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Nucleon Elastic E&M Form Factors

k Elastic e-p amplitude

et u* eE, ut k/
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Elastic e p cross-section do S
 Gem from e-dep. at fixed 7(Q?) =1 2
("Rosenbluth separation”) , T
_ dominated by Gu at large Q2 o @
. 2y corrections at Q2= 1 GeV? 4AM%,

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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Recent/Ongoing Experiments
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Projected new precision on proton & neutron form factors
[V. Punjabi et al, EPJ A51: 79 (2015); arXiv: 1503.01452]
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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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Recent/Ongoing Experiments
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e
Nucleon Form Factors: Open Questions

oy ; 15 — T T 20 ———F———F————
® Are model descriptions of the nucleon viable ? I ! ] s o
Nucleon models disagree beyond explored range I ‘:E% % L] : N
| I'p 1 . 1.5 _— Z —_
. . . . . = 10 (% e e T LT_‘& ]
® Role of diquark correlations in elastic scattering ? g ‘ @%—/T’- N | I :
Neutron & proton Gz/Gy at/above Q2= 8 GeV? o S 1\ [
i‘:‘* - o i /1 J |
05
® Scale of transition to perturbative QCD ? - Y e -
. . : 2 i JLab Christy
(FZ/F]) SCallng at Iarge Q2 . QZFQP/Flp XX log (QQ/A2) [ _ -/l JLIab S Rosent:luth 1 :
0.0 R —— O'Oo.lllzélll4.2|||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
Tl L = =
-, ® d quark x 0.75 - g
e ] L%
ol - <
C u quark . ] =
& .. oo N
- e . d quark x 2.5 L 1 0 2 T 10
N T T i . Q* (GeV?) e ae
N A Dyson-Schwinger Eqgns : quarks & 0*, 1* diquarks
[G.D.Cates, C.W.de Jager, S.Riordan, B.Wojtsekhovski (a = rate of transition const.quarks — pQCD with (%)

PRL106:252003, arXiv:1103.1808] [Cloet, Roberts, Prog.Part.Nucl.Phys 77:1 (2014)]
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Nucleon Structure from Lattice QCD in a Nutshell

Compute nucleon correlation functions
Hadron Spectrum:

IN (b, T) ()=  IN(Y,T)N(0)" d

y | " . 1 ”Dr(f)
# |ZO|2e. EoT 1+ e EwoT + To

s N(oy‘/g

Hadron Matrix Elements P
IN(T)O(! )N(0)" = % Quark lines = (D + m)' &

auark-connected auark-disconnected

—

e! HQCD t
evolution

Extract ground state matrix elements K \
(N(T)O(T)N(0)) = Z Zme  EnT=1) (1| O ) e~ Em! 7 Systematic uncertainties

T s SESE, (T$l) S ET (T$|)}’T\ dlscretl.zatlon effect§
b Zolg #OTO|O$+ %8 unphysical-heavy pion mass

/l\ s excited states finite volume

Ground state form factors excited state contributions
i i quark-disconnected diagrams
ulF, Fit and discard k J

2Mmy
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Challenges at Large Q2

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

: N | Eu T SNR reduction
Signal !N (T)N(0) # e o at 1 fm/c ~ O(10%)
Noise !N (T)N(0)[2"$ |IN (T)N(0)"|2 # @ 3m T |(phys.quarks, Q?=12 GeV?)
Signal/Noise # g (En! 3m)T

@ Excited states: boosting "shrinks" the energy gap
Ei! Eo= MZ+ P2l MZ+p2 <Myl Mg ,
«  N(~1500): pN—1.5 GeV <z! E = 500 — 300 MeV S os

® Quark-disconnected contributions: “bo 05 10 15 305 3 % W
negligible (s1%) at Q2< 1 GeV?2, unknown at large Q2

® Discretization effects: V) =al .
O(a) Correction to current operator ( “) [ MCI]

9 d
| Q

® Large pn: no reliable EFT/ChPT for mz-, lattice size-extrapolation

Large statistics required to suppress MC noise in lattice correlators
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Accessing Large Q2 : Breit Frame on a Lattice

Minimize Einout for target Q?-
? = ( Pin ! pout)Z! (Ein ! Eout)2
© Back-to-back Q% =4p?

For (Q%)max = 10 GeV? (En= 1.9 GeV)
p| = % 2 1 1.6 GeV

"Brick-Wall" frame

T Nucleon momentum ~ Brillouin zone
e 5 INM" L(p) 2 #ip2 + my

5 5 lat _ 3

p. = ky + O(k?)

\ expect
~50% less

. O(a?) effects
—_—

.................

<zexpect O(a”2) corrections

- . from lattice nucleon spinor
lattice kinematics

for Q2110 GeV 2
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Present QCD Calculation Parameters

Nr= 2+1clover-improved Wilson fermion ensembles (JLab / W&M / LANL / MIT)
Lattice spacing a ! 0.073 O 0.091m

Light quark masses approaching physical : mz = 170 O 280 MeV
Large physical volume L = 3.7 ¢nx)®?

_ Source-sink separatiogg= 0.51 + 1.09 fm 2022/23:
® Momentum smearing + MC Statistics ~250k on
_Estimate disconnected contributions D6 (48%x 96), E5 (48%x 128)
i « Disconnected contractions
0.14- ! on D6 (1000+ configs)
0.12- | " c13
| Made possible by new
J |
010 13 o nVidia A100 clusters
E 0.08 0 o (Circle Area ~ + Perimutter [NERSC]
006 : ES  MC statistics) « Juwels-Booster [Fz. Juelich]
. } |
! * LQ2 cluster [USQCD / FNAL]
0.04+ :
0.02- i / Physical point Many thanks to the QUDA team!
0.00 A [ K. Clark, R.Babich, R.Brower,
0.0 0.1 0.2 0.3 0.4 0.5 M.Wagner, E.Weinberg,
m [GeV] and many others ]
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e
Lattice Nucleon Energy & Dispersion Relation (Eb5)

_ E5:mx= 272 MeV, spacing a = 0.073 fm 266k MC samples

2.2- —— [1,0,0] —¥— [2,0,0] —4— t=[3:14]
4 [0,0,0] — [3,0,0) 3071 4 t-pa4
2.0- —4— [1,0,00 % [4,0,0]

1.0 PRELIMINARY 10 PRELIMINARY
0 5 10 15 0 1 2
®  Effective energy and 2-state fits @ Dispersion relation
1 Cn e (1) Dashed lines: cont. E4(p) = E<(0) + p°
Eett = —log
a ~Cye(t+ a)
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e
Lattice Nucleon Energy & Dispersion Relation (D6)

< J

D6 : mz = 166 MeV, spacing a = 0.091 fm 261k MC samples

2.2- —4— [1,0,0] —— [3,0,0] —4— t=[3:14]
- [0,0,00 4 [4,0,0] 3071 4 414
2.0- —4— [1,0,00 —¥ [50,0]

\—Y— 2,0, 0]

10 PRELIMINARY
0 1 5
t p? [GeV?]
@ FEffective energy and 2-state fits @ Dispersion relation
Cn e (1) Dashed lines: cont. E%(p) = E2(0) + p°

Eeit = 1Io
eff — a gCNI\@(t_l_a)

Sergey Syritsyn Nucleon Form Factors at High Q2 from LQCD SQCDVI, May 16,2024 (Nanjing, China)



e
Nucleon Matrix Element & Form Factor Fits (D6)
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~ D6: Near-physical point
(mz = 166 MeV, a = 0.091 fm)

_ 2-state fits (2x2 matrix)
tse=0.73 O1.09 fm (8@12a)

IN(p+ 8, T) 3. (") ¥(p,0)"
# e! Eot (T! I)! Eo!$
!
$ 10]J,|0"

+ C0!1e! IEq!

+ Cpge ' Ex(T1)

+ Cpqe ! ExlER(TID)

~ Energies En, En fixed from

3-state fits to (NN) correlators

SQCDVI, May 16,2024 (Nanjing, China)



e —————— e
Nucleon Matrix Element & Form Factor Fits (D6)
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~ D6: Near-physical point
(mz = 166 MeV, a = 0.091 fm)

_ 2-state fits (2x2 matrix)
tse=0.73 O1.09 fm (8@12a)

IN(p+ 8,T)Ju(") N(p,0)"

# e! IEO!(T! 1) Eo! $

$ 107J,]0"

+ COlle! IEq!

+ Cpge ' Ex(T1)

+ Cpqe ! ExlER(TID)

~ Energies En, En fixed from

3-state fits to (NN) correlators
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Nucleon Form Factors

® 2-state fits to extract the ground state

® discrepancy x(2..2.5) for Q2>2GeV2: exc.states? discretization? quark mass
® Phenomenology curves : [Alberico et al, PRC79:065204 (2008)]

0.3 1

0.2 -

0.1 -

proton

0.0 1

0.00 -

=005 1
S
S
20.10 1

—0.15 |
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F>

—0.2 1
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—0.4 |

== [Alberico]
—— D5 (m, =278 MeV. a=0.004 fin)
—# E5 (m, =272 MeV. a=0.073 fin)
—$= D6 (m, = 166 MeV, a=0.001 fn)

0
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2 1 6 ] 10
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PRELIMINARY |« No disconnected diagrams
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-
Proton F2/F41 Ratio

® Lattice data: 2-state fits

® Phenomenology curves : [Alberico et al, PRC79:065204 (2008)]
® Comparison to experimental data (black points)

4.0 .
== = [Alberico:2009]
—— D5 (m, =278 MeV, a=0.094 fm)
3.51 —#— E5(m =272 MeV, a=0.073 fm)
—4— D6 (M, =166 MeV, a=0.091 fm) LL
3.0
2.5-
LL N |
LE 20' 6_0 ]
o I ]
1.5- oL L = _
w ol % =
L ..; - ///T/—
1.0 |_|(_\I - mll‘ ;/,}//{ r-/i//-' T
~ | ° __a— i}
O 2 - /././-/. |
051 ] ;-"b? — — BJY-pQCD (2003)
/ | i
0.0- ll No disconnected diagrams PRELIMINARY QLLiLy Ill '''''' % """""" :')I, """""" élll """"" '5' """" g """" '7' """" g """" |
0 2 4 6 8 10 [G.D.Cates, et al, PRL106:252003 (2011)]
Q? [GeV]
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-
Proton Ge/Gm Ratio

® Lattice data: 2-state fits
® Phenomenology curves : [Alberico et al, PRC79:065204 (2008)]
® Comparison to experimental data (black points)

1.2
== = [Alberico]
RS E T DSE
1.0 " —— D5 (m, =278 MeV, a=0.094 fm)
N —#— E5 (m, =272 MeV, a=0.073 fm)
—— D6 (m, =166 MeV, a=0.091 fm)
0.8 ¢ B : \
0.4} @ 3-pt. (var.) ||
N DQI}@ ¥ Exp. (JLab)
; 0.6 - 0.3} ?2& ¢ FH
©) , %* 5
1| E 0.2} {% % {
S 04+ & ;1 %
~— Lﬂ 0.1} T
: |
0.2 0.0 ¢ |
.!}"-: -0.1}
O_O_ ...................................................... ) .‘.‘.‘ .......... ........... 0 5 2 . 5
. . Q*[GeV?]
05 » No disconnected diagrams PRELIMINARY Earler calculation: (a=0.074 fm, mz=470MeV)
0 2 4 6 8 10 Feynman-Hellman method
Q? [GeV?] [Chambers et al (CSSM), PRD96: 114509]
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-
Neutron Gen/Gmn Ratio

® Lattice data: 2-state fits
® Phenomenology curves : [Alberico et al, PRC79:065204 (2008)]
® Comparison to experimental data (black points)

0.8
== = [Alberico]
—— D5 (m, =278 MeV, a=0.094 fm)
—— E5 (m, =272 MeV, a=0.073 fm)
0.6 —4— D6 (m, =166 MeV, a=0.091 fm)
< 0.4-
=
O
L
@)
2 0.2-
0.0- I T
« No disconnected diagrams PRELIMINARY
! 02 ! ! T T T T
0) 2 4 6 8 10
Q* [GeV]
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e
Light-Flavor Decomposition (Proton)

4 1.5
Q4F2u F2
3_
~“§ 1.0
S 2
S
S 0.5
0 0.0-
4 1.5
(2.5) &Q*F1q (! 0.75)4Q%F,y —— [Aberico]
3- —4— D5 (m, =278 MeV, a=0.094 fm)
'f 1.0 —#— E5 (m, =272 MeV, a=0.073 fm)
S ' —4— D6 (m, =166 MeV, a=0.091 fm)
S 2
S
S 0.51 M
I I B ~ 4
,W , « No disconnected diagrams
O_.r ............... lll ................. S O O—‘lll _________________ R
0 2 4 6 8 10 0) 2 4 6 8 10
Q* [GeV] Q* [GeV]
R 1 08
10— R — B 5 i
- u quark . i - u quark s 1
o o _ ] oo 02— . —
oL .« ° ] Loor s . : .
O o5 Lo @ — & B s’ : i
- o8 °° * ! % ] - 0,1_— ... -
C L d quark " 2.5 ] E . ¢ d quark " 0.75 E
8005 10 15Q2 [éoé\'/z'] 25 30 35  a( R T R QZ .[éolevlg]. T

® Similar qual.features of flavor dependence [G.D.Cates, et al, PRL106:252003(2011)]
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-
Examine Exc.States : Proton Ge/Gm

® Robust estimator from nucleon-current correlators:

avoid lattice correlators fits to ~X exp(PEt)
I N

I | .- N ]]
Re!p®|Ji|pr" # cosh——Ce here PO = mysinht®
. | ! | EO = h! ()

D5(mz =278 MeV, a = 0.094 fmf4 ES(mz =272 MeV, a = 0.073 fm% A D6(mz =166 MeV, a = 0.094 fm)

1.4
== = [Alberico] —4— T=8 == = [Alberico] —¥— T=10 == = [Alberico)] —4— T=8
1.2- ¢ Exp. —¥— T=9 1.2 $ Exp. —— T=11 12- ¢ Exp. —¥— T=9
' —— T=6 —— T=10 | —— T=7 —— T=12 —— T-=6 —— T=10
—— T=8 —— T=13 —— T=7 —— T=11
1.0' ¥ 1 T=14 10' \

0.8 0.8+

0.6 0.6

0.4

#N —y 02'
_ . : : 0 ; ; : 0.0
0.0 2.5 5.0 75 100 0.0 25 5.0 75  1000.0
Q° [GeV] Q* [GeV]
sinh' 4L RelN- (p#, T) 3¢ (T/2) M (px, 0)" 7%

cosh'%L  RelN-(pf,T)Jy(T/2) N (py, 0)"
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e
Disconnected Quark Loops

_ | l (X) = random Z;,-vector
® Stochastic evaluation:

E ! (x)H(y)

I Nwmc "
S | 1 - - 11, *

e™ D’ *(x,x) ! Ly €90 T
’ Npc i (1)

! 11 # 1 . _ 11
Var D “(x,x) ! Noo (contributions from D" “(x £ y))

@ Exploit D 1(x,y) falloff  toreduce 1B "(xy)I?:

xkEy

TO

Hierarchical probing method [K.Orginos, A.Stathopoulos, 13] n

In sum over N=2"4*7 3D(4D) Hadamard vectors,
near-(X,y) terms cancel:
1! 0, 1! |x" y|! 2K,

N | Zi(X)zi(y) = 1, x=yor2<|x"vy|

@ Further decrease variance by deflating low-lying,
long-range modes [A.Gambhir's PhD thesis]
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e
Prior work: Disc.Light & Strange Quark F.F's

0.012 —
0.010} Nr=2+1 dynamical fermions, m;! 320 MeV
0.008} (C13 ensemble)
/d
0.006] (Gg" aisc| ! 0.010 of |(GE' “)comn|
) 0.004r |(GSE)disc| 1 0.005 Ofl(Glé! d)connl
0.002}
0.000 |(Gl|</1d )diSCl I 0.015 Ofl(GkIAI d)connl
1 0.002} t strange < ul d
' 0,004l 7 light disconnected| [(Gpm disc| ! 0.005 of |(Gy ) conn|
00 02 04 2 0162 08 10 12 [J. Green, S. Meinel, S.S. et al;
Q@ (GeV) PRD92:031501 (2015)]
0.00|— 015} | II G0 | 3 Y
| 0.01) ¢ HAPPEX t lattice
0.10}
I 0.02f
< ! 0.03} U(_bE
B T 005}
| 0.04} o
| 0.05} 0.00 A
I 0.06} I s_trang.e .
¢ light disconnecte 005l
00755 0.2 0.4 0.6 0.8 10 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Q* (GeV?) Q* (GeV?)
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e
Disconnected Light, Strange vs. Connected

0.4
—4— T =6a
—— T=7a

= 0.2 —4— T=8a | €
o : o
© ©
S S
LL LL |
3" 3
T =l
D g S~
! LL T

|
c c
c c
o o
© ©
- R N
LL LL |
3 3
S S
N o N
! LL

1 04

0 2 4 6 8 10 12
Q* [GeV]
® D5 ensemble( mz=280 MeV, a=0.094 fm), 1346 configs,
® 512 HP vectors ; U/D: also deflation with 500 DdagD evecs

[Stathopoulos et al (2013) ; Gambhir et al 2017]
10% of |F |

I
,, disc I ]

| 20% of |[F,"9|

® s-, disconnected u,d- contributions are small 1l : 1
also at high Q% up to = 10 GeV? IFS| ! |'F2u/d

disc I
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e
Disconnected Light, Strange vs. Connected

1.0

0.5-

—— [Alberico]
I 0.51 4 T=6a
—4— T=7a
—4— T =8a

1 0.5
1 1.0 . . . . . . . . . .
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Q? [GeV] Q? [GeV]
® D5 ensemble( mz=280 MeV, a=0.094 fm), 1346 configs,
® 512 HP vectors ; UD: also deflation with 500 DdagD evecs

[Stathopoulos et al (2013) ; Gambhir et al 2017]

FSIt RS |1 10% of |F3)
® s-, disconnected u,d- contributions are small . Vg i
also at high Q?up to = 10 GeV? P2l TR eIt 20% of R
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O(a) Vector Current Correction +_No disconnected diagrams

Improved vector current (V)| = @! ,q+ cy a" Gi#, q

O(a’) correction : form factors of a!N|!, (gi"" g)|N"

Fl F2
v ~a 0.2_ ' I T T i_li F:tj tslep=8 _ 0-2_ ! T T T T T ]
= So 1) B FUtep=0 || 01} _e—1
O L
= FJ =10 i;.-———!— —
g_ LE:_ OOH —— — — F tS:p | 0.0 P FY tsep=8 [
S g 01y 1 !01f B FYtsep=9 |
1 0.2¢ 1 102t 4 FY tsep=10 |
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
{ SN 0.2 | | | | §—I§ FP tsl'ep:8 ’ 0.2} | | | | §_I§ FD tsl,ep:8 ]
g w01 B Fp tsep=9 | 0.1} @ FD tsep=9 ||
S S 00 4 FPwep=t0|| oo §4 FF tsep=10
s 0 o O ,
S 1o1 1 roaf - '
~ 102 sS4 | ro2}
0 1 2 3 4 ) 6 7 0 1 2 3 4 ) 6 7
Q*GeV? Q% GeV?

Relative magnitude of O(a’) effects : {O(a’) } / {O(a°) } form factors
(assuming cv=0.05)

® improvement coefficient ¢y: must be computed on lattice from Wi
® perturbation theory: cV = —0.01Cg(go)?
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Summary

@ Preliminary results for high MC-statistics high-momentum form factors
up to Q? = 8 GeV?, two lattice spacings a=z 0.07fm, two pion masses mz = 170 MeV

(Full analysis underway)

® Form factor results overshoot experimental data x(2 ... 2.5) ;
Ge/Gw ratios in qualitative agreement
Discretization?
Excited states?
Non-physical quark masses?
Quark-Disconnected contributions?

® Comparison to experiment important to validate lattice methods

for computing relativistic nucleon matrix elements
Impact on lattice methodology for TMDs, PDFs, DAs calculation
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Ground-state and Excited Nucleon Energies
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