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Neutron electric dipole moment using Ny = 2 + 1 + 1 twisted mass fermions
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We evaluate the neutron electric dipole moment \ZZN| using lattice QCD techniques. The gauge
configurations analyzed are produced by the European Twisted Mass Collaboration using Ny =2 + 1 + 1
twisted mass fermions at one value of the lattice spacing of a =0.082 fm and a light quark mass
corresponding to m, = 373 MeV. Our approach to extract the neutron electric dipole moment is based on
the calculation of the CP-odd electromagnetic form factor F5(Q?) for small values of the vacuum angle € in
the limit of zero Euclidean momentum transfer Q°. The limit Q> — 0 is realized either by adopting a
parametrization of the momentum dependence of F3(Q?) and performing a fit or by employing new
position space methods, which involve the elimination of the kinematical momentum factor in front of
F5(Q?). The computation in the presence of a CP-violating term requires the evaluation of the topological
charge Q. This is computed by applying the cooling technique and the gradient flow with three different
actions, namely the Wilson, the Symanzik tree-level improved and the Iwasaki action. We demonstrate that
cooling and gradient flow give equivalent results for the neutron electric dipole moment. Our analysis

yields a value of |3N\ = 0.045(6)(1)e - fm for the ensemble with m, = 373 MeV considered.
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I. INTRODUCTION

The discrete symmetries of parity P, charge conjugation
C and time-reversal T play an important role in the allowed
phenomenology described by the Standard Model of
particle physics. An experimental observation of a non-
vanishing electric dipole moment on the neutron would
directly signal violation of both P and T symmetries.
Violations of P and T can occur in both strong and
electroweak sectors of the Standard Model.

So far, a nonvanishing neutron electric dipole moment
(nEDM) has not been reported and current bounds are still
several orders of magnitude above what one expects from
CP violation induced by weak interactions [1], making,
thus, nEDM investigations an interesting probe for beyond
the Standard Model physics [2]. Several experiments are

under way to improve the upper bound on the nEDM, d N
with the best experimental upper limit being [3-5]

ldy| <2.9%x107Be-fm  (90% C.L.). (1)

This result has been extracted at the Institut Laue-Langevin
(ILL) reactor in Grenoble by storing “ultracold” neutrons
and measuring the change in the neutron spin precession
frequency in a weak magnetic field when a strong, parallel
background electric field is reversing its own sign.
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To examine theoretically how a nEDM may arise, we
start with the CP-conserving QCD Lagrangian density,
which in Euclidean space is given by

Lom(x) = zingr[G,w<x>GW<x>1

S0 1D+ mpw(x), (2)
f

where y/; denotes a fermion field of flavor f with bare mass
my and G,, is the gluon field tensor. Equation (2) is
invariant under P and T transformations and, thus, cannot
lead to a nonvanishing nEDM. The QCD Lagrangian can
be generalized by including an additional CP-violating
interaction (Chern-Simons) term given by

Les(x) = —ifq(x). (3)

The so-called @ parameter controls the strength of the CP
breaking and ¢(x) is the topological charge density, which
in Euclidean space is defined as

43) = 555 GG W) (@)

where €,,,, is the totally antisymmetric tensor. Although

the CP-violating term in Eq. (3) does not modify the
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equations of motion since it can be expressed as a total
divergence, it has observable consequences. In particular, it
leads to a nonzero value for the nEDM. In this work, we
consider a quantum field theory described by the C-even
Lagrangian density

L(x) = Lacp(x) + Les(x), (5)

with @ taken as a small continuous parameter enabling us to
perturbatively expand in terms of & and only keep first
order contributions.

CP violation in the electroweak sector is observed in K
and B meson decays and is accounted for by the phase of the
Cabibbo-Kobayashi-Maskawa matrix. However, this CP-
violating phase alone cannot explain the baryon asymmetry
of the Universe suggesting that there may be additional
sources of CP violation. If one considers the electroweak
sector of the Standard Model, the Lagrangian in Eq. (5) gets
a contribution from the quark mass matrix M, arising from
Yukawa couplings to the Higgs field,

o ()M, (x) + w5 (OM] wf, (x), (6)

with % and y/f being the left- and right-handed quark fields
with flavor indices f. If one performs a U(1), chiral
transformation an additional €,,,,Tr(G,,G,,] contribution
is introduced because of the chiral anomaly. Hence, the
parameter @ shifts to 6 = 6 + argdet M, where now @
describes the CP-violating parameter of the extended strong
and electroweak symmetry. In addition to the experimental
investigations that give an upper bound in the nEDM, several
model studies [6—15], as well as more recent effective field
theory calculations [16-25], have attempted to provide a
value for the nEDM. They report values in the range of

ldy| ~ 8- O(1072-104)e - fm. (7)

Using the experimental upper bound [Eq. (1)] and the
above prediction we obtain a bound of the order 6<
O(107°-10"""). Hence, according to these models, @ is
indeed very small and possibly zero, with the latter resulting
in a vanishing value of the nEDM.

Therefore, either 8 and arg det M are small or they cancel
each other out at a level that the experimental upper bound
on the nEDM is satisfied. No matter which one of these two
cases holds, one needs to be able to explain why nature
chooses such a small value for 6. This is what is referred to
as the “strong CP problem.” Attempts to explain the
smallness of the nEDM invoke new physics as for instance
the Peccei-Quinn mechanism [26,27], which requires the
existence of the axion that to date has not been observed.
For the purposes of this work we assume that 8 is small and
keep only leading order contributions in what follows.

The effective Lagrangian giving rise to the nEDM at
leading order in 0 can be written as [2,28]
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_F.:(0?
—0 i’(nQN)ﬁN(Pf)O'””YsMN(Pi)F”D (8)

in Euclidean space. We denote by uy(p) the nucleon
spinor and by F,, the electromagnetic field tensor, while
0, = (74 7,)/2 and ps(p;) is the final (initial) momentum.
my denotes the mass of the neutron, Q> = —g? the four-
momentum transfer in Euclidean space (¢ = p; — p;) and

F3(Q?) is the CP-odd form factor. The nEDM, dy, is then
given by [2,28]
(0%)]

> 2 |F3
dy| = 0 lim =221 9
|dy| R 9)

to leading order in €. In a theory with CP violation we can,
therefore, calculate the electric dipole moment by evaluating
the zero momentum transfer limit of the C P-odd form factor.
This provides the framework on which our investigation will
be based. As will be explained in Sec. VI, the CP-violating
nucleon matrix element, decomposes to O, F3(0Q?) (k = 1,
2, 3) and not F3(Q?) alone, hindering a direct extraction of
F3(0). We adopt two approaches to determine F3(0): the
first one that is commonly applied in lattice QCD compu-
tations of form factors is to take a suitable parametrization of
the Q? dependence. We take a dipole form for the Q2
dependence of F3(Q?) and perform a fit to extract ts value at
Q% = 0. The second approach is a new method that we have
recently developed to compute form factors directly at
0? =0, extracted from matrix elements that involve a

multiplicative kinematical factor of Q [29]. To this end
we use two techniques, the so-called “application of the
derivative to the ratio” as well as the “elimination of the
momentum in the plateau region” both yielding F3(0)
without any model assumption on its Q> dependence.

In order to compute the CP-violating matrix element and
extract the CP-odd form factor F3(Q?) one needs the
evaluation of the topological charge, Q. In this work we
employ the field theoretic definition and use cooling and
the gradient flow to smooth the gauge links and obtain a
well-defined, renormalization-free topological charge [30].
We consider the Wilson, the Symanzik tree-level improved
and the Iwasaki actions for the cooling and the gradient
flow. Smoothing with different actions leads to observables,
such as the nEDM, with potentially different lattice artifacts
due to the fact that the topological charge between different
actions differs only by lattice artifacts [31]. The results on
the nEDM arising from these different definitions of the
topological charge are compared and found compatible,
demonstrating that lattice artifacts in the definition of the
topological charge are small. In Fig. 1 we show our final
result for F3(0)/(2my) as well as results from other lattice
investigations with dynamical quarks that have been
obtained using 6 as a real parameter in the QCD
Lagrangian, keeping the comparison within a similar lattice
methodology where lattice systematics are expected to be
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FIG. 1. F5(0)/(2my) versus the pion mass squared (m2).
Results using Ny = 2 + 1 + 1 twisted mass fermions (this work)
are shown with a red asterisk. We also show results for
Ny =2+ 1 domain wall fermions [34] at a =0.11 fm where
the CP-odd F;(Q?) was evaluated and F5(0) was determined by
fitting its Q? dependence (blue squares). Results obtained with
Ny =2 clover fermions at a=0.11 fm using a background
electric field method are shown with downward green triangles
[35]. All errors shown are statistical. A value determined in chiral
perturbation theory at next to leading order is shown with the
black triangle [20].

similar. We note that results obtained using formulations
with an imaginary 6 such as those by Guo et al. [32] are in
agreement with our value. However, in Fig. 1 and in what
follows we choose to compare results using a setup with a
real value of . We also do not show results obtained in the
quenched approximation [33]. Our value displayed in
Fig. 1 is the weighted average of the values obtained using
different methods for extracting F3(0) (see Sec. VIII),
while for the topological charge, we employ the Iwasaki
action for its definition, which is the same as the gauge
action used in the simulations. For the data shown in Fig. 1
we use gradient flow for the computation of the topological
charge, which are, however, equivalent to the ones using
cooling results (see Sec. VII). We also include, for
comparison, the value of the nEDM arising from a recent
chiral perturbation theory analysis at next to leading
order [20].
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The article is organized as follows. In Sec. II we discuss
the lattice formulation used for the production of configu-
rations, as well as the parameters of the ensemble analyzed.
Subsequently, in Sec. III, we give the decomposition of the
nucleon matrix elements in the presence of a CP-violating
term in the Lagrangian. In Secs. IV, Vand VI we explain the
computation of correlation functions and the extraction of
the form factor F3(Q?) in lattice QCD, including the
techniques used to obtain F5(0). In Sec. VII, we discuss
the computation of the topological charge using both the
cooling and the gradient-flow methods. Finally, in Sec. VIII
we present our results for the nEDM and in Sec. IX we
provide our conclusions.

II. SIMULATION

A. Formulation

We discuss here the formulation used for the production
of the gauge configurations analyzed in this work. For the
gluonic action we use the Iwasaki improved action given by
[36]

4

so-2% (co S {1 - ReTr(UL)}

pw=1
p<v

Fa Y (-Rem@ER)). (0)

=1
pH#Y

where = 6/g%, U}%!, is the plaquette and U}%, rectan-
gular (1 x 2) Wilson loops. The Symanzik coefficients are
set to ¢ = 3.648 and ¢; = —0.331 and obey the normali-
zation ¢ + 8¢; = 1, ensuring that the Iwasaki action tends
to the right Yang-Mills action in the continuum limit. For the
discretization of the fermionic action we consider the twisted
mass formulation of lattice QCD [37,38]. Although we are
extracting P-odd quantities, all expectation values involve
P-even operators and, thus, this formulation provides
automatic O(a) improvement at maximal twist [39]. In
addition it provides infrared regularization of small eigen-
values and allows for efficient simulations with dynamical
fermions. For the mass-degenerate doublet of light quarks
we use the action

SO, 70, U] = a*3" 70 (x) (DwlU) + mo, + st )y (x), (11)

where 73 is the third Pauli matrix acting in the flavor space, m; the bare untwisted light quark mass and y; the bare twisted
light quark mass. The massless Wilson-Dirac operator is given by

= %

1 d = % ar =
DW[U] = Eyﬂ(vﬂ + Vﬂ) —Tvﬂ w (12)

with
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-

V(x) = (U + ai) —y(x)] and Gy
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= ~ L [Uh = aiw(x ~ ap) ~ (), (13)

the forward and backward covariant derivatives, respectively. The action is written in terms of the fields in the “twisted
basis,” ;(“), which are related to the fields in the physical basis, 1//”), at maximal twist through the transformations

ww(x):%(ﬂ+ir3y5>z<f><x> and w<l><x>=z<’><x>%<ﬂ+ir%>. (1)

Apart from the doublet of light quarks, we also include a twisted heavy mass-split doublet (") = (y,. y,) for the strange and

charm quarks [40]. The associated action is

SP®. 70 U] = a*>" 7P (x)(Dy[U] + mo + ipgrst' + Ppslr™ (x), (15)

with m ;, being the bare untwisted quark mass for the heavy doublet, y, the bare twisted mass along the 7! direction and y;
the mass splitting in the 73 direction. The heavy quark fields in the twisted basis are related to those in the physical basis at

maximal twist through

l//”’)(JC):%(ﬂ+ifly5))(<h’(X) and ) (x) = 30 (x) = (1 + ixys). (16)

Unless otherwise stated, in what follows we used the quark
fields in the physical basis. The fermionic action in Eq. (11)
breaks parity and isospin at nonvanishing lattice spacing
with the latter inducing a cutoff effect of O(a?) [38].
The reader can find more details on the twisted mass
fermion action in Ref. [41]. Simulating a charm quark may
give rise to concerns regarding cutoff effects. The observables
in this work cannot be used to check for finite lattice spacing
effects induced by heavy sea quarks. However, analyses in
Refs. [42—44] show that such cutoff effects are small.

B. Simulation details

A number of new techniques are implemented for the
extraction of the nEDM using gauge configurations pro-
duced with Ny = 2 + 1 + 1 twisted mass fermions [45]. To
explore these techniques we analyze a single ensemble for
which a large number of gauge configurations are available,
allowing us to reach the required accuracy to reliably

TABLE I. Input parameters (f, L, au) of our lattice calculation
(B55.32 ensemble) including the lattice spacing, a, determined
from the nucleon mass. Both the neutron (m,) and pion (m,)
masses are given in lattice and physical units.

B =195, a=00823(10) fm, ry/a = 5.710(41)

323 x 64, L =2.6 fm au 0.0055
No. of confs 4623
am, 0.15518(21)(33)
Lm, 4.97
m, 0.373 GeV
amy 0.5072(17)
my 1.220(5) GeV

1
V2

|

benchmark the various methods. Although this is a calcu-
lation using a single ensemble, previous studies have
shown that finite lattice spacing effects on, e.g., the nucleon
mass for a < 0.1 fm are smaller than our statistical errors
of about ~3% and we expect this to hold also here. The
ensemble is the so-called B55.32 in the notation of
Ref. [45], which has a lattice spacing of a = 0.082 fm
determined from the nucleon mass, pion mass 373 MeV and
a spatial lattice extent of L/a = 32. The parameters of the
ensemble are given in Table I.

III. NUCLEON MATRIX ELEMENTS
IN THE PRESENCE OF THE 6-TERM

A precise determination of the neutron electric dipole
moment from first principles may provide a valuable input
for future experiments seeking to observe a nonvanishing
nEDM. It has been recognized for many years that lattice
QCD provides an ideal framework for a nonperturbative
investigation of the nEDM, with first attempts to evaluate it
dating back nearly three decades [46]. This first pioneering
work was based on the introduction of an external electric
field and the measurement of the associated energy shift.
Although for the following ten years there was not much
progress, during the last decade the study of nEDM has
been revived [35,47-52], with new approaches being
developed. These new methods involve the calculation
of the CP-odd F;(Q?) form factor by treating the 6
parameter perturbatively [33,34,47-49] or simulating the
theory with an imaginary 0 [32,52]. Alternative definitions
of the topological charge were also considered as, for
example, replacing the topological charge operator with the
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flavor-singlet pseudoscalar density employing the axial
chiral Ward identities [47,48].

Despite the recent progress, a lattice determination of the
nEDM is inherently difficult and still remains a challenging
task. The expectation value of an operator O in a theory
with nonconserving CP symmetry can, in principle, be
obtained by using the path integral formulation, with the
Lagrangian given in Eq. (5). Thus, the expectation value is
given by

<O(x11'~'vxn)>9

1 .
= 7 d[U]d[l//f]d[l/_/f] (’)(xl, cees xn)e—SQCD+19fd4xq(x)’
0

(17)

where Socp = [ d*xLocp and Loep is defined in Eq. (2).
In what follows, we will use the notation (...), to indicate
expectation values in the CP nonconserving theory, where
the Chern-Simons term, Lcg, is included. However, the
numerical determination of the expectation value given in
Eq. (17) suffers from the well-known sign problem due to
the imaginary character of Lcg. Therefore, it is not feasible
to produce gauge configurations with the Lagrangian
density of Eq. (5) and carry out an adequate sampling of
the gauge field configuration space. We can overcome this
obstacle by treating the Chern-Simons contribution pertur-
batively assuming that € is a small parameter,

S = i 1 g 4 0(?).  (18)
Thus, to leading order in 0, we obtain

(O(x1, .., x,))0
= (O(x1, ..., X))o

+ i9< O(x1,....x,) </ d4xq(x)> >6=O + 0(6%),

(19)

where

Q- / dxq(x) (20)

is the topological charge. This expansion becomes our
starting point for the calculation of the CP-odd form factor
F5(Q?) and, consequently, of the nEDM.

In the remaining part of this section we present the
methodology of our work in order to extract F5, based on
the linear response of the CP-violating strength parameter,
6. We adopt the formulation introduced in Ref. [49] as
summarized below.

In order to extract the CP-violating electric dipole form
factor F3(Q?) we consider the nucleon matrix element of
the electromagnetic current, given as

PHYSICAL REVIEW D 93, 074503 (2016)
M= ey, (21)
7

where e denotes the electric charge of the quark field y .
The nucleon matrix element of the electromagnetic oper-
ator in the @ vacuum can be written as

o(N(Br s IN(Binsi))o = %y (Pyos ) Wa(Q)ufy (Pin 1)
(22)

where p (p;) and s (s;) are the momentum and spin of the
final (initial) spin-1/2 nucleon state N. According to parity
arguments, Wz(Q) is decomposed into an even and an odd
part. Up to order 0, this has the form

Wi(Q) = We(Q) + iOW¥(Q). (23)

The even part W;,**(Q) can be written in terms of the CP-
conserving Pauli and Dirac form factors F,(Q?) and
F»(Q?), respectively:

F»(Q%)

2mN

Wzven(Q) = }/ﬂFl(Qz) -1 Qvay/w (24)

while the odd part W(Q) is written in terms of the electric
dipole F3(Q?) and the anapole F,(Q?) form factors:

F5(Q%)
2mN

W;(;dd(Q) =—i ngbny + FA(QZ)(QWQ_ },ﬂQz)YS‘

(25)

In the absence of the 0 term in the action, only the even part
remains. The additional form factors that arise in the odd part
for a nonzero value of @ is the CP-violating form factor,
F5(Q?), which gives the electric dipole moment according
to Eq. (9), and the P-violating, but 7-preserving, form factor,
F4(Q?%), which measures the anapole moment of the
nucleon. Hence, the anapole form factor is C violating.
Since the action is C preserving, such a form factor is zero
and, thus, will not be considered here.

One approach to study the electric dipole moment is to
generate gauge configurations including the 6 term in the
action by considering an imaginary 6 [32]. We instead use a
real value of 8 and expand the matrix elements to leading
order in #. This allows us to make use of the gauge
configurations generated without the 6 term to evaluate the
appropriate expectation values, according to Eq. (19). We
first examine the expressions with the € term in the action
before we perform the expansion to leading order in 6. We
are interested in the three-point function given by

(0) = It em (7, 7 (7
GGty 1.1) = (In(Byo 1) TG )Ty (i 1:))g. (26)

where Jy(p;.t;) and Jy(ps.1;) are the interpolating
operators at the space-time of the source and the sink,
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respectively. Thus, according to our notation the nucleon is
created at time f; with momentum p;, it couples with the
electromagnetic current at some later time ¢, and then is
annihilated at time ¢, having momentum p';. The momen-

tum transfer is thus Q = § = Py — pi- The subscript 0 in

PHYSICAL REVIEW D 93, 074503 (2016)

Eq. (26) implies that the expectation value is taken with
respect to the action including the CP-violating
term [Eq. (17)].

Inserting a complete set of states in the three-point
function of Eq. (26) one obtains

ey —Ei ey
GtV )(q, e 1) =e Eolty=1) ,=Ey (1=1:)

3pt
> (InIN(Br5)oo{N(Brs s ) IN(Brs 5:))ao(N (B s:) ), (27)

S8

with ENQ_ENg(pf) A /pf + m?3, and E| H_E;vg (Pi) = y/Pi + m3,. The nucleon states for a nonzero 6 term are denoted

as |N)y, and are normalized as

(InIN(D.5))g = Zuy(p.s) and  o(N(p.s)|Iy) = (Z5) ay(p.s). (28)
The spinors u§(p, s) and 4 (p, s) satisfy the Dirac equation
(i + myoe™ 2O uf, (b 5) = a3y (p. 5) (ipf + myoe™2407rs) = 0, (29)

with the phase e~2%()7s appearing in the mass term due to the CP breaking in the 6 vacuum. This requirement suggests that
a(6) is odd in 6, while m0 and Z§, are even. In the presence of the € term, the spinor sum takes a phase in the mass term,
becoming

_lp/+ mNg 6120(9)}/5
2EN6‘

(30)

1/2 ZuN p,s p.s) =

For small values of the 8 parameter we can expand the above expressions, and to leading order in #, we obtain

a(0) = a0+ 0(6°), myo =my + 0(60*) and Z§ = Zy + O(6°). (31)
Upon substituting the above expressions in Eq. (27) one obtains

—ipy + my(1 + 2ia'Oys)

G )(q’ tf,tl-,t) 1Zy|2e —El(ty=1) o= E} (1—1;)

3pt 2Ef
—7 . 1
< (W(Q) + iowy(0) T IR 1 o(gh), (32

up to linear terms in §. When combined with the leading order of Eq. (19), the above equation contains all the information
needed for the evaluation of F5(Q?). The advantage of this method is that the Green’s functions of the theory in the presence
of the CP-violating term can be expressed in terms of expectation values obtained using the gauge configurations generated
with the action with 0 set to zero. For the three-point function, this gives

Gl (@t 11 0) = Un (Bt TG )T (P 1)) (33)
= GG tp10.0) + i0GEC) (G, 17 11.1) + O(6P), (34)
where
Gl Gty 11.1) = (B 1)@ )T (Bis 1)), (35)
GO (@17t 1) = (I Py )T (G )T (i 1) Q). (36)
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We now equate Eq. (34) to Eq. (32) and express G’;l’j(tm and G’gift?) through the W5 (Q) and W*(Q) parts, respectively:
GG 17.1,.1) = |Zy[2e BN =0 o=EL =0 —"'Z; " ()~ s (37)

G (@17 11 1) = |ZyPe BN Bl =) _i@{; "INy g) Ot ;N T
¥ ZZE’Z raWge() T ‘i*"szE e 0) 2 . (3%)

A similar analysis can be carried out for the case of the two-point functions. In the presence of the #-term of Eq. (5) the

relevant two-point function is given by

G

oot (@172 10) = (Un(@ 1) TN (G 1:))p = |Z§ |2eEno

) =i + 1o e 20015

By treating the Chern-Simons term perturbatively one obtains

where

GO

GO

39
0) /- 0) /- . 0 >

Gon(@: 17:11) = Gop(@, 17, 1) + 100G o(d: 7. 1) + O(6P), (40)

5 o\ o =i+ m
oGty 1) =(UIn(G. 1) In(G. 1) = |Zy[*e Byt =N (41)

2Ey

2a'm

=y (42)

From the two-point function Gé?))t,Q one can extract the

parameter a!, which enters in the decomposition of the
nucleon matrix element to leading order in 6. This will be
further discussed in Sec. V.

Using Eq. (42) in conjunction with Egs. (37) and (38)
one can obtain F3(Q?) from the leading order in 6. To
summarize, this approach requires: (i) the evaluation of
two- and three-point functions using gauge configurations
simulated by setting @ = 0, (ii) the computation of the
topological charge Q that will be explained in Sec. VII and
(iii) choosing appropriate projectors in order to extract
F5(Q?) using suitable ratios of correlation functions, as
will be explained in Sec. VL.

Gﬂ

2pt,Q(a’ tr ;) =(In(g, tf)jN(é, 1,)Q) = |Zy|*e B!

2Ey

IV. CORRELATION FUNCTIONS

Taking into account the Dirac structure of the matrix
elements the two- and three-point functions are expressed
as

Gop(G. 17.1:.T0) = |Zy e EX=IT, PNy 15(q)] . (43)
- alm
Gzpt.Q(q, tf,ti,FS) = |ZN|ze-EN(t,._z,»)r5aﬁ{ ENN 75] ’
af
(44)
N _E (f—f) —E (f—1) 1 b=d >
bt (@ 170 13, 1.T) = | Zy[PeEnltt) e~ Enlt ")Fk/}[/\uz(l?f)Wﬁven(Q)Auz(Pi)]aﬁv (45)
- il i (4t - -
Ggpt,g(% Iy, ti»tvrk) = |ZN|2e Ey(ty=1) g=Ey(t t’)FZﬁ Al/z(Pf)Wzdd(Q)Al/z(Pi)
alm R . alm
+7fN75WZV6n(Q)A1/z(Pi)+A1/2(P/')Wzven(Q) E,»N75 . (46)
EN N af
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Note that we dropped the 0 superscript on the two- and
three-point functions, since from now on we consider
expectation values with @ = 0. Also we define A/, that
is given in Eq. (30) by setting € =0 and I'; is an
appropriate projector acting on the Dirac structure of the
two- and three-point functions. For the three-point function
we choose the three projectors given by

i

F:
k=g

(T+ro)rsre (k=1.2.3), (47)
which can disentangle the four form factors. Using three
projectors (one for each spatial direction) instead of
summing over k increases the computational cost, since
separate sequential inversions are required for each pro-
jector. We use inexact deflation [53,54] to speed up the
inversions. In total we do three inversions for the projectors
and four for each sink-source time separation. The use of
inexact deflation brings a factor of 3 speedup enabling us to
do 12 inversions for the cost of four [55]. The use of the
three projectors is needed for the application of the position
space methods for the extraction of F5(0), as discussed in
Sec. VIB 2.

Two projectors are employed in the evaluation of the
two-point functions, namely

Iy, =
0 4°

1
—(14+7,),
4< 70)
with the projector I's needed in order to access the
parameter a'.

In the actual computation, we employ the proton

interpolating operators, which in the physical basis read
Tn(x) = euglu(x) "Cysd(x)°], (49)

where C is the charge conjugation matrix. Since we employ
degenerate up and down quarks, the proton Green’s
functions are equivalent to those of the neutron. Our
framework preserves isospin so the proton and neutron
electric dipole moments are the same up to a sign. We use
Gaussian smeared quark fields [56,57] to increase the
overlap with the neutron state and decrease the overlap
with excited states. The smeared interpolating fields are
given by

(ffv tf)

PHYSICAL REVIEW D 93, 074503 (2016)
Ponear (1.X) = >_FP(X.5:U(1))g" (1. ),

y

F = (ﬂ +aGH)NG,

3
HGEF:U()) = S U080y + Ul =080l (50)
i=1

In addition, we apply array processor experiment (APE)
smearing to the gauge fields U, entering the hopping matrix
H. The parameters for the Gaussian smearing a; and N are
optimized using the nucleon ground state [58]. Different
combinations of Ng and ag have been tested in previous
work and it was found that combinations of N and a that
give a root mean square radius of about 0.5 fm are optimal
for suppressing excited states in the nucleon case. The
results of this work have been produced with N; = 50,
ag = 4, NAPE = 20, AAPE — 0.5.

Besides the connected three-point function depicted in
Fig. 2 there is a disconnected diagram that can contribute to
the nucleon matrix element of the electromagnetic current.
However, from a previous study [55], we found for o,y a
maximum disconnected contribution of about 10% of the
connected while for the electromagnetic form factors at the
lowest available Q2 contributions are less than 1%. Hence,
although disconnected contributions to F3 have not yet
been studied, we expect them to be of similar magnitude as
the other nucleon form factors. Since the nEDM is a rather
noisy observable we neglect the disconnected contribution
in the present computation. Hence, the correlators of
Egs. (45) and (46) are calculated using the connected
diagram only. For the computation of the connected three-
point function we employ sequential inversions through
the sink.

In our computation we take the nucleon creation operator
at a fixed position x; = 0 (source) with momentum p;. The
nucleon annihilation operator at a later time 7, (sink) carries
zero momentum, i.e. we set p, = 0. The electromagnetic
current Ji™ couples to a quark at an intermediate time ¢
(insertion) and carries momentum ¢ while translation
invariance enforces ¢ = —p;. At a fixed sink-source time
separation, I, = Iy — t;, we obtain results for all possible
momentum transfers and insertion times ¢ with one set of

(@i ti)

FIG. 2. Diagrammatic representation of the connected three-point function (left panel) and two-point function (right panel).
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sequential inversions per choice of ;. We consider three
values of 7, in order to check for ground state dominance.

V. EXTRACTION OF q!

The @' parameter can be determined from a ratio of two-
point functions with the appropriate projectors. Although
there is more than one choice for extracting a', we find that
the optimal choice with respect to the resulting signal-to-
noise ratio is given by

G2 IQ(O’ tfv t;, FS)
R 1, t 3 t:) = P ) ’
2p1(0’ f i) Gzpt(O, Iy, 1, I'y)

(51)

with the two-point functions defined in Egs. (43) and (44).
For the extraction of @' no momentum is required and we
thus set ¢ = 0. By taking the large fsep limit Eq. (51) results
in a time-independent quantity (plateau)

Hzpt((ll> = lim Rzpt(al, tf,ti) = al, (52)

fgep— 0
which can be fitted to a constant yielding a'. The
determination of a! requires the evaluation of the
topological charge, as indicated by the subscript Q on

|

PHYSICAL REVIEW D 93, 074503 (2016)

the two-point function of Eq. (51). The dependence of o'
on the definition of Q is investigated in Sec. VIII A.

VI. EXTRACTION OF F5(Q?)

Before we discuss the calculation of the topological
charge Q needed for both the evaluation of @' and F3(Q?)
we first explain our methods to extract F5(Q?) at Q> =0
using the three- and two-point functions mentioned in the
previous section.

Our calculation proceeds by evaluating the diagrams of
Fig. 2. In order to cancel all unknown overlaps and the
exponential time dependence we take appropriate ratios
using the two- and three-point functions of Egs. (43) and
(46). Specific linear combinations for three-point functions
given in Eq. (45) are also constructed in order to eliminate
the dominant form factors F; and F,, as explained below.
When the insertion-source and sink-insertion time separa-
tions are large enough so that contamination from higher
excitations is small we obtain a time-independent quantity
(plateau) to which we fit to extract F5(Q?). The traces of
Eqgs. (43)—(46) are calculated using Dirac trace algebra,
which is implemented with a symbolic analysis package in
Mathematica (see, e.g., Ref. [59]). For the evaluation of F5
we consider the following ratio:

Rll

Ggpt,Q(ZI’ tf’ lis 1, Fk) G2pt<Z]’ tf =1 FO)GZpt(O’ =1, FO)GZpt(O’ tf -1, FO)

3pt,Q(q’ tp:tis L, ) = GQPt(é, ty — 1;,T)

Gop (0,17 = 1.T0)Gop(G. 1 = 1;.T) Gop(G. 1 — 1;.T)

. (53)

for each one of the three projectors given in Eq. (48). For sufficiently large separations ; — ¢ and 7 — ¢; these ratios become

time independent (plateau region),

ngl.Q (Fk) = llm

lim Rgpt.g(ga tf» ti7 t, Fk)’ (54)

Ip—1—00 [—1;—0

where p is the current index. Using Eqs. (43) and (46), carrying out the Dirac algebra and simplifying using our kinematics,

we obtain the following expressions:

o [@'Fi(Q%) | (Ey +3my)a'Fy(Q%) | (Ey +my)F3(Q%)
Mol :lCQk[ 2}1111\; = 421%, B 4;2%, 3 ] %)
i B (Ey — mN)al5k,jF1 (Qz) QijF3(Q2) IFZ(QZ)((ZENmN - 2’”12\/)5k.,j + Qij) .
H{%pt.Q(Fk) = C[ 2my am3, + s } j=12,3,
(56)

2
2my,

where C = m

The presence of the CP-even form factors in Egs. (55) and (56) requires the values of F,(Q?) and F,(Q?). We can
eliminate F'; and F, by substituting them with the appropriate CP-even ratios in a large time limit [60]. These ratios are

given by

1

Q:F,(0%) = ClEx T my)

[4im3 I, (Do) + my(Ey — my)e I ()], (57)
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1

2\
QiFZ(Q ) - C(EN + mN)

PHYSICAL REVIEW D 93, 074503 (2016)

[—4im} T15,, (To) + 2m3 e T, (1) (58)

where a summation over the spatial indices j, k is implied. Thus, we can extract F; from the following combination:

1
0:F5(0%) = m[4m12v $o(T) — a'2my (4im3TI (To) + my(Ey — my)e T ()
— o' (Ey + 3my)(— 4lmNH3pl(F0) + 2mN€UkHépt(rk))]’ (59)

where, instead of F| and F,, we substitute Egs. (57) and
(58) into Eq. (55), allowing us to extract F5(Q?). We first
calculate ! and then take the linear combination of

ngx,g(rk), Hépt( ) and ngt

value directly yields Q;F3(Q?). An analysis using sepa-
rately the ratios involving F, F, and F5 [Egs. (55), (57),
(58)] has also been carried out using singular value
decomposition, which gave consistent numerical results
for F3(Q?). Although Egs. (55) and (56) both involve F3,
we use Eq. (55), which results in a better signal-to-noise
ratio. Moreover, the absence of the momentum factor Q; in
front of | and F, in Eq. (56) does not allow the usage of
Egs. (57) and (58) to eliminate them in favor of F5. The
case j # k does not allow access to the lowest momentum
transfer making the extrapolation to Q% = 0 less reliable.

A more convenient, but equivalent, procedure is to
introduce the electric and magnetic Sachs form factors,
G and Gy, instead of the Dirac and Pauli. These are
related via

(I';) from which the plateau

Gp(Q*) = F1(Q%) - sz(Q2)7 (60)

Gu(Q?) = Fi(Q%) + F»(0Q%). (61)

Employing an appropriate choice of projectors and inser-
tion indices we find

Hépt(ro) = —Cﬁ 0,Gp(0%), (62)

1
Hépt(rk) = _CmejiinGM(Q2)v (63)
with the indices i, j, k being spatial. By combining
Egs. (62) and (63) with Eq. (55) we extract the following
linear combination of ratios:

ko —
Hp, =—

2 :ejkl 3pt

O(F3(0%). (64)

1'I3pt Q(Fk) + ia 1'I3pt

C(EN + mN)
N 4m3,

[
for which the decomposition only depends on the desired
form factor F5(Q?).

As can be seen from Eq. (55), the appearance of the
momentum transfer as a multiplicative factor in front of
F3(Q?%) does not allow the calculation of F3(Q*=0)
directly in momentum space. We explain below three
different techniques that allow us to extract F3(0).

A. Extraction of F3(0) through a dipole fit

The first approach is the commonly used parametrization
of the Q? dependence of F;(Q?) extracted from Eq. (55)
followed by a fit to extract F3(0) treating it as a fitting
parameter. We use a dipole ansatz [33] for Q% dependence
of F5(Q?) of the form

F3(0)
(1+2)*

mF3

F3(0%) = (65)

where F3(0) and mp, are fit parameters.

B. Position space methods

The other approach that was recently developed and
applied in the study of the Pauli form factor F,(Q?) [29] is
based on removing the momentum factor in front of
F3(Q?%) by employing the so-called position space meth-
ods. There are two ways to accomplish this: the first is to
apply a continuumlike derivative to the ratio and the second
is to first determine the plateau values in momentum space,
then take the Fourier transform to coordinate space and
finally transform back to momentum space using a con-
tinuous Fourier transform in such a way that the hindering
momentum factor is avoided in the final result. In what
follows we will refer to the first position space method as
“application of the derivative to the ratio” whereas to the
second as “elimination of the momentum in the plateau
region.” We briefly explain these techniques in the next two
subsections.

1. Application of the derivative to the ratio technique

Assuming continuous momenta one can formally
remove the Q, dependence in front of F3(Q?) in
Eq. (64) by applying a derivative with respect to Q;:
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=B 5 F0). (66
ny
For simplicity we explicitly show the application of the
derivative to the ratio in Eq. (53), which leads to the first
term in Eq. (64); the generalization on the other two ratios
is straightforward. This gives

hTOaQ 3th(q’ tf’tz’t Fk)

a_Ql.Gglpt,Q<&7 tfv ti’ f, Fk)

= lim =
Gopi(q. 15,11, 1)

0*~0

, (67)

1 L/2-a

Gop (0,14, 1. T0) 1 ="T/214

L—a
(Z ix;Gh o (R ty tit, rk)> (68)

X

i#]

where in the second line the three-point function
G’;pt’Q(?c, tr.1;,1,T}) is expressed in position space. The
derivative only acts on the three-point function since any
derivatives acting on the two-point functions in the above
expression vanish exactly when setting Q% = 0. In finite
volume this expression approximates the derivative of a §
distribution in momentum space,

L/2-a L—-a

a Z Ziijgpt’Q(?c,tf,ti,t,Fk)

x;j=—L/2+a \ *=0
==L/ i#j

L/2—a

:%Z a® Z le exp( lkx
k

xj==L/2+a X:

><G3pt Q(k,tf,ti,t,rk),

om0 i
—)(2”) /d ka_k5()<k> 3PLQ(k’tf’tivt,Fk). (69)

For a finite L this implies a residual 7 dependence
Ggpt.g(é, 1, 1;,1.T}) ~exp (—AEyt) with AEy = Ey(q)—
my. Only, for L — oo, we have AEy — 0.

According to the above formulation, the basic building
blocks for this technique are the standard two-point
functions and the derivativelike three-point functions
GGQPLQ(?], t7.1;,1,1)/00Q;. In the actual lattice computa-
tion this involves the calculation of the full three-point
function in position space before multiplying by x;, taking
the Fourier transformation and forming the ratio of
Eq. (68). Additionally, this technique requires a large
enough lattice extent L for the summation in Eq. (69) to
approximate the 6 function.

PHYSICAL REVIEW D 93, 074503 (2016)

In order to extract F3(0) from the decomposition in
Eq. (64) one performs the derivative on the other two
three-point functions following the same procedure as
outlined above. Namely, one needs the derivatives

(9G’;pt Q<é’ tf’ ti, 1, Fk)/aQ], aGgpt(é, tf’ t;,t, Fo)/an as
well as 8G3pt(q, tr.t;,1,1)/0Q;. The residual ¢ depend-
ence that may remain in Eq. (66) of the form exp (—AEy?)
is expected to vanish only as L — oo.

2. The elimination of the momentum in the
plateau region technique

This method was originally developed for the nucleon
isovector magnetic moment or equivalently F,(0) [29] and
allows to extract F3(0) in a model-independent way
without the residual time dependence of the previous
method. In principle, it is not restricted to the case of a
simple momentum prefactor, but can be used to remove any
kinematic structure that would otherwise prevent the
extraction of a form factor at zero momentum without
making a fit ansatz. In the following we discuss the
application of this method for F3(0). We want to stress
that a key element in the extraction of F3(Q?) using this
method is the use of the projectors of Eq. (47) without
summing over the index k.

Our starting point is Eq. (64), which as explained is
obtained by combining the corresponding expression for
the CP-odd ratio in Eq. (55) with Egs. (62) and (63). As far
as the Q, dependence is concerned Eq. (64) is now similar
to the one for the magnetic form factor in Eq. (63).
Therefore, we adopt the elimination of the momentum in
the plateau region technique as discussed in Ref. [29] for
this particular linear combination of ratios to obtain a
continuous curve for Fs(Q?) from which the value of
F5(0), and consequently the nEDM, can be extracted. In
the following we briefly outline the basic idea behind the
elimination of the momentum in the plateau region tech-
nique, referring the reader to Ref. [61] for more details.

While for the application of the derivative to the ratio
approach the time dependence is only fitted after applying
the derivative in position space, the elimination of the
momentum in the plateau region technique aims at remov-
ing any time dependence before applying the derivative.
For now we restrict ourselves to on-axis momenta, e.g.,
g = (£0,,0,0)T (and all permutations thereof). After
forming the combination of ratios in Eq. (64) we average
over all momentum directions, taking only index combi-
nations into account that give a nonzero contribution for a
given Q; value. The resulting, averaged ratios are denoted

T1(Q)).

Applying a Fourier transform on TI(Q,) gives the
corresponding ratio I1(y) in position space, which satisfies
I(y) ~ —II(—y) up to statistical fluctuations. Note that in
an actual lattice simulation the Fourier transform requires
an additional cutoff Q.. because the calculation of
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I1(Q;) will be restricted to a limited number of lattice
momenta due to noise. Typically this cutoff is much smaller
than the maximally allowed lattice momentum. Since we
have

n=0,...,N/2,
—-II(N-n), n=N/2+1,...N-1,N=L/a,
(70)

)~

where n = y/a, we can average over positive and negative
values of y, yielding an exactly antisymmetric expression
[1(n). The most crucial part of this method is to transform
[1(n) back in a way that allows us to introduce continuous
momenta. This can be achieved by rewriting the corre-

sponding Fourier transform in the following way:

N/2-1
T(k) = [exp(ikn)T1(n)],—o /2 + Y exp(ikn)i1(n)
n=1
N/2+1 .
+ Z exp(ik(N — n))I(n),
n=N-1
= [eXP(ikn)ﬁ(")]n=o,N/2
N/2—1

+2i ; fi(n) sm@ (2n)>, (71)

and defining k = 2sin(%) and P,(k*) = P,((2sin(¥))?) =

sin(nk)/ sin(%), leading to
N/2-1
(k) —11(0) =iy kP, (k*)Ti(n). (72)

The function P, (k?) is related to Chebyshev polynomials
of the second kind and hence analytic in (—oo,+1),

allowing us to evaluate H(lAc) at any intermediate value.

Dropping the factor k in the above expression, we obtain
the desired expression for the neutron electric dipole form
factor without explicit momentum factors,

2= Y P, ()(n), (73)
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cutoff in the initial Fourier transform—for any reasonable
value of k2, resulting in a smooth curve for F5(Q?).
Consequently, taking the statistical errors of the input data
into account via resampling yields a smooth error band for
the form factor, as we will demonstrate in Sec. VIII B 3.

It is now straightforward to extend the approach to
arbitrary sets of off-axis momentum classes:

M(Qy, Q%) = {4qlq = {£0,. 05, 03}, 03 + 03 = 0%y},
(74)

where {0, 0,, 03} denotes all permutations of £0;, O,
and Q3. However, to combine the results for F3(Q?) for
different Q% classes as a function of continuous Euclidean
momenta Q% = Q?(k, %), we need to consider an ana-
lytic continuation for classes with Q2 > 0 to reach zero
total momentum, i.e. Q> = 0. For our case this amounts to
replacing k — ix and k — ik = -2 sinh(%) in the derivation
outlined above. Note that this also affects P,, i..
P, (k%) = sinh(nk)/sinh(§). In order to obtain the final
result we combine the results from several sets of momen-
tum classes M(Q,,Q%;) by taking the error weighted
average of the separate results.

Finally, we remark that, in principle, Eq. (56) could also
be used instead of (55) to calculate F5(0). However, in this
case, not all of the terms share the same momentum
prefactor and one expects the signal from this decompo-
sition to be weaker than the one from Eq. (55) due to the
additional momentum prefactor for F3(Q?). Moreover,
from a technical point of view the removal of the double
momentum factor Q;Q; is more involved. Therefore, we
restrict ourselves to the combination of current and pro-
jection indices given in Eq. (55).

VII. THE TOPOLOGICAL CHARGE

As already demonstrated in the previous section the
evaluation of the F3(Q?) form factor requires the compu-
tation of the topological charge, the Q defined in Eq. (20).
In practice, any valid lattice discretization of g(x) leading
to the right continuum expression of the charge density
given in Eq. (4) could be used for the evaluation of Q on the
lattice. Here we choose an improved definition:

where we assume that all suppressed kinematic factors have q(x) = coq5s® (x) + ¢1¢5(x), (75)
been included in I1(n). This expression can be computed
exactly on the lattice—up to the aforementioned, additional ~ with
|
clov 1 clov ~clov rect 2 ect (rect
qr (X) = @eﬂbpaTr(Cﬂb Cpa ) and qr, ()C) = ﬁeyupaTr(C;u C;JG s (76)

where
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clov 1
C’Mly (z) = ZIm (

In order to remove the discretization error at tree level, we
use the coefficients ¢y = 5/3 and ¢; = —1/12. The lattice
operator used for the evaluation of the topological charge
on thermalized configurations suffers from ultraviolet
fluctuations of the gauge configurations, hence leading
to noninteger results. It is thus customary to use a
smoothing technique, which damps these fluctuations by
minimizing the action locally, without destroying the
underlying topological structure.

Such techniques include cooling and the more recently
introduced gradient flow [30,62]. It was shown recently
[63] that both techniques provide similar results on topo-
logical observables, such as the average action and the
topological susceptibility when smoothing is done with the
ordinary Wilson action. In Ref. [31] we show that this is
also true for actions that include a rectangular term such as
the Iwasaki and the Symanzik tree-level improved action.
The equivalence is realized by the leading order perturba-
tive rescaling [31]

ne

T3 05¢,

(78)

where 7, the gradient-flow time, and 7., the number of
cooling steps, are the smoothing scales for gradient flow
and cooling, respectively.

We apply both techniques, namely cooling and gradient
flow, on the configurations of the B55.32 ensemble using
the naive Wilson, the Symanzik tree-level improved and the
Iwasaki action. Regarding the gradient flow we investigate
how the elementary integration step e affects our results and
find that setting € = 0.02 is a safe option; as a matter of fact
we observe that smaller elementary integration steps give
indistinguishable results.

While cooling, we measure the improved definition of
the topological charge for every cooling step. Since the
gradient flow is more expensive, we avoid taking mea-
surements for every integration step, but instead we
compute the topological charge every Ar = 0.1; this
corresponds to five integration steps. We cover in total
80-100 cooling steps while for gradient flow we fix the
maximum gradient-flow time according to the perturbative
expression of Eq. (78), taking for n, the maximum number
of cooling steps. The cooling/gradient-flow rescaling fac-
tors are given in Table II.

According to Ref. [30] one reads an observable, whose
value depends on the topological charge, at a fixed value of

PHYSICAL REVIEW D 93, 074503 (2016)

1
) and  C}5™(z) = gIm + . (77)

V8t = 0(0.1 fm). The gradient-flow time  is chosen such
that it is large enough that the relevant observable has small
discretization effects, but at the same time small enough
that the topological content of the fields is preserved. The
observable under consideration here is F3/2my and it
should be scale invariant and, thus, show a plateau as a
function of 7 and n, at the fixed value of \/é‘t within the
plateau region. For practical reasons we choose a value of 7
that satisfies v/87 ~ 0.6 fm and corresponds to the rounded
value of n, taken in steps of ten; the associated values of 7,
as well as 7 can be found in Table II. In Ref. [31] we
demonstrate in more detail that topological quantities on
the same ensemble, for the three smoothing actions,
become equal after a small number of n,. and the equivalent
gradient-flow time; as a matter of fact for V8¢ ~ 0.6 fm the
equality between the smoothing procedures of the gradient
flow and cooling is satisfied. In Fig. 3 we present the time
history of the topological charge O obtained with cooling
using n. = 50 and the gradient flow at ¢ = 6.3 using the
Iwasaki action. This plot demonstrates that the topological
charge does not suffer from large autocorrelations along the
sampling time line with an integrated autocorrelation time
of 7;, = 2.6(1) and there is a high correlation of 94% [31]
between results obtained using cooling and the gradient
flow. The latter is a result of the equivalence between the
two procedures. Additionally, in Fig. 3, we provide the
associated histograms of the topological charge for both
cooling and gradient flow, which is found to be approx-
imately Gaussian (according to Anderson-Darling test
[64]). These observations suggest that for both smoothing

TABLE II.  The first and second columns give the values of the
parameters ¢, and ¢; entering in gauge action and the third gives
the ratio for n,/7 extracted using Eq. (78). The fourth column
gives the leading order perturbative rescaling between the number
of cooling steps and the gradient-flow time such that the two
smoothing techniques are equivalent, the fifth column gives the
value of the cooling step which corresponds to fixing /8¢ ~
0.6 fm and the sixth column the associated gradient-flow time.

Smoothing action ¢ ci ngJt n.(v/8t=0.6fm) 7 (n,)
Wilson 1 0o 3 20 6.7
Symanzik % —1—12 4.25 30 7.1
tree-level
improved
Iwasaki 3.648 —0.331 7.965 50 6.3
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The time history of the topological charge (left panel) and its associated distribution (right panel). The charge has been

obtained via cooling (red) and gradient flow (blue) with an Iwasaki action with black n, = 50 and = = 6.3, respectively.

approaches the sampling of the topological charge is
adequately good. Similar results are also obtained for the
Wilson and Symanzik tree-level improved actions. These
are the basic requirements that the topological charge
should obey in order to give reliable results for the nEDM.

VIII. RESULTS

In this section, we present our results on the CP-odd
form factor lim. _,F3(Q?), with our main focus being the
extraction of the nEDM, using the three approaches
discussed in Sec. VI. Namely we use a dipole ansatz to
perform an extrapolation to Q%> = 0, as well as the two
position space techniques. For all three approaches we need
the evaluation of !, which enters into the determination of
F5(0), as shown in Eq. (64). Hence, we first discuss the
determination of a'.

A. Calculation of o

To extract a' we calculate the two-point function

Gzpt,g(é, t;.T's), which involves the topological charge
Q, as well as the usual two-point function Gzpt(Z], ty Ty).
Note that the argument #; has been omitted, since in our
calculation we shift the source point to ¢#; = 0. We form the
ratio of these two-point functions according to Eq. (51) at

zero momentum transfer, ¢ = 0. The topological charge is
computed using both cooling and the gradient-flow method
employing the three gauge actions, Wilson, Symanzik tree-
level improved and Iwasaki. For the calculation of the a!
parameter we use a large statistical sample of a total of
36720 two-point functions (2295 configurations, each with
16 source positions). This allows us to decrease signifi-
cantly the statistical errors on a'. As a consequence, the
bins on which a' is computed do not coincide with those of
F5, and thus we need an alternative procedure to jackknife
for the computation of the statistical errors on the nEDM.
This will be discussed in Sec. VIII B.

The ratio Ry, (', 1) is shown in Fig. 4 as a function of
tr/a, for which the topological charge is measured using
the gradient flow with the Iwasaki action at 7 = 6.3. As can
be seen, for 7;/a > 8 the ratio becomes time independent
yielding Tl (a'). By fitting to a constant in the plateau
region within the time interval 9-20 we extract the value of
al = —0.217(18). We have checked to see that by modi-
fying both the starting and ending time slices in the fit
within the region ;/a = 7 to 22 we get compatible results.
An example is shown in Fig. 4 for the range #;/a = 10 to
17, which gives the green band.

The final result on @' should not depend on the
smoothing scale; in other words there should be a plateau
for some region of the smoothing scale n,. or equivalently 7.

0.05

0

0.05 | ]
01F @ .
o5t Y
0.2 }

Rop (at, tr)

-0.25
-0.3 F
-0.35 1

-0.4 : :
0 5 10 15 20

tf/a

FIG. 4. The ratio Ry, (a', ;) as a function of #,/a (1; was set
to 0). A constant fit between the time slices 9-20 gives the solid
line o' = —0.217(18) with y?/d.o.f = 0.51 and the red band is
the associated statistical uncertainty. The green band corresponds
to the fit range 10-17 with »?/d.o.f = 0.29, which is fully
compatible with the red one. The employed topological charge
Q is extracted via the gradient flow at 7 = 6.3 using the Iwasaki
action.
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The value of a' as a function of n, or 3 x 7 (left panel), 4.25 x 7 (center panel) and 7.965 x 7 (right panel) for Wilson,

Symanzik tree-level improved and Iwasaki smoothing actions, respectively. Data obtained by cooling are shown by the red squares,
while data extracted via the gradient flow are shown by the blue circles and have been shifted horizontally to be more visible.

This is demonstrated in Fig. 5 where we plot the value of a!
as a function of n, and the gradient-flow time 7 rescaled
according to Eq. (78) for all three gauge actions. As can be
seen, the a' parameter remains unchanged after n, > 20
cooling steps or the equivalent gradient-flow time z. This is
in perfect agreement with fixing /87 ~ 0.6 fm. Therefore,
setting n, according to the fifth column in Table II or fixing
it to the corresponding flow time for the gradient flow both
yield a consistent value for a'. We will employ the value
a! = —0.217(18), obtained using the gradient flow at =
6.3 for the Iwasaki action in order to determine F3(Q?). We
also observe that for all gauge actions the values of o'
extracted when using cooling or the gradient flow to
determine the topological charge are in agreement, reflect-
ing the equivalence between the two procedures. The
results shown in Fig. 5 use the topological charge obtained
for every An, = 10 starting from n, = 10 while cooling
and for the corresponding gradient-flow time z when
smoothing via the gradient flow. The same computation
of the topological charge is also used in the evaluation of
the three-point function. For the determination of the errors
we use jackknife with a bin size of 5; larger bin sizes give
consistent results.

B. Results for F5(0)

1. F5(0) via extrapolation in Q*

We first discuss the determination of F3(0) extracted by
fitting the Q? dependence of F3(Q?) to the dipole ansatz
given in Eq. (65). F3(Q?) has been computed for a
sequence of values of the momentum transfers,
Q? = 2my+/Ey — my, with the momentum chosen such
that the spatial components (; take all possible

combinations of Q;/(2z/L) € [0, +£4] (and all permuta-
tions thereof). We perform the calculation at three values of
the source-sink separation, namely ., = 10a, f, = 12a
and 1y, = 14a, with the statistics being 2357 for
lsep = 10a, and 4623 for 1., = 12a, 14a.

In Fig. 6 we show the results for the combination of
ratios leading to the extraction of F3(Q?) according to
Eq. (64). The ratio of F5 is plotted for three source-sink
time separations: 10a, 12a, 14a corresponding to
0.82,1.0,1.15 fm, respectively. As can be seen the results
at the three sink-source time separations are consistent. The
ratio shown corresponds to the lowest nonzero momentum

0
-0.1 F
-0.2
03 F
-0.4 F
-0.5
-0.6 -
-0.7 -
-0.8
-0.9 -

1k
-1.1 -
-1.2

0.17GeV?)

~

Rs (Q?

8 -7-6 -5 -4-3-2-101 2 3 45 6 78

(t—tr/2)/a

FIG. 6. The ratio leading to F3 [Eq. (64)] for the first nonzero
momentum transfer (Q? =0.17 GeV?) as a function of the
insertion time (¢ —t;/2)/a. Green squares, red circles and blue
triangles correspond to source-sink separation of ¢,/a = 10, 12,
14, respectively. The topological charge is evaluated using the
gradient flow at 7 = 6.3 with the Iwasaki action.
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FIG. 7. F;(Q?%) versus Q> for the same parameters as in

Fig. 6 for i, = 12a. The band is the resulting dipole fit using
the form given in Eq. (65) to F5(Q?) and data for Q> < 1 GeV?.
The fit gives F3(0) = —0.509(144), amp, — 0.469(133)
with y2/d.o.f = 0.54.

transfer, that is, Q> = 0.17 GeV?, upon averaging over the
data for the two spatial components Q;/(2z/L)=
(£1,0,0) and three permutations. In what follows we will
use fy, = 12a, which yields a better statistical accuracy
and is fully consistent with the results obtained for
tsep = 14a. For 1, = 12a, a plateau can be identified in
the range t/a € [3,9], from which we extract F3(Q? =
0.17 GeV?) (the solid line in Fig. 6). However, for a proper
computation of the error we cannot use jackknife since, as
mentioned in Sec. VIII A, the a' parameter is computed on
2295 configurations with multiple source positions, while
F5 is computed using 4623 configurations with a single

PHYSICAL REVIEW D 93, 074503 (2016)

source position, which does not allow us to combine the bin
values of @' and F5. We thus use the following procedure to
take into account the statistical error of &' in the evaluation
of the error on F3. We first compute F5 and the associated
jackknife error, dF5, by employing the mean value for a'.
We then recompute F5 using a),, = a' + da', where da'
is the jackknife error of a'. We denoted the difference in the
values obtained using the mean value of a! and a/,, by
AF5. The final error on F is computed by combining AF;
due to the variation in a' with the jackknife error dF5 in

quadrature, namely \/(AF3)? + (dF3)> In Fig. 6 we show
the final error on F3 with a red band. This procedure of
taking into account the error on the a' parameter is
compatible with the error using a resampling procedure.
For the latter we first generate samples for a' that are
Gaussian distributed with /N, — Ida', where N, denotes
the number of jackknife samples in our analysis. These
samples are then used in our jackknife analysis together
with the actual jackknife samples for the remaining
quantities.

Once again, we stress that no separate calculation of
F1(Q?%) and F,(Q?) is needed, since F5(Q?) is extracted
from a combination of ratios leading to Eq. (64), upon
substituting the expressions for Gz(Q?) and G (Q?)
[Egs. (62) and (63)] at the level of the time-dependent
ratios. In addition, the value of the nucleon mass, my,
enters in Eq. (64), which is calculated using the nucleon
two-point function on the same configurations analyzed for
F5(Q?) and in the same bin. The value of amy in lattice
units is presented in Table I.

After determining F3(Q?) by identifying the correspond-
ing plateau at each value of O we perform a fit using the

0 T T T T T T T T T T T T T T T T T T
Wilson Symanzik tree-level Iwasaki
-0.2 | + 4 i
Z
g -04 | =+ 4 -
S
N
—
% 0.6 4 1 i
3
-0.8 -+ . .
-1 | | | | | | | | | | | | | | | | | |

0 10 20 30 40 50 60 O 10 20

Ne or 3 X 7

FIG. 8.

ne or 4.25 X T

30 40 50 60 O 10 20 30 40 50 60

Ne or 7.965 X T

The nEDM in lattice units as a function of n, or 3 x = (left panel), 4.25 x 7 (center panel) and 7.965 x z (right panel) for

Wilson, Symanzik tree-level improved and Iwasaki gauge actions, respectively. The results are obtained using a fit to the dipole form of
Eq. (65) with a cutoff Q> < (1 GeV)?. Data obtained by cooling (gradient flow) are shown by red squares (blue circles). Gradient-flow

results have been shifted horizontally to improve visibility.
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TABLE III.  F3(0)/(2my) extracted from fitting to the dipole
ansatz of Eq. (65). We include results for both 7, = 12a and
teep = 14a at n, =20, n, = 30 and n, = 50 as well as at the
corresponding gradient-flow times given in Table II for the
Wilson, Symanzik tree-level improved and Iwasaki actions,
respectively.

F3(0)/(2my) (efm)

Cooling
Gauge action f, = 12a typ, = 14a 1e, = 12a

Gradient flow
lep = 14a

Wilson —0.035(09) —0.056(45) —0.039(10) —0.065(42)
Symanzik  —0.036(10) —0.072(50) —0.046(12) —0.076(40)
Twasaki —0.035(10) —0.049(22) —0.041(12) —0.053(23)

dipole form of Eq. (65), treating F3(0) as a fitting
parameter. In Fig. 7 we show the resulting fit when the
Iwasaki smoothing action and gradient flow with 7 = 6.3
are used in the calculation of the topological charge. The fit
is performed for Q% < 1 GeV?. To check for fit stability we
vary the upper limit of the fit range, Q2. from 0.8 to
1.5 GeV?, and found consistent results for F5(0).

In Fig. 8 we present F3(0)/(2amy) as a function of the
number of cooling steps n,. and the corresponding gradient-
flow time. These results clearly confirm that the value of the
nEDM obtained via cooling agrees with the one extracted
via the gradient flow corroborating the equivalence of
cooling and gradient flow also on the level of the nEDM. In

addition, we observe that |Zi v|/0 [Eq. (9)] is adequately
stable for n. > 20 and the corresponding gradient-flow
time. By looking at the nEDM as a function of z and n,. for
the gradient flow and cooling, respectively, we observe that
fixing /87 ~ 0.6 fm is in the plateau region and suggests
that the value of F3(0)/(2my) can be taken for n. = 20, 30
and 50 cooling steps or at the corresponding gradient-flow

PHYSICAL REVIEW D 93, 074503 (2016)

times for Wilson, Symanzik tree-level improved and
Iwasaki  actions, respectively. The results for
F5(0)/(2my) extracted using the dipole fit and the above
cooling steps or the corresponding gradient-flow times are
collected in Table III. As can be seen, the values obtained
for 1., = 14a are consistent with those obtained using
Ieep = 12a, albeit with larger errors. We use data obtained
for t, = 12a to determine our final result due to their
better statistical accuracy compared to the results obtained
for i, = 14a. In addition we stress that we do not attempt
to make an extrapolation to infinite volume, i.e. £
and determine the corresponding systematic error.

— 00,

2. F5(0) via the application of the derivative
to the ratio technique

In this section we discuss the results on F3(0)
using the application of the derivative to the ratio method.
As explained in Sec. VI B 1, this requires the construction
of the derivativelike three-point functions expressed as

L/2— _ . > L/2—
ij:_Z/era(Z,\L'i:%_i#j lijgpt,Q(x’ tf’ ti’t’rk>)’ ij:—Z/%La

_ . - L/2—-
(S %G 17 i 0. To)) and 32T,
( L—a

ey iij’gpt(fc, ty,1;,1,T;)) as well as the two-point
function G (¢, t7.0,T) inorder to formthe rightratios. The
three derivativelike three-point functions are computed by
taking the Fourier transformation according to Eq. (69). As
previously mentioned, we use a source-sink separation of
fep = 12aandshiftthe sourcetimesliceto; = 0.Oncemore
we check for ground state dominance by extracting thenEDM
for ts, = 10a and 7, = 14a. In addition, we average over
the spatial direction j = 1,2, 3 as this appears in Eq. (66). We
fit the ratio to a constant in the plateau region to extract the
quantity givenin Eq. (66) and use the procedure explained in
Sec. VIII B 1 by employing the mean value for a' as well as

TS EEIEEEERRIERRRRES
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Ne Or 3 X T

Nne or 4.25 X 1
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Ne or 7.965 X T

FIG. 9. Results for the nEDM in lattice units using the application of the derivative to the ratio as a function of n. or 3 x 7 (left panel),
4.25 x t (center panel) and 7.965 x 7 (right panel). The notation is the same as in Fig. 8.
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FIG. 10. The ratio leading to F5(0) determined using the
continuum derivative method. Green squares, red circles and
blue triangles correspond to source-sink separation of ¢;/a = 10,
12, 14, respectively. The topological charge is evaluated using the
gradient flow at 7 = 6.3 with the Iwasaki action. The behavior
when using other smoothing actions to calculate the topological
charge is similar.

a).x = a' + da' in order to compute the associated statis-

tical error on F3. As discussed in Sec. VI B 1 there can be a
residual time dependence in Eq. (66) of the form
~exp (a(Ey(q) — my)t/a). Hence, in addition to the con-
stantfit we also perform anexponential fitin orderto provide a
systematic error. We take the difference between the value
determined from the constant fit and that extracted when we
include the exponential time dependence as the systematic
error. We note that the resulting systematic error is compa-
rable to our statistical error, making this approach useful.
In Fig. 9 we show the results for F3(0)/(2amy) in lattice
units.  The  derivativelike  three-point  function
ij/j—2/2+a( i,»_:%,i;éj iijg‘pt,Q(?c, 17, 1;,1,T;)) uses the
topological charge extracted from cooling and the gradient
flow for the Wilson, Symanzik tree-level improved and
Iwasaki smoothing actions as a function of the cooling
steps or the flow time 7. Similar to Fig. 8, the value of the
nEDM is stable for the smoothing scales used to define the
topological charge. Namely, this justifies our choice of

PHYSICAL REVIEW D 93, 074503 (2016)

fixing V81 ~ 0.6 fm, thus results in using n,. = 20, 30 and
50 as well as to the corresponding gradient-flow times for
Wilson, Symanzik tree-level improved and Iwasaki
smoothing actions, respectively.

In Fig. 10 we show results for the combination of
continuumlike derivatives of ratios leading to the extraction
of F5(0) according to Eq. (66). The results are produced
with topological charge extracted using the gradient flow
for a total of 7 = 6.3 with the Iwasaki action. A plateau can
be identified and fitted in the range 7/a € [4, 8], yielding a
value of F3(0) = —0.52(09). The statistical error is com-
puted using the method explained in the previous sub-
section and is represented by the red band. In addition we
provide the exponential fit with its statistical uncertainty
resulting from the residual exponential time dependence in
the three-point function. The fit is done in the range
t/a € [4,8], yielding a value of F5(0) = —0.55(13). As
can be seen, the two bands yield consistent results.

In Table IV we give the results for F3(0)/(2my) for the
three gauge smoothing actions using our standard param-
eters for n. and 7. We provide the statistical as well as the
systematic error induced by the residual exponential time
dependence in the three-point function [see Eq. (69)].

3. F3(0) with the elimination of the momentum
in the plateau region technique

The elimination of the momentum in the plateau region
method is an improved technique to remove momentum
prefactors in the form factor decomposition of a given ratio
of correlators on the lattice. The details of this method can
be found in Sec. VIB 2 and Ref. [29], where the method
was applied for the first time for the evaluation of the
nucleon anomalous magnetic moment. Similar approaches
using analytic continuation have been used in the context of
calculating hadronic vacuum polarizations [65,66]. In the
following we present the first results for the nEDM
obtained within this approach.

As in the other methods, here we also extract F5(0) using
the various definitions for the topological charge (Wilson,
Symanzik tree-level improved and Iwasaki actions for both
cooling and gradient flow). The results obtained within this

TABLE IV. Results for F5(0)/(2my) extracted using the application of the derivative to the ratio method for
Ieep = 12a, 14a. Results are shown for n. = 20, 30 and 50 as well as for the corresponding gradient-flow times
according to Table II for Wilson, Symanzik tree-level improved and Iwasaki actions, respectively. The error in the
first parentheses is statistical and in the second the systematic determined as discussed in the text.

F3(0)/(2my) (e.fm)

Cooling Gradient flow
Gauge action lep = 12a lep = l4a lep = 12a lep = l4a
Wilson —0.044(6)(6) —0.044(8)(8) —0.046(6)(9) —0.046(8)(15)
Symanzik —0.043(6)(3) —0.043(9)(6) —0.043(6)(4) —0.042(9)(10)
Iwasaki —0.044(7)(4) —0.043(11)(10) —0.042(7)(3) —0.040(11)(8)
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Results on nEDM using the momentum elimination method for source-sink separation 7, = 12a. The right panel shows

separate bands for the three sets of lowest off-axis momentum classes M(Q, Q%)

approach exhibit a similar behavior as that depicted in
Figs. 8 and 9. We analyze data for two source-sink
separations, namely of 7., = 12a and f,, = 14a, employ-
ing a general momentum cutoff Q; <4-(2z/L) and
momentum classes with an off-axis momentum squared
of up to Q%; <5-(2x/L)? [cf. Eq. (74)]. The red bands in
both panels of Fig. 11 show the results for F5(Q?)/(2my)
extracted using the momentum elimination method and
lsep = 12a. It is obtained as the error weighted average
over all sets of different off-axis momentum classes
M(Q;, Q2). As required, the band reproduces the red
points which are the results obtained using the plateau
method at each Q2 value.

The right panel of Fig. 11 contains separate bands for the
results from different values of Q2, which agree within
their errors. However, the errors at small values of Q% grow
rapidly with an increasing ngf, such that higher off-
axis momentum classes with Q%; >2-(2x/L)? hardly
contribute to the nEDM at all.

The results obtained using this approach are collected in
Table V. Although using the Wilson smoothing action to

TABLE V. Results for the neutron electric dipole moment in
physical units for two values of the source-sink separation and the
three different smoothing actions. Results are given for n, and ,

which correspond to V8t~ 0.6 fm, according to Table II.

F3(0)/(2my) (e.fm)

Cooling Gradient flow
Gauge action I, = 12a typ, = 14a 1, = 12a 1ty = 14a

Wilson —0.052(17) —0.043(26) —0.056(17) —0.043(26)
Symanzik  —0.066(18) —0.053(28) —0.068(17) —0.055(28)
Twasaki —0.082(21) —0.076(32) —0.082(21) —0.073(32)

calculate the topological charge (either through cooling or
the gradient flow) we obtained lower mean values and
equivalently higher ones when using the Iwasaki action, the
results are compatible within errors. Comparing the results
for ., = 12a and 1, = 14a we cannot detect excited state
contamination within statistical errors.

In addition, results obtained using the elimination of the
momentum in the plateau region technique, which does not
assume any functional form for the momentum depend-
ence, are compatible with the dipole fit results. The dipole
form fit yields correlated y?/d.o.f = 0.54, supporting a
dipole behavior, which is the approach used in other lattice
studies.

IX. CONCLUSIONS

The neutron electric dipole moment is computed using
Ny =2+ 1+ 1 twisted mass fermions simulated at a pion
mass of 373 MeV and lattice spacing of a = 0.082 fm
employing a total of 4623 measurements. This high
statistics analysis enables us to extract reliable results on
the CP-violating form factor F3(0) and benchmark our
techniques. Due to the multiplicative kinematical factors
appearing in front of F3(Q?) it cannot be extracted directly
from the matrix element. The usual approach is to extrapo-
late F(Q?) to Q* = 0 by fitting its Q* dependence employ-
ing an ansatz for its momentum dependence. In this work,
besides this standard approach, we employ two new
techniques that explicitly eliminate the kinematical factor
yielding directly F5(0) without any model assumption on
its Q> dependence. These techniques involve the three-
point function in coordinate space and two different ways
to eliminate the kinematical factor. The behavior of the
nEDM extracted by these two techniques, as well as a
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FIG. 12. Our results for F3(0)/(2my) in physical units using
different approaches to determine F3(0). Open (filled) symbols
show results using cooling (gradient flow) for the extraction of
the topological charge. Red/blue/magenta points show results
extracted using a dipole fit/application of the derivative to the
ratio/elimination of the momentum in the plateau region ap-
proach, respectively. The topological charge has been evaluated
using the Iwasaki smoothing action.

through fitting to a dipole ansatz, is demonstrated in
Fig. 12. We show results for the nEDM with the topological
charge computed using either cooling or the gradient flow
and the Iwasaki gauge action. As can be seen, results
extracted from fitting to a dipole ansatz have a very similar
mean value to those extracted using a continuum derivative,
with the latter having smaller errors. The results extracted
from the elimination of the momentum in the plateau region
tend to be lower, with larger errors. This behavior resem-
bles the results obtained for the isovector magnetic form
factor of the nucleon at zero momentum [29], where it was
found that the results obtained using the elimination of the
momentum in the plateau region method tend to be larger
(and closer to the experimental value) than those obtained
using a dipole fit.

An additional new element of this work is the compu-
tation of the topological charge using both cooling and the
gradient-flow method. We show that the two approaches
are equivalent if the flow time and the number of cooling
steps are tuned appropriately. This agreement is demon-
strated in Figs. 12 and 13, where we show results for the
nEDM with the topological charge computed using cooling
or the gradient-flow method. Furthermore, results using
different actions to smooth the gauge links entering the
computation of the topological charge yield consistent
results overall. The values appearing in Fig. 13 have been
obtained by taking the weighted average among the data
extracted using the dipole fit, the application of the
derivative to the ratio technique and the elimination of
the momentum in the plateau region shown in Fig. 12.
Given that the simulations used the Iwasaki action, we
present as our final value for the nEDM the value extracted
when the Iwasaki action is employed to define the
topological charge. As the systematic error we take the
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FIG. 13. (Upper panel) Our results for F5(0)/(2my) in
physical units using different methods. Open (filled) symbols
show results using cooling (gradient flow) for the evaluation of
the topological charge. Red/blue/magenta points represent the
smoothing actions Wilson/Symanzik tree-level improved/
Iwasaki. The presented results have been obtained from the
weighted averages of values for F3(0)/(2my) extracted using the
dipole fit on F3(Q?), the application of the derivative to the ratio
technique and the elimination of the momentum in the plateau
region technique. As a final result we report the value of nEDM
extracted when using Q from the gradient flow with Iwasaki
action, shown with the magenta error band. (Lower panel) The
corresponding upper bounds in |9\ extracted using the exper-

imental result |dy| = 2.9 x 10~3¢ - fm [3-5].

difference between the mean values obtained when cooling
and the gradient flow are used to determine the topological
charge. Our final result is thus F3(0)/(2my) =
—0.045(6)(1)e - fm at a pion mass of m, = 373 MeV.
As already mentioned in the Introduction, this value is in
agreement with the value extracted using Ny =2+ 1
domain wall fermions at a pion mass of about 300 MeV
[34]. Using this value of F3(0)/(2my) and the experi-

mental result |Zz’N| =29x10"8B¢-fm as an upper
bound we can extract the maximum allowed value of @
displayed in Fig. 13. We find a maximum value
of § = 6.4(0.9)(0.2) x 10712,

Having investigated the nEDM using an ensemble
simulated at m, = 373 MeV we are in the process of
analyzing an ensemble with two degenerate light quarks
with mass fixed to the physical value, thus eliminating any
systematic error that may arise due to a heavier than
physical pion mass.
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