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Introduction
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Atom?
In 1909, E. Rutherford’s model

Images: Rutherford model and Bohr model in Wiki
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In 1921, N. Bohr’s model In 1932, E. Schrödinger model

Images: https://rinconeducativo.org/en/recursos-educativos/schrodingers-atomic-model-1926-ad/



What is the nucleon?
Modern understanding

Images: Bensteele1995,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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Energy-momentum tensor
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momentum flux

Energy-momentum tensor

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

Mechanical torque

Lorcé, Song, PLB 864 (2025)
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Angular momentum

normal vector   of a surfacenl

Mechanical forces

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

c.f. intrinsic spin

Spin sum rule & individual contribution

Orbital angular momentum

Lorcé, Mantovani, Pasquini, PLB 776 (2018)
Lorcé, Mukherjee, Singh, 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

projection

Generalized torque

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

J i = Li + Si

Fk
(r,θ,ϕ) = Tlknl

(r,θ,ϕ)

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

S. Saha (Mon 30th)

<latexit sha1_base64="oRpp9yoW4Esmr/exDe3Wok1IDRA="></latexit>

Li =

∫
d3x ωijkxjT 0k(x)

<latexit sha1_base64="zsMck2uC4Ydv91YE4xiBlaayG7E="></latexit>

Si =
1

2

∫
d3x ω̄(x)εiε5ω(x)

<latexit sha1_base64="ETFm4SNl5GaDnPiWfQxU7xEANXY="></latexit>

Cil =

∫
d3x Cil(x)

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

Cil = ωijkrjT lk



Relativistic spatial distribution 
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Form factor
Electric form factor

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

γ

N N
p = P −

Δ
2

p′￼= P +
Δ
2

Form factor

<latexit sha1_base64="MKiWUP7WArSfltff6SJmEwi2rv8=">AAACUXicbVBNT8JAEJ3W729Qb14aiYkXSGuMeiEx6sGjJoImgGS7DLJht212pxps+C9e9e948qd4cwscBH3JZt+8mcnMvDCRwpDvfznu3PzC4tLyyura+sbmVqG4XTdxqjnWeCxj/RAyg1JEWCNBEh8SjUyFEu/D/mWev39GbUQc3dEgwZZiT5HoCs7ISu3CLlXLzSuUxB6zo2G1fJt/7ULJr/gjeH9JMCElmOCmXXQOmp2Ypwoj4pIZ0wj8hFoZ0yS4xOFqMzWYMN5nT9iwNGIKTSsbrT/0DqzS8bqxti8ib6T+7siYMmagQlupGPXMbC4X/8s1UuqetTIRJSlhxMeDuqn0KPZyL7yO0MhJDixhXAu7q8d7TDNO1rGpKUlvYAQ3U4dkoZqOjb28h50ZUahEoi6/CN7PjQ1mbfxL6keV4KRycntcOr+YWLwMe7APhxDAKZzDNdxADTi8whu8w4fz6Xy74LrjUteZ9OzAFNy1H3yfs8g=</latexit>

t = →!2 = →Q2
<latexit sha1_base64="htOTSUPscZfVf4WKpreuuyBi5Ho="></latexit>

ω =
Q2

4M2

In elastic scatterings

Spatial distribution depending on Lorentz frame



Different spatial distributions

Modified distribution in rest frame
Friar, Negele, ANP 8 (1975)  
Lorcé, PRL 125 (2020)

<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

I. Charge radius

v.s.

PDG, PTEP 2022 (2022)

Validity:

Classical charge distribution
<latexit sha1_base64="THYng5Ui99hteazN8isfb5XgthM="></latexit>

R � �
Reduced Compton wavelength

Particle size

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

<latexit sha1_base64="xBpuxCc6RDrwrM5RKAJN+ZnNleI="></latexit>

� =
~

Mpc
⇠ 0.21 fm

<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="Zjz4iFfuXnrgJ+ClLW7AC4HMd6w="></latexit>

P 0
BF = M

→
1 + ω , Q ↭ 2M

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

P 0
BF → M, Q ↑ 2M
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Distribution in infinite momentum frame

Dirac form factor Pauli form factor

No recoil correction!

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

: impact parameter vector<latexit sha1_base64="dN/dbpxeXzE4XMlg+b/Rfu0dAj8="></latexit>

ωchIMF (b→) :=

∫
d2!→

(2ε)2
e↑i!→·b→

→p↓|ĵ0 (0)|p↑ |IMF

2P+
,

=

∫
d2!→

(2ε)2
e↑i!→·b→

[
F1(t) +

(ω ↓ i!→)z
2M

F2(t)

]

  Galilean symmetry in the transverse plane∵

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

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

ωchIMF

Interpolation between two different distributions!



Quantum Phase-space formalism
Hadronic matrix element

I. Nucleon Wigner distribution (hadronic wavepacket)

<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. Matrix element (internal distribution)

Wigner, PR40 (1932)
Hillery, O'Connell, Scully, Wigner, PR106 (1984)
Bialynicki-Birula, Gornicki, Rafelski, PRD 44 (1991) Image: C.Lorcé’s talk
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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, Trawiński, EPJC 79 (2019)
Lorcé, EPJC 78 (2018)
Lorcé, PRL 125 (2020)



Lorcé, Mantovani, Pasquini, PLB 776 (2018)

Elastic frame and relativistic spatial distribution 

Polyzou, Glökle, Witala, FBS 54 (2013)

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>

Pz ! 1<latexit sha1_base64="0aetRlz6M9nQ8snAWEM74OuvOXE=">AAACQnicbVHLSsNAFJ34rPXV6tJNsBTcWBKR6kaouHFZwT6gDWUyuWmGziRhZqLEUPAX3Orv+BP+gjtx68LpY2FaLwycOecO954zbsyoVJb1Yaysrq1vbBa2its7u3v7pfJBW0aJINAiEYtE18USGA2hpahi0I0FYO4y6Lijm4neeQAhaRTeqzQGh+NhSH1KsNJUpznInsZX1qBUsWrWtMxlYM9BBc2rOSgb1b4XkYRDqAjDUvZsK1ZOhoWihMG42E8kxJiM8BB6GoaYg3Sy6b5js6oZz/QjoU+ozCn790WGuZQpd3UnxyqQi9qE/E/rJcq/dDIaxomCkMwG+QkzVWROzJseFUAUSzXARFC9q0kCLDBROqLclDhIJSUyZyRzef4utfMAvAWS8piBOH2kZDTWwdqLMS6D9lnNrtfqd+eVxvXzLOICOkLH6ATZ6AI10C1qohYiaIRe0Ct6M96NT+PL+J61rhjzbzlEuTJ+fgEzUbIw</latexit>

Pz = 0

Durand, DeCelles, Marr, PR 126 (1962) 12

II. Relativistic spin dynamics
Non-trivial structureSpin-  particlej

Lorcé, PRL 125 (2020)

Elastic frame

<latexit sha1_base64="n+wLwF1tuAMgdNzXusrrcqj2LP0="></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|Ôµ1···µn |pBF, sBF↑

Wigner rotation

Lorentz transformation of BF amplitudes 

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

↭ [Ki,Kj ] = →iωijkJk

What about the EMT?

III. Relativistic charge distribution



Numerical results - longitudinal EMT 
Transversely polarized nucleon in the -directionx
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<latexit sha1_base64="3+HB7qsJ3/AwN6TJe0G8jo0Tv+w="></latexit>

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 relativistic spatial distributions of the longitudinal components of the EMT 

Monopole; spin-independent Dipole; spin-dependent
<latexit sha1_base64="DfmXtNAgeXOBsfnRCZw/GdXxayM="></latexit>

g = ω,P, I,!zz

Energy, longitudinal momentum, longitudinal energy flux, axial momentum flux

For example, the amplitudes in the energy distribution

Wigner rotation  Lorentz transformation×
Normalized by γP

<latexit sha1_base64="Mmopi0McR+v6d4bcmcIbTt3teWs="></latexit>

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

)]
,

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

)]
,

<latexit sha1_base64="Vol/E7+nY5X3PnM/6KfqfJYYG0k="></latexit>

T̂ 00 → ω2T̂ 00 + ω2εT̂ 03 + ω2εT̂ 30 + ω2ε2T̂ 33

spin=position in multipole order



Normalized EMT distribution
Pz → ∞

Axial momentum flux, T33/γP

Energy, T00/γP

N <latexit sha1_base64="jRM7ICVOKLoSBzqCHOFbse+LOMU=">AAACPXicbVDLTsJAFJ3iC/EFunTTSEhMjKQ1Bl0S3bhEI0ICDZlOb2HCTNvMTNWm4Q/c6u/4HX6AO+PWrQN0YcGTTHLm3Htz7zluxKhUlvVhFFZW19Y3ipulre2d3b1yZf9BhrEg0CYhC0XXxRIYDaCtqGLQjQRg7jLouOPrab3zCELSMLhXSQQOx8OA+pRgpaW7k+dBuWrVrRnMZWJnpIoytAYVo9b3QhJzCBRhWMqebUXKSbFQlDCYlPqxhAiTMR5CT9MAc5BOOjt1Yta04pl+KPQLlDlT/06kmEuZcFd3cqxGcrE2Ff+r9WLlXzopDaJYQUDmi/yYmSo0p75NjwogiiWaYCKovtUkIywwUTqd3JZolEhKZM5I6vL8X2rnI/AWRMojBuL0iZLxRAdrL8a4TB7O6naj3rg9rzavsoiL6BAdoWNkowvURDeohdqIIB+9oFf0Zrwbn8aX8T1vLRjZzAHKwfj5BcG0r5Q=</latexit>

+x

Won, Lorcé, PRD 111 (2025)

<latexit sha1_base64="ffUpoVEXckY5pV56i4skPFg2Cng="></latexit>∫
d2b→ ω = Mεs→s

<latexit sha1_base64="giJbswjbHWj8Ooo/bNU8mSgCjEk="></latexit>∫
d2b→ !zz = Mω2

P εs→s

Mass

Induced pressure



Normalized EMT distribution
Longitudinal momentum, T03/γP

Longitudinal energy flux, T30/γP

N <latexit sha1_base64="jRM7ICVOKLoSBzqCHOFbse+LOMU=">AAACPXicbVDLTsJAFJ3iC/EFunTTSEhMjKQ1Bl0S3bhEI0ICDZlOb2HCTNvMTNWm4Q/c6u/4HX6AO+PWrQN0YcGTTHLm3Htz7zluxKhUlvVhFFZW19Y3ipulre2d3b1yZf9BhrEg0CYhC0XXxRIYDaCtqGLQjQRg7jLouOPrab3zCELSMLhXSQQOx8OA+pRgpaW7k+dBuWrVrRnMZWJnpIoytAYVo9b3QhJzCBRhWMqebUXKSbFQlDCYlPqxhAiTMR5CT9MAc5BOOjt1Yta04pl+KPQLlDlT/06kmEuZcFd3cqxGcrE2Ff+r9WLlXzopDaJYQUDmi/yYmSo0p75NjwogiiWaYCKovtUkIywwUTqd3JZolEhKZM5I6vL8X2rnI/AWRMojBuL0iZLxRAdrL8a4TB7O6naj3rg9rzavsoiL6BAdoWNkowvURDeohdqIIB+9oFf0Zrwbn8aX8T1vLRjZzAHKwfj5BcG0r5Q=</latexit>

+x

<latexit sha1_base64="JK6xL4I/1JB+rEzmYJYTBqNd6Ck="></latexit>∫
d2b→ Pz = MωP εs→s

<latexit sha1_base64="GL0/bcZDIsHAcG0tezSvHbnSJv4="></latexit>∫
d2b→ Iz = MωP εs→s

Won, Lorcé, PRD 111 (2025)

Momentum

Energy flux

Pz → ∞



N <latexit sha1_base64="jRM7ICVOKLoSBzqCHOFbse+LOMU=">AAACPXicbVDLTsJAFJ3iC/EFunTTSEhMjKQ1Bl0S3bhEI0ICDZlOb2HCTNvMTNWm4Q/c6u/4HX6AO+PWrQN0YcGTTHLm3Htz7zluxKhUlvVhFFZW19Y3ipulre2d3b1yZf9BhrEg0CYhC0XXxRIYDaCtqGLQjQRg7jLouOPrab3zCELSMLhXSQQOx8OA+pRgpaW7k+dBuWrVrRnMZWJnpIoytAYVo9b3QhJzCBRhWMqebUXKSbFQlDCYlPqxhAiTMR5CT9MAc5BOOjt1Yta04pl+KPQLlDlT/06kmEuZcFd3cqxGcrE2Ff+r9WLlXzopDaJYQUDmi/yYmSo0p75NjwogiiWaYCKovtUkIywwUTqd3JZolEhKZM5I6vL8X2rnI/AWRMojBuL0iZLxRAdrL8a4TB7O6naj3rg9rzavsoiL6BAdoWNkowvURDeohdqIIB+9oFf0Zrwbn8aX8T1vLRjZzAHKwfj5BcG0r5Q=</latexit>

+x
17

In infinite momentum frame
In the EMT distributions, 

<latexit sha1_base64="bJrx9yghKQA9RocpbFwcl6UT45k="></latexit>

⇢chIMF (b?) =

Z
d2�?

(2⇡)2
e�i�?·b?


F1(t) +

(� ⇥ i�?)z
2M

F2(t)

�
In the electric charge distribution,

J.-Y. Kim et al., PRD 104 (2021)

 in our multi-pole ansatz since we don’t know  tendency.B(t) = 0 BG(t) = 0

<latexit sha1_base64="yI/L3cubR29b6fSFojdft5sGTaw="></latexit>
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Conclusion

• 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 for transversely polarized 
nucleons in the elastic frame.


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



Thank you for listening

20



Lorentz boost factors

Normalized EMT distribution
Normalized EMT distributions

Using the Lorentz transformation on a generic second-rank tensor, 

It goes infinity.

Relativistic EMT quantities
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h = Pz, Iz
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�P =
EP

M
, �P =

Pz

EP
, EP =

p
P 2
z +M2,
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P 0 / P 1
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ĵ0 → P 1
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MωP 0 0 MωPεP
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MωPεP 0 0 MωPε2
P



 ϑs→s = M
uµuω

u0
ϑs→s,
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u = ωP (1,0→,εP )
Four-velocity of the system

Longitudinal EMT componenets
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T̂ 00 → P 2
z
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tµωa := ωPT
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



ω2
P εa ωPPi

a ω2
PPz

a

ωPIi
a !ij

a ωP!iz
a

ω2
PIz

a ωP!zi
a ω2

P!
zz
a




,

Others vanish
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bi→b

j
→

|b→|2
→ 1

2
ωij→

)
!a
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ωr/t,a = ωa ±
1

2
!a

Purely transverse: normal and shear forces Radial and tangential forces

i, j = 1 ∼ 2, a = q, G
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∫
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∑

a=q,G

ha (b→, Pz; s
↑, s) = MϑP εs→s,

∫
d2b→

∑

a=q,G

!zz
a (b→, Pz; s

↑, s) = Mϑ2
P εs→s.

Mass

Longitudinal momentum 
(energy flux)

Axial longitudinal momentum

c.f. electric charge
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Normalized EMT distribution
Pz → ∞

Transverse shear force, 2(bi
⊥bj

⊥/b2 − δij
⊥ /2)γPTij

Transverse normal force, γPTii/2
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Global stability condition
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Normalized EMT distribution
Pz → ∞

Transverse tangential force, γPTij ̂ni
ϕ = σt ̂nj

ϕ

Transverse radial force, γPTij ̂ni
r = σr ̂nj

r
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ωr > 0

Won, Lorcé, in preparation 

Local stability condition

Perevalova, Polyakov, Schweitzer, PRD 94 (2016)



Multipole structure in the transverse shear force distribution

Quadrupole contribution
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In general, the transverse shear force distribution is given in the EF
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cos ω =
P 0 +M (1 + ε)

(P 0 +M)
→
1 + ε

,

sin ω = ↑
→
εPz

(P 0 +M)
→
1 + ε

,

Wigner rotation angle
<latexit sha1_base64="c5a7En93BnRn1reNwxqiPYvUm0A="></latexit>

!a (b→, Pz; s
↑, s) = ωs→s

∫
dQ

2ε
QϑJ2 (Qb)

(
→ϖP

ϖ
cos ϱMDa

(
Q2

))

+ ςij3φi
s→s

bj→
b

∫
dQ

2ε
Qϑ3/2 [J1 (Qb)→ J3 (Qb)]

(
→ϖP

ϖ

1

2
↑
ϑ
sin ϱMDa

(
Q2

))
,

Spin dipole Mixing of position dipole and octupole 

Position quadrupole

Dipolar pattern

Monopolar pattern  
+ oscillation deriving from  in the radial directionJ2

Spin monopole

Won, Lorcé, in preparation 



Dipole and octupole contributions

N <latexit sha1_base64="jRM7ICVOKLoSBzqCHOFbse+LOMU=">AAACPXicbVDLTsJAFJ3iC/EFunTTSEhMjKQ1Bl0S3bhEI0ICDZlOb2HCTNvMTNWm4Q/c6u/4HX6AO+PWrQN0YcGTTHLm3Htz7zluxKhUlvVhFFZW19Y3ipulre2d3b1yZf9BhrEg0CYhC0XXxRIYDaCtqGLQjQRg7jLouOPrab3zCELSMLhXSQQOx8OA+pRgpaW7k+dBuWrVrRnMZWJnpIoytAYVo9b3QhJzCBRhWMqebUXKSbFQlDCYlPqxhAiTMR5CT9MAc5BOOjt1Yta04pl+KPQLlDlT/06kmEuZcFd3cqxGcrE2Ff+r9WLlXzopDaJYQUDmi/yYmSo0p75NjwogiiWaYCKovtUkIywwUTqd3JZolEhKZM5I6vL8X2rnI/AWRMojBuL0iZLxRAdrL8a4TB7O6naj3rg9rzavsoiL6BAdoWNkowvURDeohdqIIB+9oFf0Zrwbn8aX8T1vLRjZzAHKwfj5BcG0r5Q=</latexit>

+x

<latexit sha1_base64="23zzwHfQYpxp4IDFOGdPoKiAwhM="></latexit>

cos ω =
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(P 0 +M)
→
1 + ε

,

sin ω = ↑
→
εPz

(P 0 +M)
→
1 + ε

,

Wigner rotation angle
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Dipolar pattern  
+ oscillations deriving from  in the radial direction 

 The oscillations are suppresed by the dipolar operator
J1/3

→
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Spin dipole Mixing of position dipole and octupole 

Position quadrupole

Dipolar pattern

Spin monopole
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In general, the transverse shear force distribution is given in the EF

Multipole structure in the transverse shear force distribution



Pz → ∞

Transverse flux of longitudinial momentum, Ti3

Longitudinal flux of transverse momentum, T3i
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Normalized EMT distribution



Orbital angular momentum

Transverse component in a transversely polarized nucleon

Longitudinal component in a longitudinal polarized nucleon
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Back up
Irreciprocal process

Polyzou, Glökle, Witala, FBS 54 (2013)

|0,s⟩

|p, s⟩ |p′￼, s′￼⟩

∑
s′￼

Dss′￼(p, Λ) |0,s′￼⟩

U(p)

U(Λ)

U−1(Λp)

≠

p′￼μ = Λμ
ν pν

Wigner rotation

[Ki, Kj] = − iεijkJk

Durand, DeCelles, Marr, PR 126 (1962)

28

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

|p,�i =
X

s

Ms� |p, si
<latexit sha1_base64="sF128CmjhTE1720nrnHARvUqW0Y="></latexit>

lim
pz!1

D (p,⇤) = M

Melosh rotation

Relativistic matrix elements
Non-trivial structureSpin-  particlej
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Physical spin states in the relativistic sense
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Matrix elements of quark P-odd EMT operator

< p′￼, s′￼| ̂Tμν
q5 (0) |p, s > = ū (p′￼, s′￼) [ P{μγν}γ5

2
Ãa (Q2) +

P{μΔν}γ5

2
B̃a (Q2)

+
P[μγν]γ5

2
C̃a (Q2) +

P[μΔν]γ5

2
D̃a (Q2) + Miσμνγ5F̃a (Q2)] u (p, s)29

Parity-odd EMT operator
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gµωTr F̃εϑFεϑ.
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)

Dual field tensor

Chiral decomposition

Helicity decomposition in the field strength tensor
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Energy form factor

Force

Total angular momentum

Intrinsic spin

Matrix elements of the EMT
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Multi-pole ansatz
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EMT distributions in the EF
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Longitudinal momentum
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Normal force

Shear force
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Longitudinal OAM distribution
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Graviton 
probe

X.-D. Ji, PRL 78 (1997) 610 

V.D. Burkert et al., Rev.Mod.Phys. 95 (2023) 4

Too weak gravitation

Deeply virtual Compton scattering

Back up

Direct measure

NN

Indirect measure

35



Back up
Matrix elements of non-local quark operator; Generalized Parton Distributions (GPDs)
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In the DVCS, the actual observables are Compton form factors (CFFs) at leading order αs
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Relativistic pivots
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C. Lorcé, EPJC 81 (2023)

[Ji, Kj] = iϵijkKk
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C. Lorcé’s DIS 2024 talk


