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contribution to the nucleon electric and magnetic form factors. The lattice QCD
estimates of strange quark magnetic moment G4,(0) = —0.064(14)(09) un and the
mean squared charge radius (r2)p = —0.0043(16)(14) fm® are more precise than any
existing experimental measurements and other lattice calculations. The lattice QCD
calculation includes ensembles across several lattice volumes and lattice spacings with
one of the ensembles at the physical pion mass. We have performed a simultaneous
chiral, infinite volume, and continuum extrapolation in a global fit to calculate results
in the continuum limit. We find that the combined light-sea and strange quarks
contribution to the nucleon magnetic moment is —0.022(11)(09) .y and to the nucleon
mean square charge radius is —0.019(05)(05) fm?. The most important outcome of
this lattice QCD calculation is that while the combined light-sea and strange quarks
contribution to the nucleon magnetic moment is small at about 1%, a negative 2.5(9)%
contribution to the proton charge radius and a relatively larger positive 16.3(6.1)%
contribution to the neutron charge radius come from the sea quarks in the nucleon.
For the first time, by performing global fits, we also give predictions of the light-sea
and strange quarks contributions to the nucleon electric and magnetic form factors at
the physical point and in the continuum and infinite volume limits in the momentum
transfer range of 0 < Q? < 0.5 GeV?2.
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Chapter 1 Introduction

One of the main goals of the Standard Model of particle physics is to provide an
explanation of nucleon properties, i.e. an explanation in terms quarks and gluons and
their dynamics. Quantum chromodynamics (QCD) theory, in which quarks with color
charge interact through gluon exchange with gluons interacting amongst themselves
as well since they too carry color charge, is expected to give a correct description of the
strong force. The theory of strong interaction (QQCD) is a non-Abelian gauge theory.
The quarks occurring in six different flavors carry electric and weak charge and also an
additional charge called color charge. The strong force is mediated by massless gluons
which carry color and anti-color charges and they can also interact with themselves
resulting in the non-Abelian structure of QCD. There are two parameters in QCD,
namely the fermion mass m; and the bare coupling constant go. The running coupling
constant, which results in asymptotic freedom, leads to QCD phenomenon which is
different in the low and high energy regions. Before the discovery of lattice gauge
theory, perturbative quantum field theory had been used in which the integration
measure of fields in a path integral is expanded in powers of the coupling constant
and the corresponding Feynman diagrams are then regularized order by order in the
coupling constant. Although this perturbative approach leads to impressive results for
weakly interacting theories, for strongly coupled theories such as QCD at low energies,
this perturbative approach of field theory breaks down and is not applicable.
Lattice QCD, a first-principles approach, is believed to be the correct theory to
describe nucleon properties in the nonperturbative region when systematic uncertain-
ties are included in the calculation. Using lattice QCD, one can calculate hadronic
properties where perturbative QCD fails. Lattice QCD is a local gauge theory and

it satisfies local gauge symmetries. Although spacetime symmetry is broken on the



lattice, this symmetry is expected to be automatically restored in the continuum
limit. In the classical level QCD Lagrangian, QCD does not have any dimensionful
scale parameter in the massless quark limit. But when the theory is quantized, a
scale, called Aqcp emerges through the dimensional transmutation process. There-
fore, with massless quarks, a non-zero nucleon mass emerges due to the confinement
process and color-neutral hadrons can be produced. This is purely a nonperturbative
phenomenon and cannot be realized using perturbation theory. Lattice QCD emerges
as the best tool to study the nonperturbative phenomena in QCD. This is the only
reliable first-principles nonperturbative technique to study QCD. The fundamental
reason why lattice QCD is believed and has been tested as a reliable theory is be-
cause in the numerical simulations, uncertainties related to systematics such as finite
lattice spacing, finite volume effects, etc. can be measured and thus artifacts can be
removed from the final results.

The consistent way of describing QCD on the lattice is the following;:

1. discretization of spacetime (Euclidean) by a hypercubic lattice with cutoff, A
called lattice regularization,

2. discretization of continuum QCD action,

3. quantization of QCD using path integral formalism,

4. application of Monte-Carlo simulation to calculate expectation values

of different operators.

As the first step of lattice QCD calculation, one first converts QCD theory to
Euclidean spacetime using Wick rotation by replacing g,,, with Euclidean metric 9,,.
This Euclidean metric is obtained by performing the Wick rotation to imaginary time
t — —i7. This operation removes the distinction between covariant and contravariant
vectors on the lattice. The Euclidean spacetime is discretized by introducing a four-

dimensional grid points on the hypercubic lattice which are separated by the lattice



spacing a,

N

A= {neR‘*\ —0, .., Ny Mo, ., NL} (1.1)

a a

Then the size extent of the hypercubic box is determined by the finite extent in the

time and space direction
T =aNr
and
L =aNy, (1.2)

One then obtains the dual lattice which leads to a discrete set of momenta by per-

forming a discrete Fourier transform

2 2mn,;
A*Z{peR4!po= T = m}

i = 1.3
T D T (1.3)

The gauge fields A,(z) are written in terms of parallel transporters called link vari-

ables, each of which connects two spacetime points = and y as

Ule,y) =P exp ( - /y dzAM(z)) (1.4)

The SU(3) link variable connecting two neighboring lattice sites n and n + i along a

straight line is written as

Uu(n)

U(n,n + f1)

= exp (iad,(n)) (1.5)

As a part of discretization of the QCD action, the gauge or gluonic part of the QCD

action is constructed from the gauge links
Py (n) = Uu(m)U, (n + @)Ul (n + @)Ul (n) (1.6)

to obtain the smallest gauge-invariant closed loop P,,(n), called a plaquette. The



Figure 1.1: Gauge-invariant plaquette

fermionic part of the QCD action is discretized by replacing the covariant derivative

1

D,(n) = 5o (1wl + ) = U (n = i) — ) (17)

where the quark fields are covariant under SU(3) color gauge transformation. The
quantization of the lattice formulation is then performed by using a Euclidean path
integral. The expectation value of an operator is obtained by integrating over all

possible field configurations and is expressed by

(©) = [ PUDSDIOG U)o (- SVl - Selbw.U]) (19

where Si and Sp are discretized gluonic and fermionic parts of the QCD action,
respectively and Z is the partition function. The anti-commuting fermion fields ), v

are described by Grassmann variables and can be integrated out since the action is

bilinear in ¢ and 1
©) =5 [ PU T (et DIU)O(Sr.U) exp(-SclU)) (19
f

where Sr(x,y) = D™ '(x,y) is a quark propagator which describes how the particles
associated with 1 and v propagate through the QCD vacuum. det(D[U]) is real
and describes the roles of quark loops in the vacuum. From Eq. , it is seen
that a physical observable (O) can be evaluated by the integration over a set of

gauge configurations {U} with the weight factor of det(D[U])e™®¢. The gluonic



integration is then performed over the SU(3) group using the Haar measure. When
the gauge configurations are generated with the probability det(D[U])e=5¢, one can
stochastically approximate the physical quantity as

Nconﬁgs

(0) ~ Ncolnﬁgs S ow) (1.10)

i
where Neonfigs is the number of gauge configurations used in the numerical simulation.

The lattice discretization provides a regularization of the theory. The lattice
spacing is taken to a — 0 to obtain the result in the continuum limit. In this
limit, the correlation length in the lattice unit diverges, 7.e. the continuum limit is
a second order phase transition and there is no phase transition during the taking of
the continuum limit. Because of asymptotic freedom, the limit of the QCD coupling

g — 0 corresponds to the a — 0 limit.



Chapter 2 Nucleon Electromagnetic Form Factors

The space-like electromagnetic form factors of the proton and neutron obtained in
electron-nucleon elastic scattering are key measures of the fundamental structure of
hadrons. The quest for a detailed quantitative understanding of the nucleon form fac-
tors is an active field in hadronic physics. A wide variety of models has been proposed
to describe the nucleon form factors. However, in most of these approaches, there
has been no attempt to understand the observed hadron spectroscopy. Furthermore,
a consensus among different phenomenological models and parameterizations which
describe the nucleon form factors has not yet been achieved, especially for the neutron
Dirac and Pauli electromagnetic form factors, nor the nucleon time-like form factors.
The momentum transfer to the nucleon can be selected to probe different scales of
the nucleon, from integral properties such as the charge radius to scaling properties of
its internal constituents. At large internal distances or at small momenta, these form
factors probe the size of the nucleon, while at short internal distances or at large mo-
menta, they describe quark and gluon structures. It is convenient to define a frame,
called the Breit frame, in which there is no energy transferred to the proton, the
nucleon form factors can be written as Fourier transforms of their charge and mag-
netization distributions. But when the momentum transfer in an electron-nucleon
scattering is much larger than the nucleon mass, i.e. @) > My, the form factors are
not solely determined by the internal structure of the nucleon and contain dynamical
effects due to relativistic boosts. In this situation, the physical interpretation of the
form factors becomes complicated and cannot be simply thought of as the electric
and magnetic charge distributions of the nucleon.

Nucleon electromagnetic form factors are studied through the exchange of virtual

photon in elastic electron-nucleon scattering. Detailed reviews of the experimental



results and models can be found in Refs. [1,2]. It should be noted that inconsistencies
in the extraction of the data appear in the proton electric to magnetic Sachs form
factor (FF) ratio R,(Q?) = p,G%(Q?)/G,;(Q*), when one compares double polariza-
tion experiments [3-6], in which the ratio R, decreases almost linearly for momentum
transfer Q> > 0.5GeV?, with the results obtained from the Rosenbluth separation
method [7-18] in which R, remains constant in the space-like (SL) region. Predic-
tions for different combinations of the neutron FFs are even more puzzling to explain
using phenomenological models. A further limitation is that experimental data for
the neutron FFs are not available in the large Q* = —¢® regime. Another challenge
is to describe the modulus of the electric to magnetic Sachs FF ratio |G%/G%,| mea-
sured by the PS170 experiment at LEAR [19] and by the BABAR Collaboration in
the time-like (TL) domain [20] above the physical threshold ¢3,., = 4m2, where m,
is the proton mass, at which proton-antiproton pairs are produced at rest in their
center of mass system, and where strong threshold effects are also important.

The most recent surprising discrepancy of the proton charge radius measured
from the Lamb shift in muonic hydrogen [21}[22] differs by more than 50 from the ra-
dius extracted with 1% precision using the electron-proton scattering measurements
and hydrogen spectroscopy. While the current Committee on Data for Science and
Technology (CODATA) value of proton charge radius is 75, = 0.8751(61) fm [23],
the most recent muonic hydrogen Lamb shift experiment measures r4, = 0.84087(39)
fm [24] which is 4% smaller or differs by 7o than the CODATA value. Other than
the possibility that one of the proton charge radius extractions is wrong or involves
considerable systematic uncertainties, the consequence of the “proton charge radius
puzzle” can have serious consequences such as a new physics signature, anomalous
QCD corrections, a 5o adjustment of the Rydberg constant (in the absence of new
physics explanations) which is measured with an accuracy of about 5 parts per tril-

lion, and/or revision of sources of systematic uncertainties in the measurements of



neutrino-nucleus scattering observables. Recent results and reviews of the proton
charge radius puzzle can be found in the Refs. [25-27].

The main goal of this dissertation is to calculate the disconnected-sea quarks con-
tribution to the nucleon electromagnetic form factors. The light disconnected-sea
quarks contribution to the nucleon electromagnetic form factors either has been ig-
nored in previous lattice QCD calculations, or performed at heavier quark masses, or
the uncertainties are too large compared to the signal. Experimentally, one cannot
disentangle the light disconnected-sea quarks contribution from the valence quark con-
tribution to the nucleon electromagnetic form factors. Therefore, the calculation 28]
presented in this dissertation gives the first and most precise estimate of the light-
disconnected-sea quarks contribution to the nucleon electromagnetic form factors at
the physical point and in the continuum limit with controlled systematics. Similarly,
we also calculate the strange quark contribution to the nucleon electromagnetic form
factors and obtain the most precise estimates of the strange quark magnetic moment
and charge radius [29] compared to any existing experimental results and lattice QCD

calculations.



Chapter 3 Lattice Formalism: Two-Point Nucleon Correlation Function

3.1 Nucleon Two Point Correlation Function

The majority of the visible matter in the universe is made of nucleon, so the nucleon is
the most interesting baryon amongst plenty of baryons. There are two nucleons: the
proton and the neutron. The valence quark contents, quantum numbers, and masses

on proton and nucleon are listed in the following table: On the lattice we calculate

Table 3.1: Nucleon quantum numbers and their physical masses.

Baryon | Quarks | I(J7) Mass (MeV)
Proton | wud | 3(17) | 938.272081(6) MeV
Neutron | udd | (") | 939.565413(6) MeV

with mass degenerate up u quark and down d so that the nucleons also become mass
degenerate. There are a number of nucleon operators listed in the Appendix that
have some overlap with the full nucleon. In the following lattice QCD calculation
we have used the following annihilation and creation nucleon interpolation fields in

Egs. (8.16) and (8.17)), respectively.

The nucleon two-point correlation function is defined as:

Gunlt.7.20) = 32 ¢ OIT (vl o) ) 0) (31)

where ¢ is the sink time, p is the momentum of the particle, x(x) is the annihila-
tion(creation) interpolation field, and «, [ are Dirac indices. The interpolation fields

with explicit color indices are written in the Appendix[8.1} Inserting a complete set of



normalized energy eigenstates of the QCD Hamiltonian and using the completeness
property consistent with the normalization of Dirac spinors in Appendix [8.],

> In.ds){n, sl =1, (3.2)

n,q,s
with ¢y and xg being the nucleon source temporal and spatial positions, respectively,
we can rewrite Eq. (3.1]) as

Gaslt ) = Zeiﬁ‘”o)Zm\T(xa( ) 5| o) ) 0)

—
n,q,s

= Y ) $ (] H o) Ty () H () i a0

7q7

|7’L, q_; S> <n7 (.Tv 3| Xﬁ(xﬂ) |0>

E 6—1}5' (Z—Zo) 2 e g(t—to)+iq-(¥—=o)

7q7

<O| Xa(xO) |7’L, q,S > <TL, q, $| X/B(xO) |0>
= ) e T DT DTo e Fualt=H0) (0] x o (20) [0, G, 5) (0, @, 5| X(0) |0)

CE’I’Lq,

(3.3)

Using Fourier transform Y e~#=9% = N§; -,

Gas(t,7) = N 85— Qe P00 Enalt=to)

>
n7q7s

(01 Xa(20) I, 4, 8) (n, ¢, 5| X(0) |0)

- NZe #10) (0] (o) I, B ) (.7 s| Ws(20) [0) (3.4)

where N is the number of total lattice sites, and the sum ) = contains contributions
from positive and negative parity excited states. Retaining only positive and negative
parity ground state terms in the limit (t—ty) > 1, one can rewrite the above equation

as
Oé@ t ﬁ) NZ ( t ‘o) <0| XO&(IO) |O p,S, +> <07ﬁ7 S, +| Xﬁ(xo) |0>
0,— = _
B (0] (20) 0, 7, 5, =) (0, 5, 5, —| (o) |o>) (3.5)
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. . o : . _ o)
where |0, P, s, +) is the positive-parity nucleon ground-state with energy e B and

JP = 17 and similarly for negative-parity ground-state with minus signs. Using

Eqgs. in the Appendlx 8 8.1.6, Eq. ( can be written as

Gos(t, ) = NZe—EP () gd gt [ EHuQ (7,5, +)a’o" | [ E0+uﬁ (7. 5, +)
+ NZ gy [ Eo,wap,, )b | g N )

_ |¢+|2 —EOT (t—to) Zua p,S,—i—)Ug(p,S +

N[ =

EO +
0’ — — =
By (= tO)Z<75u(p787_))a(u<p73a_)’75))/3
= 4f m* ‘¢+‘2 ~ By (t— to)(_w,p++m+
B0 —iy-p- +m-
Eo_ |¢ [Petr (o) [75( - )75]a5
(3.6)
We want to obtain nucleon properties associated only with J? = %Jr. Various nucleon

properties from the nucleon correlation function can be obtained by projecting out the

negative-parity states and by taking the trace of positive-parity projection operator

1 m-
My =—-(14+—— 3.7
=5 (1 ) 1)

with Gaﬁ-
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Therefore,

CEO* (-
L5aGap(t,p) = E0+‘¢+|2 (t—to)
Zuﬂp,s—i—ll—i— ) ua (D, s, +)
2 Ey~ "/ ba
g e
p
L 1 m- .
(a(p, s, —)Vs)s —(1 + T%) a(%“(?% 5,—))a
B
s 2 Ep’
_ +12,—ES Tt (t—to)
- E0+|¢ | 0
1 . m- .
—<Zug(p,s,+) (1 + 0_74)Baua(pa S, +))
2 - Ey
+a6%‘¢|2€]§2’(tt0)

<Zuﬁ pa ;7—74)604/&0‘(]?’5’_))
p

6 o B (i) L _ o =
= a W‘(b |2e~Er 52 us(p, s, +)(1)gatia(P; s, +)

p s
mi — — —

+—5=Us(P, 5, +) (7a) patia (D 5, +)

Ep’

g0 1 o _
lo e 05 (w5075, (D5, -)

mi — — —

—Eo,_w(p, 5, 7)) a7, 5, ) (338)
p

To simply Eq. (3.8]), we can use the Gordon identity which is derived in the

following.

3.1.1 Gordon Identity

With Ouy = %h/p‘,/%/] and qv = DPv _p:M

. 1
W0uwdy = 5[7#7 71/] (pu - p;l)
o 1 / /
= 5[%%}% — VYD — Vo Vulv + Y Yub))]
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Since v, = =YV + 20,

WOy =

Using the Dirac Eq.

1

5 ((_7’/7# + zduu)pu - ’YMPYVp:/

— Y YuPr + (=W + 2%)1)2)

1 / 5 / 5 /
5( - ?’Yﬂ - 7#? — Y YuPv +2 wPv — VTP +2 ,ul/py)
1 / /

5( — 2Py — 274 + 20y + 21),)

PV — Yl + Dt P (3.9)

from Appendix [8.1]

u(p', s")(iowg)ulp,s) = a(@, ) (=pr — Yp +pu +0,)u(p, s)

= a(p',s")(=2imy, + pu + p,)ulp, s)

= u(p', &)(2im)yu(p,s) = u@,s)((p,+ p,) — 0w, ) u(p, s)

—|— A vV
Sl S alps) = it — i
(3.10)
Using Eq. (8.35)) and (3.10)), we can write Eq. (3.8)) as
m* 0.+ 1 m~ 2(—ipy)
T oo Gaslt _ 6 12, —EYH (t—t0) * 1 4
— — . +
6 M 12 —E%(t—to) L 1 2(—ips)
+a E27—|¢ | € 2 ; E]()L— Qm,
+ — E0,+
_ e m 412 —EO(—t) 1 < m- Ly )
= a’— | |e P = 1+ ——
B 22 e
_ ) o~
6 M 2B -t L T (1 M B
+a E27_‘¢ | € 2 ; E27— m-
— 0+
_ a6mT+|¢+|2€—E2’+(t—t0) 1+ ”E_Ep
EyT Epy~ m*
(3.11)
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In our numerical simulation, we use I'y = 1", = 1i274. Then, from Eq. (3.10),

+ -
_ e +12 —E0F (t—to) | 2(—ipy)
FﬂaGaﬁ’(t?@ = a E;())’+ ‘¢ | € ’ 92 Z 1+ o+

s

6 m- —12 7E2’7(t7t0)1 1 o 2(_Zp2)
+a Eg7_|¢ | € 2 ; 2m_
2m* + 2B+
2m™*

2m~ — 2Eg’_

+ 1
6 MM +12,—Ept(t—t
= a ?W |“e™ " ( 0)5 E

S

g M

- 1
—12,—EY " (t—to) *

0,+ +
Ep +m
E)Y
m~ — B}
E)™
0,4 +
Ep +m
E)t
+a6|¢— |26—E2**(t—t0) (m™ —/(m™)*+ p?)
Ey~

- 2m

_ a6‘¢+|26—E2’+(t—t0)

—i—a6|q§7 |2€7E2’7(t7t0)

_ a6|¢+|26—E2’+(t—to)

(3.12)

If one has :Z—Q_ <1,
E0,++m+
RO (-
Tr{FeG(t,ﬁ)} = dlgT e t“)pET
p

—EY (t—to) =2

I p
ES 2(m)?

—a8|¢|2E (3.13)

For a final nucleon state at rest (7= 0),

GNN(tuﬁ7 Fe) = Tr[FeG(tJm

= a|gf|Pe ) (3.14)

Therefore, it is seen from Eq. that the negative parity states are not completely
suppressed unless for zero nucleon momentum and so the nucleon with non-zero mo-
mentum has contamination from the negative-parity states in the correlation function.
However, this contamination is exponentially suppressed in the long time limit as the
negative-parity ground-state has higher mass and energy than the positive-parity

ground state.
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For simplicity in the notation of subsequent calculations, we will re-write Eq. (3.11)

with the choice of positive-parity projection operator I', = 1+274 as,

T5aGas(t, P) = Te[[.G(t,p)] = Gyn(t, 7, )
(t—to)>1 6 M 2 —Ep(t—to) by
- _ P 1 &
a Ep|¢(p)| e (1+ m)
E
= () et (3.15)
EP

where we have used simple notations as m = m*, E, = Eg*, and ¢ = ¢t.
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Chapter 4 Lattice Formalism: Three-Point Nucleon Correlation Function

4.1 Schematic Representation of Connected and Disconnected Insertions

In this section of the chapter, we present simple schematic representation of con-
nected and disconnected insertions in terms of quarks and quark propagators. We
shall present a formal derivation of nucleon three-point correlation function to calcu-
late electromagnetic form factors in section (4.2)). Nucleon three-point functions are
classified according to two different topologies of the quark lines connected between
the source and the sink of the proton—called connected and disconnected insertions.
When the current is connected to the nucleon through the quark lines, we refer to it
as connected insertion (CI). When the quark fields of the current contract between
themselves, we refer it to as disconnected insertion (DI). These disconnected quark
loops are connected to the quark lines in the nucleon propagator through fluctuating
gauge background fields.

Let us consider three-point correlator with source momentum p” and sink momen-

tum p:

Cot(t. 75 7") = (Xa(t, ) O (1) 150, 7)) (4.1)

where the operator insertion with quark ¢g-flavored current is written as

Oy(r) = Y 4a(v) 0% (v, w; . 7) g (w) (4.2)

5
yi"‘)?w
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Then the positive-parity contracted correlator is

4.1.1

q = u-quarks

Lga{Xa(t, P)O4(7)x5(0, ﬁ/»

Z Z eiiﬁfeiﬁ/%/Gabcﬁalyblyc’ (075)’75 (75071)/0‘71—‘&0‘

- o
gow g 5

(e, (7, 1)y (7, )5 (7, )G3(0) O (v, w0, 7.7) g5 (w)
ag (<1, 0)d, (2,0} (2/,0))

(4.3)

If ¢ = u, we obtain four connected contractions and two disconnected contractions as

shown in FIGS. m - m We can use translational invariance to shift all 2/ to zero

and obtain a factor N, from the sum over z' sum. Denoting a quark propagator by

S, from FIG. [£.1a],

CI-FIG ([ Ta)

CI-FIG ({.1b)

CL-FIG(.1d)

CL-FIG{.1d)

=

=

=

(4.4)

(4.5)

(4.6)

(4.7)
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Figure 4.1: Schematic diagrams of connected and disconnected insertions when ¢ = w.
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DI-FIGEId) = —Ss [d](Z1,0,0) - Si[u)(w,v) - S48 [u] (Z,,0,0) -

/

Sbc

Yo

[u](7,1,0,0) (4.8)

DI-FIGEI) = S&[d|(Zt,0,0) - S&[ul(w,v) - S°%[u](Z,t,0,0) -

op

/

59 [u) (%, ¢, 0, 0) (4.9)

ao

Therefore,
CO(t,m;p) = N, Z e P e petarel pa
S0 1,0) - O (0,10, 7.7) 2% ), 5.0)
Tr (sgg’ [d)(Z,0,0)(v5C ™) pe S2 [] (%, ¢, 0, 0) (075)75)
+59 [u] (%, 1,0, 0)

Tr (SEZ/ [d)(Z,£,0,0) (350 po S 1] (w, 0, 0)

@312(@7 w, ga T)Sg\iiy [u] (fa t? U)<C’75)’Y6>

_ngccrl [U] (Z)?, tv 67 0) (750_1)0';)561)/ [d] (f7 ta 67 0)<C’Y5)5’7

pd

!

S (2, t,v)O%s (v, w, 7, 7) S [u) (w, 0, 0)
_Sg()i\[u] (fa t7 U)@()i\i(vv w, ?j, T)S.zccrl [U] (w7 67 O) (’750_1)0;2
Sd)(Z,t,0,0)(Cys)5,S7% [u] (%, ¢, 0, 0)

po

— 5% [u](Z,t,0,0)Tr <52§[u](w,v)@ii(v,w,z7, T))
Tr (ng/ [d] (f, t? 67 0) (75071%05};?; [u] (fa t? 6? 0)(075)’75>
+85 [u](#,t,0,0) (35C™)0p S [d](Z, £, 0,0)(Cs) 5,

S’l;%/ [U] (f’ t’ 67 O)TI' (S:C)l\ [U] (w7 'U)@gl\i(’l}, w, g7 7_))]

(4.10)
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= CO(t,750) = No Y € PPeapceane [

L5 u) (2, ) 0% (v, w, y) S [u] (w, 0)) Tr (S”"' [u] (2, 0)5°[d] (=, 0))
~Tr| DS [ul(z, 0)) Tr <§ [d)(z, 0)5*[u] (2, 1) O (v, w, ) S [u] (w, 0))
—Tr | DS [u(x, 0)5* [d] (2, 0)S™[u) (x, v) 0% (v, w, ) S [u] (w, 0))
—Tr | PS“[u] (2, v)O" (v, w, y)S* [u](w, 0)S°[d)(x, 0)5™ [u] (x, 0))

+Tr

N N N, N, N

'S [u](z, O))
Tr <S‘3d[u] (w,v)0% (v, w, y)) Tr (Sbb/ [u](z,0)S° [d](z, O))
+Tr (FS““/ [u](,0)5 [d](x, 0)S* [u] (z, O))

Tr <56d[u](w,v)@de(v,w,y)>] (4.11)

The 5th and 6th terms correspond to disconnected insertions. The notation Tr de-
notes trace over both color and Dirac indices. For simplicity, we also have used the

following shorthand notation

S = ((’7501)5(0’75)>

= 75C ST Cys (4.12)

where, T' denotes transpose over Dirac indices.
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4.1.2 ¢ = d-quarks

If ¢ = d, we obtain four connected contractions and two disconnected contractions as

shown in FIGS. [4.2al - 1.2d

CLFIG[E2a) = Sild](Z,t,v) - Sgh[d](w,0,0) - Se [u] (%, t,0,0) -

[u] (%, ¢,0,0) (4.13)

CI_FIG = _Sgi[d](fv i, U) ’ Szl;/ [d](w7 67 0) ’ S'Z;(,g [U] ('f? t 67 O) ’

Sae [u](Z,t,0,0)
(4.14)
DI_FIG = - g;\l[d](w, U) ’ ng)/ [d](fa t, 67 0) ’ g%’ [u] (‘fa t, 67 0) ’
S lul(,¢,0,0) (4.15)
DI-FIGE2d) = SAldl(w,v) - S5 [d)(,t,0,0) - S2% [u](#,1,0,0) -
Sae'ul (2,1, 0,0) (4.16)
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Figure 4.2: Schematic diagrams of connected and disconnected insertions when ¢ = d.

Down quark insertion:

COd (t7 T, @ = NS Z eiiﬁ qeabcea/b’c’rﬁa [ g%/ [U](f, ta 67 0)

T,y,v,w
" (Sgg [(7,,0.0) 05 pSit 4], 0,0)85 (v, w, 7. 7) 5310 (f,t,v)(c%)av)
— S [u](Z,£,0,0) (350 )opSim [d] (w, 0, 0)O% (v, w, §, 7)
SSSlA)(E, t,v)(Cys)sy) - S [l (, 1,0, 0)

5 @, ,5.0) Tr(s;ﬂduw,v)@zz@,w,yw)

Tr (Sgi:/ [d)(Z,t,0,0)(75C™") po S5 [u] (£, £, 0, 0) (Cy5) 5

+S00 [u)(Z,1,0,0) (350 )gpSeh [d] (1, 0,0) % [u](Z, 1,0, 0)

Tt (s;;l [d](w, v)0%. (v, w, 7, T))]
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—Tr| IS [u](z, 0)) Tr <§CC/ [u](x, 0)S%[d](z, v)Q% (v, w, y) S [d] (w, O))

—Tr [ S [u](z, 0)TS® [u)(x,0)5%[d](x, v)Q% (v, w, y) S [d, LS](w, 0)>

+Tr | 159 [u) (z, 0)) Tr (Sed[d](w, v)0%(w, v, y)) Tr (Sbc’ [u](x,0)S [d](x, O))

+Tr | 159 [u] (x,0)5 [d](x,0)S® [u] (z, O)) Tr (Sed[d](w, v)0% (v, w, y))]

(4.18)

In the above expression 3rd and 4th terms correspond to disconnected insertions.

4.2 Lattice Formalism: Three-Point Correlation Functions

Based on the calculation in Chapter [3, we shall now derive a generalized expres-
sion for a nucleon three-point correlation function. The generic nucleon three-point
correlation function for an electromagnetic current 7, is defined as

Gogvgun(ta b, 7, 57) = Y e PR 70 (0] x o (25) Ty (21) X5 (0) |0)

Z1,%T2

(4.19)
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where

ty : nucleon sink time,

t; : current insertion time,

to : nucleon source time,

Ty : mnucleon sink spatial position,

77 : current insertion spatial position,
Zp : mnucleon source spatial position,

nucleon source momentum,

nucleon sink momentum.

STl

The convention we follow for momentum transfer ¢ is the difference between sink and

source momentum:

g=p—p (4.20)
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We now insert a complete set of energy eigenstates with principle quantum number

n, momentum ¢, spin s and assume ty > t; > to. Then

Gaﬁ iSNIuN

(t2,t1,,p") = Z e PP i (1 T0) Z Z (0] Xa(22) |2, 5)

Z1,72 2,5 41,5

(@, s| Tu(a1) |q1, ") {1, 5" Xa(0) |0)

— "/. "74
§ :6 ip- (T — 21) ip’ (1 § :E : 0| H(ta—to)—iqy-(T2—Z0o)

T1,T2 42,8 1,8’

Xal(zg)e MmO HER0) |Gy ) (g, 5

eH(tl7t0)7i(j'1l~(flffo)ju(x0)e H(tl t0)+lq1 T — CEO ‘ql, >

(@1, 5'IXs (o))

E :6 ip- (T — xl) —ip’(T1—%0) E :2 e —Eq4, (t2—to)+ig2-(F2—Z0)

T1,T2 42,8 q1,8’

7Eq2(t17t0) iqa- (f f()) 7qu(t17t0)+iq4'1-(flffo)

€ €

(0] Xa(20) |2, ) (@2, 5] Tu(20) |41, 8) (@1, 8| Xs(20) |0)

Z Z Z e*iﬁ'fﬁiﬁ'fl*iﬁ/’fl+iﬁ"fl+iﬁ"fo+iff2-f2
T1,%2 2,8 G1,8

e—i@ -To—ia-T1+1q2-To+iq1-T1 —iq1-To e—Eq2 (ta—to—t1+to)e~Ea1(t1—t0)

<O| Xoa(xO) ’JQ? S) <q_'27 S’ ju(xo) ’(717 Sl) <(T17 S/‘ X,B(xﬂ) ‘0>

Z Z Z e*i(ﬁ*lfz)'@e*i(5/*ﬁ+§2*lﬁ)'fl ei(ﬁ'*(ﬁ)‘lo

Z1,%2 ¢2,5 q1,s'

e~ Pralta=te =B =00 (0] x o (20) |Gz, 5) (@, 5| Tu(wo) |1, )

(@1, 5’| Xp(0) |0)

N2D S0 = B — 5+ G — Gi)el T Foe Falta ) -t

q2,5 q1,s'

<O| Xoa(xO) |TL2, (TQa S) <(72a Sl ju(xo) |671a S,> <(717 S/| X,B(xO) |0>
N2 Z e—Eﬁ(tz—tl)e—Eﬁ/ (t1—to)

<O| Xoa(xO) ’ﬁ? S> <ﬁ: S| ju(l'()) |n1’ﬁ/? S/> <ﬁ,7 Sll )7(/3(370) ‘O>

(4.21)
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Inserting parity explicitly,

r— —ET — _E+ —
Gop g (ta, 1,0 p") = NQZe Fy (0= (2200 (0] o (20) |p, 5, +)

s,s’

(5,4 Tu(wo) I, 8", +) (0, 8, +] X (o) [0)

—|—N2 Ze o S (ti— to
0) ‘pla SI? _> <p/7 S

(p,5,+|j”($ 7_“_(5(370) |O>

+N226 M T (t— to p (t2—t1) <O’Xa<x0) ’p’ s,

(p.s, —| Tu(xo) 1P, 8’ +) (P, 8", +] Xs (o) |0)

_i_NQZefE;,(tlfto)e E, (t2—t1) <0’Xa($0) |p, s,

“EF (270 (0] xo (o) |, 5, +)

=)

=)

(ps 8, = Tu(wo) 1P/, 8", =) s 8", —[ Xg(w0) |0)
(4.22)
USil’lg, EqS " - ‘ ’
6 y(t1=t0) ,—Ef (ta—t1) g+ (1)) G+ nmim?t
Gap gy (a1, P,7") = a Z ? 9" (p)o <p)E+E+
p p
ua(p, 5, +)ty(p, 5, +)(OZ’+)npup(p’, s’ —)up(p', ', +)
+ —
6 o (i=to) ;=B (ta=t1) 4+ (1)) = (1) m-m
+a Ze et (p)o (p)E+E_,
ua(p>8 + p,S + (O ) SI7_)(u75> (p 8 )
—t
6 v (t1=t0) .~ By (ta—t1) = () G+ () Y
(75%) (p, , =)y (p, s, )(OZ’ ), o0y 8", H)as(p', ', +)
6 tl tO t2 t1) 0 m -
et o) 0)
(75”)04(17,37_>un(p:57_)(O;ﬁ)npup(pcslﬁ_>(u75)ﬁ<p s's =)
(4.23)

Using techniques to eliminate negative parity states shown in Egs. (8.44]), and
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using simplified notation in Eq. (4.26)), we obtain a simpler version of Eq. (4.23)):

1 —ip+m
GC!ﬂ;NjuN (t2’t17ﬁ5,7r) = ( +,Y4) < ? >
ap o

2 2m

—ip+m 1
an;Nj,uN(t%tlap;ﬁ/wu)( p > ( —;74>
Wk ]

2m

(4.24)

Only the positive-parity combination will survive:

Gaﬁ INTuN (t27 tlaﬁ? ﬁ/a F) = a6 Z e_Ep/ (tl_tO)e_Ep(tQ_tl)¢(p/)¢(p)

s,s’

2 (5ot (5]

2
_ QGG_Ep/ (tl—to)e—Ep(tQ—tl)qb(p/)qg(p) EmE (1 —;74)
pp’ ap

—iy-p+m —iy-p'+m 1+ 4
——— ] (O
2m on 2m o 2 w8

(4.25)
Taking the trace,
Gaping,n(ta, t, 0,0\ T) = TapGaping,.n(te, t1,0, 0", 1)
_ m2 1T 0
— o) e T[T
pHp’ 0 0
(—m-p—irm) (—iv-p’—km) o 1
2 O 2
m m 0 0
b o(p)o(p') o~ Bt (t1=t0) g = Ep(t2—11)
AE,E,
Tr [(—m p+m)O,(—iy-p + m)]
(4.26)

Eq. (4.26) is the general expression for a nucleon three-point correlation function. One
can now choose proper projection operators I' and currents O, to calculate nucleon

electric and magnetic form factors.
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4.3 Electromagnetic Form Factors Calculation on the Lattice

Nucleon electromagnetic form factors are functions of only one kinematical variable
which represents the internal structure of the nucleon. From Lorentz symmetry and

gauge invariance, O, can be written as,

Oy

p- B (—¢%)|. (4.27)

Ou= |Fr(=¢") +

where F| and F» are Dirac (spin-conserving) and Pauli (spin-flip) form factors, re-
spectively and m is the nucleon mass. The normalization of F} and F5 are determined
by the charge and magnetic moment of the nucleon and these static properties can
be measured in a low-energy electron-nucleon scattering experiment. Fj(0) = 1 for
proton and 0 for neutron from current conservation, and F5(0) is a measure of nucleon
anomalous magnetic moments. These are related to the electric and magnetic Sachs

form factors by

2
2 2 Q 2
Gp(Q7) = FR(Q°) - 4_sz2(Q )

Gu(Q*) = FR(Q%)+ R(Q) (4.28)

where in the spacelike region Q> = —¢?. Form factors enter in the expression of

electromagnetic current. Lattice QCD successfully reproduces the static properties
such as hadron masses and magnetic moments, etc. Therefore, one expects Lattice
QCD would also describe the dynamics of the charge and magnetic distributions of

the nucleon, i.e. electromagnetic form factors.

4.4 Electric Form Factor Calculation

To calculate electric form factor, one has to take u =4 and I' =Ty in Eq. (4.26).

L4 10

Dy=—> = (4.29)
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Now, we simply the terms and perform matrix matrix multiplications step-by-step
in the generalized three-point function expression (4.26|) with proper choice of current
operator to obtain nucleon electric form factor. We start with writing matrix form

of the term (—i7y - p+ m):

—iv-p+m = —i(ups+7-p)+m
_ 1 0 _ 0 —ic . m 0
= —i (iE,) + Pl +
0 —1 ig 0 0 m
1 0 0 —¢ - m 0
0 —1 g 0 0 m
B E, —o-p N m 0 B E,+m —0-p
o-p —kE, 0 m o-p —E,+m
(4.30)
Therefore,
—iy-ptm 1 [ Btm  —G-p (4.31)
and similarly,
—iy-p+m _ 1 [ BiAm =Gy (432)
2m 2m g - ﬁ/ _E1/7 +m
Now multiplying with unpolarized projection operator I'y
‘ 1 0 E,+m —0-p
Ly(=ty-p+m) =
0 0 g-p —E,+m
B E,+m —o-p (4.33)
0 0
and
E+m —a¢-p 10 E +m 0
p p
= (4.34)
g-p’ —E,+m 0 0 ag-p’ 0



From Eq. (4.27)),

O4vqy
2m

Oy = Fi(=¢*)y + Fy(—¢?) (4.35)

The second term in Eq. (4.27)) for p =4 is

Oy oy p=4  044Q4 + 04iG; 2
Fy(— 3 Fo(—
2m 2( 7) 2m 2= )

04i4; 2
= Fy(— 4.36
Ly (—g?) (4:36)

where we have used (see Appendinx 8.1.9)):

0 —o;
O04; =
—0; 0
0 oy
Oja =
ag; 0
O 0
Oij = Cijk
0 Ot
(4.37)
Therefore,
R(-¢*) —SER(-¢)
—SE R (-  —F(-¢)
o Qoo Qo1 (4.38)
aip a11

30



Now,

—

E’p—i—m —0-p agp Qo1

0 0 a1 QAaip

(Ep + m)aoo — CL10(5 . ]?) &01(Ep + m) — a115 . ]7

0 0
boo b
_ 00 01 (439)
bl(] bll
Then
boo b01 Ep/ +m 0
blO bll 5ﬁ, 0
boo(Ey +m) 4+ bo1(d-p’) 0
_ 00(Ey +m) + bo1(G - p7) (4.40)
bl()(Ep/ + m) + b11(0_3 . ﬁ/) 0

Therefore, for u = 4,

¢<p)¢(p,) e—Ep/ (tl —t())
AE,E,

—Ep(t2—t1)

GNJALN(tQatlaﬁ)ﬁ/?F) = a6 e

boo(Ey +m) + boi (6 -p") 0
I

—,

bio(Ey +m) + b1 (6 p") 0
i /
¢(p)¢(p )e*E'p/(tlfto)e*Ep(m*tl)Tr(IB) (441)

_ 6
- “45,E,
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Now,

Tr(B) = Tr[beo(Ey +m) + bu(d - p')]
= Tr[((E, +m)ac — a10(F - P)) (Ey + m)
+(aou(Ey +m) — a1 (- 9)) (7 - p')]

2% By (7 - ) (Ey + m)

2m

= TI'[((EP + m)F1 +

—0;4;
+( 2m

Fy(E,+m)+ Fi(G-p)) (- 7)]
0iq;
2m

= Tr[(E, + m)Fi(Ey +m)+

0:4q;
2m

Fy (3 - p)(Ey +m)

Fy(E, +m) (G- p") + F1(d - p)( - p')] (4.42)
For final particle at rest, i.e. =0, from Eq. (4.42]),

Tr(B) = Tr[2mFi(Ey +m)— (;zqu

Fy(2m)(5p")]
= 4mF\(Ey +m) — FoqTr[o0,p]]
= 4mEF(Ey +m) + Epp;Trloo;]

= AmF\(Ey +m) + FapipTr[6;; + i€ijn0os]

= 4AmF(Ey +m) + 2Fpp)

= 4mF1(Ep/ + m) + 2F2<E;/ —_ m2)
= 4mF1 (Ep/ + m) —+ QFQ(Ep/ —+ m) (Ep/ — m)

F 2
= (Ey +m)dm(F + 5> -) (using Eq. (B45))
2m2m
2
= 4m(Ep/ —+ m)(F1 —+ 4q_’]7’L2F2)

where, the Sachs electric form factor is defined as

Gr(—¢*) = Fi(—¢*) + 4q—ﬂ,L2F2(—q2) (4.44)
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Therefore,

¢<p)¢(p/> e*Ep/ (tlfto)epr(t2*tl)

G to, t1, 9,0, T) = a
NJ4N( 2,01,D,D ) a 4EpEp/

2

q
4m(Ep/7+ m) (Fl —+ mFg)

P(P)OWD) _g t—te) — Bt
a’ AE,E, e B tto) e Bl (B, +m)Gp

(4.45)

One can derive similar expression for the special case, when the source momentum

7 =0.

4.5 Magnetic Form Factor Calculation

Magnetic form factor can be obtained with pu = ¢, and I' = I'y, where i,k = 1,2, 3.
Iy, is the polarized projection operator defined in Appendix Eq. (8.4). Then from

Eq. (4.26),
F 2
O, = F1(—q2)% + Uz‘4Qu% (4.46)

Now, the first term in Eq. (4.46))

Fi(=¢*)y = (4.47)
’iFlgi 0
and the second term in Eq. (4.46) is
F2<—(12)Uiuq1/ Fy
 om %(UMCM‘FU@%’)
B 0 oiga | cnonts 0
2m oiqa 0 0 €ijkOkY)

Fy, | €jronq;  ioiE, (4.48)

2m .
il €jk0KQ;

33



Therefore,

F
Fiyi + Uiuqu_2
2m

F:
2m CijkOkY;

. Ay
’lFlO'i + ZﬁO’iEq

Coo Co1

Cio C11

The polarized projection operator,

14
VS 274%75 =
Then
O 0 Ep +m —0 ﬁ
0 O o-p —-E,+m
and
Ey,+m —d-p’ 1 0
g-p’ —Ey+m 0 0
Therefore,
o(Ep,+m) op(—d-p) Coo
0 0 C10

0

dOO dOl

le dll

34

. .y
—ZF10'Z‘ + Z%UiEq

F:

2m Cijk Ok 0j
O 0
0 0

Co1

C11

O'k(Ep + m)coo + O-k<_0_: . ]5)010 O'k(Ep + m)cm + O'k(—O_" . ]5)011

0

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)



Thus

Now,

dOO
dio

Tr(D)

Ep/ +m 0 (Ep/ + m)doo + (53 : ]7/>d01 0
G-p 0 0 0

Il
S

(4.54)

Tr[(Ey + m)doo + (6 - p")do1]
Tr[(Ey + m)(ok(E, + m)coo + o(—7 - P)cio)
(7 - ") (on( By +m)cor + o3 (—F - Plen)]
Tr[(Ey + m)ok(E, + m)co + (Ey + m)og(—a - p)cio
+(0 - p")on(Ey +m)cor + (6 - p")ow(—0 - P)eid]
Fy

Te| (Bp +m)ow(Ep +m)o > einog; — (B +m)ow(d - p)

—

E:
(iFlaZ- + @ﬁaqu) + (O' : ﬁ/)dk(Ep + m)( — iFlal-

F. F.
+iﬁ0iEq) - (5-17')%(5'@%@%% (4.55)
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As a special case, for the final state at rest,

F: A
T By -+ mon(2m) o + (7 - 7)5(2m)

( —iFo; + %Ui(m — Ep/))

Tr [(Epr + m)Ukij—;qﬂalqj — (0 p)or2mFo;

+(o - ﬁ’)o;ﬂm%oi(m —E,)

—iFypi2mTr[ogoi00] + (Ey + m)Fse;jq;Tr(ogo]

+iFy(m — Ey)pTrlorool)

—iF1p22mTy[(0k; + t€kim0m)o1] + (Ey 4+ m) Fa€ijq; Tr[0p + t€ximom]
+iFy(m — Ey )pTr[(0k; + t€gimom)oi]

— i €im P10 2mTx[0,00) 4+ 2(Ey + m) Faeijg; + i Fo(m — Ey)plegim Tr[0mo1]
kimP1p 2mTr[0 + t€pur0r] + 2(Ey + m) Faeiq;

—Fy(m — Ey)pi€kimTr[0m + t€mur0y]

dmega Fip) + 2(Ey + m)Faeijq; — 4Fs(m — Ey)pl, €xim

—de Fipym + 2F; ((Ep/ +m)eiig; — (m — Ep/)ekimp:n)

AmFrerqr + 2F ((Ey + m)eijig; + (m — Ey )€pimtm)

AmEy€pqr + AmEse;jrqy

Am(Fy + F1)€ijrgr

where the magnetic Sachs form factor has been defined as

Gu(=¢*) = Fa(=¢*) + Fa(—¢) (4.57)
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Therefore,

¢(p)¢(p/) e*Ep/ (t1 7t0)e*Ep(t2*tl)

Gnn(to,t, 7.0, T) = d°
NZN( 2,t1,P0,P ) a 4EpEp/

2
q

4m(Ep/7+ m)(Fy + sz)

d(p)o(p') o~ By (t1—t0) ;= Bp(t2—t1

JAmG rre; -
4EpEp/ mGar€ikqr

CL6

(4.58)

One can derive similar expression for the special case, when the source momentum

7 =0.

4.6 Extraction of Ground-State Matrix Element

One can extract the ground-state matrix elements by taking a ratio of three-point to
two-point correlation functions. We look for a plateau in the asymptotic Euclidean

time behavior of the ratio. The ratio can be written as [30]
(Gng, N(ta, ty;p", 0 1))
(Gnn(t2, 073 Ta))

_ (Gyn(ta —t1 + 10, D Ta)) (G (t1, P Ta) ) (Gyn (ta, p7; Ta))
(Gnn(ta =t +to, P Ta) ) (G (b1, 55 Ta) ) (G (t2, 75 Ta))

R(t2>tlaﬁ7ﬁlar;ﬂ) =

(4.59)

This ratio method exactly cancels the time dependence and weight factors (¢). Con-
sidering only time-dependent and normalization factors in Eq. (4.59)), from the factor

outside the square-root,

R — e*Ep(tlfto)epr/(tO*tl)\/€2Ep(t1*t0)e_2Ep’<t1_to)

=1 (4.60)

However, due to computational cost, we took the following three-point to two-point
ratio in our numerical calculation. In our calculation, the nucleon grid-smeared source

is at rest, (p” = 0), and the source temporal position is ty = 0. We define the three-
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point to two-point ratio as,

- Tr[[Gng.n (G ot . o
RH(Q7 t27t1> = [ NI, N<_, 2 1)] e(Eq ) (t241)E a_
Tr[I.Gnyn(0,1s)] .+ m

(4.61)

Then the magnetic form factor can be calculated as

6 9()0(0) ,—Eq(ta—t1) ,—mty Ny
RiGtat) = O " 4Egm € " ' e (4m€7’JkaGM)e—(Eq—m)(tg—tl)
o a56(0)(0)2¢ 2 B +m

~o(p) €ijran L, _
= 50 Eq+mGM (forp” =0, p'=q),

qu; tg,tl) = %GE (fOI'ﬁ/ = 0, ﬁ: (7) (462)

We will see that the effect of the ratio of these two wavefunction overlap factors will
not have any significant effect in our calculation in comparison to the size of the
statistical and systematic uncertainties. We will present more discussion on this in

the subsequent sections.
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Chapter 5 Strange Quark Electromagnetic Form Factors

5.1 Abstract

We present a lattice QCD calculation of the strange quark contribution to the nu-
cleon’s magnetic moment and charge radius. This analysis presents the first direct
determination of strange electromagnetic form factors including at the physical pion
mass. We perform a model-independent extraction of the strange magnetic moment
and the strange charge radius from the electromagnetic form factors in the momentum
transfer range of 0.051 GeV? < Q2 < 1.31 GeV?. The finite lattice spacing and finite
volume corrections are included in a global fit with 24 valence quark masses on four
lattices with different lattice spacings, different volumes, and four sea quark masses
including one at the physical pion mass. We obtain the strange magnetic moment
G5,(0) = —0.064(14)(09) py. The four-sigma precision in statistics is achieved partly
due to low-mode averaging of the quark loop and low-mode substitution to improve
the statistics of the nucleon propagator. We also obtain the strange charge radius
(r¥yg = —0.0043(16)(14) fm®. From the fit parameters of the model-independent

z-expansion, we also present strange quark electric and magnetic form factors in the

momentum transfer region of 0 GeV? < Q? < 0.5 GeV?.

5.2 Introduction

In the non-relativistic constituent quark model, a proton is composed of two up
and one down quarks. Unlike in the real QCD dynamics, where the quarks interact
strongly between themselves via gluon exchange, in the constituent quark model they
do not interact strongly. Although this simple quark model has been very successful in

describing various nucleon properties, such as predicting the proton magnetic moment
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within 3% [31] of the experimental value, results from the deep-inelastic scattering
experiments indicate that nucleon sea consists of g¢ pairs and gluons play a very
important role in describing nucleon properties. For example, almost half of the
nucleon momentum is carried by the gluons which is consistent with the nature of
QCD that quarks interact strongly through exchange of gluons. It is clear from the
deep-inelastic experimental data that gluons play a very important role describing
the QCD dynamics at low z. For example, the sharp rise of g(z) in the low z-region
cannot be described by the simple quark model. Since strange (s)-quarks are only
present in the sea, measuring various s-quark contributions to the nucleon properties
gives direct information about the nucleon sea and its nonperturbative structure.

Flavor decomposition of the sea-quarks in the nucleon is of immense importance
due to their complex natures. For example, from the recent analysis of Drell-Yan data
one clearly sees an excess of d(x) over @(x) in the nucleon sea. To understand the
flavor content of the nucleon-sea, such as the excess of d(x)/u(x), a lattice QCD cal-
culation in Ref. [32] was performed using the path integral formalism of the hadronic
tensor. The authors in Ref. [32] illustrated existence of two topologically distinct
sources of nucleon sea - called the connected and disconnected-sea and showed that
the Gottfried sum rule violation comes from the connected insertion involving quarks
propagating backwards in time. In a recent lattice QCD calculation [33], the authors
have discussed that the excess of d(x)/u(z) cannot originate from the disconnected-
sea since the mass difference between u and d quarks are very small to account for
this large excess of d(z)/i(x) observed in the deep-inelastic experiment and Drell-Yan
process.

The excess of d(x)/u(x) cannot be explained by simple g — ¢¢ fluctuation in
the intermediate z-values and some other nonperturbative processes are required
to explain this excess. An example of such a nonperturbative process can be the

virtual conversion of proton to neutron p — 7w'n, so that excess of d is created
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relative to the abundance of @. In contrast, there is no such analogous procedure

mq

to create an excess of @. In this way d-excess could be produced at a = ~ I

and this is consistent with experimental observation. This type of meson-baryon
fluctuation is a nonperturbative phenomenon and needs to be understood. A similar
possible meson-baryon fluctuation which can produce different spatial distribution
of s and 5 quarks in the nucleon sea is N — KTA fluctuation. From our lattice
calculation, we shall show, in Chapter [6], that the difference of spatial distribution of
light-sea quarks ¢ and ¢ is larger than the difference of spatial distribution of s and
5 quarks in the nucleon. This is natural, because K+ A is expected to be produced
with lower probability than the 7N fluctuations due to their higher masses of K (u3s)
and A(uds) compared to m and N, respectively. A meson-baryon configuration such
as a KA meson-baryon state will create a different radially-separated distribution
of s and § quarks from the center of mass of a KA configuration. Therefore, this
nonperturbative phenomenon would lead to a small non-zero value of the strange
quark electric form factor G% at non-zero values of Q? which is a consequence of the
fact that the average distribution of s is slightly farther compared to the average s-
quark distribution from the center of the nucleon. Keeping in mind that K*(u3) has
a smaller mass than A(uds), it is expected that K* and thus § will occupy a larger
radial distance from the center of mass of the KA meson-baryon configuration. Such
a calculation with light-front wave function has been previously done by Brodsky and
Ma [34,35] using light-cone meson-baryon fluctuation model. In Ref. [35], the author
obtained G4,;(0) = —0.066 . These meson-baryon fluctuation models can serve as
a motivation for the need of a first-principles nonperturbative calculation. Thus, it
is essential to check these meson-baryon fluctuation models with ab-initio calculation
in lattice QCD.

In summary, the difference in the spatial distribution of s and 5 can have the

following consequences [36]:
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e 55 contribution to nucleon mass,

e ss contribution to nucleon axial charge which can affect the value of 3 associated

with the helicity carried by the quarks,
e Nonzero value of strange quark electric form factor G% at Q* > 0,
e 55 contribution to nucleon magnetic form factor and neutral weak form factors,
e Difference between parton distribution functions (PDFs) of s(z) and §(x).

While the first 4 consequences are low Q? phenomena, one can relate the difference
of s(z) and 5(z) PDFs to a similar Drell-Yan process of the excess of d(x)/u(z).

Therefore, a precise and accurate measurement of strange quark electromagnetic
form factors is of immense importance. For example, the one of the backgrounds in
the Queak €xperiment arises from the G5,(Q?). A precise estimate of G5,(Q?) can lead
to more precision in the estimated value of proton weak charge QP = (1 — 4 sin? fy)
in the Qyeax experiment. It is very important to know the value of QP with great
precision because this will constrain the possibility of Beyond Standard Model physics.

Since the extraction of the vector strange matrix elements (NN|5v,s|N) was pro-
posed in Refs. [37H39] via parity-violating e~ — N scattering, the determination of
strange quark contribution to the nucleon electromagnetic form factors (G ;) at low
momentum transfer has been the main goal of various experiments of the SAMPLE,
HAPPEX, GO, and A4 collaborations [40-51]. The world data constrains that the

strange quark magnetic moment G%,(0) contributes less than 6% and the strange

2

ZYg contributes less than 5% to the magnetic

quark mean square charge radius (r
moment and the mean-square charge radius of the proton respectively [52]. However,
all these experimental results are limited by rather sizable error bars. Three different

global analyses give G%,(Q* = 0.1(GeV/c)?), which is consistent with zero within

uncertainties, and differ in sign in their central values [53-55]. However, modern ex-
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perimental results favor a negative value of G3,(0) which is consistent with previous
lattice QCD calculations.

Despite tremendous theoretical efforts, e.g. [56H59], a detailed convincing un-
derstanding about the sign and magnitude of strange quark electromagnetic form
factors is still lacking. A detailed review of these theoretical efforts can be found
in [60]. The first measurement of the proton neutral weak magnetic form factor
fo’ from parity-violating asymmetry in the polarized € — p scattering experiment
was performed by the SAMPLE collaboration. Performed at a momentum trans-
fer of Q> = 0.1GeV?, the neutral weak magnetic form factor was found to be
GZP(0.1GeV?) = 0.34(11) nucleon magneton (n.m.) which corresponds to a value
of G5,(Q* = 0.1GeV?) = 0.23(44) n.m. [61]. These results were updated to ob-
tain a value of G5,(Q* = 0.1GeV?) = 0.37(33) n.m. in Ref. [40]. An analysis of
the SAMPLE data estimated G77(0.1 GeV?) = 0.29(16) n.m. which corresponds to
G5,(Q% = 0.1GeV?) = 0.49(65) n.m. [62]. A large positive value of G, corresponds
to a G@p < 0.40 n.m. at Q* = 0.1GeV?2. To date, no individual experiment pro-
vides high precision measurements of the nucleon neutral weak form factors in a wide
range of Q% By considering the weak axial vector form factor G4 as an input, it is
possible to separate the Sachs electric and magnetic form factors by combining parity-
violating asymmetry measurements from the experimental data. However, because
of the complexity of the experiments, rather sizable uncertainties in the value of G%
and the lack of knowledge of its Q2 behavior, the extracted value of nucleon strange
electromagnetic form factors from parity-violating asymmetry data vary widely in
different experiments and global fits of the experimental data as mentioned above.
The level of precision of the strange quark form factor measurements is not so high at
present to differentiate G, from zero. It is also important to note that the parity-
violating asymmetry measured by the modern experiments is very precise and plays

an important role in measuring hadronic properties associated with parity violations.
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However, a significantly precise knowledge of G4(Q?) is required to extract G and
Gg’f? 1\(4" ) from the experimental measurements of parity-violating asymmetry. As we
will discuss below, although the typical electroweak radiative corrections are expected
to be O(«), the tree-level suppression of the interaction in the parity-violating ¢ — p
scattering makes the radiative corrections to G4 more significant. The uncertain-
ties in the radiative correction of G4 are large and radiative corrections involving
the strong interaction are not clearly known, so the extraction of Gé’ﬁ&”) from the
parity-violating scattering experiments is a tremendous challenge. One anticipates

that with a reliable first-principles estimate of G ,, one can also give a prediction

of the neutral weak form factors of the proton and the neutron.

5.3 Formalism

Electron-proton scattering can proceed through an exchange of a virtual Z-boson
or photon (), represented in the lowest order by the Feynman diagrams shown
in FIG. 5.1 This process gives rise to a new current for the proton, called the
neutral weak current. Because the neutral weak charge of light quarks and electrons
are different for the left-handed and right-handed particles, parity is violated in the
scattering of polarized electrons off the nucleon. The invariant amplitudes of the
scattering processes shown in FIG. can be written in terms of leptonic vector
(1#), axial (I#°), nucleon vector (J/), nucleon weak vector (.J}) and weak axial (JE%)

currents:

4o
M»y = @Qlﬂj‘z, (51)
_ Gr mm i jub Z Z
Mz = —=(gvl" + g4l")(J; + Js), (5.2)
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- p
e p g
(b) Neutral weak Z-boson ex-
(a) Photon exchange change
Figure 5.1: Tree level electromagnetic and weak Feynman diagrams in the e~ — N

scattering: E 5.1a]) photon () exchange 1-} neutral weak Z-boson exchange.

o

Figure 5.2: Feynman diagrams representing “one-quark” radiative corrections in the
— N scattering: Vacuum polarization, (5.2b) v — Z box diagram.

e e

Figure 5.3: Feynman diagrams representing “many-quark” radiative corrections in
the e — N scattering. The unfilled and filled circles represent vector and axial

couplings, respectively: ([5.3a) Rho (p) meson pole, (5.3b) pion loop.

where « is the electromagnetic coupling constant, Gr = 1.166 x 107° GeV 2 is the
Fermi constant, e; is the electromagnetic charge of the incident electron, and gif( A)
is the weak vector (axial) charge in Egs. , and . From Eq. , it is
seen that the neutral weak boson can have both vector and axial vector interactions.
Therefore the amplitude Mz has both parity violating (PV) and parity conserving
(PC) amplitudes:

Gr
MEV = 2¢§( VITZ + g Y, (5.3)
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Gr
MLE = > \/_(gVZ“JZ + gul* Iz (5.4)

Similar to the electromagnetic current in the nucleon, the vector component of

the neutral weak current in the nucleon can be written as

_ 109"
Ji = | Q) + 4T Q) (5.5)

where uy is the nucleon spinor, the neutral weak form factors F'Z and Ff are analo-
gous to the electromagnetic form factors F} and F,. The nucleon neutral weak axial

current is defined as:

J% =y {’Yu%Gﬂ un (5.6)

where G4 is the neutral weak axial form factor.

Since the electroweak interaction of the gauge bosons with quarks is pointlike,
the nucleon vector and axial currents and the corresponding form factors can be
decomposed into a sum of quark currents, one current for each quark flavor [63]. The
electromagnetic and neutral weak vector currents can be written as nucleon matrix

elements of the quark current operators JAV and J7, 5 a8

Ji = (NIJJIN),
zZ 1Z
‘]u = <N|‘]u’N>7

Jl = <N|j55]N> (5.7)

where |N) is a proton or neutron state and the quark current operators are given by

T =) Qi
q

JE = gl v,
q

> gl anse
q

<
SN
Il

(5.8)
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(4)

Here the sum is over all quark flavors ¢ and @), g;/ are the electromagnetic and

neutral weak vector (axial vector) quark couplings in the Standard Model and are

listed in Table (5.1]) for the up, down and strange quarks.

Table 5.1: The electromagnetic, weak vector, and weak axial couplings for the up,
down, and strange quarks and electron.

Quarks | Q; 9y g
u % }1 — % sin? Oy | -1
d -+ | -3+ 3sin’ by | 1
s 3 |- asin?ly | 1
e 1| =i 4sin®Oy | 1

Using these couplings listed in Table (j5.1]), we can express the nucleon form factors

as linear combinations of the quark components, i.e.

N _ N
Gron = D QuGhy,
q
Z,N 1% N
Gon = D9 Gl
q

Ca— Zg;‘GZ{N (5.9)
q

where G‘]IE’J(L) is the contribution form the quark flavor ¢ to the nucleon electric (mag-
netic ) form factor and G%" is the contribution to the nucleon weak axial form factor.
Now assuming that only u, d, s quarks contribute significantly to the nucleon elec-
tromagnetic and weak form factors, and using the couplings from Table we can

write the nucleon currents in terms of the quark-nucleon currents as
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Ji = (NIJIIN)

L (NlspslN),  (5.10)

1 _
(NldydN) - 5

2
NlayulN) - 5

3¢
Z 1Z
Ji = (NIJIIN)

1 2 1 1 -
= (— — Zsin? 9W> (N|uy,ulN) + (— ~ + —sin® HW) (N|dv,d|N)

4 3 4 3
1 ]- . 2 —
+| - Z+§Sm Ow | (N|57,8|N) . (5.11)

It is important to note from FEgs. and that the same quark-nucleon
currents (IN|gv,q|N) appear on the right hand side, i.e. the quark-nucleon currents
depend only on the vector nature of the coupling and not whether the coupling is
though the photon or neutral weak boson exchange in the e™ — N scattering. This
property along with the assumption of isospin symmetry will allow us to relate the
nucleon neutral weak and strange quark form factors in the subsequent calculations.
Similarly, using Egs. , nucleon Sachs form factors can be written as

2 1 1

G¥h = 5GE — 3GEM — 36¥ (5-12)

3 3 3

n 2 u.n 1 n 1 Ss,n

Grn = 2GEM — _G%,M —3GEa (5.13)

3 3 3

1 2 1 1
1 1 .9 S,p

+ —Z+§s1n Ow |Gpm (5.14)

The charge symmetry is broken due to the mass difference of u and d quarks and elec-
tromagnetic interactions. However, this effect of symmetry breaking on the estimate
of nucleon form factors is negligible compared to the uncertainties in the experimental

measurements and the following lattice QCD analysis and thus can be safely ignored.
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Assuming strong isospin symmetry, i.e. the u(d)-quarks in the proton have the same

properties as d(u) quarks in the neutron, one can write

GvP = G4, G = Gum, and G = G = G°, (5.15)
and so Eq. (5.14) can be written as
Z,p(n) 1 %p(n vn(p) L

GE,M - Z - SlIl QW G - G - Z__LGE’M (516)

With radiative corrections, Eq. (5.16)) can be written as

Z,p(n) ( 2 1 .2 p(n)\ ~7,p(n)  ~2 n(p) %n(p
G (@) = 1 (1 —4sin®0w)(1+ By )Gphy (Q7) — (L + Ry )Ggly (@)

—(1+RY) EM@?)}, (5.17)

where the subscript £(M) stands for the electric(magnetic) form factor and the su-
perscript p(n) stands for the proton(neutron). RI‘J,(H) and RS)) are radiative corrections
to the vector form factors calculated in [64] and translated into the MS-scheme in [63].

The updated analyses of these radiative corrections can be found in [65] and [66].

Experimentally the proton’s neutral weak form factors can be measured directly
through e™ — N scattering. Electromagnetic scattering amplitude dominates over the
neutral weak scattering amplitude. Since there is no direct way to determine whether
photon exchange or neutral weak boson exchange is responsible for a given e™ — N

scattering event, one calculates the total scattering as
Ototal X ‘M»y + ./\/lz‘2 (518)

Since the weak force violates parity as mentioned earlier, the neutral weak scattering
amplitude Mz depends on the helicity of the incident electron. Therefore, the nucleon
has different cross sections for the right and the left handed electrons. As a result,

the cross section associated with the positive helicity electron is different from that
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of the negative helicity electron. Because the spin of the electron is an axial vector

and the momentum is a vector quantity, the helicity of the electrons

h=5-k (5.19)

is a pseudo-scalar quantity and flips the helicity of electron beam between right and
left helicity states in the elastic scattering of longitudinally polarized electron from
an unpolarized proton target. Then the asymmetry of the e~ — N scattering event

can be written as

M, + Mzg|? — M, + Mg
M, + Mzgl?+ M, + Mz |?
\Mzr| — Mzl

2 .2
o (520)

A =

where right (L) and left (L) described that there is a helicity dependence in the
weak neutral amplitudes. In the last line of Eq. (5.20]), we have used the fact that

|IM,| > | M|, and approximately,

My
M,
Gr
62/q2

which is ~ 107° for —¢* ~ 0.5 GeV2. This small magnitude of M compared to the

Arr

Q

(5.21)

Q

electromagnetic amplitude makes the experimental measurements of strange quark
and neutral weak form factors very challenging. However, this parity-violating ampli-
tude is enhanced through the interference with the parity-conserving electromagnetic
amplitude and enables the experimentalists to measure the weak interaction effects.
It has been shown in Ref. [63] that the asymmetry can be measured in terms of the

nucleon form factors as

GrQ? [eGRP G + 1GPGEE — L(1 — 4sin® 0y ) eGP G5Y

V2ra e(GE")? +7(Gh)?

Apg = — (5.22)
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where the kinematic quantities in Eq. (5.21]) are given by
Q2
4M%
1
1+2(1+7)tan?

¢ VT +7)(1 - e

)

(5.23)

The uncertainties in the radiative correction of G4 are large and the radiative
corrections involving the strong interaction are not clearly known and extraction of
Gg’ﬁé") from the PV scattering experiments is a tremendous challenge. Higher-order
corrections involve strong-interaction corrections when v and Z interact with many
quarks are depicted in FIG. . Many-quarks corrections are target specific and
can modify hadronic matrix elements. Radiative corrections in the axial FF involving
parity violating multi-quark interaction can be as large as 30% of the tree level axial
form factor. In other words, when once considers the parity-violation associated with
the nucleon axial form factor, the weak coupling to the electron must be a vector so
that mixing of axial and vector components violates parity. Though this weak cou-
pling to the electron g¢, = (1 — 4sin® ) is small, the higher-order diagrams may not
necessarily contain a small vector weak coupling and a much larger value than that of
the tree-level coupling. One anticipates that with a reliable first-principles estimate
of G s, one can also give a prediction of the neutral weak form factors of the proton
and the neutron according to Eq. . Scattering of electron with “He does not

require the knowledge of G% but it has the problem of iso-spin mixing correction.

This introduces a nuclear-structure dependent correction into the asymmetry Apg.

5.4 Previous Calculations

Despite tremendous theoretical efforts, e.g. [56-59], a detailed convincing understand-

ing about the sign and magnitude of strange electromagnetic form factors is still
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lacking. A detailed review of these theoretical efforts can be found in Ref. [60].

Since the direct calculation of the s-quark loop in the disconnected insertion (DI)
is difficult and noisy in lattice QCD, there have been numerous indirect calculations
to predict the strange form factors. Most of the calculations rely on different models
(such as the heavy baryon chiral perturbation theory) or a combination of exper-
imental and lattice QCD data of connected u- and d-quark contributions [67-69],
etc.. The most recent result of such calculations has found G5,(0) = —0.07(3)uy and
G%(0) consistent with zero [70]. While the authors performed a linear extrapolation
of G5;(Q?) to obtain G5,(0), this linear behavior is different from what we observe in
this work and the most recent lattice QCD analysis in Ref. [71].

The first lattice QCD calculation of strange quark magnetic moment was per-
formed in the quenched approximation [72] and the authors obtained G%,(0) =
—0.36(20). Another lattice QCD calculation in Ref. [73] with 2 + 1 flavor dynamical
clover fermion with relatively heavy pion masses (m, ~ 600—840 MeV) followed from
the same group who obtained G%,(0) = —0.017(25)(07)un and G%(0) consistent with
zero. A recent lattice QCD calculation |71] has been done with quark masses corre-
sponding to m, = 317 MeV and the authors obtained G%,(0) = —0.022(8) uy and,
for the first time, a nonzero signal for G%,(Q?) which gave (r2)p = —0.0067(25) fm>.
However, one still has to perform the calculation at the physical pion mass and on
several lattices to consider volume and finite cutoff corrections and over all beat down
the noise to obtain a convincing result which will substantially sharpen our picture
of the strange quark contributions to the nucleon’s EM structure.

Conventionally, we omit the unit nucleon magneton n.m. (uy) for G5, in the
rest of this dissertation. To calculate (N|5v,s|N), we compute the DI on the lattice
where quark loops in the nucleon sea are connected to the valence quarks through

the fluctuating gauge background as shown in FIG. [5.4]
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Figure 5.4: Disconnected three-point insertion (DI) to calculate the §v,s matrix
element in the nucleon state

5.5 Lattice QCD Calculation with Overlap Fermions at The Physical

Point

We present lattice calculations of the strange EM form factor using the overlap
fermion on the (2 + 1) flavor RBC/UKQCD domain wall fermion (DWF) gauge con-
figurations. Details of these ensembles are listed in Table 5.2l We use 24 valence
quark masses in total for the 241, 321, 481, and 32ID ensembles representing pion
masses in the range m, €(135, 400) MeV to explore the quark-mass dependence of
the s-quark form factor.

For the 241 and 48I lattices, we use 12-12-12-32 (16-16-16-32 for 321 and 32ID)
random Zs-noise grid sources with Gaussian smearing. Here, the first 3 numbers in
the notations such as 12-12-12-32 denote the intervals of the grid in the 3 spatial
directions and the last number is the interval between time slices. A more detailed
explanation of the grid source and the smearing can be found in Ref. [74]. We also loop
over all the time slices for the nucleon propagator to increase the statistics. We apply
eigenmode deflation during the inversion of the quark matrix and utilize the low-mode
substitution (LMS) technique developed in Refs. [77,78] during the contraction stage.

The low-energy eigenmodes are used to construct many-to-all correlators to substitute
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Table 5.2: The parameters for the DWF configurations: spatial or temporal size,
lattice spacing [75,76], the sea strange quark mass under the MS scheme at 2 GeV,
the pion mass corresponding to the degenerate light sea quark mass and the numbers
of configurations used in this work.

Ensemble | L3 x T | a (fm) | m{P(MeV) | my (MeV) | Neonse
241 [75] | 243 x 64 | 0.1105(3) 120 330 203
321 [75] | 323 x 64 | 0.0828(3) 110 300 309
481 [76] | 483 x 96 | 0.1141(2) 94.9 139 81

32ID [76] | 323 x 64 | 0.1431(7) 89.4 171 200

the noise-estimated low-frequency part of the hadron correlators with the exact one
and thus named as low-mode substitution. The low-frequency part of the hadron
correlators constructed using low-mode substitution makes the use of grid source
feasible, otherwise no extra statistics can be gained. As for the quark loops, the low-
mode part is exactly calculated with the low eigenmodes of the overlap operator which
is called low-mode average (LMA) and the high-mode part is noise estimated by 8 sets
of 4-4-4-2 7, noise grids with even-odd dilution as well as additional time dilution 78,
79]. The low-mode averaging for the low-mode contribution is performed by summing
over the spatial volume on a time slice. With these techniques implemented, our
statistics are from ~ 100k to ~ 500k measurements on the 241 to 481 ensembles.

Nucleon two-point (2pt) and three-point (3pt) correlation functions are defined as

G (P tasto) Ze”p "” (0| T[x(Zts ZXS z;,t0)](0) ,

x£G
GNJHN(p \ t2;q,t1§t0) — Z o~ B2 +iG T <0| T[X(Jfg,tg)
T2,71
Tu(@1,t1) Y Xs(xito)]]0) | (5.24)
z, €G

where tg and t, are the source and sink temporal positions, respectively, p, p’ are the
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source and sink momenta, respectively, ¢; is the time at which the bilinear operator
Ju(x) = 5(x)y,s(z) is inserted, x; are points on the spatial grid G, x is the usual
nucleon point interpolation field and yg is the nucleon interpolation field with grid-
smeared Zs-noise source, and the three-momentum transfer is ¢ = p’ — p as shown in
FIG. . For the point sink and smeared source with ¢ty = 0 and 5= 0 and ¢ = p”
the Sachs form factors can be obtained by the ratio of a combination of 3pt and 2pt

correlations with appropriate kinematic factors,

o Tr|l,,G 7 tat . 9OF

Ru(q, ta,ty) = CnGng,y (ﬁ 2 1)]6<Eq )(tHl)E .
Tr[CeGrn (0, £2)] g +m

(5.25)

Here, B, = \/W and my is the nucleon mass. The choice of the projection
operator for the magnetic form factor is I';, =y = —i1(14+794)75/2 with k=1,2, 3 and
that for the electric form factor is I'e = (144)/2. Then in the limit (to—¢,) > 1/Am
and t; > 1/Am, we can obtain two Sachs form factors by an appropriate choice of

projection operators and current directions p as derived in Chapter [3|in Eq. (4.62):

(ta—t1)>1/Am,t1>1/Am €ijkq;j s 2
R,_i(T N G ,
B= ( k) Eq _'_mN M(Q )
(to—t1)>1/Amt1>>1/Am s
Ru:4(re) s 1 GE(Q2)7 (526)

with 7, j, k # 4 and Am the mass gap between the ground state and the first excited
state. The Sachs magnetic and electric form factors in the spacelike region are related

to the nucleon Dirac (F}) and Pauli form factor (F,) through the relations:

Gu(Q*) = F(Q)+ R(Q7)
Gp(Q®) = F(Q%) - < K(Q%). (5.27)

2
4my;

Notice that we use smeared grid source and point sink so that, without much addi-
tional computational cost, we cannot implement the standard square-root technique

to calculate the nucleon 3pt/2pt ratio. We use the smeared source for the three-point
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function which would invoke a smeared-smeared two-point function in the square-root
formula. This would be quite a bit noisier than that of the smeared-point two-point
function. Since we use the smeared-source-point-sink three-point function, the ra-
tio we take contains an extra factor of Z,(q)/Z,(0) where Z,(q) is the wavefunction
overlap for a point source with the nucleon momentum ¢. In the continuum limit,
this extra factor is unity and, on the lattice, it will have a ¢?a® error which can
be absorbed in the zero-momentum extrapolation of G, and charge radius and the
subsequent continuum extrapolations. We have numerically checked on about 100
configurations on the 321 (smallest lattice spacing) and 32ID (largest lattice spacing)
ensembles that the wavefunction overlap factors indeed do not cancel for nonzero mo-
mentum but have a small effect on the matrix element (typically 5-6% for the largest
momentum and the lightest pion mass). Upon performing the z-expansion [80,81] to
obtain the magnetic moment at Q? = 0, the effect on the final result is even smaller,
about 1 — 2%. The charge radius calculated with such correction has a change of
about 2% on the 321 ensemble and 1% on the 32ID ensemble lattice results. Since
our statistical uncertainty is about 25% in the global fit for the magnetic moment
and the charge radius and an additional 10% (for magnetic moment) and 20% (for
charge radius) systematic uncertainties from the z-expansion results will be included
in the final result of the global fits, this small effect of overlap factors does not affect
our calculation in a significant way. For the 32ID and 48I ensembles, the Q? are
much smaller than those of 241 and 321 ensembles and the overlap ratio itself is at
the 1 —2% level. We thus ignore it in order to reduce additional computational costs.

We incorporate a global-fit technique described in Ref. [82] to determine the s-
quark mass by matching to the renormalized s-quark mass at the 2 GeV scale in the
MS scheme and use normalized vector currents [83]. To control the excited-state
contamination and obtain better signal-to-noise ratios we perform a joint two-state

correlated fit by simultaneously fitting the standard 3pt/2pt ratio R(ts, ) and the
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widely used summed ratio SR(t2) [84] to calculate DI matrix elements. We call this
hybrid method the combined fit (CF) throughout the rest of this work. For more
details, see Ref. [85]. The standard 3pt/2pt ratio in the forward matrix element case

can be written as

R(ta, th) = 03(t27t1)/0<t2)
Z” Z! z)Z(J ) (ta—t1)— E(J>t1< (@) |J|X1J)>

Zk k)Z e—E®1t
0
o <x§>u|xi>

Z\!
f —AE(ta—t1)
o 01T

f
Z0
o e
Z(l)Z(l)
f 4 M) 71D O 71 O\ —AEt
== (e 1) — e 1D 7))e =57
7970 £
+..., (5.28)

where E® and Z® are the energy and the overlap of the interpolation field of the
ith state and Am = EM — EO_ For ¢, > ¢; > 0, the contributions from all
the terms in the right hand of Eq. except the first term vanish, and then we
can use Eq. to obtain the ground-state matrix element when excited-states
contamination is sufficiently suppressed. When ¢, is fixed, one may fit the first term
and the combined second and third terms around t; = t5/2 to include the effect of
the ground state to first excited state transition in the right hand side of Eq.
which is ¢; dependent. But since the fourth term in the right hand side of Eq. ,
which is the difference of the matrix element in the ground state and the first excited
state, is independent of ¢, just like the first term, one might not be able to disentangle
them and, as a result, a systematic error may be induced by its contribution which
is suppressed by e~V =F) which is shown to be only about 1%-3% in Ref. [85].

Although we include this term in our fits, in most of the cases it does not have any
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effect on the fits.
From Eq. (5.28) we can write the R(t2,t;) and SR(ts) fitting formulas for a given

direction of current and momentum transfer can be written, respectively, as

R(tg, tl) = CO + CleiAm(tzitl) -+ CzeiAmtl + CgeiAmh, (529)

. e—Amt“ _ e—Am(tz—t’+1)
=(ty—t'—t +1)Co+ Cy

1 — e Am

—Amt’ _ —Am(t2—t"41)

(& (&

1 — e Am

+Cy +Cs(ty =t —t" 41)e 2™, (5.30)

Here, ¢ and t” are the number of time slices we drop at the source and sink sides,
respectively, and we choose ¢ = t” = 1. C; are the spectral weights involving the
excited-states and Am is, in principle, the energy difference between the first excited
state and the ground state. Basically, the two-states fit in Eq. dominates in our
combined fit method and, for heavier pion masses, the final result of the combined fit is
almost identical to the standard 3pt/2pt ratio two-states fit. However, the combined
fit becomes useful for getting a stable fit near the physical pion mass and we gain
a slight increase in the signal-to-noise ratio. We choose ¢’ and t” = 1 by following
the strategy of keeping as many points possible for which y? is acceptable. Am is
effectively an average of the mass difference between the proton and the the lowest
few excited states and needs to be determined by the fit. The present scheme with the
combined fit (CF) technique as mentioned before allows us to obtain a stable fit and
control the excited-state contamination. We find, for the lighter quark masses on the
241 and 32I ensembles, the enhancement in the signal-to-noise ratio is approximately
5% —10% and near m,, = 140 MeV for the 481 and 32ID ensembles the CF fit is more

stable compared to the SR and R methods separately.
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Figure 5.5: Combined fit result for disconnected contribution G%,(Q? = 0.0515 GeV?)
with m, = 207 MeV. The bands show fits to the 3pt/2pt ratios. The current insertion
time t; is shifted by half the sink-source separation for clarity.

In FIG. we present the result of CF for a particular case, the 481 ensemble with
quark masses for the nucleon corresponding to m, = 207 MeV, Q? = 0.0515 GeV?,
and several source to sink separations ty € [5 — 9]. We show the SR(t2) plot as an
inset in the R(ts,t;) plot. One can clearly see from the SR plot that the slope is
negative and from the R plot that the 3pt/2pt ratio saturates near t = 9. The orange
and cyan bands in the R- and S R-plots show the error bound obtained from the CF,
which is G3,(Q? = 0.0515 GeV?) = —0.029(9). We present this plot, in particular, to
show how one can obtain a reliable and stable fit near the physical m,.

The unprecedented precision we obtain in statistics is partly due to the fact that
we calculate the low-mode contribution to the loop exactly and the stochastic noise
is only used for the estimate of the high-mode contribution. We find that about
15% — 25% of the signal is saturated by the low modes while determining the s-quark
matrix elements in this calculation. FIG. shows the summed ratio of the 3pt/2pt
corresponding to the low-mode and the total (low-mode + high-mode) contribution
to the strange quark magnetic form factor at Q? = 0.051 GeV? for a quark mass

corresponding to the pion mass m, = 139 MeV on the 481 ensemble. It is seen that
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Figure 5.6: Low-mode and high-mode contribution to the strange quark magnetic
form factor at Q% = 0.051 GeV? for a quark mass corresponding to the pion mass
m, = 139 MeV on the 48] ensemble.

the low-mode contribution is significant to the total contribution and the low-mode
contribution is about 20% of the total contribution. It is also clear from FIG.
that the signal-to-noise ratio of the low-mode contribution is higher than that of the

total contribution.

5.6 Extraction of the strange quark magnetic moment and charge radius

Next, we explore the Q? dependence of G%;(Q*) to obtain the strange magnetic
moment at Q? = 0.

It has been a topic of long discussion about what type of form one should use to
describe the Q*-behavior of different form factors. A choice based on the phenomeno-
logical interpretation of various data is the dipole form [18] which has been widely
used. But a simple polynomial fit does not converge when there exist cuts in the
timelike domain. For example, in the case of a photon to two pion transition, there
exists a cut at ¢> = —Q* = 4m? in the timelike domain as shown in FIG.[5.7, Because
of the existence of this pole 1/(¢* — 4m?2), a polynomial expansion of the form factor
should not converge for any Q% > 4m?2. The weight of this pole may be small but one

should not ignore its effect when fitting the form factor data. To overcome this prob-
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lem, a conformal mapping of variable Q? to another variable z has been proposed in
Refs. [80,81]. The conformal mapping is performed in such a way that one is allowed
to perform a polynomial expansion in z, such that the timelike momentum transfers
(i.e. all poles of the form factors) map onto the unit circle z = 1 and the spacelike

momentum transfers map onto the real line |z| < 1. For more details, see [80,81].
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Figure 5.7: Model-independent z-expansion: Conformal mapping of the cut plane to
the unit circle.

Another reason we do not use the dipole fit in the calculation is because the Q?
behaviors of the disconnected light and strange form factors are unknown and one
would prefer not to be biased with a specific form of the extrapolation. (There exist
also other phenomenological models for the Q*-dependence of strange form factors,
for example in Ref. [86].) Therefore we adopt the model-independent z-expansion
fit. We take t., = 4m? for fitting the disconnected light quarks form factor and
tewt = 4m3 for the strange quark form factor. We have verified that a different choice
of tey such as 9m? has less than a few percent effect on our extrapolations.

In FIG. 5.8, we show an example of the extraction of strange quark magnetic
moment at Q% = 0 from the form factor data at different Q? using the z-expansion
fit. We compare both the dipole form [1§]

G5,(0)
1+ 3

)2

—~

G (@) = (531)

IR

)
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and the model independent z-expansion fit [80,[81] given by

k
ey tcu 2 — tcu

@)=Y ot 2= VI G Z Vo (532
=0 tcut + Q2 + tcut

We present the extrapolation of G%,(0) using both the dipole and z-expansion meth-

ods in FIG. with the smallest lattice spacing a = 0.0828(3) fm used in our sim-
ulation and lattice data at the unitary point for the 321 ensemble with a pion mass
m,; ~ 300MeV. More examples of strange magnetic quark magnetic moment and
charge radius from z-expansion near and at the physical pion mass will be presented
in Chapter [6]

We set ey, = (2mg)? We keep the first three coefficients multiplying z* in the
z-expansion formula and perform fits versus Q?. We calculate the jackknife ensemble
average asg q,4 Of the coefficient ay and then perform another fit by setting as centered
at agave With a prior width equal to 2 X |agayvg|. We find the effect of setting this
prior is almost insignificant for the 241 and 321 ensemble data, especially at heavier
quark masses. However, the prior stabilizes the extrapolation of G3,(Q?) for pion
masses around the physical point for the 481 ensemble. Since the z-expansion method
guarantees that a; coefficients are bounded in size and that higher order a;’s are
suppressed by powers of z¥, we carefully check the effect of the as coefficient in our
fit formula and estimate this effect to calculate the systematic uncertainties in the
z-expansion fit. The present calculation does not provide any conclusive evidence
of any statistically significant difference between these two methods, as seen in the
figure. However, because of model independence and goodness of the fit, we use

z-expansion fit results in the rest of our calculations.
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Figure 5.8: Comparison between the classical dipole form and the model-independent
z-expansion fit to study the Q? dependence of G5, and extract G5,(0). The G35,(Q?)
data points correspond to the 321 ensemble with quark masses corresponding to
m,; = 300 MeV.

5.7 Global Fits and Continuum Extrapolations

From the z-expansion extrapolations, we obtain 24 different estimates of G%,(0)
from four different lattice ensembles with varying quark masses. As the nucleon
2pt correlation function depends on the valence quark masses and the strange quark
matrix elements depend on mie.p, We use a chiral extrapolation linear in m, and
Mioop = Mk [09,87-89]. Undertaking a global fit which combines the chiral extrap-
olation, the physical quark mass interpolation, and the continuum extrapolation for
the charmonium, Dy and D} on the several lattice ensembles, we have been able to
obtain the charm and strange quark masses in the MS scheme at p = 2 GeV consis-
tent within one sigma of the PDG values in Ref. [82]. For a given valence quark mass,
we first calculate the matrix element with 2 different s-quark masses (for example,
ms = 0.98 GeV and 0.102 GeV) close to the physical value of s-quark mass obtained
in Ref. [82]. We then perform a linear interpolation of the strange quark matrix
elements associated with these two s-quark masses to the physical s-quark mass and

obtain the strange quark matrix elements at the physical s-quark mass. We estimate
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this uncertainty to be less than 5%. We have also verified this by performing 2 dif-
ferent correlated combined fits of the 3pt/2pt ratio for a given valence quark mass
and two different s-quark masses separately and calculated the differences in the fit
results. In both cases the differences are almost the same and the largest difference
we estimate is about 5% in the extrapolated value of of G5,(0). Therefore we antic-
ipated an error of 5% as a systematic in the final result. To account for the partial
quenching effect with the valence-sea pion mass (my ), and the O(a?) correction and
volume dependence [90], the global fit formula we use for the extrapolation of G%,(0)

to the physical point is

G}g\/j(ov My, Mz ys, MK, Q, L) = AO + Almﬂ' + AZmK

2
+Asm2 4 Aga®+ Asmy (1 - )em”L, (5.33)
’ m,L

where m, (mg) is the valence pion (kaon) mass and m, s is the partially quenched

pion mass defined as

m2 . =1/2(m2 +m2 ) (5.34)

U8 88

with m, s the pion mass corresponding to the sea quark mass. A4 includes the mixed

2

K]

action parameter A, [91]. This is a special case since we adopt mZ . which includes
Aix. It would not be true if one use linear or cubic terms. The extrapolation of the
strange magnetic moment is shown in FIG. and at the physical point in the limit

a — 0 and L — oo we obtain
G‘M(O)\physical = —0.064(14)(04)(06)(06) pun- (5.35)

Here, the uncertainties in the parentheses are from the statistics, interpolation
to the physical s-quark mass [82], introducing az coefficients in the z-expansion fit,
and the global fit formula for the continuum extrapolation of G%,(0), respectively.
To calculate the uncertainty associated with the global fit formula, we consider the

higher order volume correction terms (m73r/ /v Lye™L 90], mymy [89], log m2, and
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Figure 5.9: Strange magnetic moment at 24 quark masses on 241, 321, 481, and 321D
ensembles as a function of the pion mass. The curved blue line in the figure shows
the behavior in the infinite volume and continuum limit. The cyan band shows the
combined statistical and systematic uncertainties added in quadrature.

My s We obtain the fit coefficients: A; = 0.61(16), Ay = —2.26(49), A3 = 0.31(12),
Ay = 0.015(16), and A5 = —4.0(2.4) with the sign of A; consistent with that in
Ref. [90]. We note that the O(a?) effect is small, whereas the partial quenching
effect and the volume correction along with the quark mass dependence play roles in
our global fit. While the G3,(0) values for different ensembles are consistent within
uncertainty near m, = 250 MeV, from the fit coefficients it can be seen that, near
m, = 400 MeV, G%,(0) calculated from the 481 ensemble is more negative due to the
partial quenching effect.

In order to better understand the consistency between 241, 321, 32ID and 481
ensembles data at various quark masses and lattice spacings and volumes, we refer

to the following table:

One important point to notice is that the coefficient A4 has opposite sign to that
of As which is consistent with the sign of the volume correction term in Ref. [90].
From the fit results of the global analysis and from Table [5.3] we can see that near

m, = 0.38 GeV, the difference between the 241 result at 382 MeV and the 321 result
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Table 5.3: Effect of various fit parameters in the global fit of strange quark mag-
netic moment. G‘R}Iﬁt|phys is the magnetic moment in the limit a — 0, L — oo, and
M ps = Mz ab given pion masses in the first column of the table. V.C' is the volume
correction term. G‘;’\’ft values in the seventh column are estimated using the global fit
results. All G, values in table 1 is at @ = 0. The pion masses m, are in GeVs.

m, |Ensemble| Gy |pnys| As(m2 ,,—m2)| Asa® | A5 x V.C.| Gy |Lattice G%,

0.251] 241 |-0.032(8)] 0.007(3) |0.005(5)| -0.014(8) |-0.031(6)| -0.031(08)
0.260] 321 |-0.030(8)] 0.004(2) |0.003(3)| -0.014(]) |-0.036(7)| -0.036(10)
0.267] 481 |-0.028(8)] -0.008(3) |0.005(5)| -0.0005(3) |-0.030(6)] -0.028(07)
0.262] 32ID |-0.036(9)| -0.004(2) |0.008(8)| -0.003(2) |-0.034(7)| -0.025(10)
0.382] 241 [-0.013(7)] -0.006(2) |0.005(5)| -0.006(4) |-0.019(4)| -0.014(03)
0.403] 321 |-0.012(8)] -0.012(5) |0.003(3)| -0.005(3) |-0.024(5)| -0.019(04)
0.372] 481 |-0.014(7)] -0.019(7) |0.005(5)|-0.00004(2)|-0.027(5)| -0.022(04)
0.392] 32ID |-0.013(7)] -0.020(8) |0.008(8)|-0.00014(8)|-0.025(4)| -0.018(05)

at 403 MeV is mainly due to the partial quenching effect (As) and the lattice spacing
(A4). On the other hand, the partial quenching effect on the 481 ensemble data is large
and negative which makes the G4,(0) more negative compared to the 241 ensemble
data. One can check this effect by adding the partial quenching, lattice spacing and
finite volume corrections in the table and obtaining approximately the same difference
between the 241 and 481 ensemble data listed in the table. Near m, = 0.25 GeV, the
partial quenching effect between the 481 and 241 lattices is largely offset by their
volume corrections and result is approximately the same value of G5,(0) as can be
seen in FIG.[B.9above. In all cases the volume correction to the 481 ensemble is almost
negligible compared to those of 241 and 321 ensembles. However, at lower pion mass,
all four lattice ensemble data have larger uncertainty and they are consistent with
each other within error bars. From the fit results, it is also clear that the finite lattice
spacing correction is very small in our analysis.

For a given valence quark mass we fit G%(Q?) using the z-expansion method

described above and calculate the charge radius from the fitted slope of the data

2

Np = —6%’Q2:0. The net strangeness in the nucleon is

using the definition (r
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zero, and thus G%(0) = 0, which we confirm in our simulation. Chiral extrapolation
to the (r?)p data is obtained from Ref. [89]. Because the method of finite volume
correction of nucleon charge radius is less clear and hard to obtain [92,93], we employ

an empirical formula for the volume correction to describe our lattice data. The

empirical fit formula we use to obtain (r?)g at the physical point is

<Tg>E(mﬂ'7 Mros, MK, 4, L) = A0+A1 lOg (mK)

FAymZ + Agm? ,, + Aga® + AsV/Le ™ L, (5.36)

We find that the volume correction term similar to the pion charge radius term
derived in Ref. [93] describes our lattice data well. From the fitted values of the
coefficients in Eq. (5.3€]), namely, 4; = 0.03(2), A, = —0.04(8), 43 = 0.03(2),
Ay = —0.0004(27), and As = 0.001(7), it is seen that among different contributions
the quark mass dependence and partial quenching effect are more important in deter-
mining (r?)g from our lattice data. We also consider e™™*% my instead of log my,
1/m3% [89], mnr.s and calculate a systematic error derived from different terms in the
global fit formula. We present the value of (r?)g at the physical point in FIG.

which gives

(%) Bl physical = —0.0043(16)(02)(08)(07) fm?. (5.37)

The uncertainties in the second and third parentheses of Eq. are obtained
using similar methods described in the case of G4,(0). The lowest Q? values for
481 and 32ID ensembles are 0.051 and 0.073 GeV? respectively, which are almost
3 — 4 times smaller than the lowest Q% = 0.22 GeV? of the 241 and 32I ensemble.
As extracting the charge radius from the form factor data can be sensitive to the
lowest available Q?, this can affect our determination of (r?)s. A 20% uncertainty in
introducing the az term in the z-expansion has been included as a systematic in the

final result of (r?)p.

67



0.000 : :

—0.002
__ —0.004
g -0.006
m —0.008 F (T2 )k Ipnysicar 1 /d.0.£.~0.57]
% —0.010} 241 (1 )p (m) -
he F 321 (1 ) (m)
—0.012 32ID, (r? ); (m,) 7]
-0.014 | | | § 48l I<r§ )g (M) | ]

0.15 020 025 030 035 0.40
m_(GeV)

Figure 5.10: Strange charge radius at 24 quark masses on 241, 321, 481, and 321D
ensembles as a function of the pion mass. The curved blue line in the figure shows
the behavior in the infinite volume and continuum limit. The cyan band shows the
combined statistical and systematic uncertainties added in quadrature.

We present FIG. to compare our result of G%,(0) and G%,(Q? = 0.1 GeV?) =
—0.037(10)(05) with some other measurements of G5,(0) and global analyses of G%,
at Q% = 0.1 GeVZ%. We strongly believe that controlling excited-state contamination,
performing the simulation near the physical pion mass, and considering the finite size
effect altogether play an important role in determining the strange magnetic moment

as observed in our lattice simulation.

One can obtain G% ),(Q?) at the physical point from the fit parameters of the
model-independent z-expansion fits. We use the fit parameters a; to interpolate
G5 values at various Q? for a given valence quark mass on the lattice. The available
@Q? on the 241 and 321 ensembles are Q? € (0.22,1.31) GeV?, on the 32ID ensemble
are Q% € (0.07,0.43) GeV? and on the 481 ensemble are Q* € (0.05,0.31) GeV>.
It is a common problem for lattice QCD calculations that the signal-to-noise-ratio
decreases as one reaches the physical pion mass. From our study, we also find that
the lattice results of G, ,,(Q?) near the physical pion mass m, = 140 MeV for the

481 ensemble [76] are noisier compared to the G% ,,(Q*) obtained from the lattice
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Figure 5.11: Comparison of some of the many determinations of the strange magnetic
moment. Results in red are from the global analysis of world data, results in green
are from indirect calculations, and results in blue are from lattice QCD calculations.

ensembles with heavier pion mass. Although the largest available momentum transfer
we have on the 241 and 321 ensemble is Q? ~ 1.3 GeV?, the largest momentum transfer
available on the 481 ensemble is Q? ~ 0.31 GeV2. We note that the extrapolation of
the nucleon strange electromagnetic form factor leads to uncontrolled error bars after
Q? ~ 0.5 GeV? for the 481 ensemble and we therefore constrain the extrapolations of
the 48I ensemble electromagnetic form factor up to Q% = 0.5 GeV2. It is important to
note that the lattice QCD estimate of G, ;,(Q*) we present here is the most precise
and accurate first-principles calculation of s-quark electromagnetic form factors to
date. This is the only calculation at the physical pion mass where one has considered
the quark mass dependence, with finite lattice spacing (a), volume corrections, and
partial quenching effect to determine the s-quark electromagnetic form factors. The
x%/d.o.f. for different Q2 global fit ranges between 0.7-1.13. For example, in the

continuum limit, the global fit for Q* = 0.25GeV? results in the physical value
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of G%|pnys = 0.0024(8), A; = 0.58(30), As = —0.29(15), A3 = —0.003(9), Ay =
0.001(2), and A5 = —0.001(3) with x?/d.o.f. = 1.1. One can consider the log(my)-
term in the chiral extrapolation of G%; as shown in [89]; however, our analysis shows
that this term does not have any effect on the global fit for our lattice data. A
similar vanishing difference has been observed if one considers a e™™~L instead of a
V/Le ™ term in the volume correction. For example, including the factor log(m)
and e~"=" instead of v/Le ™" one obtains, G%]|pnys = 0.0026 in comparison with
G%lphys = 0.0024. We include these small effects in the systematics of the global fit
results. We also consider a 20% systematic uncertainty from the model-independent
z-expansion interpolation coming from adding a higher order term a3 while fitting the
G%(Q?) data. These uncertainties from the empirical fit formula and z-expansion are
added to the systematics. FIG. shows the Q*-dependence of the s-quark Sachs
electric form factor G, in the continuum limit, .e. m; = My s — 140MeV, a — 0,
and L — oo with the statistical and systematic uncertainties. The nonzero value
of the strange Sachs electric form factor G% at any ) # 0 means that the spatial
distribution of the s and s quarks are not the same in the nucleon. If the distributions
of the s and § quarks were the same, their contribution to the nucleon electric FF
would have the same magnitude with opposite signs. Since the net strangeness in the
nucleon is zero, we have G5 = 0 at Q* = 0.

Similarly, we calculate the strange Sachs magnetic form factor G, at a particular
(Q)? using the same global fit formula used for the calculation of the magnetic moment.
From the global fit formula, for example, in the continuum limit at Q? = 0.25 GeV?,
we obtain G3/|pnys = —0.018(4), A; = 0.04(3), Ay = —0.18(12), A3 = —1.27(84),
Ay = 0.008(6), and A5 = 0.04(5) with x?/d.o.f. = 1.13. From the fitted values of
the parameters in the global fit formula, it is seen that the quark mass dependencies
play an important role in calculating G%,(Q?) at the physical point. A 9% systematic

uncertainty from the model-independent z-expansion and an uncertainty from the
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Figure 5.12: Q%dependence of the strange Sachs electric form factor. The blue
error bars indicate the statistical uncertainties and the cyan error bars indicate the
statistical and systematic uncertainties added in quadrature.

empirical fit formula have been included. We obtain systematics from the global fit
formula by replacing the volume correction by ™™~ only and also by adding a 1 ,s
term in the fit and include the difference in the systematics of the global fit results.

The results of G5,(Q?) in the continuum limit are presented in FIG.
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Figure 5.13: Q% dependence of the strange Sachs magnetic form factor. The blue
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statistical and systematic uncertainties added in quadrature.

5.8 Conclusion

In conclusion, we have performed a robust first-principles lattice QCD calculation
using four different 2 + 1 flavor dynamical fermion lattice ensembles including, for
the first time, the physical pion mass to explore the quark mass dependence and
with finite lattice spacing and volume corrections to determine the strange quark
matrix elements in the vector channel. We have performed a two-state fit where
we combined both the ratio method and the summed-ratio method to control the
excited-state contamination. The statistical error is greatly reduced by improving the
nucleon propagator with low-mode substitution and quark loop with low-mode aver-
aging. To explore the strange vector form factors at different momentum transfers,
we implemented model-independent z-expansion fits. We also have obtained precise
estimates of the strange quark electric and magnetic form factors in the momentum
transfer range of 0 GeV? < Q? < 0.5GeV?. Given our precise lattice prediction for

the strange quark magnetic moment of G%,(0) = —0.064(17)uy and strange charge

2
s

radius (r2) g = —0.0043(21) fm? at the physical point with systematic errors included,
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we anticipate these results to be verified by experiments in the future and, together
with experimental inputs, to lead to a more precise determination of various weak

form factors.
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Chapter 6 Light-Sea Quarks Contribution to the Nucleon Magnetic

Moment and Charge Radius and Electromagnetic Form Factors

6.1 Abstract

We have performed a comprehensive analysis of the light and strange disconnected-
sea quarks contribution to the nucleon magnetic moment, charge radius, and the
electric and magnetic form factors. The lattice QCD calculation includes ensembles
across several lattice volumes and lattice spacings with one of the ensembles at the
physical pion mass. We adopt a model-independent extrapolation of the nucleon
magnetic moment and the charge radius. We have performed a simultaneous chiral,
infinite volume, and continuum extrapolation in a global fit to calculate results in the
continuum limit. We find that the combined light-sea and strange quarks contribution
to the nucleon magnetic moment is —0.022(11)(09) pn and to the nucleon mean square
charge radius is —0.019(05)(05) fm?. The most important outcome of this lattice QCD
calculation is that while the combined light-sea and strange quarks contribution to
the nucleon magnetic moment is small at about 1%, a negative 2.5(9)% contribution
to the proton charge radius and a relatively larger positive 16.3(6.1)% contribution to
the neutron charge radius come from the sea quarks in the nucleon. For the first time,
by performing global fits, we also give predictions of the light-sea and strange quarks
contributions to the nucleon electric and magnetic form factors at the physical point
and in the continuum and infinite volume limits in the momentum transfer range of

0<Q%<0.5 GeV2.
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6.2 Introduction

Nucleon electromagnetic form factors of a hadron are of substantial interest because
they are related to the dynamical content of the electric and magnetic currents dis-
tribution inside the hadron and characterize the internal structure of a non-point-like
particle. The quest for a detailed quantitative understanding of the nucleon electro-
magnetic form factors is an active field of the experimental nuclear physics, lattice
QCD simulations, and other model calculations. However, some unsolved questions
still remain regarding the nucleon electromagnetic form factors and their properties
at low momentum transfer (Q?).

A complete first-principles lattice QCD calculation of the nucleon magnetic mo-
ment and charge radius including both the valence and connected-sea quarks, called
connected insertion (CI), and the disconnected-sea quarks contribution, called dis-
connected insertion (DI), is of immense importance and is not present in the liter-
ature. By disconnected insertions, we mean the nucleon matrix elements involving
self-contracted quark graphs (loops), which are correlated with the valence quarks in
the nucleon propagator by the fluctuating gauge background. It has also been found
in various experiments that non-valence components in the nucleon hold surprisingly
large effects in describing its properties. One desires to perform a simulation at the
physical pion mass and consider large volumes and small lattice spacings and overall
obtain a very good signal-to-noise ratio to compare the lattice results with the ex-
perimental value — which is a highly ambitious goal to the lattice community with
current numerical resources. In two previous lattice QCD calculations [94}(95] the
authors have calculated the disconnected light-quarks contribution to the nucleon
electromagnetic form factors. In Ref. [94], the simulation has been done with quark
mass equivalent to pion mass 370 MeV and the authors obtained disconnected light-
quark contribution to the nucleon electromagnetic form factor (EMFF) consistent

with zero within uncertainties. In Ref. [95], the disconnected light-quarks contribu-
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tion to the nucleon EMFF was obtained to be non-zero and small in the momentum
transfer range of 0 < Q2 < 1.2 GeV? with the simulation performed at a quark mass
corresponding to pion mass 317 MeV.

The disconnected light-quarks contribution to the nucleon EMFF has not been
considered in most of the lattice calculations because of the following reasons: 1)
the current status of the lattice QCD simulations with disconnected quark loops are
numerically intensive and in general very noisy, especially near the physical pion
mass, and 2) most of the previous lattice QCD calculations were performed under
the assumption that DI light-quarks contribute a negligible amount to the nucleon
magnetic moment and charge radius. Therefore, most of the earlier simulations aimed
to calculate only the isovector nucleon quantities and simulations were performed at
relatively heavier pion masses [96-103]. Since simulations directly at the physical
pion mass are now becoming available, some collaborations are pursuing lattice QCD
calculations near or at the physical pion mass. Nonetheless, simulations near the
physical pion mass exhibit increased sensitivity to the statistical fluctuations and
one requires a large number of measurements to obtain good signal-to-noise ratio
and to control the undesired excited-states contaminations. Thus a majority of the
recent calculations near the physical pion mass still concentrate on the CI calculations
only [104H107].

By performing a first-principles calculation, we find that the total contribution of
the light (up and down) sea and strange quarks to the nucleon charge radius is nega-
tive and significant. Combining the result of the strange quark magnetic moment and
charge radius calculated in our previous work [29] with the DI light-quarks contribu-
tion, we obtain the total contribution to the nucleon magnetic moment and charge
radius from the disconnected-sea quarks. Our estimate of strange quark magnetic
moment and charge radius is almost ten times better than those of the most precise

experimental values. However, Our overall DI calculation uncertainty is large com-
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pared to the precision of the experimental uncertainty of the proton charge radius and
one also needs to perform a CI calculation at the physical point with high precision to
draw any conclusion as to whether the DI contribution can have a significant impact
on the understanding of the 4% discrepancy of the proton charge radius puzzle from
the lattice QCD viewpoint. Nonetheless, the present work gives the first calculation
of the disconnected light and strange quarks contribution to the nucleon EMFF at the
physical point and provides important information about the sign of the sea-quarks
contribution to the nucleon EMFF. While almost all lattice QCD connected-insertion
calculations concentrate on extractions of the proton charge radius, the neutron Sachs
electric form factor G%(Q?) calculation is challenging due to the poor signal-to-noise
ratio, as shown in Ref. [10§]. A recent lattice QCD calculation [109] performed at
the physical pion mass also shows that obtaining a precise prediction of G%(Q?) and
neutron charge radius close to the experimental value is indeed a challenging prob-
lem. In this work, we have investigated the importance of the DI contribution to
the neutron electric form factor calculation and a clear message is to be taken that
one must include the DI contribution to the neutron charge radius to shift the lattice
estimates toward the experimental value. It also gives a non-negligible contribution
to the proton charge radius.

In Sec. we provide examples of a hybrid two-states fit to compute matrix
elements from the ratio of nucleon three-point to two-point correlation functions.
We implement a model-independent extrapolation of nucleon magnetic moment and
charge radius from the EMFFs in the momentum transfer range of 0.051 < Q% < 1.31
GeV? and show examples in Sec. . In Sec. , finite lattice spacing and finite vol-
ume corrections are included in a global fit with 24 valence quark masses on four
different lattice ensembles with different lattice spacings, different volumes, and four
sea quark masses including one at the physical point. From the fit coefficients of

the model-independent z-expansion, we perform global fits to get estimates of the
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disconnected-sea light and strange quarks contributions to the nucleon electromag-

netic form factors at the physical point. Finally, we present a conclusion to our lattice

QCD analysis in Sec.

6.3 Combined two-states fit

In lattice QCD simulations, nucleon correlation functions suffer from an exponentially
increasing noise-to-signal ratio which imposes a serious limitation on the source-sink
separation t,, especially when DI calculations are performed. In general, DI calcula-
tions are notoriously noisier compared to the CI calculations. It is also hard to extract
the ground-state properties of the nucleon since the lowest excited-state, the Roper
resonance, N(1440), lies close to the nucleon mass. There can also be an additional
excited-states contamination, for example from the 7 N-states. Therefore, ideally one
requires a substantially large source-sink separation, approximately t, = 1.5 fm, to
extract nucleon ground-state matrix elements without being much affected by the
excited-state contaminations. Though it is possible to go up to about 1.4 fm source-
sink separation in some of the CI calculations [101,|106] only, at the present stage of
numerical simulation it is quite challenging to go much beyond 5 ~ 1 fm and obtain
a reasonable signal-to-noise ratio for the DI calculations. Therefore, to have an esti-
mate of the nucleon ground-state matrix elements, we employ a hybrid joint two-state
correlated fit by simultaneously fitting the standard 3pt/2pt ratio R(ts,t1) and the
widely used summed ratio SR(ts) [84] to calculate DI matrix elements. We do not
obtain any signal for the fit parameter C'3 defined in Eq. based on the analysis
of our lattice data points for light-sea quarks. Therefore, excluding this factor from
the combined fit does not affect the final outcome of the fit and we write the R(ts, ;)
and SR(ty) fitting formulas for a given direction of current and momentum transnfer

as
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R(ty,t1) = Co+ Credmt2=t) 4 cpe=amh (6.1)

t1 S(tz —t”)

SR(t) = Y Rlta,t1)
t1>t
—Amt"” e—Am(tz—t’—i—l)

= (ty—t' —t +1)Co+C4

efAmt’ _ e*Am(t27t”+1)

1 — e Am

+Ch (6.2)

1 —e—Am

We illustrate two examples in FIGS. [6.1] and [6.2) to obtain magnetic form factors
at given Q%-values from the lattice data and present the fitting details in Table .
The source-sink separation we use for the fitting of 32I ensemble data is t5 € (6, 13)
and ty € (5, 10) for the 481 ensemble data. As discussed earlier, as with almost all of
the DI calculations, we are forced to constrain the to-window around 1.1 fm due to
the limitations of good signal-to-noise ratio. However, in principle, the two-states fit
should compensate for this limitation to a certain degree. We perform a correlated
combined fit of the ratio and summed ratio data because one could obtain a smaller
uncertainty with an uncorrelated fit and underestimate the errors. Likewise, all of

the subsequent fits in the article are also correlated fits.

Table 6.1: The parameters of correlated combined two-states fits in Eqs. (6.1]) and
(6.2) to obtain disconnected light-quarks magnetic form factor at given momentum
transfers.

Ensemble/m, (GeV)|Q? (GeV?) Co 4 Cy  |Am (GeV)|x?/d.o.f.
321 | 0330 | 0218 |—-0.036(09)0.018(06)[0.025(06)0.350(121)| 1.26(5)
481 0.207 0.051 |—0.088(29)|0.062(18)[0.072(23)|0.637(250) | 1.04(7)

From the combined fit Eqs. (6.1)) and (6.2)), it is seen that when Am is large, Cj

should be constant and the data points for different source-sink separation should
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Figure 6.1: Combined correlated two-states fit of the 321 ensemble 3pt/2pt-ratio and
summed ratio data. The transparent bands show the fit results based on the fit
parameters in Egs. (6.1) and (6.2)) listed in Table[6.1] The green bands in the above
figures show the final fit result of the disconnected light-quarks magnetic form factor
GhEM=2(92) at Q? = 0.218 GeV?2.

have overlap amongst themselves or the separation between them should be very
small. A comparison between the fit values of Am in Table and FIGS. [6.1]
shows the agreement with this. It is seen from FIG. that a smaller value of Am is
consistent with the well separated data points with different sink-source separations
on the 321 ensemble. One can see from FIG. and Am = 0.637(250) GeV from
Table that a larger value of the energy gap is consistent with the overlapping data

points at different t5 and therefore, the final fit result is closer to the plateau region

of the data points at source-sink separation to = 9 of the 481 ensemble lattice data.
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Figure 6.2: Combined correlated two-states fit of the 481 ensemble 3pt/2pt-ratio and
summed ratio data. The transparent bands show the fit results based on the fit
parameters in Egs. (6.1) and (6.2) listed in Table [6.1] The blue bands in the above
figures show the final fit result of the disconnected light-quarks magnetic form factor
GhEM((92) at Q2 = 0.051 GeV?2,

We perform similar combined correlated two-states fits to obtain the DI Sachs
electric form factor and ensure that the fit window is as large as possible; in most
cases the x?/d.o.f is in the vicinity of 0.9—1.1. We choose the largest possible fit

window as long as goodness of the fit is ensured and one can obtain a reasonable

signal-to-noise ratio in the fits.
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6.4 Extraction of the DI magnetic moment and charge radius

We have discussed in Section why we use model-independent z-expansion fit
instead of dipole fit to extrapolate strange quark magnetic moment and charge radius.
Another reason we do not use the dipole fit in the calculation is because the Q?
behaviors of the disconnected light and strange form factors are unknown and one
would prefer not to be biased with a specific form of the extrapolation. (There exist
also other phenomenological models for the Q2-dependence of strange form factors,
for example in Ref. [86].) Therefore we adopt the model-independent z-expansion fit
as described below. We take t.,, = 4m? for fitting the disconnected light quarks FF
and t.,, = 4m? for the strange quark FF. We have verified that a different choice of
teut SUCh as 9m,2r has less than a few percent effect on our extrapolations.

In FIG.[6.3] we show three examples of the extractions of light-sea-quarks magnetic

moment at Q> = 0 from the FF data at different ) using the z-expansion fit:

kmax

CEEQY) = > me, (63)

k=0

where

_ \Y tcut + Q2 Y tcut
V tcut + Q2 + V tcut .

We see from FIG. and also from our previous work [29] that the lattice data

z

of 481 ensemble is quite a bit noisier than the 241 and 32I ensemble data. There-
fore we show in FIGS. and two examples of how we extract the light-sea
and strange quarks contributions to the nucleon magnetic moment by performing
simulation around the physical pion mass m, € (0.135,0.150) GeV.

As discussed in our previous work [29], we keep the first 3-terms i.e. k =0,1,2,3
in the z-expansion formula and perform the Q%-extrapolation. Unlike for the
strange quark magnetic moment extraction in [29], for the light-sea-quarks magnetic

moment, constraining a, with a prior width of 2 X |ag .y does not have any effect
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since the uncertainties in the fit values of as are already smaller than 2 X |ag gl
for most all of the pion masses. Therefore we do not set any prior on ay for the
extraction of the magnetic moments. However, for the extraction of the charge radii,
we calculate the jackknife ensemble average as avg Of the coefficient asy in formula
and then perform another fit by setting as centered at ap e With a prior width equal
to 2 X |agave|. We find that the effect of setting this prior is almost insignificant
for the 241 and 32l ensemble data, especially at heavier quark masses. However, the
prior stabilizes the extrapolation of G4 (Q?) for pion masses around the physical point
for the 481 ensemble. Since the z-expansion method guarantees that aj coefficients
are bounded in size and that higher order a;’s are suppressed by powers of ¥, we
carefully check the effect of the a3 coefficient in our fit formula and estimate this
effect to calculate the systematic uncertainties in the z-expansion fits. We calculate
the difference in the central values of G%,(0) with and without the addition of the
az term in the z-expansion formula for the lightest quark masses at the unitary
point for each lattice ensemble. We find the addition of the az-term in the z-expansion
after we constrain as has the largest effect, as expected, for the quark mass equivalent
to m, ~ 140 MeV of the 481 ensemble and obtain the difference in the central value
of GHE™(0) to be about 11%. Therefore, we take a conservative approach and
estimate a systematic error of 11% of the final continuum value of G4,(0) obtained
from the global fit.

Similarly, one can extract light-sea and strange quarks contributions to the nucleon
charge radius by calculating the slope of G%(Q?) near Q* = 0. We find that adding
the as term in the z-expansion has a larger effect on calculating the charge radius
than in extracting the magnetic moment and such an effect of adding the as term
for the charge radius calculation is 12 — 20%. Therefore a 20% uncertainty has been
added to the systematics in the global fit of charge radius as a part of our conservative

assessment. One important observation from FIG. is that although the data of
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Figure 6.3: Light-sea and strange-quark magnetic moment Gh&™5""€°(()) extrapo-
lation for three different quark masses of the 321 (FIG. and 481 (FIGS.
ensembles using z-expansion from the lattice GLE" 5T ((92)  The y?/d.o.f. for
the extrapolations are in the range of 0.52 — 0.88. Charge factors are not included in

the form factors.
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light quark electric FF are not very precise, nevertheless the uncertainty band of the
z-expansion is narrower compared to the magnetic FF extrapolation. The reason
is due to charge conservation as the disconnected G%(Q?) is constrained to be 0 at
Q? = 0. Another important observation from FIG. is that the disconnected-sea
light quarks contribution to the GH™**(Q?) is almost 6—10 times larger than the

strange quark contribution G%(Q?).

6.5 Global fits of the disconnected insertions of nucleon properties

With the extrapolated results from the z-expansion in hand, we now have 24 data
points for the magnetic moments and charge radii calculated from the slopes near
Q? = 0 of the electric FFs. For the empirical global fit formula of the light-sea-quarks
magnetic moment, we employ chiral extrapolation similar to the form we have used
in Ref. [29] to obtain strange quark magnetic moment and volume extrapolation from
Ref. [90]. Since overlap fermion action is already O(a) improved, therefore, we apply

an O(a?) correction to the global fit formula:

Gli]\;;ht—sea(QQ _ O,mﬂ—,mK;mﬁ,v87O/7 L) = AO —+ A1 my + Az mg
2

My L

+A3 CL2 + A4 mﬂ(l - ) €_mﬂL (64)

where m, (mg) is the valence pion (kaon) mass, and my is the nucleon mass. We
show the extrapolation of the nucleon disconnected-sea light quarks magnetic moment

in FIG.[6.5 At the physical point and in the limit, i.e. @ — 0 and L — 0o, we obtain

Ghght=sea ) = —0.129(30)(13)(18) fu , (6.5)

physical

where the magnetic moment is measured in the unit of nucleon magneton (uy). The
first uncertainty in the value of the the magnetic moment in Eq. comes from
the statistics, the second uncertainty comes from adding the higher order as-term in

the z-expansion and the third uncertainty comes from the variation of the central
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value in the global fit formula with the introduction of additional terms. The param-

eter values we obtain according the global fit are: A; = 0.38(12), Ay = —0.40(16),

Az = 0.30(39), A, = —1.26(2.75). An attempt to add a partial quenching term
m2 ,, = 1/2(m2 4+ m2 ,,) + a® Ay With m, o the pion mass corresponding to the sea

quark mass in the global fit formula does not describe our lattice data well and the fit
parameters A;, A, do not have any signal in this case. Therefore we did not include

the partial quenching term to obtain Ghe""*%*(0) = —0.129(30)(13)(18) pun in

physical

Eq. 1} With the partial-quenching term included, one obtains Gljiéht'sea(O)

physical

—0.147(33) un . However, we include the second systematic error in our final result

due to the possible inclusion of this partial quenching term in the global fit (6.4)).

0.00 '
-0.05
o
> -0.10
2
g - 015 X G (0) |pnysical .
35 K241, GYIM(QP =0, m,)
¥ 321 GIR Q2 =0, m,)
-0.20} ¥32ID, G} (Q* =0, m) |
W 481, GhM(Q* =0, m,)
~0.25L— : : : ' '

0.15 020 0.25 0.30 0.35 0.40
m, (GeV)

Figure 6.5: Light-sea-quark magnetic moment at 24 quark masses on 241, 321, 48I,
and 32ID ensembles as a function of the pion mass. The curved blue line in the
figure shows the behavior in the infinite volume and continuum limit. The cyan band
shows the combined statistical (blue band) and systematic uncertainties added in
quadrature. The x?/d.o.f. of the fit is 0.67.

In Sec. [6.4] we have obtained light-sea-quarks contribution to the charge radii
using the z-expansion method by calculating the slope of Gl,f;ght'sea(Qz) using the

following definition:

dGlight—sea
<r12ight-sea>E =—6 5@2 (66)
Q=0

87



Using the charge radius values at 3 different volumes and lattice spacings and 24
valence-quark masses from four ensembles, we perform a simultaneous continuum and
chiral extrapolation to obtain the final value of the charge radius using the following

global fit formula:

2

U8

<T121ght_sea>E (m7r7 Mr s, MK, Q, L) = AO + Al log (mﬂ') + A2 mgr + A?) m

+A 0>+ AsVLe ™t (6.7)

The chiral extrapolation in the empirical formula (6.7)) has been adopted from [89] by
replacing myx with m, and the volume correction similar to the pion charge radius

correction has been obtained from [93]. In the continuum limit, we obtain

2
<r1ight—sea> E |physical

— —0.061(16)(11)(10) fm?, (6.8)

and the fit parameters are: A; = 0.077(24), Ay = —0.280(99), A3 = 0.151(100),
A, = —0.015(13), and A5 = —0.054(58). The extraction of the charge radius from
the FFs is sensitive to the lowest value of ? and momentum transfer range of the data
used, and also on the form of the fit. However, one wants to go to very low Q?-values
to extract the charge radii and the 481 ensemble has the lowest momentum transfer
which is almost 4 times smaller than those of the 241 and 32I lattice data. Though
the uncertainty in the charge radii obtained from 48] ensemble are large compared
to the 241 and 321 ensemble results, an addition of the coarse lattice with larger
volume and the lowest Q? ~ 0.07 GeV? indeed shows that the slope of the electric
FF calculated near Q? = 0 is consistent with the charge radii obtained from the
481 lattice data. Our results clearly demonstrate the necessity of performing lattice
simulations at or near the physical pion masses while of course keeping in mind that
one requires significant improvements in the statistical precision and a better control

on the determination of the excited-states effect.
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Figure 6.6: Light-sea-quark charge radius at 24 quark masses on 241, 32I, 481, and
32ID ensembles as a function of the pion mass. The curved blue line in the figure
shows the behavior in the infinite volume and continuum limit. The cyan band
shows the combined statistical (blue band) and systematic uncertainties added in
quadrature. The x?/d.o.f. of the fit is 0.46.

It is important to note that the magnetic moment and charge radius results in
Egs. (6.5) and do not include charge factors. We define the magnetic moment in
the unit of nucleon magneton as uy; and the charge radius as (p?)g with the proper

charge factors included. After including the charge factors and using the results

from [29] and Egs. (6.5), we obtain

i = —5G(0)
= 0.021(5)(3) uw, (6.9)

light-sea light-sea
g = (2 2)glgen(o)

= —0.043(10)(08) p, (6.10)
e = =—3()e

= 0.0014(05)(05) fm?, (6.11)
2 1.,

<p12ight-sea>E - (g - §)<rlight-sea>E
= —0.0203(53)(49) fm*. (6.12)

Combining results with the strange quark magnetic moment and charge radius, we
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obtain the total contribution from the disconnected-sea light and strange quarks to

the nucleon magnetic moment and charge radius:

P = —0.022(11)(09) py, (6.13)
(p2)e = —0.019(05)(05) fm*. (6.14)

Comparing with the PDG values of nucleon magnetic moments [23], our results
indicate that disconnected-sea quarks contribute ~ 1% to the nucleon magnetic mo-
ments, namely, a negative 0.8(5)% and a 1.2(7)% to the proton and neutron magnetic
moments, respectively. Keeping in mind that there is a 4% discrepancy between the
measurement of proton charge radius from the muonic Lamb shift experiment and the
electron-proton scattering experiments, our finding in the present work reveals that
the lattice calculation of the DI gives a negative 2.5(9)% contribution to the proton
charge radius. This is about half of the discrepancy between those measured in the
electron-proton scattering and the muonic atom. Thus, it is important to have the DI
included when the lattice calculation of the proton charge radius is carried out. Al-
though a complete lattice QCD calculation including the connected and disconnected
insertions at the physical point is required to draw any profound conclusion about
the accurate percentage of the disconnected-sea quarks contribution to proton charge
radius, this calculation clearly indicates that there will be a shift towards a smaller
value of the proton charge radius when the disconnected-sea light quarks contribution
is included. However, the disconnected-sea quarks contribution to the neutron charge
radius can have a significant effect, namely 16.3(6.1)% compared to the experimental
neutron charge radius, in obtaining the value closer to the experimental value.

From the z-expansion fit parameters in Sec. [6.4] we can now interpolate the light-
sea and strange quarks contributions to the nucleon electromagnetic form factors.
Although the largest available momentum transfer we have on the 241 and 32I en-

semble is Q? ~ 1.3 GeV?, the largest momentum transfer available on the 481 en-
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semble is Q? ~ 0.5 GeV?2. Therefore, we note that the extrapolation of the nucleon
EMFF leads to uncontrolled error bars after Q?> ~ 0.5 GeV? for the 481 ensemble
and we constrain the extrapolations of the 481 ensemble EMFF up to Q% = 0.5 GeV?2.
The global fit results of the strange quark EMFFs have been obtained from [110]
and we use similar empirical formulas as Eqgs. , to estimate the light-sea
quarks contribution to the nucleon EMFF in the continuum limit and at the physical
point. We present the results in FIG. with systematics included and also include
charge factors in the form factor calculations so that the sign and magnitude of the
disconnected-quarks contributions to the nucleon EMFFs can directly be compared
to the nucleon total EMFFs. These results will be combined with the connected
insertion calculation of the nucleon EMFFs in our future work to obtain a complete

description of the nucleon EMFF from first-principles calculation.
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Figure 6.7: Disconnected-sea light and strange quarks contributions to the nucleon
electromagnetic form factors at the physical point and in the continuum limit. Charge
factors are included in the form factor calculations. The outer error bars in the data
points include the systematic uncertainties in the calculations.

6.6 Conclusion

In this calculation, we have uncovered the practical importance of including the dis-
connected quark loops contribution to the nucleon magnetic moment and charge
radius. In particular, in accord with the analysis, we find that the disconnected-
sea light and strange quarks contribution to the nucleon charge radius can have an
important impact to reconcile the lattice QCD estimates with the experimental mea-
surements. A negative 2.5(9)% contribution to the proton charge radius from the

disconnected-sea quarks should have an impact on the ‘proton charge radius puz-
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zle’ where the discrepancy at 4% is of the same order. It is seen for the first time
that the disconnected quarks can shift the neutron charge radius calculation towards
the experimental value by about 16%. Especially, because the neutron electric form
factor calculation on the lattice is noisy and the valence-only quark contribution is
smaller than the experimental Q? behavior, the disconnected quark loops cannot be
ignored for a better estimation of the neutron form factors at low Q? on the lattice.
Our main focus of this calculation was to show that 1) the disconnected-sea quarks
contribution to the nucleon properties at low Q? is of significant importance and 2)
numerical simulation with controlled systematics and near the physical pion mass can

generate a better theoretical understanding of various nucleon properties.
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Chapter 7 Summary and Outlook

We have calculated light and strange disconnected-sea quark contribution to the
nucleon electromagnetic form factors at the physical point and in the continuum
limit. The calculated form factors in the momentum transfer range of 0 < Q? < 0.5
GeV? are the most precise and accurate calculations of the disconnected-sea quarks
contribution to the nucleon electromagnetic form factors.

To give a complete description of the nucleon electromagnetic form factors, a
calculation of the valence quark contribution to the nucleon electromagnetic form
factors is required. This calculation is in progress and technical state of arts and
computational resources limit this calculation at present. While we have obtained
some results of the connected insertion calculation at heavier pion masses, a future
connected insertion calculation on the 481 ensemble at the physical pion mass will
allow us to perform a simultaneous chiral interpolation, infinite volume and continuum

extrapolation in a global fit.
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Chapter 8 Appendix

8.1 Appendix A: Chapter [3| Supplement

8.1.1 Pauli matrix convention

Pauli matrices in Pauli-Sakurai convention are:

0 —iO’i
i =
Zb’i 0
1 0
Y4 =
0 —1
0 -1
Vs =
-1 0

(8.2)

(8.3)

The polarized and unpolarized projection operators are written in terms of these

Pauli matrices are as follows

L+

L
2

(=17)
L+
2

L'y

8.1.2 Pauli-Sakurai convention

1w} = 26,0

7=
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for gamma matrices



which implies that
Vo = Yo
where p,v = 1,2,3.4

{7}t =0

1

V5 = V172734 = Ieuma%%%\%

8.1.3 Charge conjugation

T

Cy(@)C™ =CY (v)
Co(x)C~ =4 (x)C™

CUL(x)C™" =U(x)

"
where
C =77
C has the following properties
c =-Cc!
c =-07
CcH = ¢!
C’y“C’1 = -7
Cysy,1sC~H =7
CTCys =7
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(8.7)

(8.8)

(8.10)

(8.11)

(8.12)

(8.13)



Now define

(Crs)(aB) = Clap) (8.14)

Cl(aB) = (virind) (@)
= (157172) (aB)
= (11275) (af)
= — (12775) (@f)
= —C(ap) (8.15)

8.1.4 Nucleon interpolation fields

A hadron interpolator is a functional of the lattice fields with the quantum numbers
of the state one is interested in. Once the interpolators are identified we consider the
Euclidean correlator of the hadron interpolators. These are by construction, gauge-
invariant color singlets. The interpolation fields are chosen in such a way that they
have a good overlap with the ground-state of the nucleon.

Consider interpolators of spin 1/2 nucleon:

xi(vx) = €ane <uT(aax)(075)(a6)d(bﬁx)) u(cyz)
= —eapett’ (cax)(Cys)(aB)d(bfz)u(ayz)
= eapctt” (baw)(Cys)(aB)d(chz)u(ayz)
= eapcu(ayz)u’ (baz)(Cys)(af)d(cfa)
= €apctil (T, 1) <ub(f, )T (Cys)de(, t)) (8.16)
Where a, b, ¢ are color indices and a, 3, are Dirac indices. The wave functions for

up and down quarks are denoted by w and d respectively. Note that, the baryon

interpolator x has an open Dirac index (here 7y)- because it describes fermion after
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all. Using Eq. (8.12),

xi(vz) = —eacti(ayz)d(bz)(Cs)(Ba)u(caz)
= €apcti(ayz)d(bz)(15C ") (Ba)u(car)

= €anclis (7, 1) (é"(f, t)(7C~Huc(7, t)T> (8.17)

For example, The creation interpolating field defined x.(z¢) in Eq. created
a state with the quantum number of a proton out of the vacuum at a Euclidean space-
time point zy. This state then evolves to another spacetime point  and annihilates
by the operator . (x) at spacetime point .

The second choice of the nucleon interpolation field can be written as’

X2(02) = eapelu” (aax)C(aB)d(bBz)]ys(7)u(cyr) (8.18)
Therefore,
X3(67) = eaett! (cy2)7d (67)[d (bB2)CT(aB)u" (aa)]
= —eaett! (cy2)75(67)[d (082)CM (@f)u" (aaz)]
= —eapett! (ey2)5(67)[d" (bB) 1471 C " (aB)u’ (aaw)]
= —caet! (ey2)5(07)[d (08)1uCT (@B)yau’ T (aax)]  (8.19)
Therefore,

X2(0z) = XE(M)%
= —eaett (c72)75(07)[d (bB2) 1. C (B)ysu" T (acx) |y
= —eaett (72)7175(67)[dT (b82)14C(af)yau" T (aaz)]

= —capcli(c72)75(07)[d(bB2)C(ap)a" (ao)], (8.20)
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where in the third line we have used

V5Cv1 = Y5V2V4V4
= 574727474
= YaV5727Y4V4

= 7C (8.21)
The third choice of nucleon interpolation field can be written as
X3(72) = €ape[u” (aa)(Cs7a) (aB)d(bB)|u(cy) (8.22)
Again,

X3(vr) = xi(v@)m
= —eactt (y2)[d(bB2) (Cys7a) (af) " (acx)) s
= —eact! (cy2)[d(bB2) (Cysma) (aB)u” (aaz))

= —cacti(cy2)[d(bBr)(Cysva) (af)a" (aow)] (8.23)

Therefore, in general, we can write the nucleon interpolation fields as the following

Xi(67) = eqpe|u’ (acz)T1 (aB)d(bB2)| T (67)u(cyz), (8.24)

bary;(6x) = —eqeti(cyz)T2(67)[d(bBx)T (aB)a’ (acx)], (8.25)
where, 7,7 = 1,2,3 and ¢ is the free Dirac index for the fermion.

X1, X1 @ I'i=Cnr and =1
X2, X2 @ I'=C and Ly =75

X3, Xs @ [n=Cyy  and  Ih=1 (8.26)
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8.1.5 Normalization
The normalization condition in the continuum is defined as

(0[[0) +Z/ S .7 (.71 = 1 (8.27)
where

(n, [ m,p") = (27)*(2E)00,m0° (0~ D) (8.28)
On the lattice, the discrete version of this normalization condition is

(0] 0) + Z |n P (n,pl = 1. (8.29)

where

(n,p|m,p") = (La)3(2Eg)6n7m5ﬁﬁ/ (8.30)

8.1.6 Dirac Equation

(p —m)u(p,s) =0 — (—z;;z)E —m)ug(p,s) =0
= (ip, + mug(p,s) =0
or, (—i)(ip, +m)up(p,s)=0

= (P, —im)ug(p,s) =0 (8.31)

and

u(p,s)(p—m)=0 — ug(p,s)(ip, +m)=0

= ug(p,s)(p, —im) = 0. (8.32)

E+m I —ips+m I
un(p.s) =\ =5 X(s) = un(p, s) = 1/ ;—m N X()
- G.PE

E+m —ipa+m

Q
Sy
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_ —ipy +m a.p,
ae(p ) = ul = [ ZEE) (1 (p=TPE ) (5.34)

ﬂE(pa S)“E(pa Sl) = 53,5’

) , —ip}
uE(p,s)'yqu(p,s) = m 55,5’
—ip_+m
S uslp, islp.s) = 22" (5.35)

8.1.7 Matrix Elements

One replaces f o )3 by 2 v Z to go from continuum to discrete lattice,

d*p _ 3
3 T Xp: V = Na (8.36)

where NV is the number of lattice sites and a is the lattice spacing. In the continuum,

the overlaps between the interpolating fields are defined as

+ 1\ 2
Continuum: (0| x4 (0) |7, 5,1, +) = ¢! (p )(NWEJF ) ua (P, 8, m, +) (8.37)
On the lattice,
¢1attice - a2¢cont.a
jlattice = afgjcont. (838)

Therefore, Eq. (8.37) can be written on the lattice as

Euclidean: (0] xo(0) |7, 5, n, +) = a®¢! (p) (&) ul (P, s,m, +) (8.39)

One can similarly write:
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1
- 2
S ) 75ua<ﬁ757n7 _)

Euclidean: (0| x»(0) |P, s,n, —) = gbn(p)aS( n ) (YEYuk (P, s,m, —)

(8.41)

Continuum: (p, s,n, —| Xo(0) [0) = ¢n(p)( o )2%(27757”7_)(75)

1
- 2
Buclidean: (9 5,7, = Xa(0) |0) = a3¢;(p)( > ) U (7, 5,1, =)

(8.42)

Nucleon electromagnetic matrix elements for real and virtual photon can be writ-

ten as

£\ 1/2 +\ 1/2
. . m> mi
ot ) s ) = () ()
n

(p,s,m,£) (8.43)

£
!

8.1.8 Techniques to Eliminate Negative Parity States at Source Side

(1 + w) (‘W’— i m_) u(p, 5,n,+) = (i) (m™ +m}E, — EJ,)

2 2m~— 2m-
(1 —;%)u(p,s,nﬂ—)
—up_+m-
(zm—_>’75u(pa s,—) = 0
u(p, s,n, +) (1 J;%> (_sz_mtm_) = 27711_ (m™+m B, — E)
u(p, s,n, —l—)(l ZM>

2m=—

u(p, s, =) (ﬂ)

(8.44)
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8.1.9 Miscellaneous Proofs and Relations

ST
g; = Vi
4 22’7 Y4
— )
Y YiYa — Ya%i
2il\ o, 0 0 —1I
1 0 oy 0 —io;
20\ o 0 —io; 0
0 ag;
g; 0
L )
Oia = o2 i — Vi
4 2 Ya%i — Vi
0 —o;
—0; 0
Therefore,
€ijkOk 0
Uij_
0 €ijkO0k
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-1 w; 0
(8.45)
0 iO’i
iUi 0
(8.46)
(8.47)



= (p—p')?

= (F—0")+ (pa — 1))

= 77+ pi = 2ppa+ pi (for f=0)

= P2+ (iBy)? = 2(iE,)(iEy) + (iE,)
= p'?—E, +2E,E, — E}

= Ez, —m?— EI?, +2E,m — m?

= —m?+ 2E,m — m?

Copyright© Raza Sabbir Sufian, 2017.
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