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Nucleon Elastic E&M Form Factors

Sergey Syritsyn Nucleon Form Factors at High Q2 from LQCD
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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]

Nucleon Form Factors at High Q2 from LQCD

Experiments at JLab@12GeV
® Hall A (HRS, SBS): !
Gmp @ Q%" 17.5 GeV?!
Gep/Gmp @ Q%" 15 GeV?; !
Gwmn @ Q%" 18 GeV?
Gen/Gun @ Q%" 10.2 GeV?;
® Hall B (CLAS12):!
Gvn @ Q%" 14 GeV?

® HallC!
Gen/Gun @ Q? " 6.9 GeV?
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Recent/Ongoing Experiments
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Experiments at JLab@12GeV
® Hall A (HRS, SBS): !
Gmp @ Q%" 17.5 GeV?!
Gep/Gmp @ Q%" 15 GeV?; !
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Projected new precision on proton & neutron form factors!

[V. Punjabi et al, EPJ A51: 79 (2015); arXiv: 1503.01452] New Gup data from Hall A
[Christy et al, PRL'22]
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Nucleon Form Factors : Open Questions

oy ; 15 . . . 20 ———F———F————
® Are model descriptions of the nucleon viable ?! ) - g
Nucleon models disagree beyond explored range I 7 % % L] [ 5]
| I'n 1 . 1.5 _— Z —_
) ) ) ) ) c.b§ 10 [y ‘mm T —— T LT-.& 1
® Role of diquark correlations in elastic scattering ?! J ‘ @%—/T’- N | I :
=N 7 Q. —
Neutron & proton Gz/Gy at/above Q2= 8 GeV? o g0 1\ [
i‘:‘* . o i /1 J |
05
® Scale of transition to perturbative QCD ?! - Y e -
: . 2 : 2 2 2 -/ JLab Christy
(FZ/F]) SCallng at Iarge Q2 I Q FQP/Flp XX log (Q /A ) [ ) -/l JLIab S Rosent:luth 1 I_
oo 2|0 | 4|0 | 6IO o % s &
® What are contributions from u and d flavors?! U (Gevd) Q* (GeV?)
Proton and neutron data needed in wide Q? range [Research Mgmt. Plan for SBS(JLab Hall A)]
E u quark 3 : E
i g s’ T ) ° g
o e - =)
- d quark " 0.75 . @
-, - &)
e ] L%
- _ U&
B u quark . ] =
5 oL oo T N
i e d quark" 2.5 L 1 0 2 4 6 8 10
0'8;' o5 1o 15 20 25 30 35 '4_0 D ; Q’ . (GeV?) + 4+ Ai I
- - - S Gevy - : - yson-Schwinger Egns : 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 QCD on a

Lattice Fleld Theory <{ Numerlcal evaluation of the Path

SGlue ! g ID+m q

Lattice

Integral

g .= D Glue D Quarks © QCD on Euclidean 4D lattice
Grassm‘eV / A
integration .
UE.( p ~ ezg aA,
:/D(Glue) —Satue Det ]D+m lDer ..
Ve —_— e N\ Yy U | eigaz':u!
MC sampling ! Quark.! L Up| < " (Ocuran,)
of gluon field Propagation
I, | < quark
W_ covariant !
derivative
Hadron Matrix Elements:
Ca(T) = (N(T)O
[N | (uC%d)u auark-connected auark-disconnected
@ystematic uncertainties \
(N(T)O(T)N(0)) = Z Zme P (n|Olm)e= " 27 discretization effects

— Zgoe  MNT
T — 00

|:<P/‘0‘P> i O( —AE10T76—AE10T,€—AE10(T—T)J)i|

/I\

Ground state !
form factors

~
excited states

/I\

Fit and discard

Sergey Syritsyn

unphysical-heavy pion mass
finite volume
excited state contributions

Nucleon Form Factors at High Q2 from LQCD

k(costly) disconnected diagrav
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Challenges at Large Q 2

® Multiscale problem: a << p]_\,l, Q_l ; 4m;1 < L

® Discretization effects: ! V), = [a +eva lgit
O(a) Correction to current operator (V)1 = 1" udl Y [q"#“ ! q%
I @
@® Stochastic noise grows faster with T [Lepage’89]:!

_ . BT SNR reduction !
Signal 'N(T)M(0) # e &N at 1 fm/c ~ O(104)!
Noise !|N(T)M(O)|?"$ |!N(T)M(0)"|? # @ 3MmxT (phys.quarks, Q°=12 GeV?)
Signal/Noise # e Ent gmoT

® Excited states: boosting "shrinks" the energy gap

By — By = /M2 + % — /M3 + 5 < My — M; :
¥ N(~1500): pN—1.5 GeV <z#E = 500 — 300 MeV =

!

@ Large pn: no reliable EFT/ChPT for m$-, lattice size-extrapolation e

Large statistics required to suppress MC noise in lattice correlators
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Accessing Large Q <2 : Breit Frame on a Lattice

Minimize Einout for target Q?-

Q2 = (bin ! pout)Z! (Ein ! Eout)2
Back-to-back

Q2 — 4p2

For (Qz)max =10 GeV?
1!
Pl= 5 Qfa! 16GeV (En=19GeV)

Nucleon momentum ~ Brillouin zone !
<zunknown distortion of effective nucleon Dirac eqn.

INM" L(p) = #ip? + my - ~
plat — kp + O(kB) | ~50% less Ne

|
SEE!
Q3

S " | O(a?) effects
o <zaddl. O(a”2) corrections L —

N . from lattice nucleon polarization
lattice kinematics

for Q2= 10 GeV?2
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High-momentum Hadron States on a Lattice
: (SY),,,

15

Nucleon operator is built from " Gaussian smeared quarks

Niag(z) = (Su) [(S d)z Crys (Su)¢] et

Gaussian shape in momentum space
reduced overlap with quark WFs in a boosted nucleon

w2 w2k?2
Sat-rest = expl! I(II! )2] # exp(! 4Iat)

[G.Bali et al, PRD93:094515; arXiv:1602.05525]: !
improve the overlap with large-Pn nucleon by shifting the quark!
trial shape in momentum space ("momentum smearing”)

Wz(klat ! I<O)2
4
Modified smearing operator

EAGINE etkoX S(e KoV )1 ek . smooth fen.(x)

S, = exp[! WZZ(! it ko)’ # exp( )

Modified covariant smearing ! Smearing with twisted gauge links

operator in lattice*color space iR E 7
Aw,y re’’ OfoE,ye oY

—ik
W
Ugp — € T,
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Present QCD Calculation Parameters

Nr= 2+1clover-improved Wilson fermion ensembles (JLab / W&M / LANL / MIT)
lattice spacing a ! 0.07 O 0.12m

unphysical light quark masses : m$ = 170 O 280 MeV
large physical volume L ! 3.7 $)P!

0.14- | Circle Area ~1  2022: MC Statistics ~250k on
| o MC statistics « D6 (483x 96)
0.12- : C1l3 . E5 (483x 128)
_ : Made possible by new !
0.10 | L
&6 @DS nVidia A100 clusters
£ 0.081 : ; o Perlmutter [NERSC]
@ . E5 » Juwels-Booster [Fz. Juelich]!
0.06+ [
|
0.04 |
: | | Special thanks to the QUDA team
0.02- : / Physical point [ K. Clark, R.Babich, R.Brower, !
0.00 | l | | | M.Wagner, E.Weinberg, !
0.0 0.1 0.2 0.3 0.4 0.5 and many others ]
m, [GeV]
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Lattice Nucleon Energy & Dispersion Relation (E5)

~ E5:m$ = 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]

107 PRELIMINARY 1.0- PRELIMINARY
0 5 10 15 0 1 2
t p* [GeV?]
® Effective energy and 2-state fits @® Dispersion relation !
1 Cy v (t) Dashed lines: cont. E4(p) = E#(0) + p?
Eeff = — log
a Cyn(t+a)
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Lattice Nucleon Energy & Dispersion Relation (D6)

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

2.2 —— [1,0,0] —4— [3,0,0] —— t=[3:14]
—#— [0,0,0] —%— [4,0,0] 3.0 -
2.0 —~— [1,0,0] —¥ [50,0]

\—Y— 2,0, 0]

1.0- PRELIMINARY
0 1 2
t p* [GeV?]
® Effective energy and 2-state fits @® Dispersion relation !
1 Cy v (t) Dashed lines: cont. E4(p) = E#(0) + p?
Eeff = — log B
a -~ Cyy(t+a)
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Nucleon Matrix Element & Form Factor Fits (D5)

p=0.2807

T, 1#40QV,|# 100

4164 p=0.602

IN|O|N"

#0.26

#0.11
#0.12}
#0.13

#0.14
# 0.060

#0.1 o7
#0.2f

#0.3}
#0.4
#0.5}

1805 p=0.883

+
#0.6 er’:

400V # 100

(aQ)Z=0.4164

ReT*! . # 40QV|000

©=0.7974

IN|O|N"

'o
Sergey Syritsyn Nucleon Form

eT*1 . 1% 40QVi|# 100

ReT*! ., 1# 40QV,[200

.8628

0.012 ReT*! . 1# 40QW|300 .
1.0
0.8+ .
0.6} .
0.4} .
0.2 PRELIMINARY |
00— 5 & 7 s

'o
BARYONS,

Factors at High Q2 from LQCD
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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)]

F>
(0.4 -
0.3 -
0.3
< (0.2
§ 0.2
g
Q, 0.1- 0.1
0.0 1 0.0 1
.00 - 0.0 }
—0.1
§-().()5 .
5
S —0.2 1
g—()l() 7 == [Alberico]
—034 YV —&— D5 (m. =278 MeV. a=0.004 fin)
i —#— E5 (m. =272 MeV. a=0.073 fin)
—0.15 4 —().4 - —4— D6 (m, = 166 MeV, a=0.001 fin)
0 2 1 6 8 10 0 2 1 6 8 10
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Q* [GeV?]

* [GeV?]
PRELIMINARY |. No disconnected diagrams
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Proton F 2/F1 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}
' Ol ol 7 /././-/' N
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 G g/Gm Ratio

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

1.2
== = [Alberico]
N T DSE
1.0 " —— D5 (my = 278 MeV, a=0.094 fm)
N —#— E5 (m = 272 MeV, a=0.073 fm)
—4— D6 (mu =166 MeV, a=0.091 fm)
0.8 ¢ B : \
0.4} @ 3-pt. (var.) ||
: ng@ ¥ Exp. (JLab)
§ 0.6- '\ ¥ : osl 32& $ FH
@ AN . - %x
< %
3 § 02 ﬁ ; { ;
S—r K olf
: |
0.2- 0.0 . |
.!}"-: -0.1}
0.0_ ...................................................... ) .‘.‘.‘ .......... ........... 0 5 2 . 5
. . Q*[GeV?]
0 » No disconnected diagrams PRELIMINARY Earler calculation: (a=0.074 fm, m$=470MeV) !
0 2 4 6 8 10 Feynman-Hellman method !
Q? [GeV?] [Chambers et al (CSSM), PRD96: 114509]
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Gen/Gmn Form Factor Ratio  (Neutron)

® 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 (mu =272 MeV, a=0.073 fm)
0.6 —4— D6 (mu =166 MeV, a=0.091 fm)

0.4

(MGEIG a)n

0.2-

0.0_ ’ ................................................................................

« No disconnected diagrams PRELIMINARY

1 0.2 — : : .
0 2 4 6 8 10
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Light- Flavor Decomposition

4 1.5
Q4F2u F2
3_
<
S 2
S
S 1-
O_
4 .
(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
1 Y ol 4
,W , « No disconnected diagrams
0 e OO ‘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 i ] oo 02— o ]
o .« ° ] Loor . . : .
O o5 Lo @ — (%4 B s’ : i
- o8 °° * ! % ] - 0,1_— . e -
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 G g/Gm

® Robust estimator from nucleon-current correlators: !
avoid lattice correlators fits to ~& exp(PEt)

I N
Re!lp'®|J:|pg" # cosh——G .
PRp 2 where pt) = my sinh! )
AR E® = my cosh! )
Re!p'%|dy|p%" # sinh >~ Gw :
D5(m$ =278 MeV, a = 0.094 fmf4 E5(m$ =272 MeV, a = 0.073 fm% A D6(m$ =166 MeV, a = 0.094 fm)
L4 = = [Alberico] —4— T=8 | — - [Alberic)] —¥— T=10 | == = [Alberic)] —4— T=8
1.2- ¢ Exp. ¥ T=9 |12 ¢ Exp. —4— T=11 1.2 ¢ Exp. —¥— T=9
' —— T=6 —— T=10 | —— T=7 —— T=12 | —4— T=6 —4— T=10
—— T=8 —— T=13 —— T=7 —— T=11

1.0' N T=14 10'

—— T=9

0.8 0.8+

0.6 0.6

ul +\+ e

0.2- #~~ 0.2-
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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Prior work: Disc.Light & Strange Quark F.F's

0.012 —
0.010} Nr=2+1 dynamical fermions, m: ! 320 MeV
0,008l (C13 ensemble)
0.008| (GE )gisc] ! 0.010 of |(GY' ¥)com]
U] 0004 |(GSE)disc| 1 0.005 Ofl(Glé! d)connl
0.002}
o (G disc] ! 0.015 of [(G}y !)conn|
1 0.002} t strange s u! d
| 0.004l ¢ light disconnected |(Gpm Jdisc| ! 0.005 of |(Gy; ™) comn|
000z 04 06 08 10 12 [J. Green, S. Meinel, S.S. et al; !
Q" (GeV) PRD92:031501 (2015)]
0.00 | 0.15F | | I | GO | | i 1A4
| 0.01L ¢ HAPPEX { lattice
0.10F
I 0.02}
= 1003} ?Ef
O T 005}
| 0.04] o)
1 0.05}- 0.00 ot —
0061 $ strange |
¢ light disconnecte 0,051
1 0.07 R

0.0 0.2 0.4 O 6 0.8 1.0 12 0.8 1.0 1.2

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

0-4 | | | | | | | | | I
§ 0.3 T=6a —4— T=8a g 2 —$— T=6a -4 T=8a |
S 8% —i— T=7a S
L Q.0F L
g 1 0.1 g
5,102 S o
w ! 0.3 LL

! 04 | | | | |

0-4 | | | | |
= 0.3 =
3 0.2 3
2= 0.1 S
L 0.0F S
2 101 2
S 102} =5
w ! 0.3t 1 W

! 04 | | | | |

Q*[GeV]

® D5 ensemble( m$=280 MeV, a=0.094 fm)
® s-, disconnected u,d- contributions are still small at high Q2up to " 10 GeV?

10% of |F;"|

[N
I
20% of |F3"9]

" = u/d
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O(a) Vector Current Correction

* No disconnected diagrams

Improved vector current (V),); = ¢v,.q + cv a0, qi0,.q

O(a’) correction : form factors of

0 (N, (gic"" q)|N)

F1 FQ
x /\C\] 0.2 i | | | | i_|§ Fl[J t;ep=8 | 0-2 i | | | | | | |
< = 0.1k @ FU tsep=9 [ 0.1} _g—— 1 §
O L ——
- FU tsep=10
g’ Eﬁ OOH —— —s 4 N s:p | OOP—_ " ¢ F tsep=8 []
S 2 01} 1 101} B Y tsep=9 |-
= 1 02l | 1 09l 4 FY tsep=10 |
0 1 2 3 4 D 6 7 0 1 2 3 4 D 6 7
f —a 0.2} | | | | §_I§ FP t;ep=8 N 0.2} | | | | §_I§ FP téep=8 ]
g = 0.1k B8 FP tsep=9 | 0.1} i FP tsep=9 |-
O %\l 0.0 ¢4 FP tsep=10 || 0.0 o 4 P tsep=10 ||
T O ' ———
= 101 { 1o} —
102 | | | | . . 1 1 0.2¢ | | | | | | 1
0 1 2 3 4 D 6 7 0 1 2 3 4 D 6 7

Q2 GeV?

Q2 GeV?

Sergey Syritsyn

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 Q2" 12 GeV?, two lattice spacings a! 0.07fm, two pion masses m$! 170 MeV

(No quark-disconnected contributions yet)

® Form factor results overshoot experimental data x(2 ... 2.5) ;!
Ge/Gw ratios in qualitative agreement
Diseretization?-!
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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Axial Form Factors

o<

Ga(Q?) are measured in ' -scattering, ( -production;

implications for neutrino flux norm. (e.q. in IceCube)
Large uncertainty in Ga(Q?) from model dependence
[B.Bhattacharya,R.Hill, G.Paz, PRD84:073006(2011)]
Will be accessible in LBNF [see e.g. R.Petti's talk, POETIC'19]!
clean probe (only EW interaction)!
flavor separation in CC interactions!

1.4 0.05

* No disconnected diagrams
* No discretization corrections
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[V.Bernard et at, J.Phys.G28:R1(2002)]
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Nucleon Form Factors: Lattice  Recipe

~ Generate lattice ensemble

~
N
ﬁ

| S[A,]
P(AL)! € >l det(D + my) N ﬁé : s
q =
=0
()
~ Compute nucleon correlation functions /n/ MOV‘/(/ ©
_ o _ 5 : — —1
2'p0int <N(ﬁ', tsep) N(O)> — Z o x<Ntsep,:&’N(Oa O)> Quark lines (E +m) (0
Yy
3-point (N (5, tep) O, 7) N(0)) = > e P FHEN, -0, . N(0,0))
Y,z

Extract ground-state matrix elements (2-state fits typical)
(N(D s tsep) O(1) N (p, 0)) ~ e Eoltier 1) —Eor [<0(p’)|0|0(p)>
+(0()|O]1(p))e™ 2B 4 (1(p')|O]0(p))e2E o (tsep =)
+ <1(p/)|0|1(p)>e_AE01T—AEél (tsep —ﬂ}

Reduce m.e.'s to form factors: fit over momentum combinations, polarization, etc

||| M CII
F
2mn u]F>
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