
Towards improved hadron femtography with hard exclusive reactions, edition IV, Jefferson Lab, 2025

Relativistic spatial distributions: 
energy-momentum tensor in polarized nucleons

Ho-Yeon Won 
Supervisor: Cédric Lorcé

1

Based on:
Won, and Lorcé, PRD 111 (2025)
Lorcé, Mukherjee, Singh, and Won, arXiv 2606.20468 (accepted in PLB)



Contents

1. Introduction 

2. Relativistic spatial distribution  

3. Energy-momentum tensor  

4. Angular momentum 

5. Conclusion

2



Introduction
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Atom models

In 1909, E. Rutherford’s model
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In 1921, N. Bohr’s model In 1932, E. Schrödinger model

Electron cloud



A core of atoms: the nucleon

Internal structure of the nucleon

Images: CERN

Electron-Ion Collider (EIC) project

Distributions in both momentum and position spaces

EIC

Origins of mass and spin

Abdul Khalek et al., NPA 1026 (2022)
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Relativistic spatial distribution 
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γ

N N
p = P −

Δ
2

p′￼= P +
Δ
2

Form factor
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t = →!2 = →Q2

Form factor

Electromagnetic form factors

Image: Lorcé’s talk
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Lorentz invariant quantities Alexandrou, et. al., PRD 100 (2019)Internal structure, e . g . , μN ≠ 1

<latexit sha1_base64="htOTSUPscZfVf4WKpreuuyBi5Ho="></latexit>

ω =
Q2

4M2

In elastic scatterings

Spatial distribution depending on Lorentz frame

<latexit sha1_base64="w3dou6W+pLkNzAyMPTVv+1zduwM="></latexit>

→p→, s→|ĵµ (0)|p, s↑ = ū (p→, s→)

[
ωµF1

(
Q2

)
+

iεµω!ω

2M
F2

(
Q2

)]
u (p, s)

Dirac form factor Pauli form factor

<latexit sha1_base64="3dmPnUsx2FRZw0qD6L3vM8AHs40="></latexit>

GE = F1 + ωF2,

GM = F1 + F2,

Electric   : 
Magnetic:



Rest frame distribution

I. Comparable charge radius

v.s.
PDG, PTEP 2022 (2022)

Regime:

Non-relativistic charge distribution

<latexit sha1_base64="THYng5Ui99hteazN8isfb5XgthM="></latexit>

R � � Reduced Compton wavelength

Particle size

Sachs, PR 126 (1962)
Jaffe, RRD 103 (2021)

<latexit sha1_base64="T9fZEX7lX5NydFPDIJaaIXBp/gg="></latexit>q
hr2iQexp = 0.84 fm

II. Recoil correction

<latexit sha1_base64="kSFTsl0/zy+0dNfhTZRZc8AWick="></latexit>

ω|Sachs (r) :=
∫

d3!

(2ε)3
e→i!·rGE(t)

<latexit sha1_base64="QGA/qmcz0xWSgRC8peEGhEU9ao4="></latexit>

P 0
BF → M, Q ↑ 2M

<latexit sha1_base64="L/UU1D5moe9hsW5ZVi7c2MPviq8="></latexit>

P 0
BF = M

→
1 + ω ,

Relativistic spatial distribution in Breit frame

Friar, Negele, ANP 8 (1975)  
Lorcé, PRL 125 (2020)However,

Motivation of relativistic spatial distribution

Recoil correction effect

Lorcé, PRL 125 (2020)

8

<latexit sha1_base64="BTALLdFpk7GTnJ9Ql4kVbgSYjE8="></latexit>

M

P 0
BF

⇡ 1

Non-relativistic limit

<latexit sha1_base64="sF6gCwFR0qhvTjtjEa07AgVOdZ8="></latexit>

⇢BF (r) :=

Z
d3�

(2⇡)3
e�i�·r hp0|ĵ0 (0)|pi |BF

2P 0
BF

,

=

Z
d3�

(2⇡)3
e�i�·r M

P 0
BF

GE(t)
<latexit sha1_base64="gqcXNHiArqKe2jBH8GUiqkYhjgQ="></latexit>

⇢BF ! ⇢|Sachs

<latexit sha1_base64="akKcSFualkZiZymz768MuMHFFcU="></latexit>

ω =
⊋
Mc

→ 0.2 fm not
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No recoil correction!

Lorcé, Wang, PRD 105 (2022)  
Chen, Lorcé, PRD 106 (2022)

: impact parameter vector

  Galilean symmetry in the transverse plane∵

Miller, PRL 99 (2007)
<latexit sha1_base64="NP4mL8katHyJ9RhT4OXGL1tuvmo="></latexit>

ωchIMF

Infinite momentum frame distribution

Infinite momentum frame distribution

Consistency with the light-front distribution

<latexit sha1_base64="zn7Pc/lFzbFv0WdTBQOOTeL2z1M="></latexit>

ωchIMF (b→) :=

∫
d2!→

(2ε)2
e↑i!→·b→

→p↓|ĵ0 (0)|p↑
2P 0

∣∣∣∣∣
IMF

,

=

∫
d2!→

(2ε)2
e↑i!→·b→

[
F1(t) +

(ω ↓ i!→)z
2M

F2(t)

]

<latexit sha1_base64="NP4mL8katHyJ9RhT4OXGL1tuvmo="></latexit>

ωchIMF

How to interpolate two different distributions?



Quantum phase-space formalism

Hadronic matrix element

I. Wigner distribution (hadronic wave packet)

<latexit sha1_base64="9QoS5HQ4/aQXWKSgqyINeyziOpM="></latexit>

 (r) = hr| i
<latexit sha1_base64="HVaJniy2jV9CKELUHpsGVkeRJDU="></latexit>

e (p) =
1p
2p0

hp| i

Wavepacket

Transverse Lorentz frame with Δz = 0

II. Phase-space amplitude (internal distribution)

Image: Lorcé’s presentation
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Quasi-probablistic interpretation
<latexit sha1_base64="EY3m13n0VcCBMnFSHEMpoKwlCRk="></latexit>Z

d3R ⇢ (R,P ) =
��� e (P )

���
2

<latexit sha1_base64="2j68JpDjMiqvVVt90MoAs6ioatY="></latexit>Z
d3P

(2⇡)3
⇢ (R,P ) = | (R)|2

<latexit sha1_base64="UjMPqquejN5gU41FG4uye4/lRp0="></latexit>

⇢ (R,P ) =

Z
d3q

(2⇡)3
e�iq·R e †

⇣
P +

q

2

⌘
e 
⇣
P � q

2

⌘

=

Z
d3Y eiP ·Y  †

✓
R+

Y

2

◆
 

✓
R� Y

2

◆

Projection onto the 2D space

<latexit sha1_base64="nhbHX6NQXzwaBHfOP00txYo9zmc="></latexit>

→!|Ô (r)|!↑ =
∫

d
3
P

(2ω)3

∫
d
3
R ε! (R,P )

〈
Ô (r)

〉

R,P

<latexit sha1_base64="IUhzgIxTlO6+lXs9f/ptkwTsGkg="></latexit>〈
Ô (r)

〉

R,P
=

∫
d
3!

(2ω)3
e
i!·R 1

√
2p0i

√
2p0f

〈
P +

!

2

∣∣∣∣Ô (r)

∣∣∣∣P → !

2

〉

In quantum phase-space formalism

<latexit sha1_base64="Z2RlbblqoFpmQ/9mMWL6dUt3gV4="></latexit>

∫
drz

〈
Ô (r)

〉

R,P
=

∫
d
2!

(2ω)2
e
i!→·R→

1
√
2p0i

√
2p0f

〈
P +

!

2

∣∣∣∣Ô (r→)

∣∣∣∣P → !

2

〉∣∣∣∣∣∣
!z=0

Lorcé, Moutarde, and Trawiński, EPJC 79 (2019)
Lorcé, EPJC 78 (2018)
Lorcé, PRL 125 (2020)

Wigner, PR40 (1932)
Hillery, O'Connell, Scully, and Wigner, PR106 (1984)
Bialynicki-Birula, Gornicki, and Rafelski, PRD 44 (1991)



Lorcé, Mantovani, Pasquini, PLB 776 (2018)

Elastic frame

I. A generic frame in the 2D space
Connection between the rest (Breit) frame and the moving frame.

Breit frame (BF) Infinite momentum frame (IMF)

cf. light-front frame

<latexit sha1_base64="0cz8ZEUxdzhTkFiqMStFzH2JCCU="></latexit>

P =
p0 + p

2
= (P 0,0?, Pz)

<latexit sha1_base64="+HvI1b8Syto87y06OePkFkr1rlI="></latexit>

� = p0 � p = (0,�?, 0)

<latexit sha1_base64="bNDBYcV3OHkUgED8bliHus+/qr4="></latexit>

P = (P 0,0?, 0),

� = (0,�?, 0)

<latexit sha1_base64="CD93W4wdPUONKa1Omrkjbo1HCWg="></latexit>

P ⇡ (Pz,0?, Pz),

� = (0,�?, 0)
<latexit sha1_base64="3a48mxSmRvDn/Gaczd8lFviEs3M="></latexit>

P+ ⇠ Pz, P� ⇡ 0

<latexit sha1_base64="0mnxKrK7iePX65wKnmk6m9ALdfM="></latexit>
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Pz = 0

Durand, DeCelles, and Marr, PR 126 (1962) 
Polyzou, Glökle, and Witala, FBS 54 (2013)
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II. Relativistic spin dynamics
Non-trivial structureFor spin-  particlej

Wigner rotation

Lorentz transformation of BF amplitudes 

<latexit sha1_base64="g6/YYz2wKxr3hF9OLaPpaU2qbCY="></latexit>

→p→, s→|Ôµ1···µn |p, s↑ =
∑

s→BF,sBF

D
(j)
sBFs (pBF,!)D

↑(j→)
s→BFs

→ (p
→
BF,!)

↓ !µ1
ω1

· · ·!µn
ωn

→p→BF, s
→
BF|Ôω1···ωn |pBF, sBF↑

<latexit sha1_base64="vRVxO5tZ2HoOEovnA0ghrh0CZDE="></latexit>

|p,�i =
X

s

Ms� |p, si

<latexit sha1_base64="sF128CmjhTE1720nrnHARvUqW0Y="></latexit>

lim
pz!1

D (p,⇤) = M

* Wigner rotation and Melosh rotation

Chen, and Lorcé, PRD 106 (2022)

<latexit sha1_base64="LNbtEWoLA3LIlwu5YZI6IXUntqY="></latexit>

↭ [Ki,Kj ] = →iωijkJk

Melosh rotation



Charge distribution in the elastic frame
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Lorcé, PRL 125 (2020)

Electric charge distribution in the elastic frame

What about the EMT?BF

IMF (  LF)≈

IMF (  LF)≈

BF



Energy-momentum tensor
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<latexit sha1_base64="MtRrNTbKLlGZThs8Yix6PxlqlNU=">AAACT3icbVDLTgIxFO3gC/AFuHQzkZC4kcwYgy6JblxiIo8ECOmUC9PQzkzaOyqZ8Ctu9Xdc+iXujB2chYAnaXp6zm3uvceLBNfoOJ9Wbmt7Z3cvXyjuHxweHZfKlY4OY8WgzUIRqp5HNQgeQBs5CuhFCqj0BHS92V3qd59AaR4GjziPYCjpNOATzigaaVSqDDyZDJDGi5G5fEC6GJWqTt1Zwt4kbkaqJENrVLZqg3HIYgkBMkG17rtOhMOEKuRMwKI4iDVElM3oFPqGBlSCHibL4Rd2zShjexIqcwK0l+rfHwmVWs+lZyolRV+ve6n4n9ePcXIzTHgQxQgB+200iYWNoZ0mYY+5AoZibghliptZbeZTRRmavFa6RP5cc6ZXFkk8ufrWZnMfxmsil5EAdfHM2SwN1l2PcZN0Lutuo954uKo2b7OI8+SUnJFz4pJr0iT3pEXahJEX8kreyLv1YX1Z37msNGdl5ISsIFf4AX+DtVY=</latexit>ωω
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Stress tensor Tlk

momentum flux

normal vector  nl

Mechanical forcesprojection
Fk

(r,θ,ϕ) = Tlknl
(r,θ,ϕ)

Energy-momentum tensor

Conserved current under space-time translations
Energy-momentum tensor (EMT)

Lorcé, and Song, PLB 864 (2025)
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c.f. intrinsic spin

Spin sum rule & individual contribution

Orbital angular momentum

Lorcé, Mantovani, and Pasquini, PLB 776 (2018)
Lorcé, Mukherjee, Singh, and Won, arXiv 2606.20468

Energy Momentum

Energy flux Stress tensor

<latexit sha1_base64="ofL1b9ImGcEoVNY5DNDHphqYHfs="></latexit>

Tµω =





T 00 T 01 T 02 T 03

T 10 T 11 T 12 T 13

T 20 T 21 T 22 T 23

T 30 T 31 T 32 T 33





projection

Generalized torque

<latexit sha1_base64="6rmL+MjSZFwbcZch/AmnhzVuLCE="></latexit>

J i = Li + Si
Mechanical torque

<latexit sha1_base64="5/duk1NSKyPrVBdSATJJcAX69oU="></latexit>

Cilnl
(ω,ε) = ωijkrjF k

(ω,ε)

= ε i(ω,ε)

<latexit sha1_base64="FvH8rwn9EptsLHfmAfZSD7NESkc="></latexit>

ωµT
µω = 0

Conservation law

<latexit sha1_base64="hBEqL7l40rYPLoGy85A0Is8nZx4="></latexit>

Cil = ωijkrjT lk
Angular momentum

Mechanical force and torque

Kim, Kim, Polyakov, and Son, PRD 103 (2021)

<latexit sha1_base64="pJxkMR7XDyVKKdVStDLokcplp34="></latexit>

Li =

∫
d3r ωijkrjT 0k(r)

<latexit sha1_base64="gQTZJtU4Hh8YrJpPVCG9LROgMIw="></latexit>

Si =
1

2

∫
d3r ω̄(r)εiε5ω(r)

Asymmetric!



Relativistic spatial distributions of the EMT
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μ = 2 GeV

C. Lorcé, Moutarde, and Trawiński, EPJC 79 (2019)

Multi-pole ansatz
<latexit sha1_base64="1elq4ExQYEyUF8t4Zy3gif4IOyA="></latexit>

Fa(t) =
Fa(0)�

1� t/⇤2
Fa

�nF

<latexit sha1_base64="LR3hR3go+Sq/DCvqydT38642xcc="></latexit>

→p→, s→|T̂µω
a (0)|p, s↑

<latexit sha1_base64="YIFFqkxzrz56PEz+FB67gYXM9cI="></latexit>

= ū (p→, s→)

[
PµP ω

M
Aa

(
Q2

)
+

!µ!ω → gµω!2

4M
Da

(
Q2

)
+MgµωC̄a

(
Q2

)

+
iP {µωω}ε!ε

2M
Ja

(
Q2

)
→ iP [µωω]ε!ε

2M
Sa

(
Q2

)]
u (p, s)

V.D. Burkert et al., RMP 95 (2023)
Won, and Lorcé, PRD 111 (2025)

<latexit sha1_base64="kokvL1l9rTt5U+W0zFEYao8ZbME=">AAACQnicbVDLSsNAFJ34rPXV6tJNsBRcaElEqiBC0YUuK9gHtKVMJjftkJkkzkyUEPoRbvV3/Al/wZ24deG0zcK2Hhg4c+693HuOEzEqlWV9GEvLK6tr67mN/ObW9s5uobjXlGEsCDRIyELRdrAERgNoKKoYtCMBmDsMWo5/M663nkBIGgYPKomgx/EgoB4lWGmpha8ej7uXt/1CyapYE5iLxM5ICWWo94tGueuGJOYQKMKwlB3bilQvxUJRwmCU78YSIkx8PICOpgHmIHvp5N6RWdaKa3qh0C9Q5kT9O5FiLmXCHd3JsRrK+dpY/K/WiZV30UtpEMUKAjJd5MXMVKE5Nm+6VABRLNEEE0H1rSYZYoGJ0hHNbImGiaREzhhJHT77l9r5ENw5kfKIgTh5psQf6WDt+RgXSfO0Ylcr1fuzUu06iziHDtAhOkI2Okc1dIfqqIEI8tELekVvxrvxaXwZ39PWJSOb2UczMH5+ATQ9sTw=</latexit>

a = q, G

Relativistic spatial distributions

<latexit sha1_base64="TF6rT6uqVuA+KQkcmFLAP96MYYw="></latexit>

u = ωP (1,0→,εP )Four-velocity of the system

<latexit sha1_base64="++GM4X6cRlhXVszkdmO3TJQPSHY="></latexit>∫
d2b→ Tµω

a (b→, Pz; s
↑, s) = M

uµuω

u0
ωs→s,

<latexit sha1_base64="Qi4XgIgWKdDA0PktkWtV0Br+ktk="></latexit>

Tµω
a (b→, Pz; s

↑, s) =

∫
d2!

(2ω)2
e↓i!→·b→

→p↑, s↑|T̂µω
a (0)|p, s↑
2P 0

∣∣∣∣∣
EF

<latexit sha1_base64="NDJ0XIJ0iiPryVmigqLDOOa04Zc="></latexit>

ωP =

√
P 2
z +M2

M
, εP =

Pz√
P 2
z +M2

,

Matrix elements of the EMT
Kinetic EMT operator; gauge-invariant and asymmetric 



EMT distributions in transversely polarized nucleon
Pz → ∞

Energy, T00/γP

 in our multi-pole ansatz∵ B(t) = 0
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+x

Won, and Lorcé, PRD 111 (2025)

Transverse radial force, γPTij ̂ni
r = σr ̂nj

r
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+x

consistency with LF work  
(but polarized in the +y direction)

Freese, and Miller, PRD 104 (2021)
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=

∫
d2!→

(2ω)2
e↑i!→·b→

[
Aa(t)εs↑s +

(ωs↑s → i!→)z
2M

Ba(t)

]

No distortion in the IMF

N
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Won, and Lorcé, in preparation 

Dipole shift

Dipole shift

Preliminary Preliminary Preliminary Preliminary



Angular momentum
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Spin sum rules

with  γ = P2
z + M2 /M

Frame-independent Leader, PRD 85 (2012)

Ji, and Yuan, PLB 810 (2020) Frame-dependent

Why two sum rules?

Longitudinal spin sum rule Transverse spin sum rule

vs

Frame-independent

Clearly, only one
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→Sz↑ = ωz

2
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〈
Si
→
〉
=

ωi
→
2
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〈
Si
→
〉
= ω

εi
→
2
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For spin-1/2 target,



Angular momentum operator

19

An AM operator is defined as a generator of rotations about the pivot

The origin of the coordinate system is “conventionally’’ choosen to coincide 
with the pivot.

Pivot; the center of the rotation 

Hydrogen atom:
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Position operator ; from the origin to the pivotR

20

Internal AM operator to composite systems in QFT
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S = J →R↑ PDefinition:
Internal AM External AM
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[Si, Sj ] = iωijkSk, [Ri, Sj ] = 0, [P i, Sj ] = 0
su(2) spin algebra

Canonical relation

Lorcé, EPJC 81 (2021)

total AM

Composite system:

Angular momentum operator for composite systems

The center of mass is typically used as the pivot, but the choice of the pivot is arbitrary

x

y

z

R
r

r →R

P = Pzez

Pivot for the internal AM
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[Ri, P j ] = iωij , [Ri, Rj ] = 0,



Pryce, PRSLA 195 (1948)
Newton, and Wigner, RMP 21 (1949)
Fleming, PR 137 (1965)
Murkardt, PRD 72 (2005)
Lorcé, EPJC 81 (2021)

<latexit sha1_base64="31KZa9mXXUu2QVT5usq5zQxPyww="></latexit>

Rc |r→ = r |r→

21

Measured relative to different relativistic centers

Relativistic 
center Position operator

Canonical 
relation 

Vector under 
rotation 

Compatibility of 
components 

Four-vector 
transformation 

su(2) spin 
algebra Transverse  

spin sum rule

Energy

Mass

Spin
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r0 = 0
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Rµ
M = !µ

ωR
ω
E |rest
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Ri
c =

P 0Ri
E +MRi

M

P 0 +M
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[Ri, P j ] = iωij
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[Ri, Rj ] = 0
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R→µ = !µ
ωR

ω
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[Si, Sj ] = iωijkSk
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[Ri, Jj ] = iωijkRk
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〈
Si
E,→

〉
= ω↑1ε

i
→
2
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〈
Si
M,→

〉
= ω

εi
→
2
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〈
Si
c,→

〉
=

ωi
→
2

New

Today’s topic
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Ri
E =

1

P 0

∫
d3r riT 00 = →Ki

P 0

Leader, PRD 85 (2012) Ji, and Yuan, PLB 810 (2020)
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〈
Si
→
〉
=

ωi
→
2
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〈
Si
→
〉
= ω

εi
→
2

Relativistic centers of composite systems in QFT

&

Pauli-Lubanski pseudo-vector: 

Qualifications of the position operator Qualification of the internal AM operator

Qualification of the localized state<latexit sha1_base64="us1DPgVWhI2UIfqbmTgvU8CQz6Y="></latexit>

Si
E = W i/P 0



Relativistic spatial distributions of OAM and intrinsic spin
Relativistic spatial distributions about the relativsitic center of spin
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Longitudinal component in longitudinally polarized nucleon

 spin sum rule
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2
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Li (b→; s
↑, s) = ωijk

∫
d2!→
(2ε)2

e↓i!·b→

[
→i

ϑ

ϑ!j

↑p↑, s↑|T̂ 0k(0)|p, s↓
2P 0

]

!z=0

,

Si (b→; s
↑, s) =

1

2
ωijk

∫
d2!→

(2ε)2
e↓i!·b→

↑p↑, s↑|Ŝ0jk(0)|p, s↓
2P 0

∣∣∣∣∣
!z=0

,

Frame-independent
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Si
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d2b→ Li +

∫
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Longitudinal spin sum rule 
about the relativistic center of spin

22
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↭ [Jz,Kz] = 0

Internal distribution condition

N N
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Transverse components in transversely polarized nucleon

Transverse spin sum rule 
about the relativistic center of spin
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〈
J i
→
〉
=

ωi
→
2

Lorcé, Mukherjee, Singh, and Won, arXiv 2606.20468
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Frame-dependent

Relativistic spatial distributions of OAM and intrinsic spin
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↭ [J i
→,K

j ] = iωijkKk



Conclusion
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Conclusion
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T̂µω
5 = ω̄εµε5

i

2

→↑
D ωω ↓ 2iTr F̃µεF ω

ε +
i

2
gµωTr F̃εϑFεϑ.

Parity-odd EMT operator in QCD
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hoyeon.won@polytechnique.edu

Won, and Lorcé, PRD 111 (2025)
Lorcé, Mukherjee, Singh, and Won, arXiv 2606.20468 (accepted in PLB)

• We review the energy-momentum tensor and related physical observables.


• Quantum phase-space formalism developed the relativistic spatial distribution in the 
elastic frame, which is a generic frame to interpolate both rest and infinite momentum 
frames, as well as to include the relativistic spin effect emerged as Wigner rotation.


• We show the relativistic spatial distributions of the EMT, and longitudinal and 
transverse angular momentum for polarized nucleons in the transverse plane.


• This work can be extended to study the parity-odd EMT, including longitudinal spin-orbit 
correlation and unknown quantities.



Thank you for listening
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Back up
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ga (b?, Pz; s
0, s) =

Z
d2�?

(2⇡)2
e�i�?·b?


�s0segUa

�
Q2, Pz

�
+

(�s0s ⇥ i�?)z
2M

egTa
�
Q2, Pz

��
,

The spatial distributions of the EMT

In the EF, the longitudinal EMT distributions, i.e.,

Monopole; spin-independent Dipole; spin-dependent

For example, the amplitudes in the energy distribution

Wigner rotation effects  mixing of currents under a longitudinal Lorentz boost×

Normalized by , so that γP ∫ d2b⊥ ρ = M
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T̂ 00 → ω2T̂ 00 + ω2εT̂ 03 + ω2εT̂ 30 + ω2ε2T̂ 33

Rank: spin=position in multipole order
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ω̃Ua
(
Q2, Pz

)
= M

ε

εP

[
P 0 +M (1 + ϑ)

(P 0 +M)
→
1 + ϑ

{
Ea

(
Q2

)
+ ϖ2Fa

(
Q2

)}
+

→
ϑPz

(P 0 +M)
→
1 + ϑ

2
→
ϑϖJa

(
Q2

)]
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ω̃Ta
(
Q2, Pz

)
= M

ε

εP

[ →
ϑPz

(P 0 +M)
→
1 + ϑ

1→
ϑ

{
↑Ea

(
Q2

)
↑ ϖ2Fa

(
Q2

)}
+

P 0 +M (1 + ϑ)

(P 0 +M)
→
1 + ϑ

1→
ϑ
2
→
ϑϖJa

(
Q2
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,
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E = A+ C + ⌧ (A� 2J +D) ,

J =
A+B

2
,

F = �⌧D � C,
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T 00, T 03, T 30, and T 33
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g = ω,Pi, Ii,!zz,ε
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!a (b→, Pz; s
↑, s) =

1

M2b2

∫
d2”→

(2ω)2
e↓i!→·b→

[
!̃U

a

(
Q2, Pz

)
εs↑s +

(ωs↑s → i!→)z
2M

!̃T
a

(
Q2, Pz

)]
The transverse shear force



Position operator in QFT
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Lorcé, EPJC 81 (2023)

[Ji, Kj] = iϵijkKk

Chen, Lorcé, PRD 107 (2023)



Parity-odd EMT operator

Matrix elements of P-odd EMT operator

Parity-odd EMT operator
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T̂µω
5 = ω̄εµε5

i

2

→↑
D ωω ↓ 2iTr F̃µεF ω

ε +
i

2
gµωTr F̃εϑFεϑ.
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F̃µω =
1

2
ωµωεϑFεϑ
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ωR/L =
1

2
(1± ε5)ω
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Fµω
± =

1

2

(
Fµω ± iF̃µω

)

Dual field tensor

Chiral decomposition Helicity decomposition in the field strength tensor
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→p→, s→|T̂µω
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[
P {µωω}ω5

2
Ãa

(
Q2

)
+

P {µ!ω}ω5
2

B̃a

(
Q2

)

+
P [µωω]ω5

2
C̃a

(
Q2

)
+

P [µ!ω]ω5
2

D̃a

(
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)
+Miεµωω5F̃a

(
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u (p, s)


