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Nucleon Elastic E&M Form Factors

k Elastic e-p amplitude
ot 3 ot (Dirac) (Pauli) . "
k p _ A 2N NN
P 2(Q?) (P +4q|qv"q|P) = Uptq| F1(Q7)Y" + F2(Q7) e VP
- : W@
\PJFC] Sachs Electric  GE(Q7) = F1(Q7) — 4M2F2(Q )
; Magnetic G (Q?) = F1(Q?) + F»(Q?)
Q*=—(k—k)*>0
Elastic e p cross-section do o
M T
 Gem from e-dep. at fixed 7(Q?) 0= 1 _:tt {G%—; + —G%W}
("Rosenbluth separation”) , 4 ¢
_ dominated by Gu at large Q? __ 9 _ [1 +2(1 4+ 7) tan? Q} !
. 2y corrections at Q%= 1 GeV? 4AM%, 2

Polarization transfer. polarized e-beam
+ detect polarization of recoil nucleon

(alt.: transverse asymmetry on pol. target)
~ GE/Gwm ratio (only small radiative corrections)
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e
Recent Experiments @JLab : Projections
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Projected new precision on proton & neutron form factors
[V. Punjabi et al, EPJ A51: 79 (2015); arXiv: 1503.01452]

Nucleon Form Factors at High Q2 from LQCD

Experiments at JLab@12GeV
® Hall A(HRS, SBS):
Gmp @ Q? = 17.5 GeV?
Gep/Gmp @ Q2 = 15 GeV?;
Gwmn @ Q2% = 18 GeV?
Gen/Gun @ Q% = 10.2 GeV?;
® Hall B (CLAS12):
Gwmn @ Q? = 14 GeV-?
® HallC:
Gen/Gun @ Q? = 6.9 GeV?
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e
Recent Experiments: Projections + Gup Result
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. . _ . New Gump results (JLab Hall A)
[V. Punjabi et al, EPJ A51: 79 (2015); arXiv: 1503.01452] [Christy et al, PRL'22]

Sergey Syritsyn Nucleon Form Factors at High Q2 from LQCD EINN 2025, Oct 27 — Nov |, Cyprus



e
Why Large-Q? Nucleon Form Factors?

) ) 1.5 — T L
® Rosenbluth / Pol.transfer discrepancy in Ge/Gm ? : o | — o
Input from lattice QCD may help ! ; % % L] : S
- A - I o 2 B
. . . . . UE‘ 1.0 mm T A i T LT_‘& I ]
® Role of diquark correlations in elastic scattering ? < WAL L JF"T? N I |
Neutron & proton Gz/Gy at/above Q2= 8 GeV? = N g0 J PR LT
3 o5 [ a ]
® Scale of transition to perturbative QCD ? - MLy -
(F»/Fi)scaling at large Q2:  Q*Fy,/F1, o< log”(Q*/A?) A s S L
00_,|,|,|_ O.O/"'I"'I"'I
. 0. 2. 4. 6.
® What are contributions from u and d flavors? o0 Qzé’ (Ge‘;oz) - Q* (GeV?)
Proton and neutron data needed in wide Q? range [Research Mgmt. Plan for SBS(JLab Hall A)]
E u quark 3 : E
%:— E s’ T ) * E
B S = =
-, ® d quark x 0.75 - g
e _ L%
- _ U&
| B u quark . ] =
& osl o -
- -".. d quark x 2.5 L - 0 2 L6 s 10
0'8;' 'f'ols' — 70 15 20 25 30 35 '4:0 D i QQ . (GeVQ) + + A
- - - ® P [Gev? - - - yson-Schwinger Eqgns : quarks & 0*, 1* diquarks

(a = rate of transition const.quarks — pQCD with Q?)

[G.D.Cates, C.W.de Jager, S.Riordan, B.Wojtsekhovski, [Cloet, Roberts, Prog.Part.Nucl.Phys 77:1 (2014)]

PRL106:252003, arXiv:1103.1808]
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Nucleon Structure from Lattice QCD (in a Nutshell)

Compute nucleon correlation functions
Hadron Spectrum:

(N(@.T)N(0) = ) (N(7.T)N(0))

Hadron Matrix Elements:

(N(T)O(r)N(0)) = « N+

auark-connected

Extract ground state matrix elements
(N(TYO(T)N(0)) = > Zyme™ T =T/ (n|Om)e ™

T—c0 ZOZOIG—EOT—EO/,(T—T) [(0/|0]0) + O (e AP (T} ]

/TN

Ground state form factors
Yo lutd
[a' v ulFy + [a v u] Fy
N

m’TZ*
n

J/

WV
excited states

/I\

Fit and discard

—

f&fm
TO

s N(oy‘/g

(D +m)~" -4

e—%QCDt
evolution

A

Quark lines =

auark-disconnected

Gystematic uncertainties \
discretization effects
unphysical-heavy pion mass
finite volume

excited state contributions

Nucleon Form Factors at High Q2 from LQCD

kquark-disconnected diagramSJ
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-
Challenges at Large Q2
® Excited-states gaps shrink "~

o El—EOZ\/M12—|—]52—\/M22—|—]52<M1—M0
«  N(~1500): pn—1.5 GeV = AE = 500 — 300 MeV

=

v _p ™
;A/ 9/

@® Stochastic noise grows faster with T [Lepage’89]:

Signal <N(T)N(O)> ~ ¢~ EnT SNR de;:?;; ~/O(10-4)

. — - g a m/c
Noise (|N(T)N(0)[?) = [(N(T)N(0))? T oys quarks, Qi~12 GeV?)
Signal /Noise ~ e (EN—gmz)T

@ Discretization effects: Vs — (g © ey a dlion
O(a) Correction to current operator (V)1 = lqvud] +cv 710 ,.0.4]

N®)

® Quark-disconnected contributions:
negligible (=1%) at Q2< 1 GeV?, unknown at large Q¢ N~ N

® Noreliable EFT/ChPT for mz-, lattice-volume extrapolation at large-pnucieon

Many of the same challenges as for parton physics on a lattice
(LaMET , Quasi-/Pseudo- PDFs/DAs/TMDs)
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-
Present QCD Calculation Parameters

QCD on lattice with Nr=2+1 O(a?)-improved dynamic quarks
Many thanks to [JLab / W&M / LANL / MIT]
Lattice spacing a= 0.073 <~ 0.091 fm 2022/25:
SU(2) -symmetric + strange quarks « MC Statistics =250k on

Pion mass mz = 170 + 280 MeV D6 (48°x 96), ES (48°x 128)
« Multitude of kinematic combos.

* Disconnected contractions on D5, D6

Physical volume L = 3.7 (mzx)™!

Euclidean time tsep=0.5 + 1.1 fm

0.14 1 l
|
| o
0.121 | C13
|
0.101 L
1), ‘D5
£ 0.08- &
S : E5
0.06 1 I
|
0.04 1 i
|
0.02 l . .
I /" Physical point
|
0.00 — . . .
0.0 0.1 0.2 0.3 0.4 0.5

m, |GeV]
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e
Lattice Nucleon Energy & Dispersion Relation (Eb5)

. E5:mnr= 272 MeV , spacing a=0.073 fm , 266k MC samples
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@ 2-state fits compared to Effective energy @ Lattice energies vs. continuum
1 CNN(t) dispersion relation (dashed)
Eeff = — log
a Cyn(t+a)
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e
Analysis Minutiae

@ Filter outliers: large deviation from median |y — Ypedian| = 25 - Ay

(~2% at a=0.09 fm, ~0.15% at a=0.07 fm) (mediaf abs.
® Suppress noise in covariance estimates deviation)

[A.Agadjanov et al, Phys.Rev.Lett. 131 (2023) 26, 26]

. . L . 2 dof
@ Averages of fits with Akaike inf.crit. w; X exp ( — X + N i © )
[W.Jay, E.Neil PRD 103:114502(2021);
E.Neil, J.W.Sitison, 109:014510(2024)].
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Nucleon Form Factors: Dirac and Pauli

® Comparison of 3 ensembles (D5 : 86k, E5 : 266k, D6 : 261k samples)
® (dashed line) Phenomenological fit [Alberico et al, PRC79:065204 (2008)]
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» No disconnected diagrams
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e
Nucleon Form Factors: Sachs Electric and Magn.

® Comparison of 3 ensembles (D5 : 86k, E5 : 266k, D6 : 261k samples)
® (dashed line) Phenomenological fit [Alberico et al, PRC79:065204 (2008)]
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» No disconnected diagrams
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-
Proton F2/F41 Ratio

® Comparison of 3 ensembles (D5 : 86k, E5 : 266k, D6 : 261k samples)
(dashed line) Phenomenological fit [Alberico et al, PRC79:065204 (2008)]

® (black points) Experimental data for proton (Q? = 8.5 GeV?)
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+ [Alberico et al (2009)]
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® Prediction from pQCD + quark OAM

Y

o [Balitsky, Ji, Yuan (2003)]
i 4’ 2 ! 2712 /A2
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f _
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! L
I  No disconnected diagrams oL Ly L I IR L L L L |
‘I 1 2 3 4 5 6 7 8
0 2 4 6 8 10 12 [G.D.Cates, et al, PRL106:252003 (2011)]
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e
Proton & Neutron Ge/Gm Ratio (min. tsep= 0.5 fm)

® Comparison of 3 ensembles (D5 : 86k, E5 : 266k, D6 : 261k samples)
® (dashed line) Phenomenological fit [Alberico et al, PRC79:065204 (2008)]

® (black points) Experimental data for proton (Q? < 8.5 GeV?) and neutron (Q? = 3.4 GeV?)
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e
Light-flavor Contributions to (proton) Form Factors

u quark

d quark
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® Reproduce qual.features of flavor dependence [G.D.Cates, et al, PRL106:252003(2011)]
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Proton&Neutron Ge/Gwm from (NJN) Correlators
sinh 252\ Re(Ny(pf,, T) Ji(T/2) Nt (pa, 0))
cosh X;)‘ Re(N4(pt,T) Jy,(T/2) N+(ps,0))

D5(mz =278 MeV, a = 0.094 fm)

T — 00 _ () — inh \()
=" Gg/G with (P sl
E/ M E") = muy cosh A\

D6(mz =170 MeV, a = 0.094 fm)

== = [Alberico] —4— T=8
¢ Exp. —¥— T=9
§ 1.0 ™~ —— T=6 —4— T=10
]
S ©)
S <0.5
8
0.0
0
0.8
== = [Alberico] —4— T=8
| —4— T=6
= 0.
O
~—
S
s ¢
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6 8 10 12
Q” [GeV?] Q” [GeV?]
Nucleon excited state(s) have very similar Ge/Gu at large Q??
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Disconnected Contributions to Vector FFs?

A
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) 0.008 |-
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N0 vy O
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Disconnected-U,D and S = 1% of nucleon FFs at Q%<1 GeV? 0.000
[J. Green, S. Meinel, S.S. et al; PRD92:031501 (2015)] o0m| T strange .
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e
Disconnected-U,D & Strange vs. Connected (D5)

® relative correction |6F12dis¢ | Fq 20 <s10% but quickly grows with Euclidean time
® partial noise cancellation in (L—S) contributing to proton & neutron

1 - . 1 - ;
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e
Ge/Gm : Systematics from Disconnected U,D & S

® partial noise cancellation in (L—S) contributing to proton & neutron

1. i 1. _
= —|12U0 — D —\L -5,
3t _conn—l_g_ ldisc
1. - 1. -
= — (2D - U .
3t _conn+3- ldisc

® limited effect on Ge/Gwm (within stat. noise)
® larger effect on flavor-decomposition of F1,2

disconnected (L-S),

. Ge/Gwm, conn. only Ge/Gy, conn.+disc.
relative to conn.
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D5 ensemble (m7=280 MeV, a=0.094 fm), tsep= 0.50+0.75 fm
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Summary

@ High-statistics lattice calculations of nucleon form factors at high-momentum
® upto @ =10 GeV?
® two lattice spacings a = 0.07 fm

® two pion masses mxr = 170 MeV

® Quark-disconnected contributions evaluated at a = 0.09 fm, mz down to 170 MeV

® little impact below Q? = 6 GeV?
® still major source of uncertainty (esp. above Q? = 8 GeV?)
® large stoch. uncertainty, longer tsep data needed

® Form factor results overshoot experimental data x(2 ... 2.5) ;
Ge/Gw ratios in qualitative agreement
® Non-physical quarks masses?
® Discretization?
® Excited states (most likely) — novel lattice correlator analysis techniques may help

Important cross-check with experiments,
relevant for calculations of relativistic nucleon matrix elements
as well as TMDs, PDFs, DAs ...
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Outlook

@® Upcoming next-gen computing facilities (e.g. Jupiter at Julich SC)
® More statistics (x10) to control excited state systematics
® Smaller lattice spacings (0.09 — 0.07 — 0.05 fm), physical and 2x physical pion mass
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® Effective theory for large-momentum form factors of nucleon-like states?

@ Explanation for potential Ge/Gwm universality?
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ISS—S—————
BACKUP

Sergey Syritsyn Nucleon Form Factors at High Q2 from LQCD EINN 2025, Oct 27 — Nov |, Cyprus



e
Form Factors: plateau, 2-state fits, AlC-average
® D6 ensemble (260k samples) : fits with tsep= 0.7+1.1 fm and fsep=0.5+1.1 fm range

® Dotted lines: comparison of 1-state approx. for various fixed tsep
® Phenomenology (dashed) : [Alberico et al, PRC79:065204 (2008)]
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» No disconnected diagrams
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e
Form Factors: plateau, 2-state fits, AlC-average

® D6 ensemble (260k samples) : fits with tsep= 0.7+1.1 fm and fsep=0.5+1.1 fm range
® Dotted lines: comparison of 1-state approx. for various fixed tsep
® Phenomenology (dashed) : [Alberico et al, PRC79:065204 (2008)]
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e
Lattice Nucleon Energy & Dispersion Relation (D5)

. D5 :mnx= 280 MeV, spacing a=0.094 fm , 86k MC samples
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@ 2-state fits compared to Effective energy @ Lattice energies vs. continuum
_ dispersion relation (dashed
1 Cny(t) P
Eeff = — log
a - Cyx(t+a)
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Lattice Nucleon Energy & Dispersion Relation (D6)

. D6 :mzx= 170 MeV , spacing a=0.092 fm , 261k MC samples
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@ Lattice energies vs. continuum
dispersion relation (dashed)
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e
Disconnected-U,D & Strange vs. Connected (D6)

® relative correction F12disc [ Fq 2o from plateau averages tsep= 0.5+0.74 fm, Q2 < 8 GeV/?
® D6 ensemble (mz=170 MeV, a=0.092 fm), 727 configs ® 128 samples of (NN)

® partial noise cancellation between L=U/D and S in proton & neutron
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