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Introduction



What is the nucleon?

Abdul Khalek et al., NPA 1026 (2022)

Modern understanding Electron-Ion Collider (EIC) project
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 Distributions in both momentum and position spaces |

Images: Bensteele1995,CERN



Spatial distribution & energy-momentum tensor



Spatial distribution

Internal structure and form factor

N =
_p_~Aa _p, A
p=P-= p=P+=
pp 7 1 N . .
) -~ Implies the internal structure

Sachs, PR 126 (1962) &
Taffe, RRD 103 (2021) §

Classical distribution

PDG, PTEP 2022 (2022)
The internal dynamics of the nucleon is fully relativistic.

d3 A _ Particle size
P ("“) ‘= / 3 €_ZA'TGE (75) Validity: R > \
(27T) Reduced
t = —A? Compton wavelength
However, 5
_ h -
\/<T2>g<p —0.841fm vg. A= M ~ 0.21 fm
6

Image: C.Lorcé’s talk

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

Corrected 3-D distribution in BF

A A*
( . dSA —1A-7r <p/‘jo (O)‘p> ’BF = AM2
pBF (1) = A e 5 PO :
(27) oy CUBE Mo
_ / TA i M Pie YLt
(27)* Recoil correction

Infinite mass or large-/NV, limit

M |
—5— ~ 1 .—-.__..& PBF — IO‘SaChS
PBF

P,—wo0o=A"~A, < P
b | : impact parameter space

2-D distribution in LF
AL iaL . 170 0)[P) livr
,OLF(bJ_) ::/ e 1A b

(27)° 2P+ ’
d2AJ_ —3 : i (0' X ZAJ_)Z ]
— / (QW)Q e A -b) Fl(t) | N M)

Dirac form factor Pauli form factor

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

Interpolation between 3D BF and 2D LF?

There 1s no recoil correction



Phase-space formalism

Hadronic matrix element

3 p QQuasi-probablistic interpretation

(27)°

@O mw) = [ =5 [ @R po (RP)(O()

R,P ‘2

[ &R pu (R.P) = [(P)

Nucleon Wigner distribution

py (R, P) = / d°q e_iqRiT (P+ Q) @Z(p _ 2)

d> P 9
| G v (BB =10 (R)

(27‘(’)3 2 2
- Y Y
__ 3 1PY /7 T . .
B / Y e Y (R 2 ) v (R 2 ) Wave packet Matrix element of internal structure
P (r) = (r|¥) ~ BA 1 Al A A
/ 2 N _ AR = =
u(r) SR LN b v w1 i i)

Necessity of full information over the whole P variable

P (R* P)

Introducing the elastic frame

Wigner, PR40 (1932)
Hillery, O'Connell, Scully, Wigner, PR106 (1984)
Bialynicki-Birula, Gornicki, Rafelski, PRD 44 (1991) Image: C.Lorce’s talk
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Elastic frame

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

11. Relativistic spin dynamics
Spin-0 particle
(' [T (0)[p)

I. A generic frame, A, = A =0

Connection between the rest (Breit) frame and the moving frame.

/
p_Ptp

_ AM AV
—(P°0,,P.) A=p —p=(0,A,0) = A A

AG (pee| T (0)|psr)

.1 . Tr1v1a1
Spin-—particle
P. =0 P, — oo / 2/ R
14
o, s 1T (0)|p, s)
. . _ Z DSBFS (pBF7 A) Ds BrS’ (piBFv A)AgAg <p£3F7 S§3F|Ta5 (O) ’pBFv SBF> )
Breit frame (BF) Infinite momentum frame (IMF) S SBE T .
P—(F"0,.0), P~ (P,.0,.P.) Complicated
A = A0 A= (0,A,,0 :
(0,4.,0) 0,4.,0) : [rreciprocal process
cf. light-front frame § W AM
: : C e pt E P, P ~0§ U(A) P =2Np°

Time-independent distribution D, ) .lp,s)

O(by,P,;s',s) = /drz <@\(T)>R,P

2 /
:/dAJ— —1A | ‘b <p S‘O()|p78>
2 PO ’
b (27T) -
t=ri- Ry Lorcé, Mantovani, Pasquini, PLB 776 (2018)
Lorcé, Moutarde, Trawinski, EPJC 79 (2019) 3 P, A) = ZMSA p, )
Lorcé, EPJC 78 (2018)

lim D(p,A) =M
Lorcé, PRL 125 (2020)

Pz —0C0

U(p) / / U~ (Ap)

[0.5)  # ZDSS (P, A)10.5)

e e e e e

Wigner rotation

Melosh rotation



Energy-momentum tensor

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

Energy

11

T21
T31

THY =

Energy-flux

Momentum

T12
T22
T32

T13
T23
T33

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

Matrix elements of the EMT current

(0, s'| T4 (0)]p, 5)

PHPY AFAY — gtv A?
=u(p,s) | 4. (@) + 4Mg
iPHgVIP A o iPWorIPA )
IM Ja(Q)_ 2IM Sa(Q)

BF Matrix elements

Energy form factor

W1 T00)p,5)| = 2P3e M Eq (Q%) by s
( y ) r  Total angular momentum
! 1 GSBFSBF l
W', S T2°0)lp,5)| = 2Ppp=—" [Ja (@) — S (@%)],
AT (O-SBFSBF X ZA)k
W', [15°(0) I, 5) BF 2Py 2M o (Q2) + 2 (Q2)] ;
<p', Y T\;’?)(O) p. s) _ 2P19,FMF0, (QZ) Su o Intrinsic spin
BE ‘Fofce E=A+C+7(A-2J+ D),
A+ B
J=—
F=—-1D-C,
Parametrization .-26ev
Fa nreg Fq(O) AFq (GeV) Fg(()) AFG (GeV)
A, 2 0.95 0.91 0.45 0.91
B, 3 —0.07 0.80 0.07 0.80
D, 3 —1.28 0.80 —2.24 0.80
C. 2 —0.11 0.91 0.11  0.91
Se 2 0.33 1.00 — —

Multi-pole ansatz

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

Fo(t) =

Fo(0)

(1—t/A%)""



Spatial distributions of the EMT

Relativistic EMT quantities Redefinition of EMT distributions

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

2 174 E Pz ) 2 , . .
/ db, T (b, ,P,;s,s) =5 Br= B, Ep=VPR+ M Energy , Longitudinal momentum
[ Myp 0 0 MypBp)
0 0 0 0 P tig
=l o0 00 0 |%T g0 O Pl = = p1y",
7 : 0
\M’ypﬁp 0 O M’}/Pﬁ%) Y= Myp(1,0,,8p) § o from the denominator 2P
¢ Longitudinal |} } .
00 b energy-flux eeeseed -4 [ ongitudinal normal force
"™ — co0as P, > T% : relativistic inertia density § Our main targets

With the normalizations

/d2bJ_ Z Pa (bJ_7P2’;S,7S) = Mogs.

a=q,G

The order of the Lorentz boost factor

In moving frame due to the Lorentz transformation and Wigner rotation,

A 20
50~ Pl ', 857 (0)|p, s) po /d2b¢ N7 ha(bi,Pos'ys) = MBpdys,

2P0 a=q,G
f()() N P2 - <p/73/’TOO (O)‘pa 3> ~ Pl /deJ_ Z o (bJ_,Pz;S/,S) :Mﬁlzg5s’s.
z 2 PO P« P! a=q,¢
h=P* 1

It causes the divergence in the EMT distributions.
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Results on the polarized EMT distributions



N Energy and longltudlnal normal force
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No—sis Longltudmal momentum and longltudmal energy-ﬂux
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In the EMT distributions,

2m)%

In the electric distribution,

d* A i
pivr (b)) :/ e A

(2m)°

Proton (P;=c) I 2.0
] 1.5

IZ (bL, X

2
dAJ— —ZAJ_bJ_

Relat1v1st1c plvot

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



Conclusion
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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



Back up

Physical spin states 1n the relativistic sense

‘pv S> — Z U(A) ‘pBF’ SBF>DSBFS (pBF’ A)
SBF

= D (PBFa A) =(0,s|U - (APBF) UM U (PBF) | 0,55E)

Matrix elements of quark P-odd EMT operator

P lu,v PAYY,
<p/ S,‘T'MU(O)‘[? § > —M(p/,S/) ; }/5 <Q2> . Y5
P [/4},1/]7,5 P [ AV },5
T Ca(0) 2
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Back up
EMT distributions in the EF

d*AL Ay |
Ya (bJ_aPZ;Slvs):/ (271_)2 e AL b Ssga (Q P) |

(O'SS XZAJ_)
2N

Energy
M P [PY+ M (1+47)] 2\ z 2 i 2
P (1) = e Sm P I 1+ 1) {EQ(Q) ' pO[P0+M(1+T)]Ja(Q)+(ﬁ> Fa(Q)}

M PP, 2\ T 9 ) 2
7 (@.r.) - w32+Mz<po+M><m>{Ea<@> AR @) - (5) m @)

« (@) = 4a (QQ) (Q2)+ « (@°) +7Da (@),
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Longitudinal momentum
~ U M P[P+ M((1+71)]
Pa (@5 F) = VPZ+ M2 (P°+M)(1+7)
T P?

Back up

{2 @)+ ot araray | (7 +1) (@) -5 (@)

M P?
JPZ 1 M2 (PO + M) (1+7)

PZT(Q P)

x {E @)+ ;iiﬂwﬂ _(ZPZZ

Longitudinal normal force
M PP P+ M (14 7)]

7 (@) = JPEr a2 (PY+ M)(1+7)

M PP,
VPRI (PO M)(L+7) |

~zT(Q P)

() e

(&)
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Longitudinal OAM distribution

For transversely polarized nucleon along the x-axis
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Back up

Direct measure Indirect measure

Graviton
probe

Too weak gravitation

N

Deeply virtual Compton scattering

. 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

« e e . C. Lorcé, EPJC 81 (2023)
Relativistic pivots

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




