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Abstract

We compute the electric dipole momeiytof the neutron from a fully dynamical simula-
tion of lattice QCD with 2+ 1 flavors of clover fermions and nonvanishifigerm. The latter
is rotated into the pseudoscalar density in the fermionimaaising the axial anomaly. To
make the action real, the vacuum an@is taken to be purely imaginary. The physical value
of d, is obtained by analytic continuation. We fidd = —3.8(2)(9) x 1069 ecm, which,
when combined with the experimental limit dp, leads to the upper boundl < 7.6x 10712,
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1 Introduction

The electric dipole momert, of the neutron provides a unique and sensitive probe to physi
beyond the Standard Model. It has played an important pat imany decades in shaping and
constraining numerous models of CP violation. While the @®ation observed irK and B
meson decays can be accounted for by the phase of the CKMxntagibaryon asymmetry of
the universe cannot be described by this phase alone, sugpimt there are additional sources
of CP violation awaiting discovery.

QCD allows for CP-violating #ects that propagate into the hadronic sector via the seetall
6termS, in the action,

S=S0+Sy, Sp=160Q, (1)

where (in lattice notation)
1
Q=7 e a“Z FaF2 ez ()
X

is the topological charge, arg, is the standard CP-preserving QCD action. Thus, there is
the possibility of strongCP violation arising from a nonvanishing vacuum angleln a wide
class of GUTs the diagrams that generate a high baryon tmphagymmetry contribute to
the renormalization of), and hence to the electric dipole moment of the neutron. Wiéh
increasingly precise experimentdfats to observe the electric dipole moment[[L] 2, 3], it is
important to have a rigorous calculation directly from QCD.

It is practically impossible to perform Monte Carlo simiudeits with the action[({1) in four
dimensions for any sensible definition of the topologicarge and any anglg| > 0. Absorbing
thed term into the observabl&l[4] 5] is not a viable alternatiw,@?) is found not to vanish if
one of the quark masses is taken to zero at present values obtipling. In Fig[1l we show the
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Figure 1: The topological susceptibility on the SU(3) synmedine m, = my = mg as a function
of m? in units oft,.



topological susceptibility, = (Q?)/V on 32x64 lattices taken froni [6] at spaciag= 0.074 fm.
The chargeQ has been computed from the Wilson flaw [7] at flow titgeSimilar results have
been reported in_[8]. As a resuldl, will not vanish in the limit of zero quark mass either,
except perhaps for chiral fermions. Exactly that was founf®]. This precludes a meaningful
extrapolation ofl, to the physical point. There are indications that the sibuatill improve for
lattice spacinga < 0.04 fm only [8].

It so happens that th@term can be chirally rotated into the fermionic part of théag
making use of the axial anomaly ]|10]. The outcome of that is

Sy = —% 0 M a4; (Uysu + dysd + Syss) , At = %(m;l +mg*+ mg?) (3)
for three quark flavors with nondegenerate masses. Thsreleids itself to numerical simula-
tions for imaginary values d@f [11]. As we are mainly interested in small valuegpthe results
can be analytically continued to real numbers withotficlilties, assuming that the theory is
analytic in the vicinity ofg = 0.

In this paper we present an entirely dynamical calculatibthe electric dipole moment of
the neutron on the lattice. This is a challenging taskdfguickly diminishes towards physical
guark masses, the angléas to be chosen increasingly larger to compensate forfthatin turn
leads to a substantial increase of zero modes, which slows thee simulations substantially and
eventually will result in exceptional configurations [12].

2 The simulation

We follow [13,[6] and start from the SU(3) flavor symmetric piain, = my = mg = my, where
m, = mg. Our strategy has been to keep the singlet quark mmass(m, + my + mg)/3 fixed
at its physical value, whilém, = m; — mis varied. As we move from the symmetric point to
the physical point along the path = constant, thes quark becomes heavier, while theandd
qguarks become lighter. These twidexts tend to cancel in any flavor singlet quantity, such as the
topological susceptibility, = (Q?)/V. The cancellation is perfect at the symmetric pdint [6].

We assume andd quarks to be mass degenerate, writng= m, = myq. The vacuum angle
is taken purely imaginary,

60=i8. (4)
This leads us to consider the action
— m. _ — _
Sy = 2rrnrf—+:n€ at ZX: (U'y5u + dysd + Sy5s) , (5)

which is real and vanishesat, = 0 as well asns = 0.

Our fermion action has single level stout smearing for thepg terms together with un-
smeared links for the clover term. With the (tree level) Symilaimproved gluon action this
constitutes the Stout Link Non-perturbative Clover or SCilction [14]. To cancel O(a) terms
the clover co#ficient csyy has been computed nonperturbatively. For each flavor tmeider



Ky Ks am, amg amy A
0.12090] 0.12090| 0.1747(5)| 0.1747(5)| 0.4673(27) 0.003
0.12090| 0.12090| 0.1747(5)| 0.1747(5)| 0.4673(27)| 0.005
0.12104| 0.12062| 0.1349(5)| 0.1897(4)| 0.4267(50)| 0.003
0.12104| 0.12062| 0.1349(5)| 0.1897(4)| 0.4267(50)| 0.005

B WN R R

Table 1: The simulation parameters with= constant. The hadron masses refet te 0.

action to be simulated reads

_ 1 A
Sq:Sg+Sg:a4zq(D_ZCSWO-nyyv+nh+2_a75 g, (6)
X
whereD is the Wilson Dirac operator and
-~ m; M
A=02a—. 7
2mg + my, (7

The extra term in the actiohl(6) can be treated in a similar agaye treat disconnected diagrams
in calculations of singlet hadron matrix elements and reradization factors[15, 16]. We use
BQCD [17] to update the gauge fields. The calculations are dor24 x 48 lattices a = 5.50.
At this coupling the lattice spacing was found tode- 0.074(2) fm [18]. The parameters of
the simulations are listed in Talilé 1. Each ensemble cansi€)(2000) trajectories. The quark
masses on then = constant line are given by, = 1/2«q — 1/2kqc With ko = 0.12110 [6].

We expect our ensembles to carry nonvanishing topologiuatge,(Q) o« —6(Q?)., with
(@) = (Q% — (Q)? « M[19]. In Fig.[2 we show the charge histogram for ensemblegdgttrer
with a Gaussian fit. As before, the topological charge has kbeeputed from the Wilson flow
at flow timet, [7]. Evidently, Q peaks at negative values. In Fig. 3 we sh@y as a function
of 6 for both sets of quark masses, together with linear pluscciifisi We find the slopes of the
individual curves to be approximately proportionahtpas expected.

3 The evaluation

At nonvanishing vacuum angéghe nucleon matrix element of the electromagnetic curiesds
in Euclidean space

(P, S13uIp, S = Up(P’, S) T U(P, 9) » (8)
where
F3(a) F3(c)
2nt, 2nt,
andg = p' - p, ¢ = (" - P)? - (E? — E%?. In thed vacuum the Dirac spinors pick up a
phasel[20],

+ (yq 9 — ¥, %) ¥s FA(0D) + 0,00, 75 9)

T = VuFUT) + 7,00,

UO(ﬁ’ S) = eia(9)75 U( ﬁ’ S) ’

G(B. 9) = U(P. 9 €5 (10)
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Figure 2: The topological charge distributigiQ) (with 3o p(Q) = 1) of ensemble 4 at, =
0.12104 x5 = 0.12062 andl = 0.005, together with a Gaussian fit.

Figure 3: The average charg®) as a function ob for ensembles 1 and @) and ensembles 3
and 4 @), together with linear plus cubic fits.



M = 3

Figure 4. Disconnected insertion of the pseudoscalar tetsiowest order. Gluon lines are
omitted.

so that _
—iyp+

gd*)rs ( 1 1)
)

Z Ug(P, S) Ug(PB, 5) = €2 (

with yp = ¥p + iEys. The electric dipole moment is given by

_ eFj0)

"= ot (12)

The topologicab term (1) polarizes the vacuum. Diagrammatically it soledptributes to
internal gluon lines. Similarly, the flavor-singlet pseadalar density if (5) andl(6) interacts with
the nucleon through quark-line disconnected diagrams [@dly22]. This is sketched in Figl 4.
Consequently, the quark propagators in the nucleon mdeent [8) are computed with the
actionSy, neglecting the&s, term.

We denote the two-point function of a nucleon of momenfiimthed vacuum byG{, (t, p).
The phase factar is obtained from the ratio of two-point functions

1 _
Tr [Gln(t; 0)/ 4] = cosa(h) > Zn 2 e,

sine(@) 1 _ , .4
—|Zn" e,
5 2| NI

(13)
Tr [G%N(t, 0)F475] =i

wherel', = (1+v4)/2. The form factoF3(g?) can be extracted from the ratio of three-point and
two-point functions[[23]

G (U6 B )
Tr (G (t's F)I4]

{Tr (Gt B)La TrIG(t's BT Tr Gl (t —t PI4] }”2 y
TrGY (6 PIIal TGl (V' )T al TGl (t T, P)Ta (14)

R.(t.t; . p) =

EO/ EH
- (E9r+rr{|9\l)(E9+rnil) F(F’j#)’

whereG,QG”N(t’, t; p’, P) is the three-point function, witti being the time location of the nucleon
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Figure 5: The angle(d) as a function of.. The curve is a combined linear plus cubic fit to both
sets of masses.

sink andt the time location of the current insertion, and the funckgn, 7,,) is

Eys—iyp’ + i
EO/

0. _ io
o E Y4 I7B+ IR G,

jo(0)y
g =

F(g,) = 5 Trr| @ I, (15)

with 7, given in [9). The three-point functions are calculated farious choices of nucleon
polarization” = I'y, il yysy1, ilsysy. andil yysys. ForJ, we take the local vector curreqy,q.

4 Results

In physical units, the pion and kaon massedlare

ke | ks | m[MeV] | m¢[MeV]
0.12090| 0.12090| 465(13) | 465(13) (16)
0.12104| 0.12062| 360(10) | 505(14)

To a good approximationr& + m? = constant, in accord with the leading order chiral expansion
2m§ + n'|721 =6 Bg m.
Atimaginary values of), botha(6) andF§ are imaginary. Thus, we can write
a(f) =ial), Fi=iFy. (17)

In Fig.[ we shovw@_), where we observe that the data do not depend significantig@quark
masses but seem to fall onto a universal curve 6Fo1l the anglex(d) can be well approximated

it is to be noted that the pseudoscalar mass at our flavor symierpeint are somewhat larger than the physical
value (2, + mg. +m2.) /3 = 413 MeV.
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Figure 6: The ratio of form factor‘é_?‘/Ffp for k; = ks = 0.12090 andl = 0.005.
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Figure 7: The renormalized form facté_énR(O) as a function o, together with a linear plus

cubic extrapolationF] = F{" 6 + F? 6%, to 6 = 0.
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Figure 8: The dipole moment of the neutron extrapolated ¢opttnysical point along the path

m = constant.

by a(f) ~ a’(0)6. In Fig.[8 we show the form factdfs" of the neutron divided by ” of the
proton for ensemble 2. If the radii of the two form factors el@se to one another, thg de-
pendence is largely cancelled out in the ratio. Indeed,atie shows only a mild?® dependence
and thus may be extrapolated linearlygfo= 0. The extrapolated value is the renormalized form
factor Fg’” R(p), from which we obtain the electric dipole momentl(12).Fig.[2 we show our

results fong’” R0)as a function ob for our two sets of quark masses. Being an odd function of
0, it may be extrapolated = 0 by a linear plus cubic fit to the data.

We now may state our results for the electric dipole monmtgntWe are interested in the
region of smalb values only, where we may drop contributionsQ{#®). After continuingd and
F4(0) back to real values, and expandF#{0) = F{(0) 6+0(6%), we obtaind, = e F{"(0)6/2my

with the result
m, [MeV] | mx [MeV] | d,[efmd]

465(13) | 465(13) | —0.0293(35) (18)
360(10) | 505(14) | —0.0219(33)

To extrapolate[{18) to the physical point, we make use of ttedydic expressions derived from
covariantU(3). x U(3)r baryon chiral perturbation theory in [24] to NLO, with theditibnal
contraint 2n2 + m2 = constant. This basically involves one free low-energy tamtswa(.), only.

A fit to the lattice data gives/,(u = 1 GeV) = 0.04(1) GeV:. The result of the fit is shown in
Fig.[8. Note thatl, vanishes at @2 — m? = 0 due to the constraimh = constant. At the physical
point this finally leads to

d, = —0.0038(2)(9) Bfm 4] . (19)

The first error is purely statistical. The second error is@seovative estimate of NNLOfects.
It covers the naive result from a polynomial extrapolatidn= —0.0043 efm 6].

Our result[(19) translates into constraints on CP violatiogtributions to the action at the
qguark and gluon level. The current experimental bound oretbetric dipole moment of the
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neutron is[[25]dY| < 2.9 x 10**[efm]. Combining this bound witH {19), we arrive at the upper
bound ory,
19l < 7.6 x 10711, (20)

5 Conclusions

We have successfully computed the electric dipole momettieheutron from simulations of
2 + 1 flavor lattice QCD at imaginary vacuum angleusing the axial anomaly to rotate the
topological charge density into the flavor singlet pseudt@sadensity in the fermionic action.
Only disconnected insertions of the pseudoscalar denaitiribute to the dipole moment. This
study paves the way for future simulations on larger lastezed at smaller quark masses.

It should be noted that in this exploratory work we have natuded contributions from
disconnected insertions of the electromagnetic curreoivé¥er, since these contributions vanish
exactly at the flavor symmetric point, we do not expect therhaee a significantféect to our
conclusions. It remains to be seen how big they are at thegaiymoint.

The vacuum anglé renormalizes as® = (Z3/Zp) 6, whereZS andZp are the renormaliza-
tion constants of the flavor-singlet scalar density and Seugoscalar density, respectively. In
the continuumzg/Z, = 1. A caveat of our calculations is that clover fermions, glo®(a)
improved, break chiral symmetry at finite lattice spacingdn our present lattice&s/Zp =
0.8-0.9 [26,[6/16], giving rise to a systematic error@f20%). In order to improve on this, the
calculations will have to be repeated at smaller latticesugs.
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