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• The gluon transverse momentum dependent distributions (TMDs) are important 
towards understanding the transverse structure of the proton as well as QCD 
factorization 


• Gauge link dependent gluon TMDs


• E.g. gluon Sivers function: T-odd object; two gauge links; process dependence more 
involved
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Gluon TMDs

�⇤g ! qq̄
<latexit sha1_base64="pgTFjcCFZt+fWvkRUNGiZ3VqOww="></latexit>

gg ! ��
<latexit sha1_base64="QQvB23ovsWnsUPKVVyNm//bo8Ww="></latexit>

(TMD handbook ’23) 



At the EIC , gluon TMDs can be probed via dihadron, open di-charm, di-D-meson and dijet

• In the small x dijet process is the most promising channel Zheng, Aschenauer, Lee, Xiao, Yin 

’18


• The heavy quark pair production is dominated by the gluon channel at all x and gets only 

minor contribution from the quark channel Dong, Ji, Kelsey, Radhakrishnan, Sichtermann, Zhao 

‘23


•
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Gluon TMDs and spin asymmetry at the EIC

At the LO di-jet production in DIS involves two processes: �⇤q ! qg
<latexit sha1_base64="QPXR59NHoGk+HFAbe0BqlZLIfFc="></latexit>

�⇤g ! qq̄
<latexit sha1_base64="pgTFjcCFZt+fWvkRUNGiZ3VqOww="></latexit>



4

TMD factorization of open heavy quark (pT >> mQ) in DIS

• qT factorization for heavy meson pair (del Castillo, Echevarria, Makris, Scimemi ’20 ’22)

• qT factorization for heavy flavor dijet production, and study gluon Sivers 

asymmetry  (Kang, Reiten, DYS, Terry ’20)

• heavy quark qT fragmentations  (Dai, Kim, Leibovich ’23; Kuk, Michel, Sun ’23 ’24)


• The anomalous dimensions of the qT soft function are divergent as


• In addition to qT, one can also study angle correlation to probe TMDs

• A better angle on SIDIS (Gao, Michel, Stewart, Sun ’22) 

• Lepton jet correction in DIS (Liu, Ringer, Vogelsang, Yuan ’19, Arratia, Kang, Prokudin, Ringer 

’19, Fang, Ke, DYS, Terry ‘23 )

• Discussions on azimuthal and radial correlation can be found in (Chien, Rahn, DYS, 

Waalewijn & Wu  ’22 + in progress)

<latexit sha1_base64="1gzAZj86rG0xms2/wz9wx4p58cM="></latexit>
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<latexit sha1_base64="L3t/Qzs1JxIExGiztFvwxCAir6U=">AAACDXicbZDLSgMxGIUz9VbHW9Wlm2ARXNWZ4nUhFNy4rGAv0BmGTJppQzOZkGTEMswzuHOrL+FO3PoMvoMPYdrOQlsPBD7O+X/yc0LBqNKO82WVlpZXVtfK6/bG5tb2TmV3r62SVGLSwglLZDdEijDKSUtTzUhXSILikJFOOLqZ5J0HIhVN+L0eC+LHaMBpRDHSxvI8MaTB47Un6Ek9qFSdmjMVXAS3gCoo1Awq314/wWlMuMYMKdVzHaH9DElNMSO57aWKCIRHaEB6BjmKifKz6c05PDJOH0aJNI9rOHV/b2QoVmoch2YyRnqo5rOJ+V/WS3V06WeUi1QTjmcfRSmDOoGTAmCfSoI1GxtAWFJzK8RDJBHWpibb9vokgp5IUg0zEWSejKHhPLdNPe58GYvQrtfc89rZ3Wm1cVUUVQYH4BAcAxdcgAa4BU3QAhgI8AxewKv1ZL1Z79bHbLRkFTv74I+szx+xXJtL</latexit>

�x = ⇡/2

also see Michel’s talk
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Factorization and resummation of heavy quark

pair angular correlations

Dai, Jiang, DYS in progress



Match the quark current operator onto the SCET operator


Factorization formula


Since Q >> mQ , quark mass will not contribute to the hard function


Jet and soft function depend on two scales: qT and mQ 
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Factorization in region 1

<latexit sha1_base64="HGwQFAcebPTD8bJVDFw486mNRq0="></latexit>
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<latexit sha1_base64="kAJzDI8MJcftIlb8DdsOIu9tzJs="></latexit>

Q � mQ ⇠ qT

<latexit sha1_base64="8weokyRZ2vTfmIH4Mk73v7gYM54="></latexit>
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The Jet function can be expressed in terms of heavy quark TMD fragmentation 

function


Examples of fragmentation processes converting a parton a into a heavy quark


Define jet function

quark mass mQ provides an infrared cutof

Factorization in region 1
<latexit sha1_base64="kAJzDI8MJcftIlb8DdsOIu9tzJs="></latexit>

Q � mQ ⇠ qT

Dai, Kim, Leibovich ’23; Kuk, Michel, Sun ’24; also see Michel’s talk  

(del Castillo, Echevarria, Makris, Scimemi ’20 ’22)
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NLO Jet function


Auxiliary function (vanishes in the heavy quark limit mQ >> qT)


Anomalous dimension reads

<latexit sha1_base64="TrEjuvW185wORPuCA91nofcD/IE="></latexit>
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#

Factorization in region 1
<latexit sha1_base64="kAJzDI8MJcftIlb8DdsOIu9tzJs="></latexit>

Q � mQ ⇠ qT
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Factorization in region 1
Soft function


Different from the standard TMD soft function due to heavy-quark corrections. The 
difference arises starting at the two loop


Anomalous dimension reads


RG and RRG consistency relation

Pietrulewicz, Samitz, Spiering, Tackmann ‘17
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Resummation in region 1
We apply Collins-Soper-Sterman treatment to resum rapidity logs


Evolve the jet function from the pair of initial and final scales


We have the resummation formula


The scale choice

(TMD handbook ’23) 



11

Factorization in region 2
• In the limit mQ >> qT , jet function in region 1 contains

• The factorization formula in region 1 with active flavors                          should 

be matched onto a theory with       active flavors  


     E.g. matching relation of        from region 1 to 2 


• Heavy quark momenta


• Decouple the interaction between heavy quark and ultra-collinear modes; 

Match SCET onto bHQET Fleming, Hoang, Mantry & Stewart ‘07


<latexit sha1_base64="d8rEYfS/XcS54LgKjNQQb20QBWY=">AAACIHicbZDLSsNAFIYnXmu8RV2KMFgEVyURb8uiG5ct9AZNCZPppB06k4kzE6GErHwTd271JdyJS30GH8Jp2oW2/jDw859zOGe+MGFUadf9tJaWV1bX1ksb9ubW9s6us7ffUiKVmDSxYEJ2QqQIozFpaqoZ6SSSIB4y0g5Ht5N6+4FIRUXc0OOE9DgaxDSiGGkTBc5RHfqDAeRB5nOkhxixrJ7nRXYfNAKn7FbcQnDReDNTBjPVAufb7wucchJrzJBSXc9NdC9DUlPMSG77qSIJwiM0IF1jY8SJ6mXFN3J4YpI+jIQ0L9awSH9PZIgrNeah6ZzcquZrk/C/WjfV0XUvo3GSahLj6aIoZVALOGEC+1QSrNnYGIQlNbdCPEQSYW3I2bbfJxH0E5FqmCUGlOTQ+Dy3DR5vHsaiaZ1VvMvKRf28XL2ZgSqBQ3AMToEHrkAV3IEaaAIMHsEzeAGv1pP1Zr1bH9PWJWs2cwD+yPr6AURxonQ=</latexit>

Q � mQ � qT

<latexit sha1_base64="oOBH4QLObiGCNXe21ebvG+AUSPk="></latexit>

↵n
s logm(mQ/qT )

<latexit sha1_base64="4MIp67OYxDiWoGfqSXwSAFIYe68=">AAACCXicbZDLSgMxFIYz9VbHW9Wlm2ARXJUZ8bZwUXDjsoK9QGcYMplMG5pMQpIRyjBP4M6tvoQ7cetT+A4+hOlloa0/BD7+cw7n5I8lo9p43pdTWVldW9+obrpb2zu7e7X9g44WucKkjQUTqhcjTRjNSNtQw0hPKoJ4zEg3Ht1O6t1HojQV2YMZSxJyNMhoSjEy1uoFiMkhinRUq3sNbyq4DP4c6mCuVlT7DhKBc04ygxnSuu970oQFUoZiRko3yDWRCI/QgPQtZogTHRbTe0t4Yp0EpkLZlxk4dX9PFIhrPeax7eTIDPVibWL+V+vnJr0OC5rJ3JAMzxalOYNGwMnnYUIVwYaNLSCsqL0V4iFSCBsbkesGCUlhIEVuYCGjIlAcWi5L18bjL4axDJ2zhn/ZuLg/rzdv5kFVwRE4BqfAB1egCe5AC7QBBgw8gxfw6jw5b8678zFrrTjzmUPwR87nD1KPmhM=</latexit>↵s

<latexit sha1_base64="RzDiW+r1A0SRdoLtwshXwyH5ImI=">AAACDHicbZDLSsNAFIYn9VbjrerSzWARBKEk4m2hUHDjsoK9QBLCZDpph05mwsxEKCGv4M6tvoQ7ces7+A4+hNM2C239YeDjP+dwzvxRyqjSjvNlVZaWV1bXquv2xubW9k5td6+jRCYxaWPBhOxFSBFGOWlrqhnppZKgJGKkG41uJ/XuI5GKCv6gxykJEjTgNKYYaWN5PIzhDeQhO3HDWt1pOFPBRXBLqINSrbD27fcFzhLCNWZIKc91Uh3kSGqKGSlsP1MkRXiEBsQzyFFCVJBPTy7gkXH6MBbSPK7h1P09kaNEqXESmc4E6aGar03M/2pepuOrIKc8zTTheLYozhjUAk7+D/tUEqzZ2ADCkppbIR4iibA2Kdm23ycx9FORaZinYe7LBBouCtvE486HsQid04Z70Ti/P6s3r8ugquAAHIJj4IJL0AR3oAXaAAMBnsELeLWerDfr3fqYtVascmYf/JH1+QPj0ZpC</latexit>

nf = nl + 1
<latexit sha1_base64="h2JvcqNx88/Vkv27kCfBSzrUsGk=">AAACBHicbZC7TsMwFIadcivhVmBksaiQmKoEcRsYKrEwFkEvUhNFjuu0Vm3Hsh2kKsrKxgovwYZYeQ/egYfAbTNA4ZcsffrPOTrHfywZ1cbzPp3K0vLK6lp13d3Y3Nreqe3udXSaKUzaOGWp6sVIE0YFaRtqGOlJRRCPGenG4+tpvftAlKapuDcTSUKOhoImFCNjrTsRsahW9xreTPAv+CXUQalWVPsKBinOOBEGM6R13/ekCXOkDMWMFG6QaSIRHqMh6VsUiBMd5rNTC3hknQFMUmWfMHDm/pzIEdd6wmPbyZEZ6cXa1Pyv1s9MchnmVMjMEIHni5KMQZPC6b/hgCqCDZtYQFhReyvEI6QQNjYd1w0GJIGBTDMDcxnlgeLQclG4Nh5/MYy/0Dlp+OeNs9vTevOqDKoKDsAhOAY+uABNcANaoA0wGIIn8AxenEfn1Xlz3uetFaec2Qe/5Hx8A1uHl+Y=</latexit>nl
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Factorization in region 2 <latexit sha1_base64="d8rEYfS/XcS54LgKjNQQb20QBWY=">AAACIHicbZDLSsNAFIYnXmu8RV2KMFgEVyURb8uiG5ct9AZNCZPppB06k4kzE6GErHwTd271JdyJS30GH8Jp2oW2/jDw859zOGe+MGFUadf9tJaWV1bX1ksb9ubW9s6us7ffUiKVmDSxYEJ2QqQIozFpaqoZ6SSSIB4y0g5Ht5N6+4FIRUXc0OOE9DgaxDSiGGkTBc5RHfqDAeRB5nOkhxixrJ7nRXYfNAKn7FbcQnDReDNTBjPVAufb7wucchJrzJBSXc9NdC9DUlPMSG77qSIJwiM0IF1jY8SJ6mXFN3J4YpI+jIQ0L9awSH9PZIgrNeah6ZzcquZrk/C/WjfV0XUvo3GSahLj6aIoZVALOGEC+1QSrNnYGIQlNbdCPEQSYW3I2bbfJxH0E5FqmCUGlOTQ+Dy3DR5vHsaiaZ1VvMvKRf28XL2ZgSqBQ3AMToEHrkAV3IEaaAIMHsEzeAGv1pP1Zr1bH9PWJWs2cwD+yPr6AURxonQ=</latexit>

Q � mQ � qT

Factorization formula Matching coefficients form SCET to bHQET

Standard TMD soft function

Hoang, Pathak, 
Pietrulewicz &Stewart, ’15
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Definition of ultra-collinear function


One-loop expression


Anomalous dimensions (       flavor)


Factorization in region 2 <latexit sha1_base64="d8rEYfS/XcS54LgKjNQQb20QBWY=">AAACIHicbZDLSsNAFIYnXmu8RV2KMFgEVyURb8uiG5ct9AZNCZPppB06k4kzE6GErHwTd271JdyJS30GH8Jp2oW2/jDw859zOGe+MGFUadf9tJaWV1bX1ksb9ubW9s6us7ffUiKVmDSxYEJ2QqQIozFpaqoZ6SSSIB4y0g5Ht5N6+4FIRUXc0OOE9DgaxDSiGGkTBc5RHfqDAeRB5nOkhxixrJ7nRXYfNAKn7FbcQnDReDNTBjPVAufb7wucchJrzJBSXc9NdC9DUlPMSG77qSIJwiM0IF1jY8SJ6mXFN3J4YpI+jIQ0L9awSH9PZIgrNeah6ZzcquZrk/C/WjfV0XUvo3GSahLj6aIoZVALOGEC+1QSrNnYGIQlNbdCPEQSYW3I2bbfJxH0E5FqmCUGlOTQ+Dy3DR5vHsaiaZ1VvMvKRf28XL2ZgSqBQ3AMToEHrkAV3IEaaAIMHsEzeAGv1pP1Zr1bH9PWJWs2cwD+yPr6AURxonQ=</latexit>

Q � mQ � qT

<latexit sha1_base64="h2JvcqNx88/Vkv27kCfBSzrUsGk=">AAACBHicbZC7TsMwFIadcivhVmBksaiQmKoEcRsYKrEwFkEvUhNFjuu0Vm3Hsh2kKsrKxgovwYZYeQ/egYfAbTNA4ZcsffrPOTrHfywZ1cbzPp3K0vLK6lp13d3Y3Nreqe3udXSaKUzaOGWp6sVIE0YFaRtqGOlJRRCPGenG4+tpvftAlKapuDcTSUKOhoImFCNjrTsRsahW9xreTPAv+CXUQalWVPsKBinOOBEGM6R13/ekCXOkDMWMFG6QaSIRHqMh6VsUiBMd5rNTC3hknQFMUmWfMHDm/pzIEdd6wmPbyZEZ6cXa1Pyv1s9MchnmVMjMEIHni5KMQZPC6b/hgCqCDZtYQFhReyvEI6QQNjYd1w0GJIGBTDMDcxnlgeLQclG4Nh5/MYy/0Dlp+OeNs9vTevOqDKoKDsAhOAY+uABNcANaoA0wGIIn8AxenEfn1Xlz3uetFaec2Qe/5Hx8A1uHl+Y=</latexit>nl
Refactorization of jet function in region 1
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RG consistency relation

Factorization in region 2 <latexit sha1_base64="d8rEYfS/XcS54LgKjNQQb20QBWY=">AAACIHicbZDLSsNAFIYnXmu8RV2KMFgEVyURb8uiG5ct9AZNCZPppB06k4kzE6GErHwTd271JdyJS30GH8Jp2oW2/jDw859zOGe+MGFUadf9tJaWV1bX1ksb9ubW9s6us7ffUiKVmDSxYEJ2QqQIozFpaqoZ6SSSIB4y0g5Ht5N6+4FIRUXc0OOE9DgaxDSiGGkTBc5RHfqDAeRB5nOkhxixrJ7nRXYfNAKn7FbcQnDReDNTBjPVAufb7wucchJrzJBSXc9NdC9DUlPMSG77qSIJwiM0IF1jY8SJ6mXFN3J4YpI+jIQ0L9awSH9PZIgrNeah6ZzcquZrk/C/WjfV0XUvo3GSahLj6aIoZVALOGEC+1QSrNnYGIQlNbdCPEQSYW3I2bbfJxH0E5FqmCUGlOTQ+Dy3DR5vHsaiaZ1VvMvKRf28XL2ZgSqBQ3AMToEHrkAV3IEaaAIMHsEzeAGv1pP1Zr1bH9PWJWs2cwD+yPr6AURxonQ=</latexit>

Q � mQ � qT

Two-loop anomalous 
dimension of the ultra-
collinear function

NNLL resummation ingredients are known in region 2

Hoang, Pathak, Pietrulewicz & Stewart, ’15
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Evolve the jet and ultra-collinear function


We have the resummation formula


The scale choice

Resummation in region 2 <latexit sha1_base64="d8rEYfS/XcS54LgKjNQQb20QBWY=">AAACIHicbZDLSsNAFIYnXmu8RV2KMFgEVyURb8uiG5ct9AZNCZPppB06k4kzE6GErHwTd271JdyJS30GH8Jp2oW2/jDw859zOGe+MGFUadf9tJaWV1bX1ksb9ubW9s6us7ffUiKVmDSxYEJ2QqQIozFpaqoZ6SSSIB4y0g5Ht5N6+4FIRUXc0OOE9DgaxDSiGGkTBc5RHfqDAeRB5nOkhxixrJ7nRXYfNAKn7FbcQnDReDNTBjPVAufb7wucchJrzJBSXc9NdC9DUlPMSG77qSIJwiM0IF1jY8SJ6mXFN3J4YpI+jIQ0L9awSH9PZIgrNeah6ZzcquZrk/C/WjfV0XUvo3GSahLj6aIoZVALOGEC+1QSrNnYGIQlNbdCPEQSYW3I2bbfJxH0E5FqmCUGlOTQ+Dy3DR5vHsaiaZ1VvMvKRf28XL2ZgSqBQ3AMToEHrkAV3IEaaAIMHsEzeAGv1pP1Zr1bH9PWJWs2cwD+yPr6AURxonQ=</latexit>

Q � mQ � qT
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Factorization in region 3
• In region 3, TMD factorization of heavy quark pair production are well studied


• Factorization and resummation (Li, Li, DYS, Yang, Zhu ’12 ’13 & Catani, Grazzini, Torre ’14& Catani, 

Grazinni & Sargsyan ’18)

• Two-loop soft function Angeles-Martinez, M. Czakon, and S. Sapeta’18; Catani, Devoto, Grazzini,  

Mazzitelli ‘23

• Factorization formula


• We use their expressions to verify refactorization of soft function at two loop


• Two loop ultra-collinear function can be determined based on

<latexit sha1_base64="dbHwBdSyh/rqZ2j6t2i4WtipvJk="></latexit>

Q ⇠ mQ � qT
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Q ⇠ mQ � qT
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<latexit sha1_base64="dbHwBdSyh/rqZ2j6t2i4WtipvJk="></latexit>

Q ⇠ mQ � qT

H

Hoang, Pathak, Pietrulewicz & Stewart, ’15
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<latexit sha1_base64="dbHwBdSyh/rqZ2j6t2i4WtipvJk="></latexit>

Q ⇠ mQ � qT

H

Hoang, Pathak, Pietrulewicz & Stewart, ’15

S
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NNLL resummation in region 2

<latexit sha1_base64="NpQQqBdmvYz0PPHUjQWjqHPJn8g=">AAACFnicbZDJSgNBEIZ7XOO4RXP00hgEQQwz4nbwEPDiMYJZIJOEnk5N0qRnobtGCEPew5tXfQlv4tWr7+BD2FkOmvhDw8dfVVT17ydSaHScL2tpeWV1bT23YW9ube/s5vf2azpOFYcqj2WsGj7TIEUEVRQooZEoYKEvoe4Pbsf1+iMoLeLoAYcJtELWi0QgOENjdfIFaJ9A+9TDmKLnM0WRNjr5olNyJqKL4M6gSGaqdPLfXjfmaQgRcsm0brpOgq2MKRRcwsj2Ug0J4wPWg6bBiIWgW9nk+BE9Mk6XBrEyL0I6cX9PZCzUehj6pjNk2NfztbH5X62ZYnDdykSUpAgRny4KUknHXzVJ0K5QwFEODTCuhLmV8j5TjKPJy7a9LgTUS+IUaZZ0Mk+F1PBoZJt43PkwFqF2VnIvSxf358XyzSyoHDkgh+SYuOSKlMkdqZAq4WRInskLebWerDfr3fqYti5Zs5kC+SPr8weY9Z3M</latexit>

e+e� ! tt̄X

• We apply b*-prescription to avoid Landau pole


• Leading  non-perturbative effects are estimated 

based on the modification of CS kernel

Becher, Bell ’13; Vladimirov ‘20
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NNLL resummation in region 2

• We apply b*-prescription to avoid Landau pole


• Leading  non-perturbative effects are estimated 

based on the modification of CS kernel

Becher, Bell ’13; Vladimirov ‘20

<latexit sha1_base64="xdsBrbpJEvC8P/aaCroATIyZzqw=">AAACFnicbZDLSsNAFIYnXmu8Rbt0M1gEQSyJeFu4KLhxWcFeoGnLZHrSDp0kw8xEKCHv4c6tvoQ7cevWd/AhnF4W2vrDwMd/zuGc+QPBmdKu+2UtLa+srq0XNuzNre2dXWdvv66SVFKo0YQnshkQBZzFUNNMc2gKCSQKODSC4e243ngEqVgSP+iRgHZE+jELGSXaWF2nCJ0T6Jz6OsGBHxCJA9zsOiW37E6EF8GbQQnNVO06334voWkEsaacKNXyXKHbGZGaUQ657acKBKFD0oeWwZhEoNrZ5PgcHxmnh8NEmhdrPHF/T2QkUmoUBaYzInqg5mtj879aK9XhdTtjsUg1xHS6KEw5Nl8dJ4F7TALVfGSAUMnMrZgOiCRUm7xs2+9BiH2RpBpnopv5MsKG89w28XjzYSxC/azsXZYv7s9LlZtZUAV0gA7RMfLQFaqgO1RFNUTRCD2jF/RqPVlv1rv1MW1dsmYzRfRH1ucPXgmdqA==</latexit>

e+e� ! bb̄X
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Heavy quark pair azimuthal angular correlation in DIS
Dai, Jiang, DYS in progress
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QED resummation of lepton pair azimuthal correlation in UPCs
DYS, Zhang, Zhou, Zhou ‘23

• Ultra-peripheral heavy ion collisions without nuclear breakup

• Set a baseline for QGP study 

• Determine photon flux: standard candle 


• Photon Wigner distribution: (Klein, Mueller, Xiao, Yuan, ’20)


• BSM search: E.g. tau g-2 and tau EDM (ATLAS, ’23; CMS ’23; DYS, Yan, Yuan, Zhang ’24)

• We apply impact parameter dependent formalism and factorization in region 2 

to derive the resummation formula
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• Single log contribution is sizable


• Our findings demonstrate the accessibility of these single log resummation effects 
through the analysis of angular correlations in lepton pairs. 

QED resummation of lepton pair azimuthal correlation in UPCs
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Conclusion
• We investigate the factorization and resummation formula for heavy quark pair 

production in back to back limit


• We analyze factorization in three distinct scale hierarchies within SCET, bHQET, 
HQET


• Refactorization jet function in region 1 are verified at one loop


• In region 2 two-loop ultra-collinear function results are given by RG consistency 
and refactorization of the soft function in region 3


• We perform the NNLL resummation predictions of heavy quark pair angular 
correlation in region 2


• We also apply our formalism to study QED resummation of lepton pair azimuthal 
correlation in UPCs, and find sizable single log contribution 


• Our findings demonstrate the accessibility of these single log resummation effects 
through the analysis of angular correlations in lepton pairs. 
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Thank you


