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Introduction
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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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Spatial distribution & energy-momentum tensor
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Spatial distribution
Internal structure and form factor

γ

N N
p = P −

Δ
2

p′￼= P +
Δ
2

Form factor

Image: C.Lorcé’s talk

However,

Corrected 3-D distribution in BF

Recoil correction

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

The internal dynamics of the nucleon is fully relativistic.

v.s.
PDG, PTEP 2022 (2022)

Reduced
Validity:

Classical distribution
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P 0
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=
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1 + ⌧
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M

P 0
BF

⇡ 1

Infinite mass or large-  limitNc

Implies the internal structure

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

R � �

Compton wavelength

Particle size

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

2-D distribution in LF

Dirac form factor Pauli form factor
There is no recoil correction
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<latexit sha1_base64="ZtkrRkbfHKvYUIWExa+mk++krgQ=">AAACSHicbVDLTgJBEJzFF+IL9OhlIyHxAtk1Br2YEPXgERN5JLCS2aGBCTO760yvhmz4Dq/6O/6Bf+HNeHN4HASsZJKaqu50d/mR4Bod59NKra1vbG6ltzM7u3v7B9ncYV2HsWJQY6EIVdOnGgQPoIYcBTQjBVT6Ahr+8GbiN55BaR4GDziKwJO0H/AeZxSN5OFVsX0LAuljcjbuZPNOyZnCXiXunOTJHNVOziq0uyGLJQTIBNW65ToReglVyJmAcaYda4goG9I+tAwNqATtJdOtx3bBKF27FyrzArSn6t+OhEqtR9I3lZLiQC97E/E/rxVj79JLeBDFCAGbDerFwsbQnkRgd7kChmJkCGWKm11tNqCKMjRBLUyJBiPNmV44JPHl4l+bywfQXRK5jASo4gtnw0mw7nKMq6R+VnLLpfL9eb5yPY84TY7JCTklLrkgFXJHqqRGGHkir+SNvFsf1pf1bf3MSlPWvOeILCCV+gXmGLMM</latexit>

t = ��2

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

⇢BF (r) :=
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d3�
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e�i�·r hp0|ĵ0 (0)|pi |BF

2P 0
BF

,

=

Z
d3�
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e�i�·r M

P 0
BF

GE(t)

Lorcé, Wang, PRD105 (2022)
Chen, Lorcé, PRD106 (2022)

: impact parameter space
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µp 6= 1

µn 6= 0
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⇢ (r) :=

Z
d3�

(2⇡)3
e�i�·rGE(t)
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� =
~

Mpc
⇠ 0.21 fm
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hr2iQexp = 0.84 fm

Interpolation between 3D BF and 2D LF?
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⇢BF ! ⇢|Sachs
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ω = → !2

4M2
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ωLF (b→) :=
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(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)

]



Phase-space formalism
Hadronic matrix element
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h | bO (r)| i =

Z
d3P

(2⇡)3

Z
d3R ⇢ (R,P )

D
bO (r)

E

R,P

Nucleon Wigner distribution
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 (r) = hr| i
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e (p) =
1p
2p0

hp| i

Wave packet

Introducing the elastic frame

Matrix element of internal structure

Necessity of full information over the whole P variable

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
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Lorcé, Mantovani, Pasquini, PLB 776 (2018)
Lorcé, Moutarde, Trawiński, EPJC 79 (2019)

Elastic frame
II. Relativistic spin dynamics

Complicated

Spin-0 particle

TrivialSpin-  particle1
2

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

I. A generic frame, Δz = Δ0 = 0
Connection between the rest (Breit) frame and the moving frame.

Breit frame (BF) Infinite momentum frame (IMF)

cf. light-front frame
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hp0, s0|T̂µ⌫ (0)|p, si
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⇤
s0BFs

0 (p0BF,⇤)⇤
µ
↵⇤

⌫
� hp0BF, s

0
BF|T̂↵� (0)|pBF, sBFi ,
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P =
p0 + p

2
= (P 0,0?, Pz)
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� = p0 � p = (0,�?, 0)
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P = (P 0,0?, 0),

� = (0,�?, 0)
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P ⇡ (Pz,0?, Pz),

� = (0,�?, 0)
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P+ ⇠ Pz, P� ⇡ 0
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Pz = 0

Durand, DeCelles, Marr, PR 126 (1962)

Time-independent distribution
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b? = r? �R?

Lorcé, EPJC 78 (2018)
Lorcé, PRL 125 (2020)
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Melosh rotation
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Energy-momentum tensor

Conserved current under space-time translations
Energy Momentum

Energy-flux

Shear force

Isotropic force

Energy-momentum tensor (EMT)

Matrix elements of the EMT current Parametrization μ = 2 GeV

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

V.D. Burkert et al., RMP 95 (2023)

Multi-pole ansatz
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hp0, s0|T̂µ⌫
a (0)|p, si
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BF Matrix elements
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hp0, s0| bT 30
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���
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���
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BFMFa

�
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�
�s0BFsBF

,

Energy form factor

Force

Total angular momentum

Intrinsic spin
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J =
A+B

2
,
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Lorentz boost factors

Spatial distributions of the EMT

The order of the Lorentz boost factor
In moving frame due to the Lorentz transformation and Wigner rotation, 

 : relativistic inertia densityT00 as T00 → ∞ Pz → ∞

Redefinition of EMT distributions
Using the Lorentz transformation on a generic second-rank tensor, 

It causes the divergence in the EMT distributions.
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i = 1, 2

Relativistic EMT quantities
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Our main targets
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h = Pz, Iz

from the denominator  2P0
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�P =
EP

M
, �P =

Pz

EP
, EP =

p
P 2
z +M2, Energy Longitudinal momentum

Longitudinal
Longitudinal normal forceenergy-flux

<latexit sha1_base64="/9/fxKqMZUPMqMx8VYCXwzP03yk="></latexit>

P 0 / P 1
z

With the normalizations
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ĵ0 → P 1
z

<latexit sha1_base64="uVY9uf8TCBkQmmMZonEESFOnySQ="></latexit>

T̂ 00 → P 2
z

<latexit sha1_base64="RGxHSYwXCnRHNDhcAulToHdVRFw="></latexit>
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Results on the polarized EMT distributions
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Energy and longitudinal normal force
Pz → ∞

Polarized longitudinal normal force, T33

Polarized energy distribution, T00
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Longitudinal momentum and longitudinal energy-flux
Polarized longitudinal momentum, T03

Polarized longitudinal energy-flux, T30
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Infinite momentum frame
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Conclusion

• We study the energy, longitudinal momentum, longitudinal energy-flux, and 
longitudinal normal force distributions in the elastic frame.


• The phase-space formalism is realized by the elastic frame, which is a generic frame for 
defining the time-independent distributions in both rest and infinite momentum frames.


• It also considers the relativistic spin effect emerged as Wigner rotation.


• In the IMF, these EMT distributions coincide because the relativistic centers of 
energy and canonical center merge in the transverse plane. 

• This work can be expanded to study the P-odd EMT distributions including spin-orbit 
correlation.
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Thank you for listening
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Back up

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)

|p, s⟩ = ∑
sBF

U (Λ) |pBF, sBF⟩DsBFs (pBF, Λ)
→ DsBFs (pBF, Λ) = ⟨0,s |U−1 (ΛpBF) U (Λ) U (pBF) |0,sBF⟩

Physical spin states in the relativistic sense
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Back up
EMT distributions in the EF
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Back up
Longitudinal momentum
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Back up
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
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Back up
Matrix elements of non-local quark operator; Generalized Parton Distributions (GPDs)

1
2 ∫

dλ
2π

eix(P ⋅ z) < p′￼, s′￼|ψq (−
λn
2 ) γμnμψq ( λn

2 ) |p, s >
z=λn

=
1

2 (P ⋅ n)
u (p′￼, s′￼) [Hq (x, ξ, t) γμnμ + Eq (x, ξ, t)

iσμνnμΔν

2M ] u (p, s)

In the DVCS, the actual observables are Compton form factors (CFFs) at leading order αs

Reℋ (ξ, t) + iImℋ (ξ, t) = ∑
q

e2
q ∫

1

−1
dx [ 1

ξ − x − iϵ
−

1
ξ + x − iϵ ] Hq (x, ξ, t)
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Back up
Relativistic pivots
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