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Introduction and motivation

Neutrino-proton and antineutrino-proton elastic scattering

Relativistic axial-vector/spin structure of a moving nucleon

Summary and outlook
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Probing the internal structures of a hadron

4 )
EM probes
Virtual photon y*

4 . )
Gravity-like
probes

Virtual gluons g*

N\ J
9/ g
Axial-vector
Electric charge: Q=G(0) ) Mass: M, A(0)=I
Magnetic moment: u=G,(0) weak probes Spin: J, J(())(=)1/2
Virtual weak bosons D-term: D(0)
ZO*/W:I:*
J
\/’/

Axial charge: G (0)
Induced pseudoscalar charge: Gy(0)
Induced pseudotensor charge: G0)

:b-=©=D-:

[M. Polyakov, & P. Schweitzer. IJMPA 33, 1830025 (2018)]
[Burkert, Elouadrhiri, Girod, Lorcé, Schweitzer, & Shanahan. RMP 95, 041002 (2023)] ... 3




Probing the internal structures of a hadron

* Axial-vector

Weak probes h

Virtual weak bosons
ZO*/W:I:*

e

Axial charge: G (0)

Induced pseudoscalar charge: Gp(0)
_ Induced pseudotensor charge: GH0)
[M. Polyakov, & P. Schweitzer. IJMPA 33, 1830025 (2018)]

[V. Bernard, L. Elouadrhiri, & U. Meissner. J. Phys. G 28, R1 (2002)] ... 4
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Structure dictates properties

B Analogy: “Symmetry dictates interactions” XAk E S F
‘ [C.-N. Yang. Phys. Today 33N6, 42 (1980)]

“Structure dictates properties” %5 i R M R

N

different proteins QCD vacuum

B Hadron structures are highly non-trivial and complicated!

(1). Hadron structures are closely associated with the nonperturbative QCD dynamics
between the internal quark and gluon degrees of freedom.

(2). The QCD vacuum itself is also highly non-trivial, due to quantum fluctuations (loop
effects, pair creations and annihilations), non-trivial topologies, instanton/sphaleron
transitions, and etc.

(3). On top of the complicated QCD dynamics and non-trivial QCD vacuum structure,
hadron structures are also affected by electromagnetic and weak interactions. 5




How to probe the internal structure of a system?

€ Classically, e.g. using x-ray diffraction on crystals: Diffraction pattern

X |A;catt|2
Scattering amplitude: A.... o F'(q) = / d*r e p(r) g=k -k

Form factor Target distribution

¢ Experimentally, e.g. using modern Rutherford scattering:

Rutherford alpha scattering Jefferson lab
experiment (1909) e-p elastic scattering exps. 6



Elastic (anti)neutrino-proton scattering and why it?

vi+ N = v+ N ¢ +N—={ +N
(1). By a simple analogy with the elastic electron-nucleon scattering.
(2). Very clean, since (anti)neutrinos participate only* in weak interactions.

(3). Key QCD bound-states (nucleons) in the weak sector: the weak content
of the most important baryonic matter in Nature.

(4). Strangeness contributions to the nucleon spin — addressing the spin crisis!

(5). G5 (0) is only* accessible in weak neutral-current elastic scattering!

(6). Constraining uncertainties in neutrino oscillation or P-violating exps.



The proton spin crisis

4 0.0
st Spin crisis! * /%"

8 s et som e v EMC experiment [PLB 206, 364 (1988)]
’ Total quark spin contribution:

A TN S A I

T 4 0.04 d
!l 1\}\ = G4%(0) + G%(0) + G5(0) + - --
i \{h\ .

0 e e . S 0

1
§ Gﬁ(@):§[Au—Ad—As—|—Arz+---]

=3 U and d quarks contribute only (141+91+21)% of the proton spin!
AX(Q? = 10.7 GeV?) = 0.060 + 0.047 4 0.069
1

f dz g?(x) = 0.114 + 0.012 + 0.026
0

1 1
AL = = (Au + Ad) (Jz>p_%_%Az+AG+Lg+Lg

Ellis-Jaffe sum rule Jaffe-Manohar IMF sum rule 8



Crucial for EICs/JLab experiments and scientific goals

€ One of the key scientific goals of EIC is to perform 3D tomography or
imaging of the internal structures of nucleon/nuclei.

+ National Laboratory

L? Brookhaven

-~ Electron Storge Ring ' N

SSSSSE Hadron Storage Ring
e Hadron Injector Complex
s Electron Storage Ring

wm——Electron Injector Synchrotron

€4 Related to many big scientific questions:
(1). Proton spin crisis and proton 3D spin structure;
(2). Proton charge radius puzzle;

(3). QCD confinement mechanism;

(4). Mass origin of the proton;

Jefferson Lab

EicC

(5). Matter-antimatter asymmetry of the Universe (MAU/BAU); ... 9




Some related facilities and experiments

2= Fermilab

[
e ' ¥ I
(MiniBooNE, MINERVA, MicroBooNE, NOVA, ICARUS, ANNIE) |y

@ ,‘ e ——y ﬁﬁ
‘p!/-l—"ﬂﬂf @ QY\Y’% /) 55 ...

(Super-Kamiokande, T2K) @ LHC near ATLAS @ ORNL(Oak Rldge)

¢ Brookhaven
‘;:’,.if/gon Lab E L National Laboratory

EIC
EicC
10



Elastic (anti)neutrino-proton scattering

H In general, a spin-1/2 hadron has 6 weak neutral form factors (FFs)

AN YT = /! )
(' 5157 (0)lp, s) = u(p’, )T (P, A)u(p, s)
TA(P,A) =TH"(P,A) — TH(P,A),
PHGE — G ) | QA
PP, A) = oG, =Gl 7
(PA) =~"Gy + M(1+7) oGS
Al N
" N npz N Z| 5
Pa(P.,A)_ |:"y GA )\/IGP N G .

I/eN =% I/gN
Y
. R . )
I5(@) =) qlz)v* (g — ghs)i() ¢=14a5Cb,t
q u; =u,c,t, d; =d,s,b
u; 1 di 1
9a =20 Ya = 72
U . d
0= %— %sm2 Ow, gy =—3 —|— 2 sin? Oy )

B 3 vector + 3 axial-vector weak neutral FFs
electric, magnetic, induced scalar

Z
Gg EMS —
axial, induced pseudoscalar, induced pseudotensor

GA PT
[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024); JHEP 04, 132 (2025); 2512.06801 [hep-ph]] 11

, Y. . .
[YC, Q. Chen, F.-K. Guo, Q. Wang, & B.-S. Zou. 26xx.xxxx (to appear)]



Differential cross sections at tree level

B Elastic (anti)neutrino-proton scattering at tree level:

oM ME N
dg _ G}, | | 7 ‘ A(QQ)
dQ? 8nEL \ M% + Q?

AQ*) =ar [(FR)* = (7)) +7 (G _(G;gi)z],
B(Q ) =47 GAGIU
C(Q?) Z[(}:ﬁi) +(FF) +7(65) + (68)].

B Definition of some variables

o B(QY)+

A=p —p=k ¥ o =oa(vp = vp), o =o(vp — vp)

P = +p)/2 ]:A’—\/I‘F;EJ:& s= (p+k)?
Q* = -A*>0 }"T _ \/T(T& u= (k' —p)?

= Q%/(4M?)

m Effectively, 4 FFs contribute explicitly to the differential cross sections.

V4 L A
Gg, Gua, Gi, Gp

® In particular, nonzero G4(Q?) implies the P violation, and nonzero G%(Q?)
implies both P and CP violations => matter-antimatter asymmetry/MAU. 1>



Weak-neutral axial-vector FFs of the nucleon: G£p (Q%)

08 | I I | | I I T T | T T T T | T T T T 150 T T I T | T I T T | T T T T | T T T T
| ® MiniBooNE : B y—capture (1981) :
-—= Dipole fit . 120 A u—capture (2013) —
0.6} — 4
N\ e BNL E734 | ® Saclay exp.
T = Quasi-vN 90 == PPD + Dipole fit ]
@ 0.4— —- ETM lattice __| @ — PPD + Quasi—vN
N NA, = -
b i | QD 6O NLO XPT |
| 4 B —-- ETM lattice 1
0.2— — i 7
N - 30— —
O O i | 1 1 | | 1 1 1 1 | | 1 1 1 | 1 1 1 1 ] O 1 1 | 1 | 1 | 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 0.0 0.1 0.2 0.3 04
0% [GeV?] 0* [GeV?]

[1]. Horstkotte, et al. Phys. Rev. D 25, 2743 (1982),
BNL E734 [2]. Ahrens, et al. Phys. Rev. D 35, 785 (1987);

[3]. Aguilar-Arevalo, et al. Phys. Rev. D 82, 092005 (2010);
[4]. Aguilar-Arevalo, et al. Phys. Rev. D 91, 012004 (2015);

ETM lattice < [3]- Alexandrou, et al. Phys. Rev. D 103, 034509 (2021);
[6]. Alexandrou, et al. Phys. Rev. D 104, 074503 (2021);...
u-capture { [7]. Bardin, et al. Phys. Lett. B 104, 320 (1981);
[8]. Andreeyv, et al. Phys. Rev. Lett. 110, 012504 (2013);
Saclay exp. {[9]. Choi, et al. Phys. Rev. Lett. 71, 3927 (1993);

[Bernard, Kaiser & Meissner. PRD 50, 6899 (1994)]
[R. Sufian, K. Liu & D. Richards. JHEP 01, 136 (2020)]
[YC. JHEP 04, 132 (2025); 2512.06801 [hep-ph]] 13
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Pion-pole dominance (PPD) hypothesis and scaling ansatz

AM?
® PPD: G4(Q?) = mGi(Qz) <= PCAC and Goldberger-Treiman relations
s
pion pole
Var (M, + M,,)
e NLO ChPT (XPT): Intpn = e fﬂ.ipn _ (13.22613 + 0.04369)
2
— Jdmrtpn W ’ ™
Q? + Mz (My)?
08 I I 1 1 | I 1 I I | 1 1 I I | T I I 1 150 I 1 1 I I I I 1 I
i ® MiniBooNE | = y-capture (1981) |
‘ == Dipole fit —— ]2 A p—capture (2013) —
0-6_‘ """ BNL E734 __ e Saclay exp. :
~ [ T Quasi-yNemm=—— __ 90 -== PPD + Dipole fit —]|
g 0.4— — ETM lattice __| E — PPD + Quasi-vN ]
S or S ~ NLO yPT |
" B —- ETM lattice 1
02— - ] 30__ _—
0 1 1 1 1 I 1 1 1 1 | L 1 L L | L 1 L 1 . 1 1 1 1 I 1 1 1 1 1 1 .
'3.0 0.5 1.0 1.5 2.0 8.0 0.1 0.2 03 04
0 [GeV?] 0* [GeV?]

® Induced pseudotensor FF (scaling ansitz): G%(Qz) = KT - Gﬁ(@z), rr ~ 0.1

[Y. Jang, R. Gupta, B. Yoon, & T. Bhattacharya. PRL 124, 072002 (2020)]

[C. Alexandrou [ETM], et al. PRD 103, 034509 (2021)]

[Bernard, Kaiser & Meissner. PRD 50, 6899 (1994); Reinert, et al. PRL 126, 092501 (2021)]

[M. Day & K. McFarland. PRD 86, 053003 (2012)]

[C. Chen, C. Fischer, C. Roberts, & J. Segovia. PRD 105, 094022 (2022); EPJA 58, 206 (2022)] 14



Nucleon 3D mean-square axial radius (1) # R}

B Standard definition of 3D mean-square axial (charge) radius (r}) :

| d3r r2 J50’B('r')
f d’r Jg,B(T)

(ra)

6 dGg(0%)
Gp(0) dQ?

(rz)

0=0

® Naive traditional definition of axial (charge) radius R%, by a simple analogy
with the traditional definition of the mean-square proton charge radius:

6 dGA(Q?)
Ga(0) dQ* |5,

Justification of the naive 3D mean-square nucleon axial (charge)
radius R has never been rigorously discussed since 1986!

40

R = —

[Meissner, & Kaiser. PLB 180, 129 (1986)]
[Meissner, Kaiser, & Weise. NPA 466, 129 (1986)]
[A1 Collaboration. PLB 468, 20 (1999)]

[Hill, et al. Rept. Prog. Phys. 81, 096301 (2018)]

[MINERVA Collaboration. Nature 614, 48 (2023)] 15



3D mean-square axial radius (r') in the Breit frame

(1). Assuming G-parity invariance,

. _ AF
N(p,a 5’|Jg(0) |pa 8>N — ’LL(p’, 8’) |:’YMGA + —GP1| ’}/5U(p, S)

—— 2M
T

Induced pseudoscalar
Inthe 3D BF: 5 (p/, 5|50 (0)|p.s)y =0 =—b> JQ’B(T) =0
-3 Totally vanishing 3D axial charge distribution, thus no 3D axial radius!

(2). Without assuming G-parity invariance,

AT — 1] [Iya ¥/ Al
N<p,8|j5(0)|p,S>N:u(p,S) Y GA+W

ol A,

G4 —
L oM

G%] Y u(p, s)

Induced pseudoscalar
Induced pseudo-tensor

Inthe 3D BF: y (p/,s'[j2(0)|p,s)y = V1 + 7 (0 - iA)GZ(A?)
P-odd

1). 3D axial charge distribution is related to G%Z(Q?) rather than G4(Q?);
2). It is parity-odd, thus there is no 3D mean-square axial radius! 16



Nucleon 3D axial charge distribution & axial radius (rAZ)

In either cases, i.e. G%(Q?%) = 0 or G%(Q?) + 0, 3D mean-square axial radius
for a spin-1/2 hadron does not exist. This is dictated by the parity symmetry.

d>A A (O A e
T3 p(r) = /@T)gﬁ a %G‘%(Az) /d&"' JQ,B(T) =0

JO 5(r) [fm =]

47(}*2-]2’3(;') [fim~']

[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024)]
[YC. JHEP 04, 132 (2025); 2512.06801 [hep-ph]] 17



Different nature of axial-vector and vector four-currents

GE = hytae) J* = Py

spacelike four-current Jz timelike four-current J#
lintrinsic part intrinsic part
twice of spin electric charge
_ - - - = | i 1 ' 0 g
J5 25 distribution © w2 g0 = Pch  distribution

A=yp —p

[C. Lorcé. PRL 125, 232002 (2020)]

[YC, & Cédric Lorcé. PRD 106, 116024 (2022)]

[YC, & Cédric Lorcé. PRD 107, 096003 (2023)] ...

[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024)]

[YC. JHEP 04, 132 (2025); 2512.06801 [hep-ph]] 18



Relation between spin tensor and axial-vector four-current

B Using the QCD equations of motion, one can explicitly show that

L

N L. h 1 0
S"'(}'-d(ﬂj) — §Efr}..5)uw($),}[}\,},5w($) — ie-ﬁal‘,ﬁ)\ﬂ

with the axial-vector four-current operator given by ;£ (z) = O(z) My ()

[E. Leader & C. Lorcé. Physics Reports 541, 163 (2014)]

B Spin density operator and spin vector density (spin current)

. 1 .. .. 1 .. 1
S'(x) = 56”’“805"“ = 5]’;(3;) e S = §J5

[Lorcé, & Mantovani, & Pasquini. PLB 776, 38 (2018)]
[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024)]
[YC. JHEP 04, 132 (2025); 2512.06801 [hep-ph]] 19



Relativistic 3D intrinsic spin structure of the nucleon

€ 3D BF spin vector density Sp(r) = %J&B(r)
°A A(A o) A(A o) ‘
J- _ f—L&*T‘ o GZ A? o GZ AZ
5.5(7) / (27)3 ¢ { [“T APJ(P + M) Aas) AMPY, 7 (&%)
Sp(r) [fm™]
o T T T T m Input from MiniBooNE @ Fermilab
—— e Y (anti)neutrino data:
P A U S S A
O3 s e e S D GZ(Q?%): MiniBooNE data;
B | YT GZ(Q?): MiniBooNE data of GZ (Q2) +
E 0.0 R T B PPD (pion pole dominance);
IS T 06
.- -.------..-. 1M, = Multipole decomposition:
PPy R N NN B
Y Y A A L W U | M) (Q)
I L Y O T T T | ) S T — S( T + S T
- - - - - toroidal structure - - B( ) ‘? ( ) B ( )
T T Up-down: mirror-symmetric
1975 ~0.5 0.0 0.5 o

Left-right: mirror-antisymmetric
ry [fm]

[MiniBooNE. PRD 82, 092005 (2010); PRD 91, 012004 (2015)]

[YC, Y. Li, C. Lorcé, Q. Wang. PRD 110, L091503 (2024); YC. JHEP 04, 132 (2025); 2512.06801]
[Sufian, et al. JHEP 01, 136 (2020)]

[P. Neumann-Cosel, et al. PRL 133, 232502 (2024)] 20



Toroidal structure of 2°8Pb & proton

PHYSICAL REVIEW LETTERS 133, 232502 (2024)

Candidate Toroidal Electric Dipole Mode in the Spherical Nucleus >*Ni

P. von Neumann—Cosel@,l‘* V. O. Nesterenko@,2‘3‘Jr L Brandhermtﬁi,1 P. L Vishnevskiy®,2‘4 P.-G. Reinhard@,S J. Kvasil@,ﬁ
H. Matsubara®,”® A. Repko®,” A. Richter®,' M. Scheck®,'™"" and A. Tamii®’

Sp(r) [fm™]

(a) ].0 L B R I T l T ' LU
8 h e o N M LA
5 Proton 12
! i oow ' § 5w s e hae Wee s .
4k S‘—e_‘» ......... E
2 05F. . NN vt A B
0 f S G - i o
o e s 0.8
_4 - —_— | - e e — - -
-6 ‘Eo.o—""'”’"”’”" -
-8 ! ISR LY MRS SAY I !\:-' i i e 0.6
— protons + neutrons WBuat wiiell b X W S S T
x (fm) 3
S sk 0.4
. o o B WA AN - T _
FIG. 1. Nuclear toroidal excitations. (a) Schematic view and P A YN -
(b) its cut in the x-z plane. (c) Same as (b) for the toroidal mode |- - - - toroidal structure |l
predicted in the nucleus 2*Pb [14]. The arrows mark the current i N I T N R N[ (P
along stream lines and their length is a measure of the current =10 <0 04 0 10
density. 7y [fm]

== Nucleon intrinsic spin structure is naturally of toroidal structure!

[P. Neumann-Cosel, et al. PRL 133, 232502 (2024)]
[YC, Y. Li, C. Lorcé, Q. Wang. PRD 110, L091503 (2024); YC. JHEP 04, 132 (2025); 2512.06801] 21



Nucleon 3D mean-square spin radius (rZ;,)

B Physically meaningful 3D mean-square spin radius:

d&rr s - Sy(r) 2G4(0)
(r ﬁpm) = / R,24 + I+ — Model-independent!

[d3rs- Sy G4 (0)
Based on recent lattice QCD results and PPD hypothesis, one can show that

Gp(0)
G 4(0)

actually plays an dominant role!

> 1

G p(0)

the last term SYWEkeD (0)

B Recently, Rz was measured with high-precision by the MINERVA Collaboration at
Fermilab. [MINERVA Collaboration. Nature 614, 48 (2023)]

B However, R5 alone is not enough to fix the meaningful 3D mean-square spin
radius (r5,i,). One still needs to determine the ratio 65(0)/6%(0).

B This provides an additional key motivation for ongoing lattice QCD and
model calculations or future experimental measurements of the nucleon

induced pseudoscalar form factor G4(Q?). 22



Covariant Lorentz transformations (based on Poincaré symmetry)

€ Axial-vector four-current case:

(', 8175 (0)p.s) = ) Dm (s M) DY) (B, A) A, (pg, s3] (0) P, 5)

SB:SB

Wigner rotation Lorentz mixing
€ Exactly the same angular conditions as before* for the Wigner rotation angle 6:

PY 4+ M(1+7) . VTP,
cosf = , sinf = — —
(PO+ M)V/1+7 (PO + M)V1+7

€ Elastic frame (EF) axial-vector four-current distributions:

(].2A ot i i ZA o 0 g's P~ i
J5er(bL; P:) = / (QW)‘l emitrby [ ¢2M¢) G7(A7) + (P()) (02)wGA(AT)| | free from
' 2A g P\ (iA ) ~ F Winger spin
2 . ¢8L Ay z \ AL "OL)s's ~7Z (A2 , GZ (A2 rotation
Jb’,EF(b_L* PZ) / (27r) _(PO) 2IM GVT(A_I_) + (O:)S SGA(A_L)_
oA A A o ) e |G4(AT) . CE(AT)
. L —iAyb L\&a) ~01)ss | Gala] P\a]
= - P, Tl 110 S
Topr(bLi Pz) = / (272 { 4 PO POrM M suffer from
- : AL) Winger spin
\% € X1A])l . .« : rotation
- 70 [(3080 (1)ss — NG sinf o Gi(Ai)}

[Durand, De Celles, Marr. PR 126, 1882 (1962)]

[Cédric Lorcé. PRL 125, 232002 (2020)]

[YC, & Cédric Lorcé. PRD 106, 116024 (2022); PRD 107, 096003 (2023)]*

[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024)]

[YC. JHEP 04, 132 (2025)] 23



Relativistic EF distributions of a moving proton
Jier(b1:P-=2 GeV) [fm™?]

10 i I I I | I I I I | I I I I | I I I T
— Proton iiiiiiiiiii ] ] ’ —
—_——— s e s L T T R S B
: S:e_\_ i ' Fooos = =N N \ ] i 1 ] ’ :

LU T T T T R R W TR A T R A
05 v v vov v g N Y A BV R
LY T T T T [ B Y A A A
L s s S NNNNN v Appgrr s s ]
— R S \\\ N A A A m - .

- - - —--I-“-L"‘W_—F'—-—-—r - o -
=, L _
I'-Q a - e e e e, e e e W W b
= - e i e e s S W e -~ 1
R A G i e e e T T T T
_0 5_’ rd FoFr F F F - - % %N N N NN ~ s~ 1
) Ll ’ ’ ’ ' / ’ 4 ' ] \ A b} A} . 1
- .o LI B
. . . ... . .toroidal structure _

-1.0 L 1 | 1 1 | [ B I | [ B
-1.0 -0.5 0.0 0.5 1.0

by [fm]

0.35

0.30

0.25

0.20

0.05

0.00

1
L L
Sgr = §J5,EF

(M LD 1(Q
JiEF = Ja,](z-F) T Ja,J{EF) T JE:_._](EF)

— Dipole contribution breaks explicitly
the up-down symmetry!

Up-down: mirror-asymmetric
Left-right: mirror-antisymmetric

B Both S, ;; and Jz;; are free from Lorentz mixing effect but suffer from the
spin Wigner rotation!

[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024)]
[YC. JHEP 04, 132 (2025)]
[P. Neumann-Cosel, et al. PRL 133, 232502 (2024)]

24



Proton’s 2D transverse mean-square axial and spin radii

® Axial radius (for a longitudinally polarized, moving spin-1/2 hadron).
1 2
2

® Longitudinal spin radius (for a longitudinally polarized spin-1/2 hadron).
[d?*b, b% Sip(by; P.) 2 1o

b2 P.) = — -
< spin, L)EF( ) fd2bj_ SEF(bJ_,Pz) 3 A

® Transverse spin radius (for a transversely polarized spin-1/2 hadron).

2 1 Gp(0) 1 L]

b P,) ==R; -
(Bpin er(P2) =3 AT IMEGL(0) 2M(Ep+ M) | 2ED

Conclusion: the second-class current contribution [associated with G7(Q?)],
although explicitly included, does not contribute in fact to the mean-square

axial and spin radii.

[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024)]
[YC. JHEP 04, 132 (2025)] 25




Relativistic light-front (LF) distributions

¢ In the IMF limit (P, > ©): J| (b ; PT) = J)gp(bi;00) = JZpp(b; 00)
2

. <b124>LF(P+) - <b§pin,L>LF(P+) - gR?q
€ Mean-square LF radii: : L G20) ~ independent of GZ
(bgpin,T)LF( Pt = 5 R% + TV Gg 0) (second-class current)

¢ Scaled transverse LF axial current distribution:
B Jdip(b:P*) [fm 2]

1.0 T I T l T T I 1
N A AR gl — gl
B o i 8 £ e SN § A 1T VR ‘ & LF Y 5!LF
o s\_g\' V8 4 - 0~ I I U ‘ x 12 2
05_ LU S T L U T Y S S R S N A A A | T 3
NS v v WA b N it g ] 1.0
- SN NN MK A vt 2 S P p
f— [« & ¥ o /7 A wiiw Y -
E bl IIllNN0 222221 kes Transversely polarized proton
- OOT--“\\\M//’»—--__ ) )
S L - - - - 1l Up-down: mirror-asymmetric
L orm s s e e e s~~~ i1, Left-right: mirror-antisymmetric
GBS 3 7% B e & Dy DR B 1 Ko
R RS S - R R } 0.2
~~~~~~ toroidal structure -
— i ; I‘ l‘ l. I‘ l. l. l. l. I 'l .l 'I 'l 'I 'l .l .l ; i
1£)1.0 -0.5 0.0 0.5 1.0 00

by [fm]
[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024); YC. JHEP 04, 132 (2025)]
[P. Neumann-Cosel, et al. PRL 133, 232502 (2024)] 26



LF amplitudes via EF amplitudes at proper IMF limit

Conjecture. Any light-front (LF) amplitudes for well-defined LF distributions in principle
can be explicitly reproduced from the corresponding elastic frame (EF) amplitudes in the

proper infinite-momentum frame (IMF) limit.

€ EF amplitudes

0 _ op0 (IALGL) 7, A2 P, 2
App =28 { onr C1(ADY 5y 0-GA(A] )} This conjecture has been verified
P, (iAl o)) independently in:
i =2P" { PO o0 GJZ"(AL)J“%GA(AQD} : (1). Electromagnetic four-current
POy M (1+ CXIA P. case;
A$F=2\/F72!(PO+M§\/11—)TM+(€ X;ML)L (PO-I-M)\/H—T] G4(A1) | (2). Polarization-magnetization
o S and energy-momentum tensor
_AL(ALoy) |GA(A]) | GR(AT) cases;
> POM M| -
+ (3). Axial-vector four-current
€ LF amplitudes cases (with/without G%);
((IAL-TL)\N .z Z _ \
Afp=2P* | EEETLAGE (AL ) +(0.) G (A \
) CTUA Lo )y | supporting LaMET?
A =2P ( LQMU" AGZ(AT )= (o) aGE(A)]. (X. Ji, F. Yuan, Y. Zhao, Y. Liu, ...)
exiAJ_J_ AJ_AJ_O'J_ ’

AEFZQM{ (UL)A’A‘|’( - 57 ) onn|GA(AT) - ( e b AGEH(AT)
[Cédric Lorcé. PRL 125, 232002 (2020)]
[YC, & Cédric Lorcé. PRD 106, 116024 (2022); PRD 107, 096003 (2023)]
[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024)] 7

[YC. JHEP 04, 132 (2025)]



Summary and outlook

® Hadron structures are highly non-trivial and complicated! They are
closely related to many ongoing and new scientific programs and
facilities.

® Neutrino/antineutrino elastic or quasi-elastic scatterings offer us a clean
way to probe the internal structures of hadrons/nuclei in the weak sector.
In particular, relativistic axial-vector and spin structures of nucleon are
discussed in detail in terms of axial-vector FFs G4, ;(Q?).

® Due to parity symmetry, physically meaningful 3D axial (charge) radius
(r3) does not exist for any spin-1/2 hadrons. However, 3D mean-square

nucleon spin radius (r7,,) is a well-defined, physically meaningful

quantity that better characterizes the size of spatial extension of weak
content of nucleon.

® Any relativistic spatial distortions of a moving spinning hadron can be
understood as a combination of Lorentz transformation and Wigner spin
rotation.

Thank you! 28



Backup: Covariant Lorentz transformation -- two key effects

® Four-vector case (e.g., electromagnetic four-current):

W13 (0)lp.s) = > DI (0lp, A)DY).(p5. A) A, (05, 813" (0)|pB. 58)

!
578 Wigner rotation Lorentz mixing
® Axial four-vector case (e.g., axial-vector four-current):
1o T(?) j A,
P, |75 (0)[p, s) Z DY) (P, A)DY) (B, A) A", (g, 3|3 (0)|ps, 58)
pSB ngner rotation Lorentz mixing

® Tensor case (e.g., polarization-magnetization tensor):

W, S|P (0)p.s) = Y DI (0, A)DY)(p5. A) Ay A 5(Dlg, 85| P (0)|ps. )

b
Sp:SB

Wigner rotation Lorentz mixing

(1). Lorentz mixing effect boost A",

70 70
({EF) — (’Y p ’Y) ({g) ~ momentum-space amplitudes
EF By v J5

(2). Wigner rotation effect
Fundamental reason: boost generators of Lorentz group do not commutate!

P o N ik Tk
[K} K] = —1€”’".J" ——» Wigner rotation Dgfi)b(pg A)

[Durand, De Celles, & Marr. PR 126, 1882 (1962)]

[Cédric Lorcé. PRL 125, 232002 (2020)]

[YC, & Cédric Lorcé. PRD 106, 116024 (2022)]

[YC, & Cédric Lorcé. PRD 107, 096003 (2023)] 29
[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024); JHEP 04, 132 (2025)]



Relativistic LF interpretation

week endin
PRL 99, 112001 (2007) PHYSICAL REVIEW LETTERS 14 SEPTEMBER 2007

Charge Densities of the Neutron and Proton

Gerald A. Miller

Department of Physics, University of Washington, Seattle, Washington 98195-1560, USA
(Received 18 May 2007; published 13 September 2007)

A model-independent analysis of the infinite-momentum-frame charge density of partons in the
transverse plane is presented for the nucleon. We find that the neutron-parton charge density is negative
at the center, so that the square of the transverse charge radius 1s positive, in contrast with many
expectations. Additionally, the proton’s central d quark charge density is larger than that of the « quark by
about 30%. The proton (neutron) charge density has a long range positively (negatively) charged
component.

€ Generic LF distributions (strict probabilistic!!!):

2 ;A LA
Op(by: Py = [ LAL —iavs, tE@, NOO)p Ajur

2 +
(27) 2P At=|P,|=0
Po » Prp [11fm?] Pn » p1n [11fm?] ]
0.4 — =— =— unpolarized

Proton “ Neutron Transversely
p .2 polarized
]
,' e b [m1]
I].
[}
/

b, [fm]

-1.5 -1.0 -0.5 0.5 1.0 1.5

[G. A. Miller. PRL 99, 112001 (2007)] negative center!?
[Carlson, & Vanderhaeghen. PRL 100, 032004 (2008)] 30



Some unusual observations on the LF

Proton Neutron
by Lfml | b, [fm]

’ \ Negative
\ J core!?!

Unpolarized

Unpolarized

i
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|
|
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b
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15
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0“; Electric
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—0.5
-1 Transversely § 'E Transversely
-1.5 polarized A F polarized
—15-1-050 0.5 1 1.5 >x U™ —15-1-050 05 1 15 >x Um

[G. Miller. PRL 99, 112001 (2007)]
[Carlson, & Vanderhaeghen. PRL 100, 032004 (2008)] 31



Neutron: 3D positive center — 2D negative center?!
P lel fin']

0.5\ —— Gg(0% (Sachs) Pion cloud picture (rest frame)

AN — G @INT+7
0.3
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2 polarized by [fm]
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0.5 h.,
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121
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negative center!?

[C. Lorcé. PRL 125, 232002 (2020)]
[Carison, & Vanderhaeghen. PRL 100, 032004 (2008)] 32



Relativistic EF interpretation

4 Poincaré symmetry:

.13 (0)|p,s) = > DI (D5, A)DY) (ps, M) A, (P, s'515%(0)|ps, sB)
SpiSB ngner rotation Lorentz mixing
(1). Lorentz mixing boost A,

- | -
({EF) = (:}{ 'Bf}) ({f ) ~ momentum-space amplitudes
JEr v v ) \Jp

(2). Wigner spin rotation

Key insight: boost generators do not commutate! { K' K ] — ek gk
¢ s E S _T(ﬁ& Sin Q
5020~ (L0, ) e
; br o 0 i : Wigner rotation angle
e'PA sin 5 COS 5

PP+ M(1+7 TP,
cos ) = ( ) } sinf) = — VTP

(PO + M)V1+ 1 (PO + M)V1+ 71

[Durand, De Celles, & Marr. PR 126, 1882 (1962)]

[Cédric Lorcé. PRL 125, 232002 (2020)]

[YC, & Cédric Lorcé. PRD 106, 116024 (2022)]

[YC, & Cédric Lorcé. PRD 107, 096003 (2023)] 33



Relativistic EF interpretation

# EF distributions (2D): Wigner spin rotation
d’A (6y5 X iA) GE(A2 )
Jo(b, P, e/ = oAb, {5,;;? cos@ + —= £sin 0 =
gr(bLiPr) = (2x)2 5 2M\/t ! V1+71
2 - : 2
+ e / 44, e iALbL i —5y5 Sin @ + (00, X iA), oS 9] VTG (A1)
B M7 T
dzal : P, [ (64, X EA) GE(AZ)
J.ge(b i P,) = e —iALbL _Z 15, cos @ + —22 $5in 0| ——=~
~ee(b1:P) f’/ 277 € po | coso + 2M /7 > ] VIt
d*A ' A Gy (A?
—|—€/—l2€“h [ 6,,;,‘,csm9—|—( s's > 1 )ZCOSQI ViGu (A1)
2M /T Vit
d’A L PY G (A?)
J b : — .5 < —ZA_J_ bJ_ X A B 1
J_EF(‘J_ QM/ (ez x ¢ )Lp_o JItr
free of Wigner spin rotation suppressed by Lorentz contraction

In conclusion: Lorentz transformation and Wigner spin rotation indeed jointly play a
central role for the structures of moving spinning hadrons.

[Cédric Lorcé, & Pierre Wang. PRD 105, 096032 (2022)]
[YC, & Cédric Lorcé. PRD106, 116024 (2022)]
[YC, & Cédric Lorcé. PRD107, 096003 (2023)] 34



Relativistic EF interpretation

€ EF distributions (2D): unpolarized case
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[Cédric Lorcé. PRL 125, 232002 (2020)]
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Relativistic EF interpretation
€ EF distributions (2D): polarized case
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