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• Motivation: heavy quarks as probes for hadronization


• Heavy quark TMD fragmentation dynamics in two regimes


• 


• 


• Polarized heavy quark TMD PDFs within nucleon


• Phenomenology at colliders


•  colliders


• EIC

ΛQCD ≲ kT ≪ m

ΛQCD ≪ m ≲ kT
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• Transverse momentum distributions (TMDs) are universal across 
processes


• Two scales  allows natural power countingqT, Q

TMD Factorization in one slide
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• Heavy quark ( ) mass provides perturbative scale  
and static color source in hadronization process


• TMD factorization is a rigorous framework to study fragmentation


• TMDs enter other observables, e.g. EEC for (heavy) quarks


• Together with TMD PDFs, can explore EIC pheno 

b, c

Motivation

4

 to hadronse+e− SIDIS
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• Heavy quarks will be used as hard probes of gluon TMDs  
 already-planned heavy-flavor program at the EIC 

 

• Also considered as probe for gluon nuclear PDF 

• Only needs the well-understood  
collinear ( ) distribution 

• Instead, we are interested in the  
heavy hadron transverse momentum 
away from endpoint,  

→

zH

1 − zH ∼ 1

What this talk is not about
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heavy quark pair production in  collisionseN
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Heavy Quark TMD 
Fragmentation
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• Heavy quark effective theory (HQET) Lagrangian: 

• Sterile quark decoupling: 
 
 
 

• TMD fragmentation function correlator:


• Unpolarized TMD FF:                      Collins FF:

Heavy Quark + TMD FF basics
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•  are perturbative scales


• Multi-scale problem: two hierarchies to consider

mc , mb

Two Regimes
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• In both regimes, TMD factorization still applies: hard scale mQ, kT ≪

 set by

 the soft radiation

kT

 set by 

perturbative emissions

kT

doesn’t affect  
shape
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• Strategy: match TMD FF correlator onto bHQET 
 
 
 
 

• Unpolarized and Collins can then be written as 
 
 
 
 
 
where the the two scalar functions are explicitly:

Regime 1:  
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ΛQCD ≲ kT ≪ m

���
0

H/Q
(zH , b?) =

1

2zNc

Z
db+

4⇡
e
ib+P

�
H
/(2zH) Tr

XZ

X

⌦
0
��W †(b) �

Q
(b)

��HX
↵⌦
HX

�� ̄�
0

Q
(0)W (0)

��0
↵

matching to HQET at tree level

Nonperturbative heavy quark TMD fragmentation factors 

bHQET matrix element 

parameterize Wilson line direction
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• Now decouple the sterile heavy quark:


• Unpolarized:


• Further define:

Regime 1:  
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ΛQCD ≲ kT ≪ m

spin-density matrix for light dof

e.g.

Clebsh-Gordan coefficients

sum over hadrons with same light flavor and spin 

e.g. D, D* Result of heavy quark spin symmetry
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• For Collins, can similarly compute:


• Similarly, arrive at sum rule: 

Regime 1:  
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ΛQCD ≲ kT ≪ m

e.g.

hadron transverse 
momentum

quark transverse 
spin

NOT suppressed by  
heavy quark mass!

sum over hadrons with same light flavor and spin 

e.g. D, D* Result of heavy quark spin symmetry
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• Unpolarized TMD FF: 
new perturbative matching coefficient 


• From HQ spin symmetry we still have:

Regime 2: 
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Regime 2: 
 
ΛQCD ≪ m ∼ kT

• Strategy for Collins: use the well-known  
light quark matching onto collinear FFs, 
then match onto bHQET


• From HQ spin symmetry we still have:

bHQET matrix element from matching

known result for light quark

Generalize to heavy quark



Polarized Heavy Quark 
TMD PDF
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• Focus on leading gluon contribution


• Collinear gluon PDF decomposition:


• TMD PDF decomposition:

Heavy TMD PDF in nucleon
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• Focus on leading gluon contribution


• Collinear gluon PDF decomposition:


• TMD PDF decomposition:


• Allowed matching by polarization :


• Unpolarized  and Boer-Mulders  onto unpolarized 


• Helicity  and worm-gear   onto helicity  

• Actually: all terms proportional to  vanish to all orders in !

f1 h⊥
1 fg

g1L L h⊥
1L gg

S⊥ αs

Heavy TMD PDF in nucleon
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TMD PDF matching coefficients
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TMD PDF matching coefficients
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Produce polarized heavy quarks
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Towards 
Phenomenology
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• Cross section can still be factorized  
since 


• Gaussian model for nonperturbativity + leading log evolution 
for heavy quark TMD FFs to predict cross section

Q ≫ qT, m

 colliders e+e−
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•  cross section Collins effect


• HQ spin symmetry predict 
 
can be tested in experiments!  
 

e+e−

 colliders e+e−

22

Rcos(2�0) /
H

?
1 ⌦H

?
1

D1 ⌦D1

∑H [MeV]

500

400

600

0 1 2 3 4 5 6

Pa,T [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

1
/
æ

d
æ

/
d
P

a
,T

e+e° ! DD̄X, BB̄X (92 GeV)

∑H? [MeV]

500

400

600

0 1 2 3 4 5 6

qT [GeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

R
co

s(
2
¡

0
)
[%

]

e+e° ! DD̄X, BB̄X (92 GeV)
∑H = 500 MeV

∏H? = ±(200 ± 50) MeV



Zhiquan Sun (MIT)QCD Masterclass 2023

• SIDIS cross section also factorizes:

Future EIC
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• Two nonzero spin asymmetries:


• EIC provides a clean probe of the heavy quark Collins FF 
 
 
 
 
 
 
 
 

Future EIC
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• Initiated the study of heavy quark TMD FFs  
and identified new bHQET nonperturbative matrix elements 
 
    Understand hadronization with rich hierarchies of scales 
 
    Experimentally testable results from HQ spin symmetry


• Studied perturbative matching of polarized heavy quark TMD 
PDFs onto twist-2 collinear gluon PDFs 
 
    Transversely polarized heavy quarks can be produced by 
    linearly polarized gluons 
 
    Get access to a single Collins function with its sign at the EIC

Conclusions 
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That’s all, thank you


