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QCD vacuum: Field Theory

c The basis of a quantum system � ground state (vacuum)
c QCD vacuum landscape:

c Degenerate vacuum
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UV Smeared QCD: Instanton Liquid
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c UV smeared lattice theory in continuum limit (UV modes integrated)
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TMD factorization

c Semi-inclusive hadronic scattering involving two hadrons
� DY, SIDIS, e

�
e
� annihilation, etc

c Nonperturbative functions

d� � ~FA�xA; b; �; yA � yn� ~FB�xB ; b; �; y�n � yB�S�b; �; yn � y�n�
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Soft Function

c defined by Wilson loop on the light cone
c Resummation of the soft gluon exchange
c Process dependent: �n;��n

c Unsmooth contour � cusp divergences � rapidity scale �
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Wilson Loop in Instanton Vacuum

W � exp � 1
NcV

=
I

E d
4
z Tr �WI ��; z� � 1��

Each pseudoparticle contribution:

WI � 1 � i E
C

dx�A��x� �
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dx�dx
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(Born approx)
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Soft function

Is the angle dependence factorizable in Euclidean space?

ln S�b; �; �� � ln
W �b; �; ��
W �b; �; 0�

?
� K�b; ��h���

Born approximation

ln S
�1��b; �; �� exact

� K
�1��b'��h���

with the cusp factor
h��� � � cot � � 1

Analytical continuation h���� rapidity

Liu, Zahed, Zhao, PRD 111, 074022 (2025)
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Euclidean Angular Dependence

Full instanton vacuum contribution � almost yes!

� New possible way to extract CS kernel from lattice

Liu, Zahed, Zhao, PRD 111, 074022 (2025)
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Asymptotic Large b Behavior

K
b��
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Nc
�ln�b'�� � 0:114�

� suggest log. pheno. fitting for large b CS kernel

Liu, Zahed, Zhao, PRD 111, 074022 (2025)
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CS Kernel

dK�b; ��
d ln�2 � ��cusp��s����

K�b; �� � wK
�pert��b; �b� � 2 D��b

d�
‹

�‹
�cusp ; b 8 bNP

K
�inst��b; �� ; b 9 bNP
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TMD functions
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TMD distributions

~F �x ; b; �; yh � yn� � �h¶ � �0�
�W
����0; 0Æ; z

�
; b� �z�; b�¶h�

»»»»»»»»»F:T:

c Process Dependent: SIDIS & DY

c helicity � 

�



5 and transversity i�
�Æ



5

c renormalization scale �, rapidity scale �
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Hadronic Matrix Elements

�X ‹¶OQCD¶X � �B ‹¶OQCD¶B�

c vacuum density expansion, 1'Nc expansion

OQCD�q; �q;A� � nI
IO��q; �q� � nA
AO��q; �q�

�
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IAO���q; �q� � 1

2nAA
AAO���q; �q� ��
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Meson Wave Functions

� � 0:3 fm and nI�A � 1 fm�4

Leading Light Front Fock state:

¶�� � =
s1;s2

E d�12����1; 2�b†�1�c†�2� ¶0�

¶�� � =
s1;s2

E d�12����1; 2�b†�1�c†�2� ¶0�

Liu, Shuryak, Zahed, PRD 109 (2024) 7, 074029
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CSS evolution

CSS evolution scheme: � � �2

c b 8 bNP
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Pion PDF

Liu, Shuryak, Zahed, PRD 107 (2023) 9, 094024

E615, PRD 39, 92 (1989)

JAM , PRL 105, 252003 (2010)
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Pion TMD in bÆ space

NA3, E537, and E615

Vladimirov, JHEP 10, 090 (2019)
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Pion TMD in kÆ space

MAP, PRD 107, 014014 (2023)
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