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BACKGROUND

Why form factors?
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Electromagnetic current
Charge and magnetization distributions inside the nucleon.
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L o L Spin/isovector weak structure, essential for neutrino and
Charge and magnetization distributions inside the nucleon. :
[3-decay physics.
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OBSERVABLES

Helicity-conserving form factors are studied most

10t q,

(P'|j.1P) = N(P) [Fl(cf)w Q) ]N(P)

2mN

(P421P) = N(P') |Ga(@rs + Gr(@) 2 | (P)

Fa helicity conserving
G ~ 1/ Q4 asymptotically
A
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Helicity-conserving form factors are studied most
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OBSERVABLES

Axial form factors help understand weak force

(P41P) = N(P') [Ga(@)*2s + Gr(@) 222 | N(P)

gag — GA(O) = Au — Ad

® Connects low-energy weak decay with the spin-flavor structure of the nucleon
® Required in analyses of the neutron lifetime

® Can be used to test first-row CKM unitarity V.4



OBSERVABLES

Axial form factors help understand weak force

(P'|AM|P) = N(P') [GA(Q2)7“75 +@p(QY)

i)
g5 N(P)
2mN

gag — GA(O) = Au — Ad

® Connects low-energy weak decay with the spin-flavor structure of the nucleon

® Required in analyses of the neutron lifetime

® Can be used to test first-row CKM unitarity V.4

vm — £ p

One of the dominant free-nucleon uncertainties in

d neutrino-energy reconstruction

4 event classification in oscillation experiments

4 extraction of neutrino mixing parameters and leptonic CP violation
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Axial form factors help understand weak force
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OBSERVABLES

Axial form factors help understand weak force

i gA
GP(Q%) = ga = 1.2723(23) phys.Rev.D 110 (2024) 3, 030001
’ (1+Q/M3)’

Leading-order calculations

S. ). Brodsky, G. P. Lepage and S. A. A. Zaidi C. E. Carlson and ). L. Poor
Phys.Rev.D 23 (1981) 1152 Phys.Rev.D 34 (1986) 1478
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OBSERVABLES

Axial form factors help understand weak force

i gA
Gjp(Qz) = ga = 1.2723(23) phys.Rev.D 110 (2024) 3, 030001
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Leading-order calculations

S. ). Brodsky, G. P. Lepage and S. A. A. Zaidi C. E. Carlson and ). L. Poor
Phys.Rev.D 23 (1981) 1152 Phys.Rev.D 34 (1986) 1478

Further attempts

1. V. Anikin, V. M. Braun and N. Offen X. Y. Liu, A. Limphirat, K. Xu, Z. Zhao, K. Khosonthongkee and Y. Yan C. Chen and C. D. Roberts
Phys.Rev.D 94 (2016) 3, 034011 Phys.Rev.D 107 (2023) 7, 074006 Eur.Phys.J.A 58 (2022) 10, 206

NLO correction ~ 40% at Q* ~ 1-2 GeV?

Lattice QCD
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HISTORY

A nearly 50-year gap bridged
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HISTORY

A nearly 50-year gap bridged
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Dirac hard kernel
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Y. K. Huang, B. X. Shi, Y. M. Wang and X. C. Zhao
Phys.Rev.Lett. 135 (2025) 6, 061901

NLO is positive and substantial

Across different DA models and energy scales,
the NLO hard contribution is positive and
substantial.

But some gaps still exist

With modern lattice DAs, the leading-power
hard contribution remains well below the

measured data.
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FACTORIZATION

Collinear factorization separates the scales

N S|

& e ’
Ty (z,y) =

DA ® hard kernel ® DA LO:as> | NLO: as®
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FACTORIZATION

Collinear factorization separates the scales

- y1 P’

P 2o P us P! P’
225 Ty (x, ) g q > + + ...
3P y3 P’ 3 5

DA ® hard kernel ® DA LO:as> | NLO: as®

Q*F1(Q°) = Oy (y, pur) @ Tu(z,y, Q% g, pir) @ Oy (x, pr) + o(é)
Yy T

universal process specific universal

Two hard gluons distribute the large momentum among three valence quarks, so the form factor begins at as? / Q4.
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DISTRIBUTION AMPLITUDE

DA expanded in orthogonal polynomials

On(x,p) = fn(p) 120z 2003 Z O0im (1) Prm ()
Mm
s R - N
Normalization Shape moments
f N (ﬂ) PMm (M)
Sets the overall hard Encodes asymmetry and
amplitude; the form factor higher conformal waves;
scales with its square. DA models diverge here.




DISTRIBUTION AMPLITUDE

DA expanded in orthogonal polynomials

RN (33, ,LL) = fN(;L) 12012023 Z OMm L) PMm(ZC)

Normalization

fn(w)

Sets the overall hard
amplitude; the form factor
scales with its square.

Mm

Shape moments

PMm (M)

Encodes asymmetry and
higher conformal waves;
DA models diverge here.

Evolution

U(ﬂ, MO)

Resums collinear logs
and evolves the DA to
other scales.
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HARD SCATTERING KERNEL

Scattering kernel oblivious of long distances

Substitute the free, collinear three-quark states for the complex nucleon states

1
‘P+>(1)/2# |{pi}>1/2 = %Gabcul-{-(pl) [UI_(W)dL (p3) — dz_(P2)ui+(P3)] 0) = |uud, {p;}) — |udu, {p;})
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HARD SCATTERING KERNEL

Scattering kernel oblivious of long distances

Substitute the free, collinear three-quark states for the complex nucleon states
0 1
‘P—|—>1/2- |{pi}>1/2 — %Eabcul-{_(pl) [?LI_ (pg)dl_l_ (Pq) - dz_(pg)?11+(p3)] |0) — |uud, {pz}> — |udu, {pz}>

Use antisymmetric Dirac basis

abc __ _ijk jia Jb _kc
QO{B’)/ — € qa Q5 q'y

(P’l.]ﬂlp) — (P’l[Qaﬂy(y)]l()) %%ﬁ}/;a’ﬁ’y’(xa y)? <0|[Qa’ﬁ’y’(x)]|P>

()

aa’

;’;2 ® y(”) A () = lHip2 ]

yy!

7:L'ﬂ}/;oc"ﬂ"]/’(xs y) = 7jlmf‘.c(‘x’ y)y ®y
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RENORMALIZATION PROBLEM

Evanescent operators leave finite remnants

d=4-2¢

Q

M. J. Dugan and B. Grinstein
abce ’LJ k 2a ] b ke Phys.Lett.B 256 (1991) 239-244

O{ﬂ’}’ — € QCX Q5 ny

physical + evanescent operators mix
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RENORMALIZATION PROBLEM

Evanescent operators leave finite remnants

M. J. Dugan and B. Grinstein
) k _ia J b kc Phys.Lett.B 256 (1991) 239-244

abec
Qosy = €70y a3 45

d=4-2¢ physical + evanescent operators mix

O(¢g) X 1/¢€ = finite

Four-dimensional Fierz identities cannot be imposed on bare d-dimensional
1 .
operators. (0|Q,;, (x)|P) = 7 VPO Ny, + ACPY C)pN, + T (i6,,, P Chop "y N, |

Evanescent contributions can be removed by finite renormalization.
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ANOTHER WAY OUT

Krankl and Manashov'’s clever trick

Keep spinor
indices open

S b
Qg{%cﬁy — Ezgkq;a q?@ qfic

2

Renormalize the open-index
operator in d dimensions

Quin(@ais = 255" (2,2") ® Quig (o)

-

/

S. Krankl and A. Manashov
Phys.Lett.B 703 (2011) 519-523
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ANOTHER WAY OUT

Krankl and Manashov'’s clever trick

- ™
1
Keep spinor
indices open
Qs = eT* gt gl b
- /

[Qapy(2)|Ms = Zzﬁiﬁy (2, 2) % Qupy (')

-

2

Renormalize the open-index
operator in d dimensions

/

Apys =20TQZ
Y T

* Evanescent operators vanish in 4d.
* Quark flavor structure is irrelevant in determining the renormalization factors.
* Renormalized Fierz identities are preserved.

S. Krankl and A. Manashov

Phys.Lett.B 703 (2011) 519-523

l
nﬂ%a!ﬁ!yf = Z szn ’}’é;r ® ’Yg;;) X ’Y,.Y,Yf

.

Do the Dirac algebra

Ilmn

(n)

J
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CALCULATION

The one-loop factorization checks out

48 2040 ~100 2
O O O O

tree diagrams one-loop diagrams master integrals independent
evaluation routes
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CALCULATION

The one-loop factorization checks out

48 2040 ~100 2
O O O O

tree diagrams one-loop diagrams master integrals independent
evaluation routes

v LO recovered

Tools:
HepLib: Comput.Phys.Commun. 285 (2023) 108631
Apart: Comput.Phys.Commun. 183 (2012) 2158-2164
FIRE: Comput.Phys.Commun. 302 (2024) 109261
PolyLogTools: JHEP 08 (2019) 135

v UV poles removed by renormalization

v IR poles cancel pointwise by matching

v analytic - 100-digit numerical check

S

N

26



CALCULATION

The one-loop factorization checks out

48 2040 ~100 2
O O ® O

tree diagrams one-loop diagrams master integrals independent
evaluation routes

v LO recovered

Tools:
HepLib: Comput.Phys.Commun. 285 (2023) 108631
Apart: Comput.Phys.Commun. 183 (2012) 2158-2164
FIRE: Comput.Phys.Commun. 302 (2024) 109261
PolyLogTools: JHEP 08 (2019) 135

v UV poles removed by renormalization

v IR poles cancel pointwise by matching

v analytic - 100-digit numerical check

N
S

Result: a pointwise IR-finite analytical hard kernel
27



PHENOMENOLOGY

One formula organizes scales and models

Q4F1 Q2 Z@zg H%jklg‘okl M)
17kl

: 1600 200 S 1] i 1] S 1 1
Fridkl _ T as{ e ngz [1_|_% (CljleM_I_ 231@-1)} _I_Qddojk‘l [1_'_04? (dlgkzLM_ngkz)]}
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PHENOMENOLOGY

One formula organizes scales and models

Q4F1 Q2 Z 907,] H%jklg‘okl (/‘L)

17kl

: 1600 200 S 1] i 1] S 1 1
Friikl — ;T o7 { e ngz [1_|_ % (ClgleM_l_ 231@-1)} _I_Qddojkl [1_'_04? (dlgkzL“+dgkz)]}

L, = In(y*/Q?)

neutron exchange up- and down-quark charges

timelike Ly— L,+1im
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RESULTS

NLO corrections are positive and significant
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RESULTS

NLO corrections are positive and significant

Proton Proton
Spacelike Timelike

Ao SLAC 1968
® SLAC 1993

. |
Q? (GeV?) Q? (GeV?)
2/(360) Vi 3
fn(p) = fn(po) ( ;xs S((:))J Pmn (i) = Pmn (fo0) (CZS&O)))
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RESULTS

NLO corrections are positive and significant

30,

Proton 25 o
Spacelike 5 NLO significance
15!
T 10| The one-loop hard kernel raises the pQCD
3 os 1 prediction and reduces the historical LO
= oo underestimation.
E‘E
7:3, 20}

Model sensitivity

QCD sum-rule LCDAs can reach the magnitude of
large-Q? data, while small-coefficient lattice LCDAs
are extremely low.

Proton

Timelike

LAT14
(x500)

RQCD
(x100)

The predicted Q? trend is decreasing, whereas
spacelike proton data show a flatter or rising
pattern at large Q>.

Q'|FP(Q?)] (CeVY)

2 (Gev?) TS Ymn/Bo
i) = f o) (2202 Pt =) (350
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TWO-LOOP EVOLUTION

NLL evolution shifts normalized DA moments

W(u) = UnLi(p, po) ¥ (o)
r(0)
UNEL (s, ) = (u_%ﬂﬂm) (@:(ﬂ)) ]

x (]H —QZ(MO) J(”)

s

Y. K. Huang, Y. Ji, B. X. Shi and Y. M. Wang
2512.20471 [hep-ph]
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TWO-LOOP EVOLUTION

NLL evolution shifts normalized DA moments

¥ (p) = Unpr(p, po) ¥ (po)

%
((is((ﬁo)) ) ]

x (]I+ _az(uo) J(”)

s

NLL _ _O‘S(“) (1)
U™ (u, o) = (]1 P )

34 5 6 7 8 9 10
p[GeV] Warm (1)

R)Mm (Ma luf(]) —

y Y. K. Huang, Y. Ji, B. X. Shi and Y. M. Wang
2512.20471 [hep-ph]

Solid: NLL Dotted: LL
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TWO-LOOP EVOLUTION

NLL evolution shifts normalized DA moments

U(p) = Unii(p, po) ¥ (po)

r(o)
2Bg
UNLL (. _ (]I B GS(M)J(U) (Ots(u) )
(M U‘U) AT as(uO)
x (]I+ Qs (o) J(”)
47
i Ry RE
0.9}
_RNLL___RLL - .
|~ R0 R The solid NLL curves differ from dotted LL
Il ryr gu by up to ~20%; the shift is model-, scale-,
and moment-dependent.
1[—Ra"--Ri
Higher-conformal-spin moments receive the
J[—RA" R :
larger corrections.
{[—R%" R : : : . :
T S S S I W This universal input propagates into leading-
1 [GeV] U (1) twist hard Dirac and axial form factors.

R)M*m(ﬂa p_‘,(]) — \I]Mr (IJO)
" Y. K. Huang, Y. Ji, B. X. Shi

and Y. M. Wang

2512.20471 [hep-ph]

Solid: NLL Dotted: LL
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SCHEME CONSISTENCY

Scheme consistency constrains both DA legs

incoming DA
at yo - EO/KM tagged

outgoing DA
at yo - EO/KM tagged

Finite EO -~ KM conversion plus
NLL evolution

Uk (i, o) = C (1) Ugo (1, o) C~ (o)

apply separately to each external DA leg

incoming DA

at y - selected scheme

outgoing DA

at y - selected scheme
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SCHEME CONSISTENCY

Scheme consistency constrains both DA legs

incoming DA
at yo - EO/KM tagged

Finite EO -~ KM conversion plus Incoming DA

. at p - selected scheme
NLL evolution H

o / N
( _ b Ukm (s o) = C(1) Ugo (1, o) C~*(pio) g _
outgoing DA outgoing DA
at Jo - EO/KM tagged apply separately to each external DA leg at p - selected scheme
N J . J N
The scattering kernel transforms in the same way
Hyy = CHgo C°

The results are scheme independent when both DAs and the kernel are converted
consistently.
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The axial channel reuses the precision chain

(P4¥1P) = N(P') |Ga(@)r*1s + GrlQ) £ 12 | ()

Inherits from Dirac
® twist-3 nucleon LCDA basis
® KM renormalization infrastructure

® convolution and uncertainty machinery
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The axial channel reuses the precision chain

(PAMP) = N(P") |@a(Q2)yrs + Gr(Q?) L5 ]N(P)

2mN

Inherits from Dirac
® twist-3 nucleon LCDA basis
® KM renormalization infrastructure

® convolution and uncertainty machinery

IN+) o o Py = %eabcdh (1) [uh_(p2)dl, (pa) — d]_(po)ul, (pa)] [0) = |dud. {p:}) — |ddu. {p})

{Pity o VY ul{pi}), o = (dud, {pi}| vy u luud, {p:}) — (ddu, {p;}| dv"'~°u|uud, {p:})
+ (ddu, {p;}| dv"7"u |udu, {p;})

Complete NLL axial prediction = two-loop DA evolution + NLO axial kernel + consistent
EO/KM conversion on both legs + declared flavor current and y5 scheme.
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AXIAL RESULTS

Preliminary results are similar -
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AXIAL RESULTS

Preliminary results are similar
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NLO remains essential

The positive NLO effect is still visible, and shows

some agreement with other models.
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AXIAL RESULTS

Preliminary results are similar
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LO

NLO

NLO remains essential

The positive NLO effect is still visible, and shows
some agreement with other models.

10 20 30
Q2 (GeV?)

Data limitations

Available data are way less extensive than Dirac
data, so the phenomenological discrimination is
weaker.

40

~
Model sensitivity
Lattice-DA predictions are extremely low in the
axial case too.
J
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The precision picture is clear yet incomplete

1 Following up the first ever results of NLO corrections to the nucleon
Dirac form factors in nearly half a century, using the collinear
factorization theorem in the KM renormalization scheme.

Two-loop evolution completes universal NLL DA running, and axial-
vector results are underway.

3 NLO substantially raises the predictions, yet lattice-DA predictions
remain far below. Large-momentum effective theory? Failure of

factorization?
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1 Following up the first ever results of NLO corrections to the nucleon
Dirac form factors in nearly half a century, using the collinear
factorization theorem in the KM renormalization scheme.

Two-loop evolution completes universal NLL DA running, and axial-
vector results are underway.

3 NLO substantially raises the predictions, yet lattice-DA predictions
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Longbin Chen, Wen Chen, Feng
Feng, Siwei Hu, Yu Jia, Jichen Pan I h a n kS '
® '

Questions and comments are
welcome.
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