∣ ψ̄

(

− 1
2z

)

γ+

×W
(

− 1
2z; 1

2z
)

Iq,i
(

1
2z

)

ψ
(

1
2z

) ∣
∣P ; #ST

〉
∣
∣
∣z+=0+

!zT =!0T

.(70)

Equation (70) is a representation of the average trans-
verse momentum in terms of a specific quark-gluon-quark
light-cone correlator [36, 52, 64]. Since the gluon field in
the three-parton correlator in (70) has zero longitudinal
momentum one often talks about a soft gluon matrix el-
ement. The reader is referred to [65, 66, 67, 68] where
such (or similar) matrix elements were first discussed in
connection with transverse SSAs.

To unravel a possible connection between the Sivers
effect and the GPD Eq, in Ref. [36] the RHS of (70)
was transformed to the impact parameter space, where
it takes the form

〈

kq,i
T (x)

〉

UT

=
1

2

∫

d2#bT

∫
dz−

2π
eixP+z− 〈

P+,#0T ; S
∣
∣ ψ̄

(

z1

)

γ+

×W
(

z1; z2

)

Iq,i
(

z2

)

ψ
(

z2

) ∣
∣P+,#0T ; S

〉

, (71)

with z1/2 as given in Eq. (36). Comparing the expression
in (71) with the correlator (34) for the quark GPDs in

impact parameter space (for Γ = γ+) one realizes that
the only difference is the additional factor Iq,i and an
integration upon the impact parameter #bT [36]. On the
basis of this observation one may hope to find a relation
of the type

〈

kq,i
T (x)

〉

UT
=

∫

d2#kT ki
T Φq(x,#kT ; S)

#
∫

d2#bT Iq,i(x,#bT )Fq(x,#bT ; S) , (72)

where, in rough terms, the function Iq,i incorporates the
effect of the gluon field in the correlator on the RHS
of (70). We mention that in the second term on the RHS
of (72) only the spin-dependent term of Fq contributes.

Expressed in terms of TMDs and GPDs Eq. (72) reads
〈

kq,i
T (x)

〉

UT

= −
∫

d2#kT ki
T

εjk
T kj

T Sk
T

M
f⊥q
1T (x,#k 2

T )

#
∫

d2#bT Iq,i(x,#bT )
εjk
T bj

T Sk
T

M

(

Eq(x,#b 2
T )

)′

. (73)

Interestingly, the relation (73) is indeed fulfilled in
the context of perturbative low order model calcula-
tions [37] (see also Sec. IV). It also provides an intu-
itive understanding of the origin of the Sivers transverse
SSA [35, 36]. However, Eq. (73) does not have the sta-
tus of a general, model-independent result (see also, e.g.,
Ref. [69]). The crucial problem lies in the fact that, in
general, the average transverse momentum

〈

kq,i
T (x)

〉

UT
caused by the Sivers effect cannot be factorized into the
function Iq,i (called lensing function in [36]) and the dis-
tortion of the impact parameter distribution of quarks
in a transversely polarized target which is determined by
(Eq)′.

C. Generalization of relations

To get further insight into possible relations between
GPDs and TMDs, which at least may hold in the context
of model calculations, we now follow a procedure given
in Ref. [38]. The equations defining the GPDs in impact
parameter space [see Eqs. (38)–(41)] on the one hand
and the TMDs [see Eqs. (48)–(50) and (52)–(54)] on the
other obviously have a corresponding structure if one in-
terchanges the impact parameter #bT and the transverse
momentum #kT . Comparing these equations one directly
finds out which functions may be related. However, using
this procedure one cannot extract the precise form of the
relations. Note also that the two TMDs g1T and h⊥

1L have
no counterpart on the GPD side, as already pointed out
in Sec. II C. In the following we, respectively, talk about
relations of first, second, third, and fourth type, depend-
ing on the number of derivatives of the involved GPDs
in impact parameter space. In the case of quark distri-
butions the results given in this subsection were already

Sivers function Lensing function F.T. of E(x,0,t)

BP, Rodini, Bacchetta, Phys. Rev. D100, 054039 (2019)

• Relation valid only in restricted class of models, as, for example, the scalar-diquark model



Sivers effect = Lensing function     IPD 

Scalar diquark model:  
- two-particle system (one active quark and a scalar spectator) 
- perturbative coupling between Wilson line and spectator        no-helicity flip of the spectator

It is violated when considering coupling with the gauge boson that are not helicity conserving (e.g., 
axial diquark model) or for bound system with more than two constituents


BP, Rodini, Bacchetta, PRD 100, 054039 (2019) 

(x, ~k? + (1� x)~�?)

<latexit sha1_base64="ZmXoa5nDq4YpRlYvmgvwnKIMouc=">AAACFHicbZC7TgJBFIZnvSLeUEubiWACAckuwWhJooUlJnJJWEJmhwNMmL1kZpZANjyEja9iY6ExthZ2vo0DbKHgn0zy5zvn5Mz5nYAzqUzz21hb39jc2k7sJHf39g8OU0fHdemHgkKN+twXTYdI4MyDmmKKQzMQQFyHQ8MZ3szqjREIyXzvQU0CaLuk77Eeo0Rp1EnlM9lxwS7YI6B42LEDEEE+a12Mc3Ni3wJXZIFzmU4qbRbNufCqsWKTRrGqndSX3fVp6IKnKCdStiwzUO2ICMUoh2nSDiUEhA5JH1raesQF2Y7mR03xuSZd3POFfp7Cc/p7IiKulBPX0Z0uUQO5XJvB/2qtUPWu2xHzglCBRxeLeiHHysezhHCXCaCKT7QhVDD9V0wHRBCqdI5JHYK1fPKqqZeKVrl4eV9KV8pxHAl0is5QFlnoClXQHaqiGqLoET2jV/RmPBkvxrvxsWhdM+KZE/RHxucPRwaccQ==</latexit>

(x, ~k?)

<latexit sha1_base64="aUyFE24osh8OBFmbQRg1Ckh7iw4=">AAAB/XicbVBdSwJBFJ21L7Ov7eOtlyENDER2xahHoZceDfIDXJHZ8aqDs7vDzKxkIv2VXnoootf+R2/9m0bdh9IOXDiccy/33uMLzpR2nG8rtba+sbmV3s7s7O7tH9iHR3UVxZJCjUY8kk2fKOAshJpmmkNTSCCBz6HhD29mfmMEUrEovNdjAe2A9EPWY5RoI3Xsk1z+oeAVvBFQPOx4AqS4yHXsrFN05sCrxE1IFiWoduwvrxvROIBQU06UarmO0O0JkZpRDtOMFysQhA5JH1qGhiQA1Z7Mr5/ic6N0cS+SpkKN5+rviQkJlBoHvukMiB6oZW8m/ue1Yt27bk9YKGINIV0s6sUc6wjPosBdJoFqPjaEUMnMrZgOiCRUm8AyJgR3+eVVUi8V3XLx8q6UrZSTONLoFJ2hPHLRFaqgW1RFNUTRI3pGr+jNerJerHfrY9GaspKZY/QH1ucPQqWTxw==</latexit>

P � �
2

<latexit sha1_base64="nkDxRxPxdGaA42A6ez3MysXKu0Q=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFN5akVHRZ0IXLCvYBTSiT6aQdOnkwcyPUEPwVNy4Ucet/uPNvnLZZaOuBC4dz7uXee7xYcAWW9W0UVlbX1jeKm6Wt7Z3dPXP/oK2iRFLWopGIZNcjigkeshZwEKwbS0YCT7CON76e+p0HJhWPwnuYxMwNyDDkPqcEtNQ3jyrNc8eXhKbODRNAsrSWVfpm2apaM+BlYuekjHI0++aXM4hoErAQqCBK9WwrBjclEjgVLCs5iWIxoWMyZD1NQxIw5aaz6zN8qpUB9iOpKwQ8U39PpCRQahJ4ujMgMFKL3lT8z+sl4F+5KQ/jBFhI54v8RGCI8DQKPOCSURATTQiVXN+K6YjoLEAHVtIh2IsvL5N2rWrXqxd3tXKjnsdRRMfoBJ0hG12iBrpFTdRCFD2iZ/SK3own48V4Nz7mrQUjnzlEf2B8/gB6p5SQ</latexit>

P + �
2

<latexit sha1_base64="OuaBd/+8up2mQioxSts6eAQVOng=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GWwFQShJqeiyoAuXFewDmlAm00k7dPJg5kaoIfgrblwo4tb/cOffOG2z0NYDFw7n3Mu993ix4Aos69sorKyurW8UN0tb2zu7e+b+QVtFiaSsRSMRya5HFBM8ZC3gIFg3lowEnmAdb3w99TsPTCoehfcwiZkbkGHIfU4JaKlvHlWa544vCU2dGyaAZGktq/TNslW1ZsDLxM5JGeVo9s0vZxDRJGAhUEGU6tlWDG5KJHAqWFZyEsViQsdkyHqahiRgyk1n12f4VCsD7EdSVwh4pv6eSEmg1CTwdGdAYKQWvan4n9dLwL9yUx7GCbCQzhf5icAQ4WkUeMAloyAmmhAqub4V0xHRWYAOrKRDsBdfXibtWtWuVy/uauVGPY+jiI7RCTpDNrpEDXSLmqiFKHpEz+gVvRlPxovxbnzMWwtGPnOI/sD4/AF3fZSO</latexit>

p� k

<latexit sha1_base64="6CB71o+O7+3hKKf6Wk1UbmUOjXw=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxItklGD2SePGIiQsksCHd0oWGbrtpuyZkw2/w4kFjvPqDvPlvLLAHBV8yyct7M5mZFyacaeO6305hY3Nre6e4W9rbPzg8Kh+ftLVMFaE+kVyqbog15UxQ3zDDaTdRFMchp51wcjf3O09UaSbFo5kmNIjxSLCIEWys5FeTq0l1UK64NXcBtE68nFQgR2tQ/uoPJUljKgzhWOue5yYmyLAyjHA6K/VTTRNMJnhEe5YKHFMdZItjZ+jCKkMUSWVLGLRQf09kONZ6Goe2M8ZmrFe9ufif10tNdBtkTCSpoYIsF0UpR0ai+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbTrNa9Ru36oV5qNPI4inME5XIIHN9CEe2iBDwQYPMMrvDnCeXHenY9la8HJZ07hD5zPH8G6jfQ=</latexit>

q

<latexit sha1_base64="qNSetTc18BBhFLMFl3OTM/jMKo0=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTuC0ZLExhKjIAlcyN4yBxv29s7dPRNC+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSATXxnW/ndza+sbmVn67sLO7t39QPDxq6ThVDJssFrFqB1Sj4BKbhhuB7UQhjQKBD8HoeuY/PKHSPJb3ZpygH9GB5CFn1FjprvxY7hVLbsWdg6wSLyMlyNDoFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiWtasWrVS5uq6V6LYsjDydwCufgwSXU4QYa0AQGA3iGV3hzhPPivDsfi9ack80cwx84nz+REY1J</latexit>

(x,~k?)

<latexit sha1_base64="S9HfFzTVRuFFRCicocTc++va3Oo=">AAAB+3icbVDLSgNBEJyNrxhfazx6GUyECBJ2Q0SPAS8eI5gHZJdldtJJhsw+mJkNCUt+xYsHRbz6I978GyfJHjSxoKGo6qa7y485k8qyvo3c1vbO7l5+v3BweHR8Yp4W2zJKBIUWjXgkuj6RwFkILcUUh24sgAQ+h44/vl/4nQkIyaLwSc1icAMyDNmAUaK05JnFcmV67UyA4rHnxCDiq7JnlqyqtQTeJHZGSihD0zO/nH5Ekw BCRTmRsmdbsXJTIhSjHOYFJ5EQEzomQ+hpGpIApJsub5/jS6308SASukKFl+rviZQEUs4CX3cGRI3kurcQ//N6iRrcuSkL40RBSFeLBgnHKsKLIHCfCaCKzzQhVDB9K6YjIghVOq6CDsFef3mTtGtVu169eayVGvUsjjw6Rxeogmx0ixroATVRC1E0Rc/oFb0Zc+PFeDc+Vq05I5s5Q39gfP4AIH6TKw==</latexit>

P

<latexit sha1_base64="b4TsnHdhD5em4+tU8UgojFia34Y=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrsEo0cSLx4xyiOBDZkdemHC7OxmZtaEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzSRBP6JDyUPOqLHSQ7lR7hdLbsVdgKwTLyMlyNDoF796g5ilEUrDBNW667mJ8adUGc4Ezgq9VGNC2ZgOsWuppBFqf7o4dUYurDIgYaxsSUMW6u+JKY20nkSB7YyoGelVby7+53VTE974Uy6T1KBky0VhKoiJyfxvMuAKmRETSyhT3N5K2IgqyoxNp2BD8FZfXietasWrVa7uq6V6LYsjD2dwDpfgwTXU4Q4a0AQGQ3iGV3hzhPPivDsfy9ack82cwh84nz9e7I0o</latexit>

P

<latexit sha1_base64="b4TsnHdhD5em4+tU8UgojFia34Y=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrsEo0cSLx4xyiOBDZkdemHC7OxmZtaEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzSRBP6JDyUPOqLHSQ7lR7hdLbsVdgKwTLyMlyNDoF796g5ilEUrDBNW667mJ8adUGc4Ezgq9VGNC2ZgOsWuppBFqf7o4dUYurDIgYaxsSUMW6u+JKY20nkSB7YyoGelVby7+53VTE974Uy6T1KBky0VhKoiJyfxvMuAKmRETSyhT3N5K2IgqyoxNp2BD8FZfXietasWrVa7uq6V6LYsjD2dwDpfgwTXU4Q4a0AQGQ3iGV3hzhPPivDsfy9ack82cwh84nz9e7I0o</latexit>

(x,~k? � ~q?)

<latexit sha1_base64="z+Gsnxa42sjPPzNQTLjk36lP39o=">AAACCHicbVDLSgMxFM34rPU16tKFwVaooGWmVHRZcOOygn1AW4ZMetuGZmZikimWoUs3/oobF4q49RPc+Temj4W2Hgice8693NzjC86Udpxva2l5ZXVtPbWR3tza3tm19/arKoolhQqNeCTrPlHAWQgVzTSHupBAAp9Dze9fj/3aAKRiUXinhwJaAemGrMMo0Uby7KNs7uGsOQCK+15TgBTnk+J+WpxmPTvj5J0J8CJxZySDZih79lezHdE4gFBTTpRquI7QrYRIzSiHUboZKxCE9kkXGoaGJADVSiaHjPCJUdq4E0nzQo0n6u+JhARKDQPfdAZE99S8Nxb/8xqx7ly1EhaKWENIp4s6Mcc6wuNUcJtJoJoPDSFUMvNXTHtEEqpNdmkTgjt/8iKpFvJuMX9xW8iUirM4UugQHaMcctElKqEbVEYVRNEjekav6M16sl6sd+tj2rpkzWYO0B9Ynz+yx5h3</latexit>

{

<latexit sha1_base64="DdnkCycTOXB8FmaLcSVeu9H8rxM=">AAAB63icbVBNSwMxEJ2tX7V+VT16CbaCp7JbKnos6MFjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G09vM7z5RpVkkH80spr7AY8lCRrDJpOogrQ7LFbfmLoDWiZeTCuRoDctfg1FEEkGlIRxr3ffc2PgpVoYRTuelQaJpjMkUj2nfUokF1X66uHWOLqwyQmGkbEmDFurviRQLrWcisJ0Cm4le9TLxP6+fmPDGT5mME0MlWS4KE45MhLLH0YgpSgyfWYKJYvZWRCZYYWJsPCUbgrf68jrp1Gteo3b1UK807/I4inAG53AJHlxDE+6hBW0gMIFneIU3RzgvzrvzsWwtOPnMKfyB8/kDVlaNyQ==</latexit>

lensing function

TMD IPD
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Model results



- 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



hermes

EIC
Gluons Sea quarks Valence quarks
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Paste, present and future TMD measurements

- multidimensional binning

- high Q2 reach

- large range in transverse momentum



JLab12
HERMES

COMPASS
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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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• 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
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2    uncertainties of extractions from currently available data�
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Heisenberg’s uncertainty relation

Quasi-probabilistic interpretation classical density

Wigner distributions (x,~b?,~k?)
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• Extend the concept of classical phase-space density


• Phase-space distributions of partons inside the nucleon


• Quasi-probabilistic interpretation
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<latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit>

Multipole decomposition

⇢X =
X

mk,mb

⇢(mk,mb)
X

using PT symmetries
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Phase-Space Transverse Modes



b?

⇢X(~k?|~b?) =
Z

dx ⇢X(x,~k?,~b?; P̂ = ~ez, ⌘ = +1)
��
~b? fixed 2+2 dimensions (~b?,~k?)

<latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit>

Multipole decomposition

⇢X =
X

mk,mb

⇢(mk,mb)
X

using PT symmetries
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Phase-Space Transverse Modes



kx

k y

bx

by

⇢X(~k?|~b?) =
Z

dx ⇢X(x,~k?,~b?; P̂ = ~ez, ⌘ = +1)
��
~b? fixed 2+2 dimensions (~b?,~k?)

<latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit>

Multipole decomposition

⇢X =
X

mk,mb

⇢(mk,mb)
X

using PT symmetries
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Phase-Space Transverse Modes



kx

k y

bx

by

⇢X(~k?|~b?) =
Z

dx ⇢X(x,~k?,~b?; P̂ = ~ez, ⌘ = +1)
��
~b? fixed 2+2 dimensions (~b?,~k?)

<latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit><latexit sha1_base64="HS2N5h8gmGJpviD5t7Xu/V5LDs8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBluhgpSkG8VVwY3LCvYBTQiT6W07dPJgZlIooSs3/oobF4q49Rvc+TdO0yy09cDAuefcy517/JgzqSzr2yisrW9sbhW3Szu7e/sH5uFRW0aJoNCiEY9E1ycSOAuhpZji0I0FkMDn0PHHt3O/MwEhWRQ+qGkMbkCGIRswSpSWPPO0UnUmQLHvOTGI+DIrxoviouKZZatmZcCrxM5JGeVoeuaX049oEkCoKCdS9mwrVm5KhGKUw6zkJBJiQsdkCD1NQxKAdNPsjBk+10ofDyKhX6hwpv6eSEkg5TTwdWdA1Egue3PxP6+XqMG1m7IwThSEdLFokHCsIjzPBPeZAKr4VBNCBdN/xXREBKFKJ1fSIdjLJ6+Sdr1mWzX7vl5u3ORxFNEJOkNVZKMr1EB3qIlaiKJH9Ixe0ZvxZLwY78bHorVg5DPH6A+Mzx9DT5et</latexit>

Multipole decomposition

⇢X =
X

mk,mb

⇢(mk,mb)
X

using PT symmetries

T-even⇢eX
<latexit sha1_base64="Ivru4MstK6y6VpWMxAIw9/V47/0=">AAAB8XicbVA9TwJBEJ3zE/ELtbTZCCZW5I5GShIbS0zkI8JJ9pY52LC3d9ndMyEX/oWNhcbY+m/s/DcucIWCL5nk5b2ZzMwLEsG1cd1vZ2Nza3tnt7BX3D84PDounZy2dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5mfudJ1Sax/LeTBP0IzqSPOSMGis9VPpqHA+6j1gZlMpu1V2ArBMvJ2XI0RyUvvrDmKURSsME1brnuYnxM6oMZwJnxX6qMaFsQkfYs1TSCLWfLS6ekUurDEkYK1vSkIX6eyKjkdbTKLCdETVjverNxf+8XmrCup9xmaQGJVsuClNBTEzm75MhV8iMmFpCmeL2VsLGVFFmbEhFG4K3+vI6adeqnlv17mrlRj2PowDncAFX4ME1NOAWmtACBhKe4RXeHO28OO/Ox7J1w8lnzuAPnM8fsPuQOQ==</latexit><latexit sha1_base64="Ivru4MstK6y6VpWMxAIw9/V47/0=">AAAB8XicbVA9TwJBEJ3zE/ELtbTZCCZW5I5GShIbS0zkI8JJ9pY52LC3d9ndMyEX/oWNhcbY+m/s/DcucIWCL5nk5b2ZzMwLEsG1cd1vZ2Nza3tnt7BX3D84PDounZy2dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5mfudJ1Sax/LeTBP0IzqSPOSMGis9VPpqHA+6j1gZlMpu1V2ArBMvJ2XI0RyUvvrDmKURSsME1brnuYnxM6oMZwJnxX6qMaFsQkfYs1TSCLWfLS6ekUurDEkYK1vSkIX6eyKjkdbTKLCdETVjverNxf+8XmrCup9xmaQGJVsuClNBTEzm75MhV8iMmFpCmeL2VsLGVFFmbEhFG4K3+vI6adeqnlv17mrlRj2PowDncAFX4ME1NOAWmtACBhKe4RXeHO28OO/Ox7J1w8lnzuAPnM8fsPuQOQ==</latexit><latexit sha1_base64="Ivru4MstK6y6VpWMxAIw9/V47/0=">AAAB8XicbVA9TwJBEJ3zE/ELtbTZCCZW5I5GShIbS0zkI8JJ9pY52LC3d9ndMyEX/oWNhcbY+m/s/DcucIWCL5nk5b2ZzMwLEsG1cd1vZ2Nza3tnt7BX3D84PDounZy2dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5mfudJ1Sax/LeTBP0IzqSPOSMGis9VPpqHA+6j1gZlMpu1V2ArBMvJ2XI0RyUvvrDmKURSsME1brnuYnxM6oMZwJnxX6qMaFsQkfYs1TSCLWfLS6ekUurDEkYK1vSkIX6eyKjkdbTKLCdETVjverNxf+8XmrCup9xmaQGJVsuClNBTEzm75MhV8iMmFpCmeL2VsLGVFFmbEhFG4K3+vI6adeqnlv17mrlRj2PowDncAFX4ME1NOAWmtACBhKe4RXeHO28OO/Ox7J1w8lnzuAPnM8fsPuQOQ==</latexit><latexit sha1_base64="Ivru4MstK6y6VpWMxAIw9/V47/0=">AAAB8XicbVA9TwJBEJ3zE/ELtbTZCCZW5I5GShIbS0zkI8JJ9pY52LC3d9ndMyEX/oWNhcbY+m/s/DcucIWCL5nk5b2ZzMwLEsG1cd1vZ2Nza3tnt7BX3D84PDounZy2dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5mfudJ1Sax/LeTBP0IzqSPOSMGis9VPpqHA+6j1gZlMpu1V2ArBMvJ2XI0RyUvvrDmKURSsME1brnuYnxM6oMZwJnxX6qMaFsQkfYs1TSCLWfLS6ekUurDEkYK1vSkIX6eyKjkdbTKLCdETVjverNxf+8XmrCup9xmaQGJVsuClNBTEzm75MhV8iMmFpCmeL2VsLGVFFmbEhFG4K3+vI6adeqnlv17mrlRj2PowDncAFX4ME1NOAWmtACBhKe4RXeHO28OO/Ox7J1w8lnzuAPnM8fsPuQOQ==</latexit>

T-odd⇢oX
<latexit sha1_base64="ZsLXbnp5GNN7B9KplxMGbJq+xkM=">AAAB8XicbVDLTgJBEOz1ifhCPXqZCCaeyC4XOZJ48YiJPCKsZHaYhQnz2MzMmpANf+HFg8Z49W+8+TcOsAcFK+mkUtWd7q4o4cxY3//2Nja3tnd2C3vF/YPDo+PSyWnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E01u5n7niWrDlLy304SGAo8kixnB1kkPlb4eq0H3UVUGpbJf9RdA6yTISRlyNAelr/5QkVRQaQnHxvQCP7FhhrVlhNNZsZ8ammAywSPac1RiQU2YLS6eoUunDFGstCtp0UL9PZFhYcxURK5TYDs2q95c/M/rpTauhxmTSWqpJMtFccqRVWj+PhoyTYnlU0cw0czdisgYa0ysC6noQghWX14n7Vo18KvBXa3cqOdxFOAcLuAKAriGBtxCE1pAQMIzvMKbZ7wX7937WLZuePnMGfyB9/kDwC2QQw==</latexit><latexit sha1_base64="ZsLXbnp5GNN7B9KplxMGbJq+xkM=">AAAB8XicbVDLTgJBEOz1ifhCPXqZCCaeyC4XOZJ48YiJPCKsZHaYhQnz2MzMmpANf+HFg8Z49W+8+TcOsAcFK+mkUtWd7q4o4cxY3//2Nja3tnd2C3vF/YPDo+PSyWnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E01u5n7niWrDlLy304SGAo8kixnB1kkPlb4eq0H3UVUGpbJf9RdA6yTISRlyNAelr/5QkVRQaQnHxvQCP7FhhrVlhNNZsZ8ammAywSPac1RiQU2YLS6eoUunDFGstCtp0UL9PZFhYcxURK5TYDs2q95c/M/rpTauhxmTSWqpJMtFccqRVWj+PhoyTYnlU0cw0czdisgYa0ysC6noQghWX14n7Vo18KvBXa3cqOdxFOAcLuAKAriGBtxCE1pAQMIzvMKbZ7wX7937WLZuePnMGfyB9/kDwC2QQw==</latexit><latexit sha1_base64="ZsLXbnp5GNN7B9KplxMGbJq+xkM=">AAAB8XicbVDLTgJBEOz1ifhCPXqZCCaeyC4XOZJ48YiJPCKsZHaYhQnz2MzMmpANf+HFg8Z49W+8+TcOsAcFK+mkUtWd7q4o4cxY3//2Nja3tnd2C3vF/YPDo+PSyWnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E01u5n7niWrDlLy304SGAo8kixnB1kkPlb4eq0H3UVUGpbJf9RdA6yTISRlyNAelr/5QkVRQaQnHxvQCP7FhhrVlhNNZsZ8ammAywSPac1RiQU2YLS6eoUunDFGstCtp0UL9PZFhYcxURK5TYDs2q95c/M/rpTauhxmTSWqpJMtFccqRVWj+PhoyTYnlU0cw0czdisgYa0ysC6noQghWX14n7Vo18KvBXa3cqOdxFOAcLuAKAriGBtxCE1pAQMIzvMKbZ7wX7937WLZuePnMGfyB9/kDwC2QQw==</latexit><latexit sha1_base64="ZsLXbnp5GNN7B9KplxMGbJq+xkM=">AAAB8XicbVDLTgJBEOz1ifhCPXqZCCaeyC4XOZJ48YiJPCKsZHaYhQnz2MzMmpANf+HFg8Z49W+8+TcOsAcFK+mkUtWd7q4o4cxY3//2Nja3tnd2C3vF/YPDo+PSyWnbqFQT2iKKK92NsKGcSdqyzHLaTTTFIuK0E01u5n7niWrDlLy304SGAo8kixnB1kkPlb4eq0H3UVUGpbJf9RdA6yTISRlyNAelr/5QkVRQaQnHxvQCP7FhhrVlhNNZsZ8ammAywSPac1RiQU2YLS6eoUunDFGstCtp0UL9PZFhYcxURK5TYDs2q95c/M/rpTauhxmTSWqpJMtFccqRVWj+PhoyTYnlU0cw0czdisgYa0ysC6noQghWX14n7Vo18KvBXa3cqOdxFOAcLuAKAriGBtxCE1pAQMIzvMKbZ7wX7937WLZuePnMGfyB9/kDwC2QQw==</latexit>

Lorcé, BP, PRD 96, 2016

Phase-Space Transverse Modes



<e[F11] =m[F11]
UU 

Unpolarized quarks in unpolarized proton

naive time-reversal even naive time-reversal odd

bottom-up symmetry        no net OAM

(~k? ? ~b?) (~k? k ~b?)polar flow                preferred over radial flow   
 due to initial/final state interactions   

(~k? k ~b?) net radial flow

Integral over k?
<latexit sha1_base64="bU/7vtUjfEI+h8KzbXiUiXV6/64=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BFvBU9ntQT0WvHisYD+kXUo2nW1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqKbRowhPdjYgBziS0LLMcukoDERGHTjS5nfudJ9CGJfLBThWEgowkixkl1kmP1cmgr0Cr6qBc8Wv+AnidBDmpoBzNQfmrP0xoKkBayokxvcBXNsyItoxymJX6qQFF6ISMoOeoJAJMmC0OnuELpwxxnGhX0uKF+nsiI8KYqYhcpyB2bFa9ufif10ttfBNmTKrUgqTLRXHKsU3w/Hs8ZBqo5VNHCNXM3YrpmGhCrcuo5EIIVl9eJ+16LfBrwX290rjK4yiiM3SOLlGArlED3aEmaiGKBHpGr+jN096L9+59LFsLXj5ziv7A+/wBJDmP6w==</latexit><latexit sha1_base64="bU/7vtUjfEI+h8KzbXiUiXV6/64=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BFvBU9ntQT0WvHisYD+kXUo2nW1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqKbRowhPdjYgBziS0LLMcukoDERGHTjS5nfudJ9CGJfLBThWEgowkixkl1kmP1cmgr0Cr6qBc8Wv+AnidBDmpoBzNQfmrP0xoKkBayokxvcBXNsyItoxymJX6qQFF6ISMoOeoJAJMmC0OnuELpwxxnGhX0uKF+nsiI8KYqYhcpyB2bFa9ufif10ttfBNmTKrUgqTLRXHKsU3w/Hs8ZBqo5VNHCNXM3YrpmGhCrcuo5EIIVl9eJ+16LfBrwX290rjK4yiiM3SOLlGArlED3aEmaiGKBHpGr+jN096L9+59LFsLXj5ziv7A+/wBJDmP6w==</latexit><latexit sha1_base64="bU/7vtUjfEI+h8KzbXiUiXV6/64=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BFvBU9ntQT0WvHisYD+kXUo2nW1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqKbRowhPdjYgBziS0LLMcukoDERGHTjS5nfudJ9CGJfLBThWEgowkixkl1kmP1cmgr0Cr6qBc8Wv+AnidBDmpoBzNQfmrP0xoKkBayokxvcBXNsyItoxymJX6qQFF6ISMoOeoJAJMmC0OnuELpwxxnGhX0uKF+nsiI8KYqYhcpyB2bFa9ufif10ttfBNmTKrUgqTLRXHKsU3w/Hs8ZBqo5VNHCNXM3YrpmGhCrcuo5EIIVl9eJ+16LfBrwX290rjK4yiiM3SOLlGArlED3aEmaiGKBHpGr+jN096L9+59LFsLXj5ziv7A+/wBJDmP6w==</latexit><latexit sha1_base64="bU/7vtUjfEI+h8KzbXiUiXV6/64=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BFvBU9ntQT0WvHisYD+kXUo2nW1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqKbRowhPdjYgBziS0LLMcukoDERGHTjS5nfudJ9CGJfLBThWEgowkixkl1kmP1cmgr0Cr6qBc8Wv+AnidBDmpoBzNQfmrP0xoKkBayokxvcBXNsyItoxymJX6qQFF6ISMoOeoJAJMmC0OnuELpwxxnGhX0uKF+nsiI8KYqYhcpyB2bFa9ufif10ttfBNmTKrUgqTLRXHKsU3w/Hs8ZBqo5VNHCNXM3YrpmGhCrcuo5EIIVl9eJ+16LfBrwX290rjK4yiiM3SOLlGArlED3aEmaiGKBHpGr+jN096L9+59LFsLXj5ziv7A+/wBJDmP6w==</latexit>

GPD (monopole)
Integral over b?

<latexit sha1_base64="sfcE96O7NYUGM9+TUnKRAeBzBi0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5Iu5Rsmm1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbud+54lqwxL5YKeKhgKPJIsZwdZJj9Vo0FdUq+qgXPFr/gJonQQ5qUCO5qD81R8mJBVUWsKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RyUW1ITZ4uAZunDKEMWJdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91MY3YcakSi2VZLkoTjmyCZp/j4ZMU2L51BFMNHO3IjLGGhPrMiq5EILVl9dJu14L/FpwX680rvI4inAG53AJAVxDA+6gCS0gIOAZXuHN096L9+59LFsLXj5zCn/gff4AFlaP4g==</latexit><latexit sha1_base64="sfcE96O7NYUGM9+TUnKRAeBzBi0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5Iu5Rsmm1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbud+54lqwxL5YKeKhgKPJIsZwdZJj9Vo0FdUq+qgXPFr/gJonQQ5qUCO5qD81R8mJBVUWsKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RyUW1ITZ4uAZunDKEMWJdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91MY3YcakSi2VZLkoTjmyCZp/j4ZMU2L51BFMNHO3IjLGGhPrMiq5EILVl9dJu14L/FpwX680rvI4inAG53AJAVxDA+6gCS0gIOAZXuHN096L9+59LFsLXj5zCn/gff4AFlaP4g==</latexit><latexit sha1_base64="sfcE96O7NYUGM9+TUnKRAeBzBi0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5Iu5Rsmm1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbud+54lqwxL5YKeKhgKPJIsZwdZJj9Vo0FdUq+qgXPFr/gJonQQ5qUCO5qD81R8mJBVUWsKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RyUW1ITZ4uAZunDKEMWJdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91MY3YcakSi2VZLkoTjmyCZp/j4ZMU2L51BFMNHO3IjLGGhPrMiq5EILVl9dJu14L/FpwX680rvI4inAG53AJAVxDA+6gCS0gIOAZXuHN096L9+59LFsLXj5zCn/gff4AFlaP4g==</latexit><latexit sha1_base64="sfcE96O7NYUGM9+TUnKRAeBzBi0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5Iu5Rsmm1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbud+54lqwxL5YKeKhgKPJIsZwdZJj9Vo0FdUq+qgXPFr/gJonQQ5qUCO5qD81R8mJBVUWsKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RyUW1ITZ4uAZunDKEMWJdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91MY3YcakSi2VZLkoTjmyCZp/j4ZMU2L51BFMNHO3IjLGGhPrMiq5EILVl9dJu14L/FpwX680rvI4inAG53AJAVxDA+6gCS0gIOAZXuHN096L9+59LFsLXj5zCn/gff4AFlaP4g==</latexit>

TMD (monopole)
 no counterpart in the GPD and TMD cases



<e[F11] =m[F11]
UU 

Unpolarized quarks in unpolarized proton

naive time-reversal even naive time-reversal odd

bottom-up symmetry        no net OAM

(~k? ? ~b?) (~k? k ~b?)polar flow                preferred over radial flow   
 due to initial/final state interactions   

(~k? k ~b?) net radial flow

Integral over k?
<latexit sha1_base64="bU/7vtUjfEI+h8KzbXiUiXV6/64=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BFvBU9ntQT0WvHisYD+kXUo2nW1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqKbRowhPdjYgBziS0LLMcukoDERGHTjS5nfudJ9CGJfLBThWEgowkixkl1kmP1cmgr0Cr6qBc8Wv+AnidBDmpoBzNQfmrP0xoKkBayokxvcBXNsyItoxymJX6qQFF6ISMoOeoJAJMmC0OnuELpwxxnGhX0uKF+nsiI8KYqYhcpyB2bFa9ufif10ttfBNmTKrUgqTLRXHKsU3w/Hs8ZBqo5VNHCNXM3YrpmGhCrcuo5EIIVl9eJ+16LfBrwX290rjK4yiiM3SOLlGArlED3aEmaiGKBHpGr+jN096L9+59LFsLXj5ziv7A+/wBJDmP6w==</latexit><latexit sha1_base64="bU/7vtUjfEI+h8KzbXiUiXV6/64=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BFvBU9ntQT0WvHisYD+kXUo2nW1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqKbRowhPdjYgBziS0LLMcukoDERGHTjS5nfudJ9CGJfLBThWEgowkixkl1kmP1cmgr0Cr6qBc8Wv+AnidBDmpoBzNQfmrP0xoKkBayokxvcBXNsyItoxymJX6qQFF6ISMoOeoJAJMmC0OnuELpwxxnGhX0uKF+nsiI8KYqYhcpyB2bFa9ufif10ttfBNmTKrUgqTLRXHKsU3w/Hs8ZBqo5VNHCNXM3YrpmGhCrcuo5EIIVl9eJ+16LfBrwX290rjK4yiiM3SOLlGArlED3aEmaiGKBHpGr+jN096L9+59LFsLXj5ziv7A+/wBJDmP6w==</latexit><latexit sha1_base64="bU/7vtUjfEI+h8KzbXiUiXV6/64=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BFvBU9ntQT0WvHisYD+kXUo2nW1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqKbRowhPdjYgBziS0LLMcukoDERGHTjS5nfudJ9CGJfLBThWEgowkixkl1kmP1cmgr0Cr6qBc8Wv+AnidBDmpoBzNQfmrP0xoKkBayokxvcBXNsyItoxymJX6qQFF6ISMoOeoJAJMmC0OnuELpwxxnGhX0uKF+nsiI8KYqYhcpyB2bFa9ufif10ttfBNmTKrUgqTLRXHKsU3w/Hs8ZBqo5VNHCNXM3YrpmGhCrcuo5EIIVl9eJ+16LfBrwX290rjK4yiiM3SOLlGArlED3aEmaiGKBHpGr+jN096L9+59LFsLXj5ziv7A+/wBJDmP6w==</latexit><latexit sha1_base64="bU/7vtUjfEI+h8KzbXiUiXV6/64=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BFvBU9ntQT0WvHisYD+kXUo2nW1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqKbRowhPdjYgBziS0LLMcukoDERGHTjS5nfudJ9CGJfLBThWEgowkixkl1kmP1cmgr0Cr6qBc8Wv+AnidBDmpoBzNQfmrP0xoKkBayokxvcBXNsyItoxymJX6qQFF6ISMoOeoJAJMmC0OnuELpwxxnGhX0uKF+nsiI8KYqYhcpyB2bFa9ufif10ttfBNmTKrUgqTLRXHKsU3w/Hs8ZBqo5VNHCNXM3YrpmGhCrcuo5EIIVl9eJ+16LfBrwX290rjK4yiiM3SOLlGArlED3aEmaiGKBHpGr+jN096L9+59LFsLXj5ziv7A+/wBJDmP6w==</latexit>

GPD (monopole)
Integral over b?

<latexit sha1_base64="sfcE96O7NYUGM9+TUnKRAeBzBi0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5Iu5Rsmm1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbud+54lqwxL5YKeKhgKPJIsZwdZJj9Vo0FdUq+qgXPFr/gJonQQ5qUCO5qD81R8mJBVUWsKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RyUW1ITZ4uAZunDKEMWJdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91MY3YcakSi2VZLkoTjmyCZp/j4ZMU2L51BFMNHO3IjLGGhPrMiq5EILVl9dJu14L/FpwX680rvI4inAG53AJAVxDA+6gCS0gIOAZXuHN096L9+59LFsLXj5zCn/gff4AFlaP4g==</latexit><latexit sha1_base64="sfcE96O7NYUGM9+TUnKRAeBzBi0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5Iu5Rsmm1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbud+54lqwxL5YKeKhgKPJIsZwdZJj9Vo0FdUq+qgXPFr/gJonQQ5qUCO5qD81R8mJBVUWsKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RyUW1ITZ4uAZunDKEMWJdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91MY3YcakSi2VZLkoTjmyCZp/j4ZMU2L51BFMNHO3IjLGGhPrMiq5EILVl9dJu14L/FpwX680rvI4inAG53AJAVxDA+6gCS0gIOAZXuHN096L9+59LFsLXj5zCn/gff4AFlaP4g==</latexit><latexit sha1_base64="sfcE96O7NYUGM9+TUnKRAeBzBi0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5Iu5Rsmm1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbud+54lqwxL5YKeKhgKPJIsZwdZJj9Vo0FdUq+qgXPFr/gJonQQ5qUCO5qD81R8mJBVUWsKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RyUW1ITZ4uAZunDKEMWJdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91MY3YcakSi2VZLkoTjmyCZp/j4ZMU2L51BFMNHO3IjLGGhPrMiq5EILVl9dJu14L/FpwX680rvI4inAG53AJAVxDA+6gCS0gIOAZXuHN096L9+59LFsLXj5zCn/gff4AFlaP4g==</latexit><latexit sha1_base64="sfcE96O7NYUGM9+TUnKRAeBzBi0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7Lbg3osePFYwX5Iu5Rsmm1Dk2xIskJZ+iu8eFDEqz/Hm//GtN2Dtj4YeLw3w8y8SHFmrO9/e4WNza3tneJuaW//4PCofHzSNkmqCW2RhCe6G2FDOZO0ZZnltKs0xSLitBNNbud+54lqwxL5YKeKhgKPJIsZwdZJj9Vo0FdUq+qgXPFr/gJonQQ5qUCO5qD81R8mJBVUWsKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RyUW1ITZ4uAZunDKEMWJdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91MY3YcakSi2VZLkoTjmyCZp/j4ZMU2L51BFMNHO3IjLGGhPrMiq5EILVl9dJu14L/FpwX680rvI4inAG53AJAVxDA+6gCS0gIOAZXuHN096L9+59LFsLXj5zCn/gff4AFlaP4g==</latexit>

TMD (monopole)
 no counterpart in the GPD and TMD cases



<e[F14] =m[F14]

LU 

Unpolarized quarks in Longitudinally pol. proton

naive time-reversal even naive time-reversal odd

Lorcé, BP, PRD 96, 2016; PRD 84, 2011

/ Sz(~b? ⇥ ~k?)z / Sz(~b? ⇥ ~k?)z (~b? · ~k?)
Szspiral flow correlated with                 

with no-net quark flow            

unique information from GTMDs 

orbital flow       net OAM correlated     with                 Sz



<e[F14] =m[F14]

LU 

Unpolarized quarks in Longitudinally pol. proton

naive time-reversal even naive time-reversal odd

Lorcé, BP, PRD 96, 2016; PRD 84, 2011

/ Sz(~b? ⇥ ~k?)z / Sz(~b? ⇥ ~k?)z (~b? · ~k?)
Szspiral flow correlated with                 

with no-net quark flow            

unique information from GTMDs 

orbital flow       net OAM correlated     with                 Sz



<e[F14] =m[F14]

LU 

Unpolarized quarks in Longitudinally pol. proton

naive time-reversal even naive time-reversal odd

Lorcé, BP, PRD 96, 2016; PRD 84, 2011

/ Sz(~b? ⇥ ~k?)z / Sz(~b? ⇥ ~k?)z (~b? · ~k?)
Szspiral flow correlated with                 

with no-net quark flow            

unique information from GTMDs 

orbital flow       net OAM correlated     with                 Sz



Lorcé, BP, Xiong, Yuan, PRD 85 (2012) 114006

Hatta, PLB 708 (2012) 186

Orbital angular momentum of the proton from Wigner functions

Lorcé, BP, PRD 84 (2011) 014015

lqz =
R
dxd2~k?d2~b?(~b? ⇥ ~k?)⇢

q,W
LU (~b?,~k?, x)

<latexit sha1_base64="1q3Ehz/sfpFX/0WbOhBkaOAknz4="></latexit>

lqz =

Z
d2~b?~b? ⇥ h~kq?i

<latexit sha1_base64="FpHGdtCRkxakZyQH/3Nrf56H5Do="></latexit>

h~k?(~b?)i=
R
dxd~k? ~k? ⇢q,WLU (~b?,~k?, x)

<latexit sha1_base64="3oYJ3zgkYy8jviqVyKWRAEXL+MQ="></latexit>



Lorcé, BP, Xiong, Yuan, PRD 85 (2012) 114006

Hatta, PLB 708 (2012) 186

Orbital angular momentum of the proton from Wigner functions

Lorcé, BP, PRD 84 (2011) 014015
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no conflict with uncertainty principle
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•intuitive definition of OAM
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•equation holds also for gluon OAM

•it can be calculated in LQCD     Engelhardt, PRD95 (2017) 094505
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[Burkardt (2012)]

[Ji (1997)]Kinetic

difference between the two definitions can be interpreted as 
the change in the quark OAM as the quark leaves the target in a DIS experiment 

   [M. Burkardt (2013)]

FSIISI

e.g. SIDISe.g. DY

[Hatta (2012)]

Canonical [Jaffe, Manohar (1990)]
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Lattice calculation
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Lattice calculation



Continuous interpolation between the Ji limit 
and the Jaffe-Manohar limit  

⌘ = 0

⌘ ! 1

Ji OAM Jaffe-Manohar  
OAM

Jaffe-Manohar  
OAM

nucleon rapidity

M. Engelhardt, Phys. Rev. D95, 094505 (2017)

M. Engelhardt et al., PRD102, 074505 (2020)

Staple direction off the light-cone

light-cone limit for ⇣̂ = v·Pp
|v2|

p
|P 2|

! 1
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Lattice calculation



Diffractive Exclusive back-to-back dijet production in              collisions               `N / `A
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Hatta, Nakagawa, Xiao, Yuan, Zhao, PRD 95 (2017) 114032; Ji, Yuan, Zhao, PRL 118 (2017) 192004
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- Reconstruction of full dijet kinematics and measure the azimuthal modulations in the angle  
  between       and  ~�?
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- At small x: sensitivity to gluon GTMDs

Hatta, Xiao, Yuan, PRL 116 (2016) 202301

- Estimates in the CGC effective field theory suggest that modulations are maximum some tens   
  of percent level Mäntysaari, Mueller, Schenke, PRD99 (2019) 074004; Boer, Setyadi, PRD104 (20121) 074006

- With proton polarization one may access F g
1,4

<latexit sha1_base64="chjCw3wSGi9qdILObaFKiBo5PPk=">AAAB83icbVBNSwMxEJ31s9avqkcvwVbwIGW3VOyxIIjHCvYD2rVk02wbms2GJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCyRn2rjut7O2vrG5tZ3bye/u7R8cFo6OWzpOFKFNEvNYdQKsKWeCNg0znHakojgKOG0H45uZ336iSrNYPJiJpH6Eh4KFjGBjpV7p9nHYT73L6hSV+oWiW3bnQKvEy0gRMjT6ha/eICZJRIUhHGvd9Vxp/BQrwwin03wv0VRiMsZD2rVU4IhqP53fPEXnVhmgMFa2hEFz9fdEiiOtJ1FgOyNsRnrZm4n/ed3EhDU/ZUImhgqyWBQmHJkYzQJAA6YoMXxiCSaK2VsRGWGFibEx5W0I3vLLq6RVKXvV8tV9pVivZXHk4BTO4AI8uIY63EEDmkBAwjO8wpuTOC/Ou/OxaF1zspkT+APn8wfvc5BJ</latexit>

Observables for GTMDs and Wigner functions 



Bhattacharya, Metz, Zhou, PLB 771 (2017) 396

Exclusive pion-nucleon double Drell-Yan (quark GTMDs)

- At present, the only known process that is sensitive to quark GTMDs

- In leading order is sensitive to ERBL region only

- Low count rate (amplitude                )T ⇠ ↵2
em
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Observables for GTMDs and Wigner functions 



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


