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Motivation: Vector Form Factors

e Form factors encode response of the nucleon to external probes € ©
e Interms of GPDs:
1 1 gl
. . q I ')
Dirac/Pauli Form Factors / dr H(x,§,t) = FY(t) / dx E(z,§,t) = Fy (1)
-1 -1 GE.m
2 Q2 2 2 2 2
Sachs Form Factors  Gp(Q”) = Fi(Q%) — ;= F2(QY)  Gu(@)=R(@)+R(@) N
N
. . . . Pohl 2010 (uH spect.) Il
e Give access to important structural information, for example: B oyl e
o Electromagnetic radii and electric charge ety o
- (epeet) i ———e——— Fleurbaey 2018 (H spect.)
Bezginov 2019 (H spect.) ——eo——
H PRad 2019 (ep scatt) ———a8———
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o  Early hydrogen spectroscopy and e-p scattering it -
. . . . PRad-ll prv.aj. (ep scatt.) —.—
experiments indicate larger proton charge radius v et =
. . AMBER proj. (up scatt.) —— 1. .. L N
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Motivation: Axial Form Factors

e The nucleon’s axial and induced pseudoscalar form factor are also of interest

1 1
Axial FF / de H(x,&,t) = G%(t) Induced pseudoscalar FF / dr B (x,&,t) = F(t)

-1 -1

1.5
[Ann Rev. el Part. 12 (0]
e G, is the dominant source of uncertainty in I e } LQCD
neutrino-nucleus scattering “H 14
g

o Precision from LQCD form factors is =l
leading experiment o o7

==:= 2 exp, vector

H : | 0.5 —:= z exp, Dy axial
o Butleads to vastly different expectations! Y |em e

0.2 0.4 1.0 4.0 10.0
E,/GeV
A. Meyer, et al., Ann.Rev.Nucl.Part.Sci. 72:205-232 (2022)

e These open questions present a strong motivator for studying the electromagnetic and axial form
factors on the lattice as an ab initio study of QCD
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Outline

RBC/UKQCD lattice ensemble

Isovector nucleon electric and magnetic form factors
o Extracting charges and form factors
o Fitting the Q? dependence and obtaining radii

Isovector nucleon axial form factor (preliminary)
o Results for form factor, charge and radius
o Implications of the Partially Conserved Axial Current relation

Summary and outlook
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RBC/UKQCD Ensemble Details

e We perform our analysis on a lattice ensemble from RBC/UKQCD with:
o 2+1 flavours of dynamical quarks
o  Mobius Domain Wall fermion action

o lwasaki gauge action
T. Blum, et al. [RBC/UKQCD] PRD 93:074505 (2016)

Ensemble L®x L; Ls a(fm) mg; (MeV) Neg teep/a
481 483 x 96 24 0.114 139 130 8, ..., 12 Credit: D. Leinweber

e Introducing a 5th dimension to the lattice via the Domain Wall action leads to an increase in
computational expense of fermion propagators

o All-Mode-Averaging (AMA) is used to compensate this:  S. Syritsyn J. Phys.: Conf. Ser. 640 012054 (2015)

<O>1mp — <O>Napprox + <AO>Nexact AO — Oexact - Oapprox
=128and N__ =4

o Per configuration we have N
app ct

ro
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2-point correlators

aMeff

We take a two-state fit form; for the 2-point correlators we take

Copt (P tuep) = [ A () e 20D 4| 4y ()P 17

Typically the Domain Wall action causes oscillations in the 2-point correlators

Cops (P trep) = Ao (P) e E0P 0 4 | Ay (5) e 1 4 | g ()2 1) v e P

We find negligible oscillatory signal:
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P=[-1, 0, 0]

Aosc =1.530e-11+5.982e-09
Eosc =0.553+0.255

Amplitude consistent with zero

3 4 5 6 7 8 9 10 11 12 13 14 15
t/a

e Proceeding with the traditional 2-point fit form we
recover the continuum energy dispersion relation

0.90¢&

---' Dispersion relation

[ & Ep(2-state fit)
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3-point correlators

e We also parameterize our 3-point correlators using a 2-state fit form:

CO(p, 0+t taep) = |Ao(7)]| Ao (7)) | MGe™ P @te=Fo () (een=t) | A (5)|| Ay ()| MG e~ Po Pt e B () (teep —0)
+|A1(25)||Ao(ﬁ)|M1(?36_E1 (P)t ,—Eo(p") (tsep—1) + AL (P)]| Ay (25')|M(9 —B1(P)t ,—E1(0") (tsep—1)

11¢
. . 1.600 5 i
where we define matrix elements M2 = (i|0|;) o to=s
A tep=10
-5:1.550- |{D} § tep=11 § =} }+
e We perform simultaneous fits to correlators with S 151 ¥ =12
tsep/a = {8,9,10,11,12} to control excited states 'c'r
Séé 1.475
o Note: A and E. are held fixed from 2pt fits 3 l
1.425 } GSME
e We construct the ratio T T e

RO (papla t7 tsep) -

C?g)t (p. 9, t, tsep) Copt (p, tsep — t)C2pt (v',t)
\/C2pt (pa tsep)Cth (p/, tsep) CZpt (p/’ tsep - t)CQPt (p’ t)

e Taking limit of large times recovers the ground-state matrix element R° = { lim }Ro = M§
tsep, by tsep —t—>00
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Extracting form factors

e Working from the correlator definitions, one can write
RO _ Tr [Fproj(_ip/ + MN)FO(p/,p)(—’Lp + MN)]
2\/E0 (p/)EO (p)TI’ [Fproj (_ip/ + MN)} Tr [Fproj (_ip + MN)]

1 )
Iproj = 5(1 + 74)(1 —iv37s)

o In the case of a vector current insertion, one has

VDIV (3, 9) = a0, (12 (Q2) + %Fwyu(p, )
\

Vi, = uy,u— nyud

I (p, 1)
e Computing the required traces yields linear combinations of the form factors:
GSME = linear combination of FFs ,
D Degeneracy in Q© = overdetermined system of equations
R(Ri)|i=1,2 = £iy3D; (Fl + Fz) ° / J
\/QEP(MN + Ep))

Q*# 0> F_ and F, extracted by fits to these equations
1 2

My + Ep P F2> Q* = 0 = directly extract the charge g,=F,(0)

R(Ra) = 2F, ( ' My (E, + My)
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Sachs Form Factor Results

e Extracting the form factors F, and F, and converting to the Sachs form factors we have:

T T T T T T T 50 T T T T T T T 3
1L0m -=--Arrington (2018) \\\ -==' Arrington (2018)
\ $ Lattice data 45t \\ $ Lattice data |
. :
\ ¢ + AN
\ \
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¢ \
S W S 3.5¢ “ ]
— A ¢ - } AN
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e These compare favourably with phenomenological results from parameterising the form factors of
the proton and neutron where Z. Ye, et al., Phys.Lett.B 777, 8-15 (2018)
Gu—d . Gp _m
{E,M} — “{E,M} {E,M}
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Comparison of G, and G,, with other groups

T T e T T L 5 | R L L R
108 ! * PNDME19 2+1+1f 0.06fm = - - % PNDME19 2+1+1f 0.06fm ]
R * PNDME19 2+1+1f 0.09fm ] j * PNDME19 2+1+1f 0.09fm
F A ETMC18 2+1+1f . * A ETMC18 2+1+1f
o8 1Y v PACS18 2+1f 1 4 v PACS18 2+1f ]
I : . m LHPC17 2+1f ] - T m LHPC17 2+1f
0 6-— ¢ MSULat20 2+1+1f ] i % ® MSULat20 2+1+1f
L“'Dq ’ g @ This work ] (DE 3F L T ¢ This work -
- 9% . : _ &
0.4 L] ﬁ s : 2
; #1014 "By, -
0.2F - ! t 4 4
-I PR B B SRR B R R ] l-l T P B BT SR B R R
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6
Q* (GeV?) Q* (Gev?)

e We also find agreement with various other lattice groups using physical or close-to-physical pion masses

e Note, the value of G, at Q%=0 is obtained by considering a linear fit of the ratio G,,/ G, for the points with
n’=1,..,6
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Q? Dependence

e One can extract the associated radii by

2y _ ) e ) oy _ 6 dG(Q%)
G(Q)—G(O)(l 30 Q"+ = Q" + ... m) ()= GO AP oy
e We consider two parameterizations of the Q? dependence:
. G(0)
Dipole G(0?) =
@) =T e,y
Emax = _
z-expansion G(Q?) = Z ar 2(Q%, to)* 2(Q%,t) = V Leut +Q2 Vicut — 1o

k=0 \V/ tcut"_Q +\/m

e We take for simplicity t, =0 and t_ = 4mn2 is set by the rr production threshold
o Witht, =0, we set the value of a, = G(Q*=0)

Series truncation
e k__ istaken such that additional terms in the expansion have negligible effect on extracted radii
e We first perform a fit with k__ =2 and then for higher k __fits we take Gaussian priors of the form

/\/‘(0, w), where w =5 - max{|a0‘, \a1|} J. Green et al., Phys.Rev.D 95 11:114502 (2017)
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Z-expansion convergence

e Additional constraints come from the asymptotic behaviour of the form factors

1
o From yPT the Sachs form factors follow (up to logs): Giemy(Q%) ~ =5, Q? = o0
G. Lepage & S. Brodsky, Phys.Rev.D 22, 2157 (1980) Q
o This leads to four sum rules for the z-expansion coefficients: Q*G(Q*) — 0, k=0,1,2,3
o However, this slows convergence: C. Alexandrou, et al., Phys.Rev.D 100:014509 (2019)
1.1 T T T T T T T 1.1 T T T
Kmax =7 Kmax =4
1.0 . 1.0F
0.9} i 09Ff

u-d

‘| L] | s R

0.71 0.71

0.6

Asymptotic condition used No asymptotic condition
2 3 4 5 6 7 8 0675 3 4 5 6 7 8

kmax kmax

e Results with and without the asymptotic condition are in good agreement; recall the radius depends
on the small Q% behaviour

e We use fits involving the additional asymptotic constraints as a point of comparison only
Liam Hockle LaMET 2025, Stony Brook University 12



Electric and Magnetic Radii Results

This work (z-exp) e This work (z-exp)
—e— This work (dipole) —e— This work (dipole)
e Hainz 2025 —— Mainz 2024
—— NME 2022
—— NME 2022
—— Mainz 2021
e — Mainz 2021
& ; ETMC 2020
R PNDME 2020
[ — PACS 2020
ETMC 2019
T ETMC 2019 Pt
. CODATA 2022 ket Al Collab. 2014
" CODATA 2010 e Lee 2015
0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
rg=d (fm) rgy =9 (fm)

e Note: experimental results for the proton radii are converted to isovector nucleon radii using the
PDG neutron radius: S. Navas, et al. (Particle Data Group), Phys.

<7“i2>u_d = <7“i2>p - <7“¢2>n Rev. D 110, 030001 (2024) and 2025 update
e We observe slight tension in the isovector nucleon charge radius with the CODATA 2022 result

We find general agreement with the A1 Collaboration’s ep scattering result - note this is in tension
with Lee et al.’s analysis of world ep scattering data
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Axial Form Factor

e Likewise, we also extract the axial form factor G, using:

q#

(NG ) | 40) | N (9,5)) = 08 ) |9 Ga(@®) + 5= F(@)] asus)

e The relations between GSMEs and form factors are:

1 q:43
IR = - g,
V2E,(E,+ My) L 2My
1.0
3(R3) = [ s Fp+ (M +E)G]
- - 0.9
3 \/ZEP(EP n MN) 2MN P N p)“T A
/ \ s:’ 0.8
My - E 2
R(R4) = £ [ ~ pFP+GA] Y
V2E,(E, + My) L 2Mn <
< 0.6
Temporal component of the current is 05
susceptible to excited states and has small '
ground-state signal - not used y 0.4

Y.-C. Jang, et al., Phys. Rev. Lett. 124 (2020)
C. Alexandrou et al., Phys.Rev.D 111, 5:054505 (2025)

Liam Hockle LaMET 2025, Stony Brook University

A, = dryysu — dyysd

We directly extract the axial charge g, from R,
at Q=0

------ Bernard (2002) 7
¢ Lattice data

orT
o

0.1 0.2 0.3 0.4 0.5 0.6

Q2 (GeV?)

V. Bernard, et al., J.Phys.G 28, R1-R35 (2002)
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Axial Form Factor

e Likewise, we also extract the axial form factor G, using:

(N, | 40) | N (9,5)) = 0 ) 3 Ga(@®) + 54— FR@)] oupss) Ay = dpon — dyd

e The relations between GSMEs and form factors are:

) We directly extract the axial charge g, from R
_ 1 qiq3 2 A 3
J(Ri)|i=1,2 = Y, Fp at Q*=0
\/zEp(Ep+MN) N 1
* PNDME'19 2+1+1f 0.09fm
1 g * PNDME'19 2+1+1f 0.06fm ]
J(Rs) = [ — Fp+ (My + E,)G A] ® ETMC'20 2+1+1f ' -
VBB, +My) L 2 v PACSi8zolf
a My _E D\ e LHPC'17 2+1f 7]
_ q3 N Dp ®m RQCD'18 2f .
R(R,) = [ P+ Gl -
2M G A ETMC'17 2f
V2Ey(E; + My) o t ¢ Mainz'17 2f ]
_ &3 I '
Temporal component of the current is 0.6~ % % .
susceptible to excited states and has small - , } } i
. . @ This work .
ground-state signal - not used y 04F A MSULat'21 2+41+1f a
[P R S DR P B B

Y.-C. Jang, et al., Phys. Rev. Lett. 124 (2020)

0 0.2 0.4 0.6 0.8 1.0
C. Alexandrou et al., Phys.Rev.D 111, 5:054505 (2025)

Q* (GeV?)
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Partially Conserved Axial Current

e Aconsequence of the axial Ward identity is the PCAC relation: m,Gp(Q?) = myGa(Q?) —

e Pseudoscalar form factor defined by ] e Bl =

(NP, )| P(q)|N(p, s)) = u(p, s') Gp(Q)ysu(p, 3) 09

0.8

P = 1175u — CI’)’{,d g } ; * +
S o7 %
e PCAC is violated if ; *
0.6}
B quP(QQ) + 4323\, FP(QQ) . 05} *
rpeac = myGa(Q?) 7 005 010 015 020 025 030 035 040 045

Q?* (GeV?)

e yPT+LQCD = low-lying excited-state effects from Nr states lead to observed violation:
o Q*-dependence of the PCAC violation is driven by loop diagrams contributing to the induced

pseudoscalar form factors O. Bér, Phys. Rev. D, 99:054506 (2019)
R. Gupta, et al., Phys.Rev.D. 96:114503 (2017)
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Excited state effects

e We aim to explore alternative correlator fitting schemes to control these excited state
contaminations

o One such scheme is to perform fits to C’?ﬁ;‘t with the excited state energies left as free
parameters C. Alexandrou et al., Phys.Rev.D 111, 5:054505 (2025)

o Preliminary results indicate better fits to the 3pt correlators and smaller excited state energies,

in agreement with similar calculations Y.-C. Jang, et al., Phys. Rev. Lett. 124 (2020)
051 AEy(p) = 0.577(118) 05 { AE1(pi) = 0.220(75) .
% $ AEi(pf)=0.578(105) } $ AE:(pr) = 0.117(43) Ey =Eo+ AE;
= 0.4 :. 0.4
g: 0:34 ‘% 0:3.1 [ tsep=8
T 0.2 1 1] 0.2 | 0 tsep=9
O‘E-J 01 o.-; 0.1 A tep=10
ol ..é ¢ teep=11
;3 o0 it. o0 i tsep= 12
© -0.1 © -0.1
& &

—-0.2 - —0.2 fgan
_..| Previous fitting approach { % _,,| Updated fitting approach { *
“a 2 0 2 4 “a 32 0 2 4
t— tsep/Z t— tsep/2
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Axial Charge and Radius

—— This work e This work (z-exp.)
—a— FLAG 2+1 flavour avg. 2024 o~ This work (dipole)
= Mainz 2024 — o PNDME 2024 (PCAC)
—— RQCD 2023
—O— ETMC 2024 (PCAC)
—_— QCDSF/UKQCD/CSSM 2023
—0— RQCD 2020 (PCAC)
_ NME 2021
—— LANL 2020 (PCAC
— R xQCD 2018 ( )
. UCNA 2018 —— LKL 2020
A PERKEO 111 2013 - ETMC 2017
o PDG — Hill 2018
1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65 0.4 0.6 0.8 1.0 1.2
gy~ g (fm)

Our axial charge is in agreement with the FLAG average, though slightly below experiment

e The axial radius is also small, and lies in agreement with other LQCD analyses which did not
account for PCAC violation (those not marked with a PCAC label)

e We expect both of our results to undergo positive shifts after PCAC restoration c.f. LANL (2020)
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Summary and outlook

e | presented results for the Sachs E&M form factors, with our preferred estimate for the associated
radii being the result from using the z-expansion with k =4
o We observe small radii in the context of experiment
o We are currently studying the dependence on t; and this may shift the results slightly

e Presented preliminary results on the axial charge and radius
o  We identify violation of the PCAC relation and observe sensitivity to low-lying excited states in
the temporal component of the axial 3-point correlator
o These were previously missed in the extraction of our results and so we aim to compare these
initial results with an analysis with PCAC restored as a next step

e As afinal note, we envisage strengthening this analysis with a finer lattice ensemble (a~0.09 fm)
also at physical pion mass from RBC/UKQCD

Thank youl!
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Sachs Form Factor Fit results

e Taking our results for both the dipole and z-expansions we thus have:

©
~
T

— z-exp. (kmax = 4) 7

—— Dipole

--=- Arrington (2018) |
¢ Lattice data

5.0 BN —— z-exp. (kmax = 4) ]
AN —— Dipole
457 \\ --=- Arrington (2018)
N\ ¢ Lattice data

Ge(Q?)/gy

0.5
0.4F
0.3
0255 01 0.2 03 04 05 0.6 0.0 01 0.2 03 04 05 0.6
Q2 (GeV?) Q2 (GeV?)
e The radii are extracted using: 2) 12 3aq
T; )dipole = M@Z >z-exp. - 2@Otcut
e Our final results are then:
(r Daipole M) (rp Daeexp. [fm] (7 Daipote [fm] (@) seexp. [fm]
0.818(19) 0.840(58) 0.753(33) 0.768(78)
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Axial Form Factor Results

1.2

Ga

0.4

Liam Hockle
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e e L I L . . . . ; .
* PNDME'19 2+1+1f 0.09fm ] 1.0r — z-exp. (kmax = 4) ]
% PNDME'19 2+1+1f 0.06fm —— Dipole
® ETMC'20 2+1+1f 7 o9l N e Bernard (2002)
¢ RQCD'20 2+1f i { Lattice data
v PACS'18 2+1f 008
® LHPC'17 2+1f ] S
m RQCD'18 2f . =
} A ETMC'17 2f o 0.7
¢ Mainz'17 2f ] S
o i } . 0.6}
_ $%%§ 1
L @ This work 23 ]
A MSULat'21 2+1+1f . 04l y
RSP S USSP S SO R S 0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.2 0.4 0.6 0.8 1.0 02 (GeV?)
Q* (Gev?)

Our results for G, compare well with contemporary lattice results and, as is typically found, sit well
above the naive dipole expectation with M, = 1.026 GeV V. Bemard, et al., J.Phys.G 28, R1-R35 (2002)

We obtain for the axial charge and radius: g5 (r5 Daipote [fm] (1™ sexp. [fm]
1.232(34)  0.518(23) 0.481(80)
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Axial form factor: deviations from experiment

l | | I NME 2 i PACS 21
12 RQCD 20 # PACS 18 erratum |
vD zexpansion ® ETMC 20
1.0 ? ¥ Mainz 21 LHPC 17 -
LQCD systematically deviates from - W? % Callat 21
experiment in the large Q? region i’, osl
=
0.6
04+
| | | | 1
0.0 0.2 0.4 0.6 0.8 1.0

Q2/GeV?

A. Meyer, et al., Ann.Rev.Nucl.Part.Sci. 72:205-232 (2022)
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Oscillations in hadronic correlators

Example of oscillations present in other
Domain Wall correlators

log(C()/C(t+1))

R. Sufian, et al., arXiv:1603.01591 :

% % Moebius DWF.L_s=16
+ -+ Moebius DWF, L_s=32
o © Moebius DWF.L_s=48

X Koy W3 I3 K

0
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Impact of PCAC restoration

FIG.4. Comparison of (left panel) G ,, (middle panel) Gp x (m,/2M), and (right panel) Gp obtained using the two strategies S,4 and

14k

yil

1.0}

08}

k =3, ry=0.745(58)[0.83] — -

i]k Sivivem
k =4, ry=0.744(57)[0.82] --- g [ Sopr — G = 4.92(14)(3.01] & ]
dipole, rs = 0.521(15)[1.97] - \ Sps B
?éb*"°’|k_4 = 1.368(46) =+ { \ Sas —+ G5 = 8.48(29)[1.33] =¥+ ]
9a are)ldlpole = 1263(25) £ ¥
Sopt +O+
Saa i | 4}
2} ]
0 v —op g |
0.0 0.2 0.4 0.0 0.2 0.4
Q@ [GeV?] Q@2 [GeV?]

100 Sopr =0 ]
Sas B
80
60
@ m
40 ¢ ® g
®
20 :
® L
0 L L
0.0 0.2 0.4
Q@? [GeV?)

Sypi- The lines show the dipole and z*-expansion fits to G, from S,4 and the PPD ansatz to Gp.

The axial form factor is underestimated at small Q?

gA shifts slightly but this induces a more pronounced change in the slope of the form factor so the

radius changes more significantly

Liam Hockle
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Correlated form factor fits

e In presenting the results from the form factor extraction, we use uncorrelated fit results

F = (AaiF: — Ra) Coj (Ag;F; — Rp)
off

e We are currently investigating shrinkage as a way of stabilising the inversions of the covariance

matrix for the GSMEs

Solved using u = Xx,y,t

ool THH
Tty
08¢ bty
E W
zﬁ 0.7 :-‘H! “#ﬂ
o W
0.6} +l hd&’ 1
¥ R
05} ; ]
0.1 02 03 0.4 0.5
Q? (GeV?)
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Fy~%gy

3.00

2751

250

2251

2.00

175

1.50

1.00t

Cs = (1 —s)C + s x diag(C),

s € [0,1]

o

Solved using u = x,y,t

i i
A

AL
+ ) Mﬁ\ HM H"’*+|
*
0.‘1 O.I2 0.‘3 O.I4 O.r5
Q? (GeV?)
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—— e 9~ 9 o -

Full correlated fit (s=0)
Correlated fit (s=1.0e-03)
Correlated fit (s=5.0e-03)
Correlated fit (s=1.0e-02)
Correlated fit (s=5.0e-02)
Correlated fit (s=1.0e-01)
Correlated fit (s=5.0e-01)
Uncorrelated fit (s=1)
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