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at t ＝ 0: 

Phenomenological  [Lorce, EPJC78, 120 (’18)](0, 2 GeV) 0.11qC µ = ≈ −

Bag model  [Ji, Melnitchouk, Song, PRD56, 5511 (‘97)](0, 0.4 GeV) 0.25qC µ =

Instanton  [Polyakov, Son, JHEP09, 156 (‘18)](0, 0.63 GeV) 0.014~qC µ =

LCSR  [Azizi,Ozdem, EPJC80, 104 (‘20)](0, 1 GeV) 0.021 0.008qC µ − ±= =

(0, ) 0.15qC µ ∞ −→  Trace anomaly  [Hatta, Rajan, KT, JHEP12, 008 (’18)] 

LO QCD  [Liu, PRD104, 076010 (’21)](0, 2 GeV) 0.161 0.010qC µ = = − ±
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655 361 2857
2916 729 108

s
f A F

A F

A F A
f

n C C

C C

C C Cn F

α ζ
π

ζ ζ

   −  
  

 + + + − 
 

 +

 
 






− −  
  

3-loop

2-loop

1-loop

nucleon        -1           :              5
pion                 1           :              1

22 || || gqm T Tµ
π

µν
µ

ν
νν µη π π η π π= + 〈 〉〈 〉

KT, JHEP1901, 120
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Summary

( )h p ( )h p′

Gravitational form factors can be accessed in hard 
processes @ JLab, HERMES, COMPASS, EIC

1 2

1
( , , ) ( ) 4 ( )q

q qdxxH x t A t D tη η
−

= +∫

JLab, HERMES, COMPASS, EIC
1 2

1
( , , ) ( ) 4 ( )q

q qdxxE x t B t D tη η
−

= −∫

force & pressure
distribution

( )
( )

, , ,

2

, ,

( ) | | ( ) ( ) ( ) ( )
2

                         ( ) ( ) ( )

[

]

q g q g q g

q g q g

P iN p T N p u p A t P B t
M

D t C t M u p
M

µ ν α
µν µ ν α

µ ν µν
µν

σγ

η η

∆′ ′〈 〉 = +

∆ ∆ − ∆
+ +

spin
distribution

mass & pressure 
distribution

mass & energy 
distribution



Summary

( )h p ( )h p′

Gravitational form factors can be accessed @EIC

force & pressure
distribution

( )
( )

, , ,

2

, ,

( ) | | ( ) ( ) ( ) ( )
2

                         ( ) ( ) ( )

[

]

q g q g q g

q g q g

P iN p T N p u p A t P B t
M

D t C t M u p
M

µ ν α
µν µ ν α

µ ν µν
µν

σγ

η η

∆′ ′〈 〉 = +

∆ ∆ − ∆
+ +

spin
distribution

mass & pressure 
distribution

mass & energy 
distribution

,qC trace anomaly for q/g part of energy-momentum tensorgC

(0, ) (0, ) LO NLO NNLOq gC Cµ µ= − = + +
・ NNLO term is ～１％ level
・ quite different behaviors between nucleon and pion

[ ]
1

0 0 00
( ) ( , ) ( , )qA dxx q x q xµ µ µ= +∫
( ) | | ( )N p m N pψψ〈 〉

mass formula 2 |2 || |h gqh T hM h T hµν
µν

µν
µν ηη= + 〈 〉〈 〉

nucleon -1     :       5
pion 1     :       1

qC gC,qgq ggg



Phenomenological  [Lorce, EPJC78, 120 (’18)](0, 2 GeV) 0.11qC µ = ≈ −

Bag model  [Ji, Melnitchouk, Song, PRD56, 5511 (‘97)](0, 0.4 GeV) 0.25qC µ =

Instanton  [Polyakov, Son, JHEP09, 156 (‘18)](0, 0.63 GeV) 0.014~qC µ =

LCSR  [Azizi,Ozdem, EPJC80, 104 (‘20)](0, 1 GeV) 0.021 0.008qC µ − ±= =

(0, ) 0.15qC µ ∞ −→  Trace anomaly  [Hatta, Rajan, KT, JHEP12, 008 (’18)] 

(0, 1 GeV) 0.180 0.003

(0, 2 GeV) 0.163 0.003
q

q

C

C

µ

µ

= = − ±

= = − ±
NNLO QCD  [this work]

(0, 1 GeV) 0.04 0.02qCπ µ = = − ± NNLO QCD with NLO input  [this work]

nucleon 

pion

LO QCD  [Liu, PRD104, 076010 (’21)](0, 2 GeV) 0.161 0.010qC µ = = − ±
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Symmetric energy-momentum tensor

( ) ( )2 [ ]1   ghost   gauge fix
2 4

i F A F X
µν

µ ν µρ ν λµ ν
ρ λ

ηψγ ψ
 
= ∂ − ∂ + + + + ∂ 
 

2( )
( )

ST x
g xgµν µν

δ
δ

=
−

T Tµν νµ=
0T µν

µ∂ =

( ) ( )(   ) 21      ghost   gauge fix
2 4

T iD F F Fν
µ

ν µρ
ρ

ν
µ µ ν ηψγ ψ= + + + +





)  (  21    
2 4

                      q g

T iD F F F

T T

µν
µν µ ν µρ

µν µν

ν
ρψ ψ ηγ= + +

≡ +



T µν

M x T x Tν µ νµν λ λ µλ = −

D x Tµ µν
ν=

( )2   2C x x x Tρ ν ρν µµν
ρη= −

trasnlation

Lorentz tr.

scale tr. 

conformal tr. 

0T µν
µ∂ =

0M µνλ
µ∂ =

D Tµ µ
µ µ∂ =

2C x Tµν ν µ
µ µ∂ =



( ) 2  1    
2 4

T iD F F F
ν

ν
ρ

µ
µν µ ν µρ ηψγ ψ= + +



( ) ( )1( ) | | ( ) ( ) | 2 | ( )
4

µν µ µ µ νψ γ ψ µ ν′ ′〈 〉 = 〈 − ∂ + ∂ + 〉 + ↔
 

qN p T N p N p i i gA N p

1( ) sgn( ) ( )
2

A z dz z z F zµ µ∞− − − − + −

−∞
′ ′ ′= −∫ˆ( ) , ( )i x P xµ µψ ψ − ∂ =  

intermediated states: “partonic”

2 2
1 2  ( ) ( ) ( ) , ( ) ( ) ( )q q

q q q qA t D t x F t B t D t x F tη η+ 〈 〉 − 〈 〉 

( ) ( ) ( ) | | ( )

1       sgn( ) ( ) | ( ) (0) (0) | ( )

( )

2

q

a
a

P u p u p N p gA N p
M

d n N p gF n t N

D t

p

µ
µ

µα
α

η ψ ψ

λ λ λ γψ

γ

ψ

⊥
+

+

+
⊥

∞

−∞

′∆ ′− 〈 〉

′= 〈 〉∫



KT, PRD98, 034009 



KT, PRD98, 034009 

2 2
1 2  ( ) ( ) ( ) , ( ) ( ) ( )q q

q q q qA t D t x F t B t D t x F tη η+ 〈 〉 − 〈 〉 

2 3

1 1( ) ~ , ( ) ~q qA t D t
t t

t →∞

( ) ( ) ( ) | | ( )

1       sgn( ) ( ) | ( ) (0) (0) )

( )

| (
2

q

a
a

P u p u p pD t N p gA q N
M

d n N p gF n t N p

µ
µ

µα
α

η γ

γ

ψ ψ

λ λ λ ψ ψ

+
⊥

⊥

∞

−

+

+

∞

′∆ ′− 〈 〉

′= 〈 〉∫



Cf.  pQCD calculation
Tong, Ma, Yuan, PLB823, 136751 (’21)



( )4  ,    
4

µνµν = +=
g

g gq q T OT
O

O

( ) ( )
( )

4
  2

4,      ,      ,      µ µρ ν µν
ρ

ν µνψγ ψ η ηψψ= = ==


g gq qO Fi D O Fm FO O

 ) 2 (1     
2 4 gqT iD F F F TTν µνµ

µν
µ ν

ρ
µ ν µρ νηψγ ψ= + + ≡ +


( ) ( )

( ) ( )

( ) ( ) ( )

( ) ( )

4

4

4

4

4 4 4

4 4

ψ= + +

= + +

+

+

= +

=

R
q q q

q q

K Q B

L S T M

F C q

R
q q

g g

R
g g g

R
g g

O O

O O O

O

O O O

O O

Z Z Z Z

Z Z

O

Z

Z OO

O

Z

Z



( )4  ,    
4

µνµν = +=
g

g gq q T OT
O

O

( ) ( )
( )

4
  2

4,      ,      ,      µ µρ ν µν
ρ

ν µνψγ ψ η ηψψ= = ==


g gq qO Fi D O Fm FO O

 ) 2 (1     
2 4 gqT iD F F F TTν µνµ

µν
µ ν

ρ
µ ν µρ νηψγ ψ= + + ≡ +


subtracting traces:

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

2 2 4 2 4

2 42 2 4

K Q B

L S

R
q q q

q

g g

R
g g gTq M

O O

O

Z Z ZO O O

O OZ Z O

Z

OZ Z
ψ +

+

= + +

= + +

renorm. constants can be determined 
by DGLAP splitting fn. up to 3-loop 



( )4  ,    
4

µνµν = +=
g

g gq q T OT
O

O

( ) ( )
( )

4
  2

4,      ,      ,      µ µρ ν µν
ρ

ν µνψγ ψ η ηψψ= = ==


g gq qO Fi D O Fm FO O

 ) 2 (1     
2 4 gqT iD F F F TTν µνµ

µν
µ ν

ρ
µ ν µρ νηψγ ψ= + + ≡ +


( ) ( )

( ) ( )

( ) ( ) ( )

( ) ( )

4

4

4

4

4 4 4

4 4

ψ= + +

= + +

+

+

= +

=

R
q q q

q q

F C

Q

L T

g g

R
g g

K B

S M

q

R
q q

g

R
g g

O O

O O O
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are obtained by Feynman diagram 
calculation up to 2-loop 

,F CZ Z

Tarrach, NPB196, 45 (‘82)



are obtained by Feynman diagram 
calculation up to 2-loop 

,F CZ Z

Tarrach, NPB196, 45 (‘82)

,F CZ Z can be determined up to 4-loop 
by RG-invariance of total anomaly

( )2( ) 1 (
2

)m
gg T F mqq
g

gµν
µν

β γ= + +

KT, JHEP1901, 120
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4

4

4 4
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+
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4
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ρ
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



( ) ( )

( ) ( )

( ) ( ) ( )

( ) ( )

4

4

4

4 4

4

4

4 4

R
q q q

q q

Q

L T

g g

R
g g

F

g

R
g

K B

q

R

M

q

C

q

S

g

Z Z

Z Z

O O O

O O

O

O O

OZ Z

Z

O

O O O

OZO

Z

Z
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= + +

= +
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+

+

( )4  ,    
4

µνµν = +=
g

g gq q T OT
O

O

2 3
X

X
X Xa b cZ
ε ε ε

= + + +

4 2ε= −d, , ,=X K B S M
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g

g gq q T OT
O
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2 3
X

X
X Xa b cZ
ε ε ε

= + + +

4 2ε= −d, , ,=X K B S M

taking trace parts:
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