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Introduction



Atom?

In 1909, E. Rutherford’s model In 1921, N. Bohr’s model In 1932, E. Schrodinger model
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What is the nucleon?

Abdul Khalek et al., NPA 1026 (2022)

Modern understanding Electron-Ion Collider (EIC) project

t Origins of mass and spin |
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 Distributions in both momentum and position spaces |
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Energy-momentum tensor



Energy-momentum tensor

Energy-momentum tensor (EMT) Angular momentum

Conserved current under space-time translations Orbital angular momentum c.f. intrinsic spin
Energy Momentum | o i_ L [ o\
I} — /d?’x EZkajTOk(x) S' = 9 d°x ¢($)7 f}/ﬂb(ﬂ?)
Conservation law _ i i
17 = 5, TH — () st o
H Spin sum rule & individual contribution
Lorcé, Mantovani, Pasquini, PLB 776 (2018)
Energy flux Stress tensor § Lorcé, Mukherjee, Singh, Won, arXiv 2606.20468
S.Saha (Mon 30th) [ )
Stress tensor T Mechanical forces | MQChanlcal tOl‘qlle
k — 7lk 1 .
momentum flux F (r0.0) — I Yro4) Generalized torque
Pk
1 3 . il
n! projection C" = / d’x C"(x) | -
| e operator density C% = ki Ik
normal vector n' of a surface — Cz’lnl _ €z'jk:?,,j Fk:
projection ; X
©) ¥ —
i 7(6,9)
N Lorcé, Song, PLB 864 (2025) Mechanical torque

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



Relativistic spatial distribution



Form factor

Electric form factor

Internal structure, e.g., uy # 1 Lorentz invariant quantities Alexandrou, et. al., PRD 100 (2019)
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Different spatial distributions

Sachs, PR 126 (1962)

Classical charge distribution nfe RRD 103 2020 § - Distribution in infinite momentum frame
3 A Particle s & 2A < /‘AO (())] > ‘ b | : impact parameter vector
d AL article size , ) L _in, b, (P ] ») livp
plsachs (1) = / T €351() Validity: R > X \ pivr (b1) == / o2 € Bub S+ ,
(27T) Reduced Compton wavelength (2 ﬂ-)
‘ d-A . A
| | | — / J2— G—ZAJ_'bJ_ Fl(t) I (0- X 1 J_)z F2 #
I. Charge radius I1. Recoil correction (277) 2M
_ h PO~ M, Q<2M Dirac form factor Pauli form factor
)8, = 0.84 fm V.8, A = ~0.21 f R
\/<T ) S M c " P]gF = MvV1+71, QZ2M ' Lorcé, Wang, PRD 105 (2022)

PDG, PTEP 2022 (2022)

Friar, Negele, ANP 8 (1975) No recoil correction! ‘. Galilean symmetry in the transverse plane

Lorce, PRL 125 (2020)

Modified distribution in rest frame
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Quantum Phase-space formalism

Hadronic matrix element

In quantum phase-space formalism

o = [ 55 [ 5o R P (00)

R,P

I. Nucleon Wigner distribution (hadronic wavepacket)

py (R, P) = / d3q3 e_iqRiT (P 1 Q) @ (p _ 2)

(2r) 2 -
Joverma(@D)s(ay
Wavepacket
P (r) = (r|¥)
U (R)|? ) = )
~ 2 '/\ i (p) \/@@I‘D
V(P |
P (R- P)
Wigner, PR40 (1932) 11

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

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

Quasi-probablistic interpretation

/d3qu, (R, P) ‘¢ ‘

d> P
/ (27T)3 pu LIt )=

II. Matrix element (internal distribution)

<O("°)>R,p N / (Z:;?S AR \/701 5 <P+% O (r)|P — %>

[ (R)|”

Projection onto the 2D space

R 2 . 1 Al
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Elastic frame and relativistic spatial distribution

Elastic frame
I. A generic frame 1n the 2D space
Connection between the rest (Breit) frame and the moving frame.

/
_|_
P:p p:(PanJ_ypz) A:p/_p:(O7AJ—7O)
P, =0 P, — o0
Breit frame (BF) Infinite momentum frame (IMF) '
P:(PO,OJ_,O), P%(PZ7OJ_7PZ)7 ‘
A:(OaA_L)O) A:(OaAJ_ao)

ct. light-front frame
P+NPZ7 P_%O'

Lorcé, Mantovani, Pasquini, PLB 776 (2018)

II. Relativistic spin dynamics
Spin-j particle

0)

pBFvsBF|OM1 H |pBF73BF

Lorentz transformation of BF amplitudes
Durand, DeCelles, Marr, PR 126 (1962)

Polyzou, Glokle, Witala, FBS 54 (2013)

III. Relativistic charge distribution
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What about the EMT?



Numerical results - longitudinal EMT

Transversely polarized nucleon in the x-direction
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The spatial distributions of the EMT

In the EF, the relativistic spatial distributions of the longitudinal components of the EMT

N
Ya (bJ—7PZ§ 5/7 S) — / (27T)2 e AL-by j,

Monopole; spin-independent ' Dlpole spin- dependent
g=p,P, L1

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

For example, the amplitudes in the energy distribution
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spin=position 1n multipole order




Normalized EMT distribution
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Normalized EMT distribution
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In the EMT distributions,
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Conclusion
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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 guntities. | |
Parity-odd EMT operator in QCD

N _ VAN ~ ' ~
T — mu%% DVep — 2iTr FPAFY, + % g"'Tr FMF,,

19
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Normalized EMT distribution

Normalized EMT distributions

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

Relativistic EMT quantities

Lorentz boost factors
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Normalized EMT distribution

N @&—»+z

Transverse normal force, y,7"/2
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N B Normalized EMT distribution

e R B IR DR SN O 27 — o - - T = <o o - N T % T R I e N o =

Transverse radial force, yPTij ﬁﬁ, = arﬁ],;
ol (P, = 0GeV) o, (P, =0.1GeV)

T T

100 T T T N naEae e

0.25

0.5 0.20

0.15

o, > 0

< 0.0

-0.10

| 0,05 Local stability condition
-0.5 e

| T I N

¢
o; (P, =0.1GeV)

o iini _ _ A
Transverse tangential force, y,7"n b = Ol

_1.01, O\
10 -05

Won, Lorcé, in preparation by by by bs Perevalova, Polyakov, Schweitzer, PRD 94 (2016)




Multipole structure in the transverse shear force distribution
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In general, the transverse shear force distribution 1s given in the EF

Position quadrupole Wigner rotation angle
YP cos ) = PP+ M1+ )
(—— cos0M D, (Q2)> (PO M)VI+7
| ! sinf = — VTP
' VYRS vp 1 - (PY+ M) VI+T
+ €70y b)) ( Ne sin M D, (Q2)) ,
Spin dipole | )

Mixing of position dipole and octupole

Dlar pattern

Quadrupole contribution

Monopolar pattern
+ oscillation deriving from J, 1n the radial direction

= 0GeV) I, (P, = 0.1 GeV)

Won, Lorcé, in preparation



Multipole structure in the transverse shear force distribution

In general, the transverse shear force distribution 1s given in the EF

Position quadrupole Wigner rotation angle
P cos 0 = PP+ M+
——cosMD, (Q2)> (PO4+ M)V1+7
! sinf = — VTP
e vp 1 - (PY+ M) VI+T
| in M D, (Q?) |,
£ sinoMD, ()
Mixing of position dipole and octupole

I, (P, = 0 GeV) 11, (P, = 0.1 GeV) I, (P, = 2GeV) I, (P, = 0o GeV)

Dipole and octupole contributions

+ oscillations deriving from J, 5 1n the radial direction
— The oscillations are suppresed by the dipolar operator

N @&—» =z

Won, Lorcé, in preparation b b b b




Normahzed EMT dlstrlbutlon
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Orbital angular momentum

Longitudinal component in a longitudinal polarized nucleon
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Back up

Co. , Irreciprocal process
Relativistic matrix elements pH = A'pY

o U(A
Non-tr1v1al structure D, s) (A) o', s")

U(p) / / U~ 1(Ap)

[05)  # ZDSS p.A)10.s")

ngner rotation

Spin-j particle
M [0 0] =

Durand, DeCelles, Marr, PR 126 (1962)
Polyzou, Glokle, Witala, FBS 54 (2013)

Physical spin states 1n the relativistic sense

P, s) = Z U (M) | pers Spr) Dy (pBF9 A)
SBF

— DSBFS (PBFa A) = (05| U -l (ApBF> UM U (PBF) | 0,55E)

28
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Back up

Parity-odd EMT operator

Dual field tensor

) . . ~ . ) A |
T = mﬂ%%ﬁ”w _ %iTr FMFY, + % g Tr FAP Ry v = el F
Chiral decomposition
_1 L /U/_l UV | TV
YR/ =5 (LE£75) li —§(F == )
Helicity decomposition in the field strength tensor
Matrix elements of quark P-odd EMT operator
R i P{ﬂ},l/}ys - p{ﬂAv}yS -
<P T Ops>=i(p.s) | —5—A4,(Q%) + ———B, (")
p[ﬂyv]},5 - plu AD]YS - | -
| C, (Qz) | D, (Qz) + Mic""ysF (Qz) U (p, S)



Back up

Matrix elements of the EMT o BTt o 1??”(2355()202@
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EMT distributions in the EF
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Longitudinal momentum
~ e ooy M P [PY+MQ1+7)]
P (@ F) = P2+ M2 (P°+ M)(1+7)
T P?

Back up
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Normal force

52] (Q27 ) = 77 cos OM Fy 4 (QQ) , Fyo=—-Cy— %D
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Shear force
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@) - (g ) e |9 TR e (@)
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Longitudinal OAM distribution

For transversely polarized nucleon along the x-axis

PCLP,Z (bJ-v
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Back up

Direct measure Indirect measure

Graviton
probe

Too weak gravitation

N

Deeply virtual Compton scattering

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

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



Back up

Matrix elements of non-local quark operator; Generalized Parton Distributions (GPDs)

1[411 w5 < ot (20 i\
—|—e .S ——— | ¥#n — .S
2 | 27 P2 W\ 7 ) 70V \ 57 )P

7=An

1
- 2(P-n)

ic"*n,A,
iU (p’, s’) H4 (x, E, t) ;/”nﬂ + E1 (x, E, t) Y u (p, S)

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

1
ReA (5, t) + iImAZ (éj, t) = 265[ dx [5 : : ]Hq (x, g, t)
—1

- —x—ie C¢+x—ie
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Back up

C. Lorcé, EPJC 81 (2023)

Relativistic pivots [J', K] = ieV*K*

Center of

-+ energy
X  spin

® 11laSS

Rest frame Moving frame Infinite-momentum frame
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Back up

C. Lorcé’s DIS 2024 talk

Canonical Vector under Compatibility of Four-vector
.. relation rotations components transformation
Center Position operator
[R?, P1] = i6" | [J', R7] = ie”’* RF [R',R7] =0 R'™ = A" RV
zt =0 '
i ]. . i BZ
P* R, = oF de™ d?z, =TT = _P_i e 2D
1 [ = K’
i 3. im00 _
Energy Ry = 50 dz 2" T = ~ 50 0
Mass Ry, = A" RE| 3D
. PRy, + MR
- R?. — E M
Canonical c PO @
Relativistic center of  (Ryx) (Sx)=(J) — (Rx x P)
— P XS m_ p(ps)
Energy (X = E) R + 550 (0 m) T (s + —m(p0+m)>
_ pxs p’ p(p-s)

Mass (X = M) o 2m(pQ+m) 2m (S o po(po+m))
Spin (X = ¢) R %s




