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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(2018)1830025]
[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(2018)1830025]

[V. Bernard, L. Elouadrhiri, & U. Meissner. J. Phys. G 28, R1 (2002)] ... 4
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The proton spin crisis

4 0.0
st Spin crisis! * /%"

0.19 F_IELL;S—JAFFE sum rule .I xg® Ix) EMC experiment [PLB 206 (1988) 364]
{ 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 5



The proton spin crisis

00 hls wrrt som e o e 10 EMC experiment [PLB 206 (1988) 364]
£.1s - Spin crisis! * /%" |, Total quark spin contribution:
E; 0.09 - _M(,E AEZAU‘|‘Ad+AS+
N g

0.06 -

0.03

4 0.04

= G%(0) + G4 (0) + G (0) + - --

-1 0.02

0

1
G4(0) = §[Au—Ad—As+An+---]

= U and d quarks contribute only (14+9+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

See also: Stephen Pate’s talk ( )

08:55 - 09:15

Progress on constraining the strange quark contribution

to the nucleon spin

Stephen Pate

As = G (0)
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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 — spin crisis!
(5). G5 (0) is only* accessible in weak neutral-current elastic scattering!

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



Relation between spin tensor and axial-vector four-current

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

Qe Ts 1 e n 57 1 L
§1 () = S i) i) = 2 oy

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

[E. Leader & C. Lorcé. Physics Reports 541 (2014) 163]
[Lorcé et al. PLB 776(2018)38]

® Most generic matrix elements of the weak-neutral axial-vector four-current
operator for a spin-1/2 hadron (e.g. the nucleon N=p, n):
B AH ol A, 5
VS QP sy = 0l ) |G + G~ TG | ul

S ) Induced pseudoscalar
AT=t=-Q" <0 Induced pseudo-tensor

* Assuming G-parity invariance (or exact isospin symmetry) eliminates G%(Q?).

[Ohlsson & Snellman. EP]IC 6, 285 (1999)]...
[V. Bernard, L. Elouadrhiri, & U. Meissner. J. Phys. G 28, R1 (2002)]
[YC, Y. Li, C. Lorcé, & Q. Wang. PRD 110, L091503 (2024); JHEP 04, 132 (2025)] 8



Exact relation between spin density and axial-vector current

® Spin density operator and spin (vector) density

. o 1 .. 1
S'(x) = — ik QOIk §jg(:r:) - S = §J5

[Lorcé & Mantovani, & Pasquini. PLB 776 (2018)38] ~  _— ]x___

[Chen, Li, Lorcé, Wang. PRD 110, L091503 (2024)]

® Weak-neutral axial-vector FFs : SN SN S
1). Elastic (anti)neutrino-nucleon scatterings.

[1]. Horstkotte, et al. Phys. Rev. D 25, 2743 (1982);

[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);

2). Recent lattice QCD calculations.

[1]. Alexandrou, et al. Phys. Rev. D 103, 034509 (2021);
[2]. Alexandrou, et al. Phys. Rev. D 104, 074503 (2021);
[3]. Djukanovic, et al. Phys. Rev. D 106, 074503 (2022);
[4]. Jang, et al. Phys. Rev. D 109, 014503 (2024);...

See also: Weizhi Xiong's talk for future measurements of the nucleon axial form factor
at JLab. ( ) 9



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)] 10
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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), kT ~ 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)] 11



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

® 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?)
Ga0) dQ® |per

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

40

[Meissner & Kaiser, PLB 180, 129 (1986)]

[Meissner & Kaiser & Weise, NPA 466, 129 (1986)]

[A1l Collaboration, PLB 468, 20 (1999)]

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

[MINERVA Collaboration, Nature 614, 48 (2023)] 12



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

(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

LAY
2M

Gp — 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! 13



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.

3A A (O 1A s
T3 p(r) = /WE A %G‘%(Az) /dg”' JQ,B(T) =0

0.30_ I I I I | I I I I | I I I I | I I I I

020 Parity-odd —
0.10_— ]
0.00_ -

J5(r) [fm ™3]

2. J9 5(r) [fm ']
(e
S

[YC, Y. Li, C. Lorcé, and Q. Wang. PRD 110, L091503 (2024)]
[YC. JHEP 04, 132 (2025)] 14



Relativistic 3D intrinsic spin structure of the nucleon

4 3D BF spin vector density Sp(r) = %J5,B(7‘)
°A A(A o) A(A o) ‘
J- r) — f—L&*T‘ o GZ A? o GZ AZ
55() / (2m)3 ¢ { [“T POPY | BT T Ty CRAT)
. Js 5(r) [fm~]
Proton - -+ -----.{Ms ® Input from MiniBooNE @ Fermilab
S N o (anti)neutrino data:
05 v v v 20
SRS R A G%(Q?): MiniBooNE data;
_ SRR hatSEaReSs ] 1 G%(Q?): MiniBooNE data of G% (Q?) +
E oo T Tt - I PPD (pion pole dominance);
‘—:‘\ - - - - - - - - -~ - - - -
oslT I TN _ = Multipole decomposition:
R S O N N W ] 0.5 M) (Q)
Y S S Y G T T T PR i S r) = S( T _~_ S r
. toroidal structure ] 5(r) b () b ( )
I A B B B | P Up-down: mirror-symmetric
-1.0 -0.5 0.0 0.5 1.0

rifm] | Left-right: mirror-antisymmetric

[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)]

[Sufian et al. JHEP 01, 136 (2020)]

[P. Neumann-Cosel et al. PRL 133, 233502 (2024)] 15



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®’

Js p(r) [fm~]

1.0 T T T T T T T T T T T T T T T T
a I | [ | i i
(a) . Bpemer s 5w = o 4 » il @ b -
ol =S O R T RIS
4 i : S=e\ ......... :
2 [ 05~ “ M « N ~_ o gL e — 2.0
0 J 6 AONEL W ING RN it Ty e B B % .
2| : x T |
4T = i R ] s
R
-8 ! PRENE WA L SRR | N k>‘ i - ::-:—’—»»—::: - |
— protons + neutrons etk ™ -2x(?m)2 # 1Bl : S P : 10
FIG. 1. Nuclear toroidal excitations. (a) Schematic view and '0'5_5 i Bl B o e :"_ os
(b) its cut in the x-z plane. (c) Same as (b) for the toroidal mode ALY AR RGN TR . )
predicted in the nucleus 2°*Pb [14]. The arrows mark the current [ . | ;o ,tor.ol'd.al. Strlllct_ure_ |
- ~ P 1 N o 1 1Q © —1. TR B T I I | TR S N | [ N N 0.0
glongt stream lines and their length is a measure of the current 1 —Gl.o o5 50 T =9
ensity.
1y [fm]

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

[P. Neumann-Cosel et al. PRL 133, 233502 (2024)]
[YC, Y. Li, C. Lorcé, Q. Wang. PRD 110, L091503 (2024); YC, JHEP 04, 132 (2025)] 16



Different nature of axial-vector and vector four-currents

S 57 A = A
PXs =0 )5 = Yy A, TH =0 gH = P~yHa
spacelike four-current J{ timelike four-current J#
xintrinsic part intrinsic part
twice of spin -
J: =28 P 0 electric charge

- - - J — - - -
distribution P=(+p)2 Pch  distribution
A=yp —p

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

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

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

[YC, and Cédric Lorcé, PRD 107, 096003 (2023)] ... 17



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

€ Physically meaningful 3D mean-square spin radius:

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

[ d3r 5. Sgr) G%(0)

Based on recent lattice QCD results and PPD hypothesis, one can show that

Gp(0
r0) 4
L Gp(0) G 4(0)
the last term Ve G’j (0) actually plays an dominant role!

& R: has recently been measured with high-precision by the MINERVA
Collaboration at Fermilab.

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

& However, R4 alone is not enough to fix the meaningful 3D mean-square spin
radius (r5,,). One still needs to determine the ratio 65(0)/6%(0).

€ 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?). 18



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, and 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)] 19



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, and Q. Wang. PRD 110, L091503 (2024)]
[YC. JHEP 04, 132 (2025)]

[P. Neumann-Cosel et al. PRL 133, 233502 (2024)]
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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)] 21




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, and Q. Wang. PRD 110, L091503 (2024); YC. JHEP 04, 132 (2025)]
[P. Neumann-Cosel et al. PRL 133, 233502 (2024)] 22



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

(IAL-0L) 17, A2
onp Cr(AL)+
P, (iA] o))
Py 2M
P+ M(1+7)
Agp =2V P2
EF l(P0+M)\/1+—T‘”+ 20
G4(a1) _GHAY)
PO+ M M

P
pooe

Al —2p [ 0. GZ (A2 )}

. 2P0[ G%(AL)MZGA(A@},

(eZXiAJ_)J_ Pz
(PO+M)V/T+7

_A(AL0y)
2

¢ LF amplitudes

+ __op+ (1A )wa

b

GZ(AT)+

. . [ iA T ! ]
App=2p [VBLTLNA Gz A2y (5,65 (A2)

2M
(ez XiAJ_)J_

(0)xrGE(AL))

]Gi(Ai)

)

This conjecture has been verified
independently in:

(1). Electromagnetic four-current
case;

(2). Polarization-magnetization
tensor case;

(3). Axial-vector four-current case
(with/without G%);

\

supporting LaMET?

ova|G4(AT)—

Lo ’

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

AL(AL T 1)\ 7 2}
AM? G (A )

[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)]
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Summary & Outlook

1.

Relativistic 3D and 2D intrinsic spin structures and axial-vector
structures of the nucleon in position space are studied for the first time
by using the nucleon weak-neutral axial-vector form factors.

Physically meaningful 3D axial (charge) radius (r;) does not exist for any
spin-1/2 hadrons due to the parity symmetry. Relative to the naive axial
(charge) radius R;, the mean-square nucleon spin radius (r,,) is a

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

Measurement of (naive) axial radius R alone is not enough to fix the
nucleon spin radius (r7,;,). On top of R, one also needs to determine the

ratio G,(0)/G4(0), which provides an additional key motivation for
ongoing lattice QCD and model calculations and future experimental
measurements of the nucleon induced pseudoscalar form factor G4(Q?).

Nucleon axial-vector FFs provide additional constraints on GPDs ﬁq and
E"q extracted from data at e.g. JLab, NICA, LHC, EIC, EicC, etc.

Ga f Hy(x, & t) N |
[(’p ] ZQA/ [Ef (z,6,1 )] f=u.d,s. ... N



Take-home message: Structure dictates properties

B Analogy: “Symmetry dictates interactions”

Y

“Structure dictates properties”

N

functional 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, instanton/sphaleron/renormelon transitions),
non-trivial topologies, etc.

(3). On top of the QCD dynamics and non-trivial QCD vacuum structure, hadron
structures are also affected by electromagnetic and weak interactions. 25
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Backup: First- and second-class currents

. B AH atv A
NS O ) = ) [ GE ¢ 5GE - TR utps

Induced pseudoscalar

Induced pseudo-tensor
€ Weinberg’s classification via G-parity transformation

G = C exp (¢n]) I, =o0y,/2

4 First-class currents, e.g. . _
Gi'G ' =+ GG =t =Yy
( J5 = Yy Y
G4(Q%) and G%(Q?) are FFs associated with the first-class currents.

€ Second-class currents, e.g.
(GJ'”G—1 =—j" GG =+

G%(Q?) is the FF associated with the second-class current.

In strong interactions (e.g. strong decays of mesons), G-parity is exact.
However, due to different electric charges and masses of u, d, s ... quarks, G-parity
invariance is in general not conserved in electromagnetic or weak interactions.

[Weinberg, PR 112, 1375 (1958)]
[H. Shiomi, NPA 603, 281 (1996)] 27



Backup: Quark flavor decomposition of axial-vector FFs

® Weak-neutral axial-vector FFs:
GZ(Q% = ZgA G (Q%)

% GY Q) = GX(QY) + G5 (QY) = GA(QY) + G5 (QY)]

u—d w,e,t 1
aW o~ G —Gg( = Gg( ) X=APT f=u,d.s.c, bt gq :+§
dsh 1
gr = 9
08 I T T I T T T T I T T T | T T T T 150 I I | I 1 | I 1 I T T T | T T T T
i ® MiniBooNE | = p—capture (1981) |
-—= Dipole fit 1 120 A p—capture (2013) —
0.6 — ]
----- BNL E734 | ® Saclay exp.
T = Quasi-vyN 90 == PPD + Dipole fit —]
IS —- ETM lattice _| [ — PPD + Quasi—vN
N NA .
QJ B T w O NLO XPT ]
R i B —-- ETM lattice .
0.2 — B }
| J 30— —]
OO_ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | O_ 1 1 | 1 | 1 | 1 1 ]
0.0 0.5 1.0 1.5 2.0 0.0 0.1 0.2 0.3 0.4
Q2 [Gev2] Q2 [G@Vz

[YC. JHEP 04, 132 (2025)] 28



Backup: Recent lattice QCD results
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Recent lattice QCD results:

[1]. H.-W. Lin. PRL 127, 182001 (2021);

[2]. Alexandrou, et al. Phys. Rev. D 103, 034509 (2021);
[3]. Alexandrou, et al. Phys. Rev. D 104, 074503 (2021);
[4]. Djukanovic, et al. Phys. Rev. D 106, 074503 (2022);
[5]. Jang et al. Phys. Rev. D 109, 014503 (2024);
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Backup: Explicit Wigner spin rotation in the generic EF

® 2D EF Wigner spin rotation matrices:

0 quA 1 0
(1/2) A _ 1-(1/2) / A _ _COS 5 € S111 5
D (pBa ) D (pBJ ) (ezqﬁA sin g COS g_
with .
P M (1 TP
cos b = + M +T), sinf = — VT S
(PY+ M)\V/1+71 (PO + M)y/1+ 7
satisfying cos® 6 + sin’6 = 1.
Proton: 6 [rad] 1.0
0.8_
O.6f
0.42—
0af
ool vl T ]
107! 10° 10! 10 10°

Q [GeV]

[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)] 30



