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Proton EM form factors

 Nucleon Pauli and Dirac Form Factors described in
terms of matrix element of vector current

(N [V, | N)@ = ) | Fala® s+ o

MmN u(p;)
 Alternatively, Sach’s form factors determined in

Gu(Q?) = Fi(Q°)+ F(Q%)
Charge radius is slope at Q2 =0

8GE(Q2) . _1<T2> . aFl(Q2) . F2(O)
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EM Form factors - Expt

PRAD: E12-11-106

Approved expt E12-07-109
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B E12-07-109 (Hall A, SBS)

= — VMD - Bijker and lachello
—— — VMD + Disp. Rel. - Hammer
LFCBM - Miller (2002)

DSE q(qq) - Roberts (2009)
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Lattice QCD

Observables in lattice QCD are then expressed in terms of the path

Integral as
_ %Hd(] (n) T dos(n) T] did(m) e~ (SalUl+SelUw )
Integrate out the Grassmann variables:
(0) = %Hdmn)ow, G[U]@]ew Samplng

where G(U ,Y) s = (W (@)P5(y)) = M~H(U)

« (Generate an ensemble of gauge configurations
P[U] x det M[U]e= ¢V
e Calculate observab]lfe

1
=N ow",GlU
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Hadron Structure

Cpt(tseps 7, D) = Y (0| N(Z, taep) Vu(§,t)N(0,0) | 0)e =P T 177

TN s

Resolution of unity — insert states

— (0| N |N,7+ (N, g+ 7| Vy | NDYN,p | N | 0)e  EFTDEser=1) o~ E (D)
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1D Structure: EM Form Factors

Wilson-clover lattices from BMW

Green et al (LHPC), Phys. Rev. D 90, 074507 (2014)

[

1.0 ﬁt to experliment _
lattice data, m, = 149 MeV e
0.8 -
T 06 -
<Y
@)
04 -
0.2 -
0.0 u l l l l l
0.0 0.1 0.2 0.3 04 0.5

0* (GeV?)
Hadron structure at nearly-

physical quark masses

' Thomas Jefferson National Accelerator Facilit
.!effe?son Lab . @ @JSA



Sea Quark Contributions

sk
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Go A4
HAPPEX I lattice J. Green, K. Orginos et al., Phys.

Ll e

Rev. D 92, 031501 (2015); Phys. Rev.
D 95, 114502 (2017
Using Hierarchical Probing - A.

Stathopoulos, J. Laeuchli, K. Orginos
(2013)

Combination measured in expt
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EM Form factors

Green et al, arXiv:1404.40

0.8

0.1

o8

.geffgon Lab

—— HBChPT+A ¢  32c48 coarse
¥ 3264 fine W 48c48 coarse
¥ 32c96 coarse * up

o I 24c24 coarse ¢ CODATA
»  24c48 coarse
0]
] ¢ Tl
Differing treatment of
Excited states
10 0.15 0.20 0.25 0.30 0.35 0.40
m; [GeV]

Thomas Jefferson National Accelerator Facility

@



Isgur-Wise Function and CKM matrix
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- o UKQCD 1 jntercept at zero recoil
- B 2 CLEO IT A
3 — _
Tt { _ Lattice
% 0.04 /
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e
— 0.02— .
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o i p°=0.9g 5 ]
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UKQCD, L. Lellouch et al., Nucl. Phys.
B444, 401 (1995), hep-lat/9410013
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Moment Methods

Bouchard, Chang, Orginos, Richards
tsnk =T

Pz =

tsrc =0

qz =k
 Introduce three-momentum projected three-point function
Cot, 1) = <Ng:frt’,f’ﬁg,6> et

. Now take derivative w.r.t. k2

—x —b
Cépt(tv t/) = 2]: S (kx;) <Ntcffrt’,£’No,6>
whence z,@
—56/2 — b
. / / Z a
kl%go C3pt (t, t ) — Z 2 <Nt,frt/,f/NO,6> .
Z. 7

Odd moments vanish by symmetry
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Moment Methods - I

* Analogous expressions for two-point functions:

70 —i1kx
Copt(t) = Z <Ntb,a_:’NO,6> et

=
—X . b
Chpe(t) = > — = sin (k) (N} :No )
—> *
hm (=S 7% (N N
k?lgo 2pt()_z 9 t,24¥ 0,0

Lowest coordinate-space moment & slope at zero

momentum
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Moment Methods - I
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Lattice Details

« Two degenerate light-quark flavors, and strange quark
set to its physical value

a ~ 0.12 fm
m,. o~ 400 MeV
Lattice Size : 24° x 64

« To gain control over finite-volume effects, replicate in z
direction: 24 x 24 x 48 x 64
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Two-point correlator
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Three-point correlator
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e Spatial mome)ﬁts push the peak of the correlator away from
origin

 Larger finite volume corrections compared to regular
correlators
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C12pt

where

Fitting the data...

AM,(0)E,,(k?)

n,m

ZbT k2 Zb k? >
Sy B0 it

Z1(0) = (QINIn,p; = (0,0,0))
78 (k%) = (m, p; = (0,0,k)| N |Q)

(rnm<k2> = (n,p; = (0,0,0) |T|m, p; = (0,0, k)) )
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Allow for multi-state contributions in the fit
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Fitting - |l

* Now look at the functional form of derivatives:

2p1; Zzb/(kQ) 1 t
Czpt ZC ( Zb (k2 B 2[E,, (k2)]? a 2Em(k2))

/ - - N Z,%(k2) 1 t
Cipe(t,t) = 3 Cala(t,1) | 25, (k%)  2[En (R 2Em<’f2>}

|

spatially extended Second distance
sources scale

n,m
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Fitting - lli

nstate = 1
nstate = 2
nstate = 3
nstate = 4
nstate = 5
nstate = 4 (2pt only)

H3H HH HEH KO e

‘!
RS
L

| 4 state

| 2pt : [2,10]

- 2pt’ @ [3,11]

- qug/dOf = 0.7
[ xl2/x§ug = 0{8

Z02%Pt(0) =1.27(3) x 107 ]
7022 (0) =1.25(2) x 107 |

2 _.2 2
Xaug =Xdata + Xprior
2

2
X =Xdata
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F1 Form Factor
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Nucleon Form Factors at High Momenta

Work 1n progress...
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EM Form factors at Low and High Momenta

T I T T T T I T T T T
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Lattice Challenges

Discretisation Uncertainties O(¢%a?, | psa |?)
Copt (t,§)/Cz (t) — e~ ((En(B)=3m=/2)t)
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Boosted Sources

Replace quark field by spatially extended (smeared) quark field

v — (1 — 0?V2 /4NNy

position space momentum space
z /, 4 /o)
s
i
z
=
g = 4’5 L J Ll Ll L
= Wupp. 55 —o— cont. disp.
g z P al Mom. 55 o latticed=p. o
v
g y fied)
- >
x
=
= - v
:
z p
c L >
k

Bali et al., Phys. Rev. D 93,094515 (2016)
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Variational Method

Subleading terms = Excited states
Construct matrix of correlators: different smearing radii

Cij(t) = Y _(Ni(T, )N;(0)) = » A} Affe Fn!
Delineate contributions using variational method: solve
C(t)v™) (L, t0) = An (L, t0)C(to)v™) (¢, to).

AN (t, tg) — e_EN(t_tO)(l + (’)(e_AE(t_tO)))

Eigenvectors, with metric C(t,), are orthonormal and project onto the
respective states

U(N/)TC(tO)U(N) — 5N,N’
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Baryon Operators

O1O"M | J MY =276570mm
Starting point B — (]—"):F ® Sy ® Dio) {113}

& s
Introduce circular basis: D m=-1= 5 (D x— 1D y)

<= <=

Dm:O =1D,
VY s 4
D1 = — (Dx+sz>.

Straighforward to project to definite spin: J = 1/2, 3/2, 5/2
| [J, AI]> = Z | [Jl, m1]>®| [JQ, m2]><J1m1; J2m2|J1U>

mq,mo

R.G.Edwards et al., arXiv:1104.5152
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Distillation for Baryons?

Measure matrix of correlation functions: (U, (t) = Z<N'L (2, t)Nj (1/,0))
M. Peardon et al., PRD80,054506 (2009) T,y

Perambulators T(ijﬁ (t, O) = f*i(t)M_l (t, 0)a65j

__ 4,(pgr) Js (pq )
Cig(t) = 65087 (L7 (0) x |w2E (1, 0)745 (£, )35 (£,0) + ...
 Meson correlation functlonsN Severely constrains
« Baryon correlation functions N4 baryon lattice sizes
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E/GeV
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Nucleon Dispersion
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Isotropic Clover Production

ID m B |a(fm)| My MeV) | L T | M;L | Split at On Titan

C12 -0.2800 | 6.1 | 0.118 430 48 96 12.4

C13 -0.2850 | 6.1 | 0.114 300 32 96 5.6 1762 - 2104
Cl3a -0.2850 | 6.1 | 0.114 300 32 96 5.6 1100 - 1870
C13b -0.2850 | 6.1 | 0.114 300 32 96 | 5.6 1000 - 2618
C13-W | -0.2850 | 6.1 | 0.114 300 32 96 5.6 2108 - 3164
C13a-W | -0.2850 | 6.1 | 0.114 300 32 96 | 5.6 1872 - 3564
C13b-W | -0.2850 | 6.1 | 0.114 300 32 96 5.6 2620 - 3980
D4 -0.2350 | 6.3 | 0.085 400 32 64 5.5 5164

D5 -0.2390 | 6.3 | 0.081 310 32 64 4.0 6020 1000 - 6020
D6 -0.2416 | 6.3 | 0.080 210 48 96 | 3.7 2312 (a) | 1000 - 2312
D6a -0.2416 | 6.3 | 0.080 210 48 96 3.7 1000 866 (a) 254 - 866

D6b -0.2416 | 6.3 | 0.080 210 48 96 | 3.7 1200 956 (a) 284 - 956

D7 -0.2416 | 6.3 | 0.080 210 64 128 | 4.9 1514 (a) | 1112 - 1514
D7b -0.2416 | 6.3 | 0.080 210 64 128 | 4.9 700 640 (a) 330 - 640

D7c -0.2416 | 6.3 | 0.080 210 64 128 | 4.9 750 732 (a) 288 - 592

D7d -0.2416 | 6.3 | 0.080 210 64 128 | 4.9 800 762 (a) 328 - 736

D8 -0.2424 | 6.3 | 0.080 140 72196 | 4.1 370 (b)

Add third lattice spacing: B = 6.5, a ~0.06
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SUMMARY

« Controlling systematic uncertainties key at both low
momenta and high momenta

« Momentum methods for direct calculation of form factors

« Can we get to high momenta? Exploring “distillation” for pion
(see Bipasha)...
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