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Nucleon Vector Form Factors and Ggep/Gmp

_ — ot q
(P +q|qy"q|P) = Up+q[F1(Q2)7“ + P2 (Q%) 57—
Q? N
GE(QQ) — FI(Q2) _ AN F2(Q2)
Gu(Q?) = Fi(Q%) + F»(Q?%)
® (Ge/Gu) dependence
® (F;/F,)scaling at Q%2 —~
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[Research Mgmt. Plan for SBS(JLab Hall A)]
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.
Experimental Prospects

JLab:

® Hall A (HRS):
GMp @ Q2 = 17.5 GeV?

® Hall A (SBS):
Gep/Gvp @ Q% = 15 GeV?;
Gen/Gun @ Q2 = 10.2 GeV2;
Gun @ Q2 = 18 GeV?2

® Hall B (CLAS12):
Gvn @ Q? = 14 GeV?

® HallC:
Gen/Gwmn @ Q? = 6.9 GeV?
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[V. Punjabi et al, EPJ A51: 79 (2015); arXiv: 1503.01452]
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Basics of Hadron Structure in Lattice QCD

Lattice Field Theory < Numerical evaluation of the Path Integral

(GzGy - ) = /D(Glue) /D(Quarks) eSGl“eq(mJF%

Grassmann
integration

— / D(Glue) e~ ctue Det () +jb) (P + m);,;

Ve,

. ol

Hybrid Monte Carlo sampling
of gluon background

Hadron Matrix Elements: O

C9(T) = (N(T)O(T)N(0)) = A"

N N

"connected" "disconnected'

(N(TYO(T)N(0)) = Y Zpe "I (n|Om)e™ "7 Z

SN ZOQG_MNT [<P/‘O‘P> 4+ O( e—AElOT7 e—AEloT, e—AElo(T—T) )}

~
m excited states

Ground state
form factors Fit and throw away

' e N(oy‘%J

{<w+myqu
] quark motion in
g

luon background

~
N
é

1% 4o
To {

e_HQCDt
evolution

A

Each quark line = (P +m)~" - ¢

~

Systematic effects
excited states
discretization errors
finite volume

_ unphysical (heavy) pion mass)
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Nucleon Form Factors: Recipy on a Lattice

Generage lattice ensemble

P(A,) o e 54l Hdet(lD + my)

Compute nucleon correlation functions

2-point (N0 toep) N(0)) = > e PNy, 7 N(0,0))

—

Yy
3-point  (N(F', tuep) O3, 7) N(0)) = S e PFHT(N, | 20, N(0,0))
Y,z

Extract ground-state matrix elements (2-state fits typical)

(N, teep) O(7) N(p, 0)) ~ e~ Esltreer = =E07 10/ |O]0(p))
+(0(p)[O]1(p))e~ 2717 + (1(p")|O|0(p))e~ A For (e =)
+ (1) |01 (p)yem A ErT A (=)

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

/ / v = —/iguyql/
<p7O|J |p,0‘>—[U’YU]F1—|—[’U, u]F2

ZmN
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.
Challenges for Structure at Large Momentum

@® Multiscale problem: a < prl, Q_l ; 4m;1 < L

I Discretization effects: (V)1 = [@yuq] + cv a 0,[Gio 4]
O(a) Correction to current operator —_———
xQ

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

Signal (N (T)IN(0)) i ~ o~ ENT
Noise (IN(T)N(O)P) — [(N(T)N ()2 ~e-dmeT
Signal /Noise ~ e~ (EN—3m)T

0.4

® Excited states: boosting "shrinks" the energy gap

Bi—Bo= M2+ P — M+ <My — M, © ..
e N(~1500): pN—1.5 GeV = AE =500 — 300 MeV

E

@ Large pn: no EFT for extrapolation in mz, L (lattice size) T e T

Reduction of lattice correlator noise is crucial
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Accessing Large Q2 : Breit Frame on a Lattice

Minimize Ein,out for target Q?:

- S \2 2
Q2 — (pzn — pout) — (Ezn — Eout)
Back-to-back

@ — 47
For (Qz)max =10 GeV?
1
p] = 5\/ 2 .~ 1.6 GeV (Ey=1.9 GeV)

________________ (NN)~Y(p) = —ip™ + my
. plet =k, + O(k®)

S = expect O(a"2) corrections

~50% less
O(a?) effects |

Sk

—z from lattice nucleon polarizaton

lattice kinematics
for Q2= 10 GeV?
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High-momentum Hadron States on a Lattice

2 (S
Nucleon operator is built frozn ~(Gaussian smeared quarks ( w)x’y
Niat(z) = (S U)Z, (S d)w Cvs (S u);] eabe 0s |-

0 ﬁ“,‘\;; -

o5 L~
q L
1.5

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

2 27.2
we .o wk
Sat—rest — eXp[_Z(Zv)2] ~ 6513‘]9(— 41&1;)
Kz
[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”) 4’»_@
)
2 2(1. 7. \2 0
W, = =, w* (kray — ko)
Sk, = expl——~(=1V — k)] ~ exp(~— a4 )
Modified smearing operator
[SEO ()], = €+EO£S(€_E0g¢y) ~ etkoZ . gmooth fen. (o)
Modified covariant smearing Smearing with twisted gauge links

operator in lattice*color space iR E 7
E — E — Ax7y 6 ’ Oanj7y€ ’ Oy
— otikoZ [8] e~ koY ) e

o Upyp — €0 Us
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Signal Gain in Effective Energy

Comparison of nucleon interpolating fields
constructed from "boosted" and "regular" quarks

® Nucleon Effective Energy
(D5: m;= 280 MeV, a=0.094 fm, 323x64)

® Effect of quark "boost" increases with Pn

1.0

® ® 2=0000[000 O O boosted[00 3]+[0 0 -3]
B W #2=0196[001] [ C boosted [0 0 3]+[0 0 -2]
14H® & 2=0393[002] Q& O boosted [00 3]+[0 0 -1] |
AL ?2=058[003] 4 A boosted[00 3]+[0 0 0]
1.2} /\ | A
. A
TS 1.0 #
A A
® @
0.8} 7 SR %A |
o ¥ X
& ® ® 1
E ‘0 L) §<> k §
0.6F © o .
€ E =l =5 T8
€ ol I i
®© ® g oo o
04 L L ! |
0 2 4 6 8 10 12 14

® Standard technique in lattice calculations of quasi-PDF, TMD, ...
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QCD Simulation Parameters

similar lattice spacing a = 0.09 fm

large physical volume L= 3.8 (mz)’

two different light quark masses (mz = 280 and 170 MeV)

two Nf=2+1 Wilson-clover ensembles, produced by JLab/W&M lattice group

Db5-ensemble: 8 = 6.3,

a = 0.094 fm, a~ ! = 2.10 GeV

323 x 64, L = 3.01 fm

afly

afls

K

Csw

my (MeV)
m L
Statistics

-0.2390
-0.2050
0.132943
1.205366
280
4.26
86144

D6-ensemble: 5 = 6.3,

a = 0.091 fm, a= ! = 2.17 GeV

483 x 96, L = 4.37 fm

ap

apls

K

Csw

my (MeV)
m L
Statistics

-0.2416
-0.2050
0.133035
1.205366
170
3.76
50176
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Relativistic Nucleon Energies on a Lattice

144 —¢F1,0,0  —4H1,0,0 —43,0,0] 4,00

D5
—-0,0,0]  —{2.0,0]

121 mz = 280 MeV

® Effective energy

1 Cyny(t)
Ee — _1
= 6 Cyn(t+a)

ClEeff

0.4+

@® Straight lines:

0 2 1 6 t8 10 12 14 16 continuum dispersion relation
/@ with my from [1602.07737]
——-1,0,0]  —4-1,0,0 —4[3,0,0] —4#5,0, 0]
107 —#—0,0,0]  —$—2,0,0] —4—4,0, 0] D6
mz =170 MeV
0.8 \ , —m——
e
0.6' :_ll—l
—]
0.4
0 2 4 6 8 10 12 14 16
ts/a
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R
F2p/F1p FOrm Factor Ratio, Proton

® Black points: experiments

* No disconnected diagrams
* No discretization corrections

® Phenomenology curves : [Alberico et al, PRC79:065204 (2008)]

4.0
]
3.5 ¢
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%L‘m 1.5 ——Phenom. [ L % |
S ¢ Plat., D5, p’ = (—4,0,0) 4~ tﬂh I ) Sp —

1.0- ® 2-state, D5, 5 = (—4,0,0) R S B

¢ Lo

05 M 2-state, D5, ' = (=3, —3,0) 2'_ ///././i/' ) B

- A 2-state, D6, p” = (—5,0,0) : ’__-vé' — — BJY-pQCD (2003) ]

T — i s s

l l O,,,,|....| ........ T T T T T T V) T T T IO B
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Q’ [GeV?] [G.D.Cates, et al, PRL106:252003 (2011)]
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.
Gep/Gmp Form Factor Ratio, Proton . No diseretization coreetions

® Black points: experiments
® Phenomenology curves : [Alberico et al, PRC79:065204 (2008)]
® Combined D5, D6 with 2-state fits analysis

o 3-pt. (var.)

0.4} i
191 —Phenom. ) DQ.;@ % Exp. (JLab)
¢ Plat., D5, p’ = (—4,0,0) sl ¥ ¢ FH
® 2state, D5, ' = (—4,0,0) | *&ix
1.01 ¢ B 2-state, D5, 5’ = (=3, —3,0) § sl % % %
A 2-state, D6, ' = (—5,0,0) G { % % %.
& 0.8 + ~—
&5 0 il % % Jf
O
>
g 0.6 0.0 ® I
SR
S ¢
£ 041 * 7 o1 i
0 2 7 6 8
0.2 m\.\ Q : [Gevz]
L Earler calculation: Feynman-Hellman method
0.0 F=mmmmmmmmmmmmm oo oo oo oo e - (@=0.074 fm, mz=470MeV)
O 5 ) ; 3 10 5 [Chambers et al (CSSM), PRD96: 114509]
Q° [GeV?]
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Gep/Gmp Form Factor Ratio, Neutron

® Black points: experiments

® Phenomenology curves : [Alberico et al, PRC79:065204 (2008)]

® Combined D5, D6 with 2-state fits analysis

1.2+

1.0+

0.81

Hn G%/G?\% (Qz)

0.6 1

—Phenom.
¢ Plat., D5, p” = (—4,0,0)

® 2-state, D5, p’ = (—4,0,0)
B 2-state, D5, §’ = (=3, —3,0)
A 2-state, D6, ' = (—5,0,0)

extrapolation
*: ............................... >
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-
Nucleon Form Factors

* No disconnected diagrams
* No discretization corrections

® Phenomenology curves : [Alberico et al, PRC79:065204 (2008)]

0.00 1

—0.05 1

—0.10+

Q° I (Q?) [GeV?]

—0.151

—Phenom.
® 2-state, D5, p’ = (—4,0,0)
B 2-state, D5, p’ = (—3,-3,0)

A 2-state, D6, p’ = (—5,0,0)

——Phenom.
0.6 S

Cg ® 2-state, D5, p’ = (—4,0,0) Cg
e M 2-state, D5, p’ = (=3, —3,0) 5
— 0.4+ A 2-state, D6, p’ = (—5,0,0) N:
<5 < 0.4
S &

—0.61

0
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.
Light Flavor Contributions . No diseretization coreetions

1.75+

rd || - FV [Alberico] A t;=0.75fm B IR FY [Alberico] A t,=075fm
_____ FP [Alberico] ¢ (,=0851m R FP [Alberico] ¢ (,=081m
61 & t =056 fm $  t,=094fm U1 ¢ 4, =0.56 fm $ ;=094 fm
B t,=0.66fm 2-state m ¢, =0.661fm 2-state
A4 1.251
2 A
< j 1 <& l FU
>, X 1001 i‘( 5 :
; \ 2 'S
oy o
_ -3 % 1 0.757
= =
oy % 5050 % % &
< e~V Tt G 4
. ————————— | /,,:: _______________ FlD
11 e I 0.251 e Tt ;
,‘%@ w F1 p’ | _—-_-_“‘—-—-——.I..__,
,Qx ~~~~~~~~~~ 7.1 ﬁl{; K
O""‘"“'------------:==‘-==:::: ------------------- 0.00 S
0 2 A 6 8 10 12 0 2 A 6 3 0 12
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.
Light Flavor Contributions . No diseretization coreetions

1.75+

rd || - FV [Alberico] A t;=07%fm | 7| --ea FY [Alberico] A t,=075fm
_____ FP [Alberico] ¢ (,=0851m ———— FP [Alberico] ¢ (,=081m
61 & t =056fm $ 1,=094fm 1901 ¢ 4, =056 fm $  £.=0941fm
B t,=0.66fm 2-state m ¢, =0.661fm 2-state
Qe 1.251
Sl U =
~ j Iy o :
<t FU
o> A X 1.001 ‘* * :
>< /N
; \ 2 'S
1 o
%: 3 % 1 0.759
-
<t
< 3 = 0.50 B oo 9 @
> . Q. %
. ————————— I /,,: _______________ FlD
[ e ! D 0.25 w.  TTee—e b
/‘%8 %5 F1 ¢ | __________________ I
,Qx __________ 7.\ ﬁl{; K B
01r-<=----—--—-------=E=semzoo-- ool - 0.00 e e
0 2 4 6 8 10 12 0 2 4 6 g 10 12
--------------------------------------- 0.3
1.0_— o B E u quark . e E
_ u quark . - . oz . -
:Ifl: i . ° ] L _ s e ]
®) 05— ° ® ; _| % B .o ) .
: . HES ] ? % : 0.1_— ... ]
- o° d quark x 2.5 ] -,  d d quark x 0.75 .
080~ ""05 70 15 20 25 30 35 4l veo o5 10 15 2o o5 30 sl 4
Q? [GeVZ] Q2 [GeVZ]

® Reproduce qual.features of flavor dependence [G.D.Cates, et al, PRL106:252003(2011)]
® Larger form factors: nucleon (+ exc.states?) on a lattice is more "compact”
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.
Disconnected Quark Loops

£(x) = random Zs-vector
E[fT(a:)ﬁ(y)] = O,y
Nyre

z iq:vlp—1< NMC Z 5(1 zqach 5(2))

Var Zlﬂ 1 (contributions from ™ (x # y))

NMC

® Stochastic evaluation: {

@ Exploit D (z,y) FALLor to reduce 217 @y

TFY

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< |z—y| <2k
- . . Jf: Y — y — )
NZZZ(Z)ZZ(y) { 1, z=1yor2F < |z —y|

@ Further decrease variance by deflating low-lying,
long-range modes [A.Gambhir's PhD thesis]
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Disconnected & Strange Quark Contractions

0.012 —

0.010 |-

0.008 |-

0.006 |-

0.004 |-

0.002 |-

0.000

—0.002 +

—0.004 +

strange

light disconnected | |

0.0 0.2 0.4

0.8 1.0

[J. Green, S. Meinel, et al; PRD92:031501 (2015)]

Nf=2+1 dynamical fermions, mz= 320 MeV
(the "coarse" JLab Clover ensemble)

(G Dase| < 0.010 of [(G")conn]
(G)aisel <0005 of [(G%)conn

(G4 dise] < 0.015 of [(G% ) eomn]
(G5 aise] < 0.005 of [(GY7 ) conn|

+

obr i Go P A4
¢ HAPPEX t  lattice
0.10 |
=
S T 005}
o
O
0.00 N E =
t
006 L
- ight disconnecte 0051
o 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
0* (GeV?) 0* (GeV?)
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.
Disconnected vs. Connected : Large Q?

Ratio of disconnected to connected(U) contributions

1.0

& T =238u

0.8 . .

&9 7T =238au
0.6} Bl T=9a
4 7T =10a

U
1

| F

disc
1

—0.4

Q* [GeV?] Q* [GeV?]
® D5 ensemble( mz=280 MeV, a=0.094 fm)
® Indication for smallness of the strange form factor (up to Q2 = 4 GeV?)
?
SIS el SOUFTE| (Q* 4 GeV?)

(study with increased statistics underway)

FT o

disc
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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 a (N|9, (gic""q)|N)

F1 FQ
x /\C\] 0.2 i | | | | §_|§ Fl(J t;ep=8 | O 2 | | | | | | |
= T 0.1 @ F tsep=9 [ 0.1 _g—— 1 §
© FV tsep=10 ia'—" —
g’ gﬁ OOH —g— —s 4 N s:p | 0.0 ¢ F tsep=8 []
S5 o 0.1t 1 —0.1} B £y tsep=9 |
= 0ol | o0l 4 FY tsep=10 |
0 1 2 3 4 5 § 7 0 1 2 3 4 5! 6 7
< . 0.2} | | | | §_I§ FP t;ep=8 . 0.2} | | | | §_I§ FP t;ep=8 ]
g \C-ET:“ 0.1k B8 FP tsep=9 | 0.1} i FP tsep=9 |-
o 3 0.0 ¢4 FP tsep=10 || 0.0 o 4 F tsep=10 |
b — . . +
g —0.1 1 —0.1f ]
© 09 | | | | . . {1 —0.2 | | | | | | !
0 1 2 3 4 D 6 7 0 1 2 3 4 D 6 7
Q2 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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(u-d) Electric Form Factor for Q%= 1 GeV?

19 _attice @physical point vs. experiment 0’

M- =139 MeV a=0.114 fm o] | 9P = B@) - Q)
1.0} [RBC/LHP, in prep.] & T=8¢ || Gro=Ggp—Ggn
—#— T =09
0.8F —— T =10a |
—¥— T =1la
S i —&— T =12a |
& 0.6 o
0.2} ]
0.0 L l ! +
0.0 0.1 0.2 0.3 0.4 0.5
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(u-d) Electric Form Factor for Q%= 1 GeV?

19 _attice @physical point vs. experiment o O ;
. T | T T T — F o F
my; =139 MeV a=0.114 fm — — [Alberico] E(Q ) 1(Q ) 4M]2\7 2(Q )
1.0} [RBC/LHP, in prep.] —— T =28 ] Grv = Ggp — GEn
MR N .
— — ] ts=0.9fm
0.8} 10 my; =130 MeV a=0.094 fm O t-11fm
' [1706.00469(ETMC)] B t-13fm
@ O ts=1.5fm
{; 06- N7 A t=1.7fm
0.8F Y. Ol P
0.4 - > AT
0.2
0.0
— Kelly parameterizationg

0.0 0.2 0.4 0.6 0.8 1.0
Q? [GeV?]
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-]
(u-d) Electric Form Factor for Q%= 1 GeV?

1.2
1.0
0.8

506

0.4

0.2

0.0
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_attice @physical point vs. experiment 0’
' ' ' ' ' Gr(Q®) = Fi(Q%) — —5 F2(Q°)
my; =139 MeV a=0.114 fm — — [Alberico] AM 5,
1 [RBC/LHP, in prep.] —— T=81 | Gpo=Grp — Gen
= m Py
— I — | | ] tsl=0.9fm
! Lol M==130 MeV a=0.094 fm g v
{ [1706.00469(ETMC)] B t-13fm
I 1'0'""""""""""'""K'l'l"200'4"
— — elly, 2004 ...
0.8 AN m; =130..310 MeV a=0.06..0.12 fm 0.780(5) GaV e
L % [1801.01635 (PNDME)] 0.87(3) Ge\V —
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-]
(u-d) Electric Form Factor for Q%= 1 GeV?

_attice @physical point vs. experiment 2
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o * No disconnected diagrams
Axial Form Factors . No discrefizetion corrections

Ga(Q?) are measured in v-scattering, n-production; 08 %%é : }

implications for neutrino flux norm. (e.q. in IceCube) S 06 % . }
Large uncertainty in Ga(Q?) from model dependence :i | {%? ]
[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 T e S—

Q° [GeV]
[V.Bernard et at, J.Phys.G28:R1(2002)]
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Summary

@ Initial results for high-momentum form factors up to Q% = 10 GeV?
(No quark-disconnected contributions)

@ Form factor results overshoot experiment x(2 ... 2.5)
Discretization? Non-physical quark masses? Excited states?
= Will require = O(10°) statistics

® Gep/Gmp, Fo/F1 , Gen/Gwmn are in qualitative agreement with experiment
Universality between ground & excited nucleon states?

® O(a) discretization effects grow with Q?
Finer lattices + Non-perturbative vector current improvement needed

® Access to flavor-dependent contributions to nucleon vector
and axial-vector form factors

® Comparison to experiment will (eventually) validate lattice methods

for computing relativistic nucleon matrix elements
Impact on lattice methodology for calculations of TMDs, PDFs, ...

Sergey N. Syritsyn Large-Q? Nucleon Form Factors from LQCD ECT* Workshop, Trento, Sep 23-27,2019



ISS—S—————
BACKUP

Sergey N. Syritsyn Large-Q? Nucleon Form Factors from LQCD ECT* Workshop, Trento, Sep 23-27,2019



Title

1.00

0.751

%

0.25 1

0.00 -

1.00

0.751

> (@)

0.25 1

0.00 -

0.50 1

——Phenom.

¢® typ = 0.56 fm
B fsep = 0.66 fm
A tsp =0.75 fm

¢ typ =0.85 fm 0.007
$ lsep = 0.94 fm
2-state

0.50 1

—0.10-
o -
E{'\] —1.0 Phenom. $ lsep = 0.85 fm
® oo =056fm & fep =094 fm
M lsp = 0.66 fm 2-state
—151 4 4 = 0.75 tm

O 2 4 6 8 10 12
Q? [GeV?]

Sergey N. Syritsyn Large-Q? Nucleon Form Factors from LQCD ECT* Workshop, Trento, Sep 23-27,2019



