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QCD Energy-momentum tensor (EMT)

Nucleon energy-momentum tensor (EMT)


• EMT form factors encode information about the mechanical properties of the nucleon. 


• GPDs allow us to access the EMT form factors via the Mellin moments.


• The D-term form factor has been extracted from the deeply virtual Compton scattering (DVCS) data.


Energy-momentum tensor in  transitions


• Recently, the first measurement of the hard exclusive  electroproduction beam-spin asymmetries off the proton has been made.


• Related theoretical works on hard exclusive scattering in the  transitions have been carried out.


•  dependence of the transition GPDs?


• Second Mellin moments of the GPDs?


• Mechanical interpretations of the transition GPDs?

N → Δ

π−Δ++

N → Δ
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Outline

1. Transition EMT form factors


• Parametrization of the matrix element of the QCD energy-momentum tensor (EMT) current


• 3D multipole structures of the EMT


• EMT form factors in the large  limit of QCD


2. Mechanical interpretation of the EMT form factors


3. Matching the 3D components of the EMT with the 2D light-front (LF) ones


4. Transition generalized parton distributions (GPDs)


• Transition GPDs in the large  limit of QCD


5. Summary
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⟨Δ |Tμν |N⟩

Spin-flavor sym
m
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Parametrization of the matrix element of the QCD EMT current

EMT form factors in N → N

EMT current conservation

Number of the independent EMT form factors


discrete symmetries (DS), current conservation (CC) 

•  : 3+1 form factors (DS, CC)


•  : 7+3 form factors (DS, CC)


• : 3+3 form factors (CC)


•  : 0+9 form factors

N → N

Δ → Δ

N → N*(1535)

N → Δ

conserved (blue) non-conserved (red)

J.-Y. Kim PLB (2022)

M. V. Polyakov, A. Tandogan, PRD (2022)

S. Cotogno, et al, PRD (2020)

I.Y. Kobzarev, et al (1962)/H. Pagels (1966)EMT form factors in Δ → Δ

<latexit sha1_base64="vzFDu0BnsVaJz5tWc7FOsibbNlE="></latexit> X

a=q,g

c̄N,a = 0,
X

a=q,g

F�,a
i (i = 3, 6) = 0

<latexit sha1_base64="T2cY9p1286D5zwOi0CBtmw+l5QE="></latexit>

hN(p0,�0)|T̂µ⌫
a (0)|N(p,�)i = u(p0,�0)


AN,a(t)

PµP ⌫

mN
+ JN,a(t)

i(Pµ�⌫⇢ + P ⌫�µ⇢)q⇢
2mN

+DN,a(t)
qµq⌫ � gµ⌫q2

4mN
+mNgµ⌫ c̄N,a(t)

�
u(p,�),

<latexit sha1_base64="N0Fym705qHxUHxPyje+MIpUhE4A="></latexit>

h�(p0,�0)|T̂µ⌫
a (0)|�(p,�)i = �u↵0

(p0,�0)


PµP ⌫

m�

⇣
g↵0↵F

�,a
1,0 (t)� q↵0q↵

2m2
F�,a
1,1 (t)

⌘

+
(qµq⌫ � gµ⌫q2)

4m�

✓
g↵0↵F

�,a
2,0 (t)� q↵0q↵

2m2
�

F�,a
2,1 (t)

◆

+m�g
µ⌫

✓
g↵0↵F

�,a
3,0 (t)� q↵0q↵

2m2
�

F�,a
3,1 (t)

◆

+
i

2

(Pµ�⌫⇢ + P ⌫�µ⇢)q⇢
m�

✓
g↵0↵F

�,a
4,0 (t)� q↵0q↵

2m2
�

F�,a
4,1 (t)

◆

� 1

m�
(qµg⌫↵0q↵ + q⌫gµ↵0q↵ + qµg⌫↵q↵0 + q⌫gµ↵q↵0

� 2gµ⌫q↵0q↵ � gµ↵0g⌫↵q
2 � g⌫↵0gµ↵q

2)F�,a
5,0 (t)

+m�(g
µ
↵0g⌫↵ + g⌫↵0gµ↵)F

�,a
6,0 (t)

�
u↵(p,�),

<latexit sha1_base64="KRrOuCzcOVgIA3KIkyNrplOnnfk=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0YvHCvYD2qVks9k2NJtsk2yhLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXpBwpo3rfjuFtfWNza3idmlnd2//oHx41NQyVYQ2iORStQOsKWeCNgwznLYTRXEccNoKhvczvzWmSjMpnswkoX6M+4JFjGBjJX+EuiSUBtXRLXJ75YpbdedAq8TLSQVy1Hvlr24oSRpTYQjHWnc8NzF+hpVhhNNpqZtqmmAyxH3asVTgmGo/mx89RWdWCVEklS1h0Fz9PZHhWOtJHNjOGJuBXvZm4n9eJzXRjZ8xkaSGCrJYFKUcGYlmCaCQKUoMn1iCiWL2VkQGWGFibE4lG4K3/PIqaV5Uvauq93hZqd3lcRThBE7hHDy4hho8QB0aQGAEz/AKb87YeXHenY9Fa8HJZ47hD5zPH6Q4kLY=</latexit>

q · P = 0

<latexit sha1_base64="saB3uXhjEBeMiRNxigt8VFGBzig=">AAACEXicbVBNT8JAEN3iF+JX1aOXjcSAUbElRr2QEL14xETABCrZbhfYsG2X3a0JafgLXvwrXjxojFdv3vw3LlATBV8yyct7M5mZ53JGpbKsLyM1N7+wuJRezqysrq1vmJtbNRlGApMqDlkobl0kCaMBqSqqGLnlgiDfZaTu9i5Hfv2eCEnD4EYNOHF81Alom2KktNQy8/0S5Lkjfgib/Qh5sFLK89wB3z8u/iiq1L+Li8OWmbUK1hhwltgJyYIElZb52fRCHPkkUJghKRu2xZUTI6EoZmSYaUaScIR7qEMamgbIJ9KJxx8N4Z5WPNgOha5AwbH6eyJGvpQD39WdPlJdOe2NxP+8RqTa505MAx4pEuDJonbEoArhKB7oUUGwYgNNEBZU3wpxFwmElQ4xo0Owp1+eJbViwT4t2Ncn2fJFEkca7IBdkAc2OANlcAUqoAoweABP4AW8Go/Gs/FmvE9aU0Yysw3+wPj4BmaqmkQ=</latexit>

q = p0 � p, P = (p0 + p)/2, t = q2



Number of the independent EMT form factors


discrete symmetries (DS), current conservation (CC) 

•  : 3+1 form factors (DS, CC)


•  : 7+3 form factors (DS, CC)


• : 3+3 form factors (CC)


•  : 0+9 form factors

N → N

Δ → Δ

N → N*(1535)

N → Δ

Parametrization of the matrix element of the QCD EMT current

EMT form factors in  transitionsN → Δ
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Constraints on the isoscalar EMT form factors
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3D Multipole structure of the EMT in B → B
Breit frame 

Multipole structure of the EMT for the nucleon and the  baryonΔ
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• N-rank irreducible tensors

• Multipole-spin operators

Building block of the multipole expansion
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• Multipole form factor - linear combinations of the Pauli-Dirac form factors

 : 3D multipole mass form factor


 : 3D multipole angular momentum form factor


 : 3D multipole stress tensor form factor

T00

T0k

Tij



3D Multipole structure of the EMT in N → Δ

Generalized Breit frame 

Multipole structure of the EMT in  transitionsN → Δ

J.Y.Kim, H.Y. Won, J. L. Goity, 
C.Weiss, in preparation

Quad.

Di.+ Quad.

Quad.

• Transition Multipole-spin tensors

Building block of the multipole expansion

 : 3D multipole mass form factor


 : 3D multipole angular momentum form factor


 : 3D multipole stress tensor form factor
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2
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Angular momentum (AM) form factor


• The AMs for both the nucleon and the  baryon are 
found to be the same.


•  transition AM is not allowed

Δ

N → Δ
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EMT form factors in the large  limit of QCDNc

Spin-flavor symmetry in the large  limit of QCD


•           (Generic EMT form factors)


• The coefficients  are determined by the matrix 
element of the spin-flavor operators.

Nc

a, b, c

<latexit sha1_base64="X08glLyU0Ol/beOwalHk1NIgkro=">AAACKHicbVBdSwJBFJ21L7Mvq8dehiSwF9kNqV4iqZCexCA/wDWZHUcdnP1g5m4giz+nl/5KLxFF+NovaXb1wbQDA+eecy9z73ECwRWY5sRIrayurW+kNzNb2zu7e9n9g7ryQ0lZjfrCl02HKCa4x2rAQbBmIBlxHcEazvA29hvPTCrue48wCljbJX2P9zgloKVO9rr8FFXGeTi9IlhT+44JIEntxHVlTqC43Ilsl8BAupHyxThWO9mcWTAT4GVizUgOzVDtZD/srk9Dl3lABVGqZZkBtCMigVPBxhk7VCwgdEj6rKWpR1ym2lFy6BifaKWLe77UzwOcqPMTEXGVGrmO7oz3VIteLP7ntULoXbYj7gUhMI9OP+qFAoOP49Rwl0tGQYw0IVRyvSumAyIJBZ1tRodgLZ68TOpnBeu8UHwo5ko3szjS6Agdozyy0AUqoXtURTVE0Qt6Q5/oy3g13o1vYzJtTRmzmUP0B8bPL76dpT8=</latexit>

FN (t) = aF�(t) = bFN�(t) = cFsol(t)

<latexit sha1_base64="hYE4EF6NripvLCJ2Uvyrrg2sW0k=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquFPVYFMRjBfsB7VKyabYNTbJLkhXK0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek9vM7zxRpVkkH800pr7AI8lCRrDJpLuqOR+UK27NnQOtEi8nFcjRHJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeG1nzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSvqh5l7X6Q73SuMnjKMIJnEIVPLiCBtxDE1pAYAzP8ApvjnBenHfnY9FacPKZY/gD5/MHOFmNtg==</latexit>

F (t)

• These large  relations between all the EMT form 
factors for the nucleon, the  baryon, and the  
transitions are obtained.


• However, the mechanical interpretation of the EMT form 
factors in the  transitions is not obvious.

Nc
Δ N → Δ

N → Δ

Isovector AM form factor


• The isovector AM for the nucleon is related to that for the 

 baryon or for the  transition.
Δ N → Δ

⟨N |Tμν |N⟩

⟨Δ |Tμν |Δ⟩

⟨Δ |Tμν |N⟩

Spin-flavor sym
m

etry

Chiral soliton approach


• One of the realization of the spin-flavor 
symmetry in the large  limit of QCD


• Classical nucleon - non-relativistic object


• 3D definition of the EMT is only applicable 
to the non-relativistic limit.

Nc

-scaling behavior of the EMT form factors
Nc
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Isoscalar S= (u+d), isovector V= (u-d)

• Access to the EMT form factors 
through the 3D components



Mechanical interpretation of the EMT form factors

2D LF AM in  expansion


• Linear combination of the 3D multipole form factor  
2D LF AM


• 3D AM is equivalent to the 2D LF AM in  expansion

1/Nc

→

1/Nc
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2D light-front (LF) AM


• Ambiguous relativistic corrections are kinematically suppressed.


• 2D LF AM is given in terms of the Pauli-Dirac EMT form factors.

Naive definition of the 3D AM


• The 3D definition of AM is ambiguous.


• Applicable to non-relativistic limit

What we haveWhat we want to have

• In fact, the only way to experimentally access 
the EMT form factor is to examine its ++ 
component.


• Can we extract the 2D LF AM from the ?T++

• They require explicit knowledge of the 
covariant form of the matrix element of the 
EMT current.
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Mechanical interpretation of the EMT form factors
Helicity form factors


  where


• Angular condition : 8 helicity FF  4 helicity FF


• LF momentum distribution (2D Fourier transform of the FFs)


• Monopole pattern in the LF momentum distribution survives. 
( )

→

σ′ = σ

Transversely polarized LF momentum distribution


• Multipole patterns in the LF momentum distribution are quantified 
by (gravitational) multipole moments


• In the large  limit of QCD, the multipole moments are given by 
3D multipole form factors:


• Hierarchy of the multipole moments in the  expansion


• The gravitational dipole moment dominates over the monopole 
and quadrupole moments in the large  limit.

Nc

1/Nc

Nc



Matching the 3D components with 2D LF ones

• Using the covariant form of the matrix element requires tedious computations when 
dealing with Dirac and Rarita-Schwinger spinors.


• Without knowing the explicit expressions of the matrix element, one can easily map 
the 3D components of the EMT to the 2D LF ones.


• This "matching" procedure is greatly simplified in the large  limit of QCD.Nc

Wigner rotation (Melosh rotation)


• In the large  limit of QCD (where the parametric regime  
 ), the Wigner rotations are suppressed.


• Light-cone helicity states = canonical spin state at rest frame

Nc
|p′ | , |p | ∼ O(N0

c )

Admixture of the 3D components under the Lorentz boost


• 2D LF components with respect to 3D components


• Kinematics

Without any knowledge of the covariant form

Λ : Lorentz boost
Dj(p, Λ) : Wigner rotation matrix

Matching
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Induced dipole moment ( )


• The 00 and 33 components related to the 3D mass and 3D stress 
tensor, respectively, are suppressed in the  expansion.


• The surviving multipole structure is a transversely polarized dipole 
( ).


• The other multipole structures are suppressed in the  
expansion.


• The induced gravitational dipole moment in  transition is 
equivalent to the 3D AM.

T++

1/Nc

S̃l
σ′ σ

1/Nc

N → Δ

2D LF AM (  )


• The 3k component related to the 3D stress tensor is suppressed in 
the  expansion.


• The surviving multipole structure is a longitudinally polarized dipole 
( ).


• The other multipole structures are suppressed in the  
expansion.


• 2D LF AM is equivalent to the 3D AM in the large  limit.

T+k

1/Nc

S̃3
σ′ σ

1/Nc

Nc

Matching the 3D components with 2D LF ones
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h�+(p0,�0)|(TV )+k|p(p,�)i = 1p
2
h�+(p0,�0)| (TV )0k| {z }

O(N2
c )

+(TV )3k| {z }
O(N1

c )

|p(p,�)i

Matching the 3D components with 2D LF ones   Using the covariant form of matrix elements↔

: leading in Nc

: subleading in Nc
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• First Mellin moments of the transition GPDs:


• Second Mellin moments of the transition GPDs:


• Kinematical constraints on the GPDs

Parametrization of the transition GPDs


• Leading-twist GPDs:


• We found an additional Lorentz structure that is independent of the 
other structures.


• GPDs in  transitions


• Kinematical factors:

N → Δ

Vector GPDs in  transitionsN → Δ

K. Goeke, et al (2002)/H.F. Johns, M. D. Scadron (1973)

at t = δ2
NΔ

at t = 4m̄2



• Nevertheless we are still able to obtain a relation between the 
second Mellin moments of the GPDs:


• Similar large  relations have been derived between quadrupole 
EM form factors:


Nc

Second Mellin moments of the GPDs in the large  limit of 
QCD


•  scalings of the GPDs can be deduced from those of the EMT 
form factors.


• To have reliable results in the large  limit of QCD, the subleading 
order in the 1/  expansion is necessary.

Nc

Nc

Nc
Nc

Transition GPDs in large  limit of QCDNc
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HM (x, ⇠, t) ⇠ N
3
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HX(x, ⇠, t) ⇠ N
1
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: leading in Nc

: subleading in Nc

} Incomplete



Summary

Model independent


• We have parametrized the  transition matrix element of the EMT current and perform the 3D multipole expansion.


• We provide the mechanical interpretations of the  transition EMT form factors.


Large  limit of QCD


• Using the spin-flavor symmetry in the large  limit of QCD, we relate the EMT form factors for the nucleon, the  baryon 
and the  transitions.


• In the large  limit of QCD, we find that the 3D AM is equivalent to both the 2D LF AM and the gravitational dipole moment.


• The AM is related to the second Mellin moment of the GPD.

N → Δ

N → Δ

Nc

Nc Δ
N → Δ

Nc
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Thank you very much!


