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In this paper CP-violating nucleon-nucleon interactions are studied in several models. The experimen-
tal upper bounds on the atomic electric dipole moment (EDM) are used to constrain the CP-violating pa-
rameters of the underlying weak Lagrangian. We compare the constraints from this consideration with
those obtained from the upper bound on the neutron EDM. We find that although the constraints from
the former consideration are not yet as sensitive as the latter, in some models the constraints from both

considerations are within an order of magnitude.
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I. INTRODUCTION

The origin of CP violation is one of the fundamental
problems of modern physics. CP violation was
discovered in 1964 in the neutral kaon system [1], but no
other CP-violating processes have been found. In these
circumstances many models have been proposed to ex-
plain the phenomenon. It is very important to find CP
violation in other systems in order to isolate its source (or
sources). The measurement of the electric dipole moment
(EDM) of fundamental particles is a very promising ave-
nue. The EDM D of a classical charge distribution p is
given by

D= [d’rrp. (1)

In the case of an elementary particle, the only
(pseudo)vector that characterizes its state is angular mo-
ment (spin) J; D must be proportional to J. The interac-
tion of the electric field E with the EDM of a particle is
« J-E, which violates both P and T, as long as the pro-
portionality constant (the electric dipole moment) is
nonzero. If CPT is a good symmetry, T violation implies
CP violation and vice versa.

Although at present no experiments have measured a
nonzero EDM of a fundamental particle, upper bounds
on the EDM of the neutron (d, <10~ %° e cm) [2] and of
the electron (d, <1072% e cm) [3] have put stringent con-
straints on CP-violating parameters in several models.

Experiments have also been performed to measure the
EDM’s of atoms, D( A). Upper bounds on the EDM of
several atoms have been obtained: D('? Xe)
=(—0.3+1.1)X1072 ecm [4], D('®Hg)=(0.7£1.5)
X107% ecm [5], D(*T)=(1.6£5.0)X10"%* ecm [3],
and D(Cs)=(—1.8+6.7+£1.8)X 10" %* ¢ cm [6]. It used to
be thought that measurement of the atomic EDM would
be difficult, and not particularly useful. This was because
of a theorem of Schiff [7], which states that the EDM of a
nonrelativistic atom vanishes irrespective of whether or
not the atomic constituents have an EDM if atoms con-
sist of nonrelativistic particles that interact only electros-
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tatically and if the EDM distribution of each atomic con-
stituent is identical to its charge distribution. This
theorem works quite well for the ground-state hydrogen
atom, for example. However, in many cases the condi-
tions of the theorem are not met due to the effects of rela-
tivistic electrons, spin-orbit interactions, differences be-
tween nucleon charge and EDM density distributions, the
finite size of the nucleus, and so on. All these effects can
in principle give rise to an atomic EDM if CP-violating
interactions are present. The EDM of atoms due to these
effects can be enhanced considerably compared with the
EDM of the constituent particles. For example, in TI,
D(A) is enhanced by a factor of about 500-700 com-
pared with the electron EDM [8]. Many CP-violating
operators can induced EDM’s for atoms: the EDM of
the nucleon dy [9], the EDM of the electron d, [8,10], T-
odd nucleon-nucleon interactions [11-13], and T-odd
electron-nucleon interactions [14]. In general the atomic
EDM will be a linear combination of the contributions of
several T-odd interactions to the lowest order, and it can
schematically be written as

D(A)=Rydy+R,d,+Cyy+Coy+ - , 2)

where Cy.y,C, 5 are contributions due to T-odd
nucleon-nucleon and electron-nucleon interactions, re-
spectively. The calculated values of all the quantities R;
and C; depend on the models of the atom, the nucleus,
and the elementary particles.

Obviously if a nonzero D( A) for some atom should be
measured, theoretical input would be necessary to pin
down its origin. So far only values of D(A) consistent
with zero have been measured. It is customary to deduce
upper bounds on different contributions by setting other
sources of CP violation to zero, i.e., to assume that there
are no accidental cancellations among different sources.
It is difficult to separate these contributions in a model-
independent way. However, in a particular model of CP
violation the strength of each interaction may be deter-
mined, and therefore useful information can be obtained.
There have been several recent reviews of the EDM of
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the neutron [15] and the electron [16]. An attempt at a
systematic analysis of 7-odd nucleon-nucleon interactions
has been made in Ref. [17], where some CP-violating
dimension-5 and -6 operators are studied. In this paper
we will study the T-odd nucleon-nucleon interactions by
systematically investigating several models of CP viola-
tion and identifying the dominant contributing operators
up to dimension 6 in each model. We then compare the
constraints on the CP-violating Lagrangian obtained
from this study with those obtained from the upper
bound on the neutron EDM. The T-odd nucleon-nucleon
interactions in which we are interested are
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These operators will induce a P- and T-odd interaction of
the nucleus with the atomic electron cloud [12,13] which
is proportional to

9=47Q-Vp(0) , 4)

where p(0) is the electron density at the nuclear origin.
Q is called the Schiff moment (SM) and is given by

Q=3 Le(rir,)—3R5(r,)), (5)

where Ry=ry,4'”? is the nuclear radius (here 4 is the
atomic number), r,=1.15 fm, and the summation is over
all protons. The interaction ¢ will generate a nonzero
atomic EDM.

In the nonrelativistic approximation, terms proportion-
al to 7;; induce interactions proportional to o-Vp(r),
where o is the spin of a particular nucleon and p(r) is the
core neutron and proton density. The interaction gen-
erated by the term proportional to %’ is of the form
(0,X0,)(PsmtPin—Psp ~Pip), Where piy ) are the
neutron and proton final and initial momenta. In many
cases, particularly the cases we will discuss, the latter
term does not cause a nonzero Q [11]. We will neglect it
in our later discussions.

Calculations of Q due to nonzero 7;; for some atoms
have been carried out in Ref. [13]. The results are given
as

129Xe 199I_Ig 203,205T1

Q 1759, —l.4n,, 1.27,—1.47,

Here the magnitude of the Schiff moment Q is given in
the unit 1078 e fm3. In these atoms, because J =1, the
magnetic quadrupoles are zero, and the nuclear SM is the
only nuclear multipole that leads to the atomic EDM.
Also, in these atoms the term proportional to ' does not
produce a nonzero Q. There are corrections to the num-
bers given above due to recoil effects. These corrections
can be quite large [13] (about a 30% effect) and also can
induce a contribution to Q from 7,,. However, the
corrections are model dependent, and the order of magni-
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tudes given above will not be changed. In our later dis-
cussions, we will neglect these recoil contributions.
Constraints on Q for several atoms have been obtained.
Combining the experimental result for D('*°Xe) [4] and
theoretical calculations [18], Q('?°Xe) is estimated to be

Q(Xe)=(—14+4)X107% ¢ fm> . (6)

Similarly, Q('*’Hg) is determined as

Q("Hg)=(—1.8+3.8)X 10" '° ¢ fm? 7

from experimental data of Ref. [5] and the theoretical
calculations of Ref. [12]. Using experimental data on
TIF from Ref. [19] and theoretical calculations from Ref.
[20], Q(T) is estimated in Ref. [19] to be

Q(TH=(—1.8+3.0)X 10" "% ¢ fm* . (8)

At the 90% confidence level, Egs. (7) and (8) and the
relationship between Q and 7,,,,7,, given above imply

17| <TX1072, |n,,—1.177,,[ <6X107 2, 9)

respectively.

In the rest of this paper we calculate 7,;; in several
models of CP violation and compare the constraints on
the CP-violating parameters of the Lagrangian with those
obtained from the upper bound on the neutron EDM. In
Secs. II-VII, we estimate 77 in the minimal standard
model, in the model with a CP-violating 6 term in QCD,
in multi-Higgs-doublet models, in left-right-symmetric
models, in supersymmetric extensions of the minimal
standard model, and in diquark scalar models. We em-
phasize the possible new CP-violating sources outside the
minimal standard model. In Sec. VIII we make our con-
cluding observations. When we use 7;; without explicitly
identifying the subscripts i and j it can take with value n
or p. An unsubscripted 7 is used to refer to the 7;; gener-
ically.

II. 7 IN THE STANDARD MODEL

In the SU@3) XSU(2); XU(1)y model with one Higgs
doublet (the minimal standard model), CP violation is due
to the nonremovable phase in the quark mixing matrix
Viwm of the charged current [21]. There must be at least
three generations in order to have a nonzero CP-violating
phase. The charged-current interaction Lagrangian is

LW=—% Uy, VmDL W, +H.c. (10)
where W is the W-gauge boson and U =(u,c,t,...) and
D =(d,s,b,...) are the charge Z and —1 quark fields, re-
spectively. In the three generation case, Vi), can be
parametrized as

¢ —51€3 5153

cicy853+s,c5e® |, (11)

8

— _ i5
VKM_ §1Cy C1CrC3—85,83¢€

$15; €15,¢3+¢y55e™® 5,53 —cyc5e!

where ¢;=cos6; and s;=sinf;. The mixing angles are
determined by the analysis of many experimental data.
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The allowed range of the CP-violating phase 8 is deter-
mined from the observed CP violation in the K°-K° sys-
tem and is [22]

2X 1074 <s5,5;55 <1073 (12)

when one varies the top-quark mass m, from 90 to 200
GeV with the maximum being reached for small values of
m;.

The quantity 7;; has been studied before by two
groups. 7);; was found to be of order 10~ % in Ref. [11].
In the evaluation of 7, Ref. [11] omitted some diagrams
which cancel out the leading terms. This was partly
corrected in the calculation of Ref. [23]. It was found
that the dominant contribution is from baryon-pole dia-
grams, and the result is smaller by a factor of 25 than in
Ref. [11]. In Ref. [23] only 7,, was evaluated. In this pa-
per we report a calculation for 7, using a different
method. The set of diagrams we will evaluate are shown
in Fig. 1. We will use the chiral Lagrangian for the 7-K
transition

L, x=he*Tr(A,D*MD,M)+H.c. , (13)

where M is the pseudoscalar octet of flavor SU(3),

}\r+=

o O O
o O O
o = O

and
D#=6“M+ieAu[Q,M] ,

with

Q
Il

S o
I o
|-—-
o o

is the covariant derivative. This Lagrangian will guaran-
tee the k2 dependence in the 7-K transition which was
missed in Ref. [11] and was partly corrected in Ref. [23].
h and the CP-violating phase ) are obtained by relating A
and x to {777~ |Hy|K ) using PCAC (partial conserva-
tion of axial-vector current):

=iV2f (vt 7" |HyllKs) ,
ImA4,
Red,

hmg
(14)

Xz

We obtain #=1.49X10"7 and y=—3.2 ImC;, where
ImCj is approximately —O0.1s,5;55 [24]. A full evalua-
tion for large m, can be found in Ref. [25].

For the strong-interaction vertices, we use

Lg=—V2g yv[Tr(BiysMB)+(2a—1)Tr(BiysBM)] ,

(15)

where a=0.64, g2,\/47=14, and B is the matrix of
baryon-octet fields.
Neglecting small terms, the relevant weak parity-
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FIG. 1. Diagrams contributing to 7 in the standard model.
B’ indicates the intermediate baryon and X indicates a CP-
violating vertex.

violating BBM interaction Lagrangian can be written as

Ly=V2{fle' PTr(BMA B)+e "**Tr(BMA_B)]

+fule'*Tr(BMA, B)+e "*Te(BMA_B)]} ,

(16)

where A _ =k‘5,. The parameters f; and f, are related to
the S-wave hyperon decay amplitudes 4 (2" —p#°) and
A(A°—>n7~). Using the experimental values, one ob-
tains f3=—3.2X10"7, f,=1.18X 10" 7. The phases ¢,
and ¢, are similarly obtained from the calculated CP-
violating amplitudes for hyperon decays [26];

~—0.29ImCs, ¢,~0.61 ImCs;.

For the baryon-baryon transition amplitude, we use the
SU(3) parametrization

LBB=—GFm%'(ffi6j+ddi6j) ) (17)

where f;¢; and d,¢; are the antisymmetric and symmetric
structure constants of the SU(3) group. By fitting P-wave
hyperon decay data, f and d are determined to be
f=—0.57 and d=0.65 GeV. The amplitudes a,,, ao,,
and ag . of A%n, =%n, and 3*-p transitions are given by
—(3 f +d)GFm /V'6, —(d —f)Gpm?2 /V72, and
(d = f)Ggm?2, respectively. Their phases
¢ A°n’¢2+p=¢2"n are calculated to be ¢ AonzImCS and
s+ 24’20" ~—0.36ImC;5, respectively, by using the
MIT bag model [27].
The contribution of Fig. 1(a) to the T-odd nucleon-
nucleon interaction is
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(kz—mlz()(kz—m,z.,)
k2

k*—m2)k*—m?2)

H=2V2f,,hg yysin(x —dy,)

+2V'2f3hg  yysin(x —é;) (
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i(fysn —pysp)in

i(Rysn —pysp)pp - (18)

The baryon-pole contributions [Figs. 1(b) and 1(c)] to the T-odd nucleon-nucleon interaction are

af, 450,850,080, —hs0, ) Ap,8,, 0SiN(Bry —dp,) |
H=— 3 + inysnnn
k _mK mN'—mz mN——mA
4f3 aZOngEOnKOSin( ¢3_¢20n ) aA"gAnKOSin( ¢3—¢A" ) . —
+ ki—m2 _ + — inysnpp
mg my—ms My —mu
4fk,, az‘*‘ gz* Kosin(¢kn ——¢):+ ) 4f Ao+ 8+ 05in(¢3~¢ +,)
+ p p. P i iin + 3 37 pe I pK z . —
k*—m} my—ms PYsP k2—m2 my—ms Y sPPP » (19)

where gyi 0= \/EgzgnKo - Yig”NN(Za— 1),

=—g_w(3—2a)/V, andfk,,e'd”"‘ =f3e'¢3—f4e

Notice that our results are invariant under a
redefinition of the s-quark phase; as was emphasized in
Ref. [28], this is an important consistency check in the
construction of models of CP violation. Inserting the nu-
merical values of all quantities, we find the dominant con-
tributions are from baryon poles. The contributions from
Fig. 1(a) are much smaller than the baryon-pole contribu-
tions and we can neglect them. The results are

[ | =2.2X107%ImC5] ,

. gAnKO
id,

(20)
17,1 =1.7X107°[ImC5] .

The numerical values for 7,, and 7,, are of order
10" ImC; and thus are much smaller. 17,, and Nyp €an
be as large as 2X107°. In our estimates of the finite-
range effect for nonzero k2, we have made the approxi-
mation that k>~ —m?2 as a mean momentum transfer in
the nucleus. If the Kobayashi-Maskawa (KM) mecha-
nism is the only source for CP violation, Xe and Hg will
be better places to be looking for atomic electric dipole
moments than Tl. Of course, these numbers are still very
small compared with the present experimental upper
bounds.

III. THE 6 TERM IN QCD AND THE 75

In this section we study 7,; generated by the 6 term in
QCD. It has long been realized that, due to instanton
effects in non-Abelian gauge theory, the total divergence
term

G oG P =1€,,.4G sG"" 1)

constructed from the field strength G** has nonvanishing
physical effects. In the case of QCD, G, is the gluon
field strength. The full QCD Lagrangian incorporating
this term is

2
8 v
3272 OO

| —
LQCD= —ZG# G#V+q(D“‘)/”‘—m )q —0

(22)

[

where g is the quark field, m is the quark mass, D, is the
covariant derivative, and 6 is a constant parameter intro-
duced as a measure of the strength of the CP-violating
term in the Lagrangian.

The last term in Lycp violates P and CP. The physical
effects of a nonzero 0 have been extensively studied
[29,30]. This Lagrangian will generate CP-violating
meson-nucleon couplings. In this paper we use the result
from the chiral Lagrangian to leading order in 1/N,
where N is the number of colors [30]. One obtains

L_yw=—V2Nram(iysg xy+fown)N » (23)
with
fovn=0.0276 . (24)

From this effective Lagrangian, we obtain CP-violating
nucleon-nucleon interactions by exchange of a neutral
pion:

H. .= 8aNnS aNN
eff — ! 2 _ k2

™

N7yysNNTN . (25)

Here we only need to evaluate contributions due to ex-
change of 7° because exchange of charged pions will gen-
erate a term proportional to 7', which can be neglected in
our applications. This interaction has a finite range be-
cause of the dependence on the momentum carried by the
pion. For an order-of-magnitude estimate we can use our
previous approximation that k2= —m__f,. We obtain
Mnn = -nnp = _npn :77pp znganNN /\/261:"1 fr

The parameter 6 has been constrained to be less than
107° [29] from the upper bound on the neutron EDM.
This implies that |7, ~10%/6]| <1073. This is about an
order of magnitude below the experimental bound.

IV. 7 IN MULTI-HIGGS-DOUBLET MODELS

In this section we study 7 in multi-Higgs-doublet mod-
els. In multi-Higgs-doublet models, it is possible to have
CP violation in the Higgs sector. With more than one
Higgs doublet, in general, there will be flavor-changing
neutral currents induced by neutral Higgs particles at the
tree level. Such dangerous neutral flavor-changing
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currents can be prevented by imposing certain discrete
symmetries. These symmetries will eliminate some terms
in the Higgs potential and also eliminate CP violation in
the Higgs sector in some cases. In order to have neutral
flavor current conservation at the tree level and CP viola-
tion in the Higgs sector at least three Higgs doublets are
needed [31]. With three Higgs doublets it is also possible
to have spontaneous CP violation. It has been shown re-
cently that if CP violation is due only to spontaneous
symmetry breaking, the three-Higgs-doublet model and
many other models are ruled out because they have an
unacceptably large 6 term (>>10"7) [32,33]. In the fol-
lowing we will discuss models in which CP symmetry is
broken explicitly such that the large-6 term can always
be canceled out by tuning the relevant parameters.

The interactions of Higgs particles with quarks are
given by

+B;UrMyVxmDL H;" (26)
and

L,,0=(2V2G)""(a; DM, D +B 4 DiMpy sD

+a,, UM U+, UiMyysU)H? ,
27)

where M and M, are the diagonalized quark mass ma-
trices and H;" and H? are mass eigenstates of charged
Higgs and neutral Higgs particles, respectively. In three
Higgs-doublet models, there are two charged and five
neutral physical Higgs particles. If in the weak eigenstate
of Higgs particles only one of the Higgs doublets couples
to up and down quarks, a; =p;,a4 =a,;, and B; =—p,;.
In this case CP violation due to exchange of the charged
Higgs particles is solely from the KM matrix. If up and
down quarks couple to different Higgs doublets, CP viola-
tion will occur in both the Higgs sector and the KM sec-
tor with exchange of charged Higgs particles. In all
cases, exchange of neutral Higgs particles can violate CP.
In the literature sometimes the CP violation is
parametrized in terms of [34]

ImZ;=21Ima;B}, ImZ,. ;=2a,B,; - (28)

In our later discussions, we will assume that the effect of
Higgs-boson exchange is dominated by a single Higgs
particle. We will use ImZ and ImZ,, for CP-violating
couplings of the lightest charged and neutral Higgs bo-
sons, respectively.

As we have already seen in Sec. II that n due to the
KM mechanism is extremely small, we will study possible
large contributions from exchange of Higgs particles.
There are several CP-violating operators which may have
large contributions. Here the dominant ones are

8 _ AT o

ng=175qawy576“!‘ q,
o3 (29)
Qg: _%fachuVGZaGsa’ Qq=i-q_7’5q‘7'q’ .
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We write the effective Lagrangian as
e = Cgg Qe 7 C,0, +C, 0, . (30

The coefficients C; need to be calculated from the model.
It turns out that the dominant contributions to Cg, [35]
and C, [34,36] are from two-loop diagrams, while C, is
dominated by the exchange of charged and neutral Higgs
particles at the tree level. We have

O \imz Evh m;
=——— |ImZ, —t
£oV2amt | TN
m/
+ImZE&yh' 3 , (31)
mH+
where
—108/23 —108/25
§ — gs(mb) gs(mc)
N gs(mt) gs(mb)
2. (1) —108/27
s
g(m.) ’
—28/23 —108/25
£ = g,(my) g;(m,)
N g, (m,) g,(my)
2. (1) —108/27
s
g(m.) ’
and m,+ and m,, indicate the masses of the lightest

charged and charged Higgs particles, respectively. The
functions G (z;q) and h,h’ are given by

G(z;u)=[f(z)+g(z)]ImZ,, ,
G(z;d)=f(z)ImZ, ,+g(z)ImZ,, ,

x3y3(1—x)
[zx(1—xp)+(1—x)(1—y)]* ’
2

h=-22[dx S dy

z 3 z

! :l — —_= —_ =
h'(z) 2 (1—2) Inz 2+22 e
and
=1, 1-2x(1—x), x(1—x)
[ 2zf0dx x(1—x)—z In z ’

1 lnx(l—x)
1—x)—z z ’

1 n
g(2) ZZfodxx(

In multi-Higgs-doublet models C,Q, receives contribu-
tions from both charged and neutral Higgs particles. For
the charged-Higgs-particle contribution, we have

V2Gy e
C,0,=—i -—[ImZm,m |V, |*(ay sudd + Gudy sd)
12mH+
+ImZm, m |V, |Paysuss+ -],
(32)

where a Fierz rearrangement has been made and we have
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singled out the terms which will give dominant contribu-
tions to 17 when we use the vacuum-saturation and factor-
ization approximation to estimate the matrix element of
the four quark operators. For the neutral-Higgs-particle
contribution, we have

2V2Gg _ _
Cq q=l——2——-(ImdemdDMDDd’y5d
mHo
+Imzdumu5MDD17‘}/5u
+ImZ“dmd L—/MU UJYSd

+ImZ,,m, UM, Uiysu) . (33)

To evaluate 7 we need to calculate several hadronic
matrix elements. We will use the pion-pole-dominance
approximation. We first calculate the CP-violating 7NN
vertex

(7°N|Q;IN)=B; , (34)
and then the 7° exchange to obtain
H.o=i B,C;
eff — 8 aNN mi—k?

T

NT3’}’5NNT3N . (35)

CP-violating mNN vertices due to 0,, and Q, have been
calculated in Ref. [37]. Using 7°-meson dominance, the
parameters B; are estimated to be

8ma, f;
Bi~———1, (36)
4F:
where m=(m,+my)/2, a;,=(mz—ms)/2(m;—m),
and
By, =—0.22 GeV, B,=0.54 GeV>. (37)

The contributions to 1 from Q, and Q,, are

[7(Qg);;|=3X10740.02ImZ,, h(m} /m} o)

+ImZh'(m}/m} )|,
(38)
1.4X107°|G(m} /m}o;u)| for g=u ,
11Qs0)51= 12 8% 107316 (m2/m2e3d) for g=d .

We will use the vacuum-saturation and factorization
approximation to estimate (7°N|Q,IN). Within this
framework

(7°N|Q,IN)={(x"laysul0){Nlgq|N) , (39)

and (7°N|Q,|N) is obtained by making the obvious sub-
stitution ¥ —d.
We use

2m, (mOlaysul0)=—2my{(7°ldysd|0)=—iF m?
(40)

To evaluate {N|gq|N ), we use the pion-nucleon o .y
term o,y = {N|au+dd|N ) =45 MeV extracted from
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experiments and calculations of the nucleon mass shift
due to SU(3)-breaking quark masses. For heavy quarks,
we use

e

mj;

_ a,
(NlmhthN)=—<N =G, G* N>+0
120 #

(41)

The second term in the above equation will be neglected.
Using m, =4.2, m;=17.5 and m; =150 MeV, we obtain

m,(plaulp)=18 MeV, my{pldd|p)=26 MeV ,
m,{nliuln)=14 MeV, my{(n|dd|n)=32 MeV ,

(42)
m,{N|ss|N)=247 MeV ,

N‘ %
< | 127
where N =n,p. Combining all the information gathered
above, we have

N>=48 MeV ,

2
X2.2X 10”4 GeV?)

(7° nlCH+Q In)= G—zlmZ

mH+
G 2
(n%|CH" Qq|p)— 5 mZ T X1.5X10"4GeV?) ,
mH+
43)
Gp m?
(7°N|CH°Q IN)=—% —T
g 1 \/2 méo
X [0.06(GeV?)(ImZ,, —ImZ,, )
+0.02(GeV3)(ImZ,, —ImZ,,)] .

Here g is summed over u and d quarks. From these we
obtain the contributions '*”© to % from the charged
and neutral Higgs contributions to the operators Q,:

2

|n;f>|=1.5x10*7|Imzl—(100?CV) ,
mH+
p I

H+
(44)
In{?|=4x10"°|(ImZ,, —ImZ,, )
2
+0.3(Imzud—1mzu,,)lil—oig—w—)— ,
mH()

Here i and j indicate n or p. Using a similar method, in
Ref. [38] a calculation of the charged-pion coupling to
the nucleon has been done. It was found there that its
contribution to the neutron EDM is small compared with
that from other operators.

7 can also be calculated by first evaluating the Higgs-
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nucleon couplings and then exchanging a Higgs particle
between nucleons. The Higgs-nucleon couplings have
been calculated by several groups [33;39]. Using the
values for m,{N|gg|N ) from Eq. (42) and the values

m, {n|@iysuln)=—419 MeV ,
my{n|diysd|n)=1772 MeV ,

m,plaiysulp) =432 MeV ,
_ 45)
my{p|diysd|p)=—748 MeV ,

m{N|siyss|N)=—165 MeV ,
m,{Nl|hiysh|N)=—63 MeV

determined from the European Muon Collaboration
(EMC) data and others [33], we obtain

1002 GeV?

2

|n;;1=4.3X107°|ImZ,, |
mHo

(46)

Comparing the contributions discussed before, we see
that the charged-Higgs-particle contribution via the
operator Q, may dominate if InZ,, and ImZ have the
same order of magnitude.

If terms that softly break the discrete symmetries
which prevent neutral flavor-changing current at the tree
level are added in the Higgs potential, it is possible to
have CP violation in the neutral Higgs sector in two
Higgs-doublet models. The contribution to 1 from neu-
tral Higgs particles is similar to the three Higgs-doublet
models discussed before. Of course, in this case there is
no contribution from the charged Higgs particles.

V. 1 IN LEFT-RIGHT-SYMMETRIC MODELS

In this section we study 7 in left-right-symmetric mod-
els. Left-right-symmetric models are based on the gauge
group SU@3)cXSUR), XSUQR)g XU(l)p_,; [40] with
quarks and leptons being assigned as

0::(3,2,1,4), 0z:(3,1,2,1),
47)
L;:(1,2,1,—1), Lg:(1,1,2,—1).

There are new CP-violating interactions in the charged
current due to the existence of the right-handed gauge
boson Wy of SU(2),. The interactions of mass eigen-
states of charged gauge bosons W, , with quarks have the
form

4G
L=—i—~%

3v2

The CP-violating 7NN vertex is

2137

1 _ — :
Ly, = 1—/:2—(81, ULy, ViDrcost+grUry Ve Desing) Wi

1 = .
+ ‘/_5( —8r ULY”VLDLSlng

+8r UrY,VrDgecos§) W4 (48)

where all fields are in their mass eigenstates and § is the
mixing angle between W, of SU(2), and Wy of SUQ)R.
V, is the KM matrix for the left-handed charged current
and Vy is an analogous KM matrix involving the right-
handed current. If we parametrize V; in the usual KM
way, then for »n generations of quarks there are
(n —1)(n —2)/2 CP-violating phases in V;. Vp can
have a different number of phases depending on the possi-
ble models. In the manifest left-right-symmetric models,
V. =Vg. In pseudomanifest left-right-symmetric models
in which [(V,);|=|(Vg);!, there are 2n —1 additional
phases in V; compared with V. If there is no relation
between V; and Vj, there are n(n +1)/2 phases in V.
It is no longer necessary to have three generations of
quarks in order to have CP violation. To see how the
new CP-violating phases may generate nonzero 7 with
large values, we consider the case, for simplicity, of two
generations and g; =gx. In this case, ¥, and Vy can be
parametrized as

cosf, —sinf
VL= |—sin6 . cosf
(49)
e —iazcoseR e -m‘sineR
Vg =e'Y

s, . is
—e 'sinfg e “cosby

We find that the operator which dominates the contribu-
tion to 7 is due to exchange of W, at the tree level. The
four-quark effective Lagrangian which contains the CP-
violating interaction is

G _ _
Lz =4T/%cos§ sin&(T,y,V D Dry, ViUs

+Tgy,VeDrDLy,ViUL) . (50)

We again use the vacuum-saturation and factorization
approximation to evaluate 7 from the above Lagrangian.
After a Fierz rearrangement, we obtain the operator
which gives the dominant contribution to 7:

=cos¢ sing[Im(V,,, VA, iy sudd —audysd) +Im(V,, Vi, )aysuss] . (51)
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au + dd
2m 2my

u

+Im( VLus V}’:ud)(ﬂ'ohj')’Su |O)(N|§S|N) l

Gr

~—90
V2

Inserting the known values into the above equation and
assuming 6; =0, we obtain

|7;;1 =0.6 X 10°|cosg sing sin(y —8,)| . (53)

There are also some other contributions to 7, for exam-
ple, the color-dipole-moment contribution. We have
evaluated this contribution and found that it is smaller by
several orders of magnitude than the operator discussed
above.

VI. 7 IN SUPERSYMMETRY MODELS

In supersymmetric extensions of the standard model
there are new sources of CP violation. In this section we
study the contribution to 7 due to a CP-violating quark-
squark-gluon interaction. This interaction can be
parametrized as

1—ys I+7vs
_+.
2 R

Lgadzi‘/—ngg+G’a A? I-\L d ’

1
2
(54)

where d =(d;,dy) are the squarks, g is the gluino, and
the coupling matrices I'y p are each 6 X3 matrices which
are related to the squark mass matrix and contain new
CP-violating phases.

The above Lagrangian will generate a color dipole mo-
ment of quarks at the one-loop level. The down-quark
color dipole moment is give by [41]

s

o«
fa= 47m

Im(T¥TE*)[3E(z;)—£D(z;)] . (55)
g

Here D (z) and E (z) are given by

D(z)= !

2(z —
. N
(1—2)?
where z =r’ﬁ,-2/r‘ﬁgz, and m; and m, are the squark and
gluon masses, respectively. The contribution from f; to

_J

1)?

1+z+—2i1nz],
1—z

E(z)= (1—z+zlnz),

12

— = |Im(AgAg*)
mle 3 979

1
|77iNl ‘/_TGanNN om.m

u

0.7X107(GeV?)|Im(AgAe*)| /m}, N=p ,
1.4 X 107(GeV?)|Im(AgAg*)| /m}, N=n .

m2cosgsing Im( V., Via) - (52)

r

7 is the dominant one in this model. We find that the
color dipole moment induces a value of 7 given by
17;;1=0.9X107| £,] X1 GeV.

VII. 7 DUE TO DIQUARK SCALARS

In this section we study contributions to  from di-
quark scalars. Diquark scalars are potential sources of
large CP violation in neutral flavor-conserving processes.
A list of possible diquark scalars which couple to
standard-model quarks and some of their phenomenologi-
cal implications can be found in Ref. [42]. There are two
diquark scalars which can induce CP violation at the tree
level. These are H, and H,, in the notation of Ref. [42].
They transform under the standard-model group as
(3,1,—2) and (6,1, —2), respectively. In the following we
consider the contribution to 1 from Hy. The contribu-
tion of H,, can be similarly worked out. The couplings
of H, to up and down quarks are

L =(Agiig;dg; +Aotif,d; ;)€™ Hg, +H.c. (56)

where i, j, k are color indices, c indicates charge conjuga-
tion, and Ay and Ay are complex numbers. Exchange of
H, will generate a four quark interaction

1 _— ? -
L t = ——2(k9u§,de+k9uZ,-dLj)
mpy

X (A3dpyufy +Aodyjuf, e ek, (57)

in

where my is the H, scalar mass. This effective Lagrang-
ian will induce a CP-odd wNN coupling and then will
generate a nonzero 7. This is the operator which will
generate the dominant contribution to 7. The calcula-
tions are similar to those in Sec. V. After a Fierz rear-
rangement, we obtain the dominant term which contrib-
utes to 7:

i
L. =—

int
m2

-§—Im()\9)»'9* NGudysd +dduysu)+.... (58)

From this we compute

AN IEUIN ) —m (N1 N Y)
d

(59)
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VIII. DISCUSSION AND CONCLUSIONS

In the previous sections we have calculated CP-odd
nucleon-nucleon interactions in several models. From
these calculations we can put constraints on CP-violating
parameters in different models. It is useful to check
whether these constraints are really meaningful when
other constraints have been taken into account. For this
purpose, let us compare these constraints with the ones
obtained from the upper bound on the neutron EDM. In
the standard model, d,=10"31-1073% [28,15] and
NunsMp =2X107°-107'% are both very small compared
with the experimental upper bounds. No significant in-
formation can be extracted from experiments at this
stage. One can only hope that future experimental sensi-
tivity will reach the region of theoretical predictions and
provide us with useful information. However, should ex-
periments measure d, or D( A4) at the level much larger
than the standard-model predictions, we have to go
beyond the minimal standard model to explain the re-
sults. The studies of other models in the previous sec-
tions are a first step in this direction. The upper bound
on the strong CP-violating 6 term of QCD from 7 is
about 1078, which is weaker by one order of magnitude
compared with the one obtained from the neutron EDM
constraint.

In multi-Higgs-doublet models, the constraints for the
CP-violating parameters from D( A) at the present are
weaker than the ones from the upper bound of the neu-
tron EDM by two orders of magnitude [34-36,43]. The
reason is that the operators which dominate the contribu-
tions to 1 also dominate d,. For example, the color di-
pole moment f, of the down quark contributes to both
d, and 7. The contribution to d, is given by
d,(fg)=4efy;/9  [15] and to ] by
;=8 svnBgafa/V2Grm?. If we require that d,(f;)
satisfies the upper bound d, < 10~%° e cm, we would have
7 less than 10~ %, which is about two orders of magnitude
below the direct experimental constraint on 7. Our result
for 7 is about two orders of magnitude smaller than that
obtained in Ref. [17]. The main difference is in the evalu-
ation of B,,. If we use the result of Ref. [17], the con-
straint on f; from 7 is comparable to the one from the
upper bound on the neutron EDM.

In left-right-symmetric models, the constraint from 7
on the CP-violating parameter [|sin cosé sin(y
—8,)| <4X 107 %] is stronger than the existing ocnstraint
from the upper bound on the neutron EDM by one order
of magnitude [44,15]. However, the same 7°NN CP-
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violating vertex will also generate d, at the one-loop level
by exchanging 7° and 7 in the loop [45]. The photon will
couple to the neutron through its anomalous magnetic di-
pole moment, and we have

_ €8 NS NN Kn

d
82 2m

n F,(m2), (60)
n

where k, is the anomalous magnetic dipole moment of
the neutron and F,(m2) is from the loop integral, which
can be found in Refs. [15,45]. Requiring d, to be less
than the experimental upper bound, we find that the con-
straint on f_yy is about a factor of 10 better than the one
from 7. A similar analysis for 7 in left-right-symmetric
models has been carried out previously in Ref. [17]. In
our analysis, we have used more recent values for the ma-
trix elements (N|gq|N ).

In the supersymmetry (SUSY) model, the dominant
contribution to 7 is from the color dipole moment of the
down quark. The constraint is weaker than that obtained
from the neutron EDM, as pointed out above. Using our
result of CP-odd 7°NN coupling, due to CP violation in
quark-squark-gluon interaction discussed in Sec. VI, 7 is
predicted to be less than 1074,

In the diquark scalar model, we obtain
Im(AgA*)/mp <2X 107° GeV 2 from experimental con-
straints on 7. The situation is similar to that for left-
right-symmetric models; this constraint is about a factor
of 10 less stringent than that obtained from the upper
bound on the neutron EDM.

From the above discussion we see that atomic EDM
measurement give interesting constraints on CP-violating
parameters. The importance of these constraints should
not be underestimated. In some cases these constraints
are within an order of magnitude of those obtained from
the upper bound on the neutron EDM. With improved
sensitivity in the experiments, information extracted from
atomic EDM will play a more important role.

ACKNOWLEDGMENTS

Part of the work of XGH was done at CERN with the
Theory Division. He thanks Dr. Valencia for some use-
ful discussions. This work was supported in part by the
Australian Research Council. The authors thank the
Department of Energy’s Institute for Nuclear Theory at
the University of Washington for its hospitality and the
Department of Energy for partial support during the
preparation of the revised verion of this paper.

[1]1J. H. Christenson, J. Cronin, V. L. Fitch, and R. Turley,
Phys. Rev. Lett. 13, 138 (1964).

[2] K. F. Smith et al., Phys. Lett. B 234, 234 (1990).

[3] K. Abdullah et al., Phys. Rev. Lett. 65, 2347 (1990).

[4] T. G. Vold et al., Phys. Rev. Lett. 52, 2229 (1984).

[5]1S. K. Lamoreaux et al., Phys. Rev. Lett. 59, 2275 (1987).

[6]S. A. Murthy, D. Krause, Z. L. Li, and L. R. Hunter,
Phys. Rev. Lett. 63, 965 (1989).

[7] L. 1. Schiff, Phys. Rev. 132, 2194 (1963).

[8] P. G. H. Sandars and R. M. Sternheimer, Phys. Rev. A 11,
473 (1975); V. V. Flambaum, Yad. Fiz. 24, 383 (1976) [Sov.
J. Nucl. Phys. 24, 199 (1976)]; W. R. Johnson, D. S. Guo,
M. Idrees, and J. Sapirstein, Phys. Rev. A 34, 1043 (1986).

[9] I. B. Khriplovich, Zh. Eksp. Teor. Fiz. 71, 51 (1976) [Sov.
Phys. JETP 44, 25 (1976)]; P. V. Coveney and P. G. H.
Sandars, J. Phys. B 16, 3727 (1983); V. Dzuba, V. V. Flam-



2140 XIAO-GANG HE AND BRUCE McKELLAR 46

baum, and P. Silvestrov, Phys. Lett. 154B, 93 (1985); V. V.
Flambaum and I. B. Khriplovich, Zh. Eksp. Teor. Fiz. 89,
1505 (1985) [Sov. Phys. JETP 62, 872 (1985)].

[10] P. G. H. Sandars, Phys. Lett. 14, 194 (1965); 22, 290
(1966); R. M. Sterheimer, Phys. Rev. 183, 112 (1969); V.
Ignatouich, Zh. Eksp. Teor. Fiz. 56, 2019 (1969) [Sov.
Phys. JETP 29, 1084 (1969)]; M. A. Player and P. G. H.
Sandars, J. Phys. B 2, 1620 (1970).

[11] O. P. Sushov, V. V. Flambaum, and I. B. Khriplovich, Zh.
Eksp. Teor. Fiz. 87, 1521 (1984) [Sov. Phys. JETP 60, 873
(1984)].

[12] V. V. Flambaum, 1. B. Khriplovich, and O. P. Sushkov,
Phys. Lett. 162B, 213 (1985).

[13] V. V. Flambaum, I. B. Khriplovich, and O. P. Sushkov,
Nucl. Phys. A449, 750 (1986).

[14] V. V. Flambaum and I. B. Khriplovich, Zh. Eksp. Teor.
Phys. 89, 1505 (1985) [Sov. Phys. JETP 62, 872 (1985)]; V.
A. Dzuba, V. V. Flambaum, and P. G. Silvestrov, Phys.
Lett. 154B, 93 (1985); C. Bouchiat, ibid 57B, 284 (1975); E.
A. Hinds, C. E. Loving, and G. P. H. Sandars, ibid. 62B,
97 (1976); Ann-Marie Martensson-Pendrill, Phys. Rev.
Lett. 54, 1153 (1985).

[15] X.-G. He, B. McKellar, and S. Pakvasa, Int. J. Mod. Phys.
A 4, 5011 (1989); 6, 1063 (E) (1991); see also S. M. Barr
and W. Marciano, in CP Violation, edited by C. Jarlskog
(World Scientific, Singapore, 1989).

[16] W. Bernreuther and M. Suzuki, Rev. Mod. Phys. 63, 313
(1991); see also S. M. Barr and W. Marciano, in CP Viola-
tion [15].

[17] V. M. Khatsymovsky, I. B. Khirplovich, and A. S. Yel-
khovsky, Ann. Phys. (N.Y.) 188, 1 (1988).

[18] V. Dzuba, V. V. Flambaum, and P. Silvestrov, Phys. Lett.
154B, 93 (1985).

[19] P. Cho, K. Sangster, and E. A. Hinds, Phys. Rev. Lett. 63,

2559 (1989).

[20] P. V. Coveney and P. G. H. Sandars, J. Phys. B 16, 3727
(1983).

[21] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49,
652 (1973).

[22] Y.-L. Wu, Int. J. Mod. Phys. A 7, 2863 (1992).

[23]J. F. Donoghue, B. Holstein, and M. Musolf, Phys. Lett. B
196, 196 (1987).

[24] F. Gilman and M. Wise, Phys. Rev. D 27, 1128 (1983); R.
D. C. Miller and B. McKellar, Phys. Rep. 106, 171 (1983).

[25] G. Buchalla, A. B. Buras, and M. Harlander, Nucl. Phys.
B337, 313 (1990); E. A. Paschos and Y.-L. Wu, Mod.
Phys. Lett. A 6, 93 (1991).

[26] J. F. Donoghue, X.-G. He, and S. Pakvasa, Phys. Rev. D
34, 833 (1986); X.-G. He, H. Steger, and G. Valencia,
Phys. Lett. B 272, 411 (1992).

[27]J. F. Donoghue, E. Golowich, W. Ponce, and B. Holstein,
Phys. Rev. D 21, 186 (1980).

[28] B. McKellar, S. R. Choudhury, X.-G. He, and S. Pakvasa,
Phys. Lett. B 197, 556 (1987).

[29] R. Crewther, P. Divecchia, G. Veneziano, and E. Witten,
Phys. Lett. 88B, 123 (1979); 91B, 487 (E) (1980); S. Aoki
and T. Hatsuda, Phys. Rev. D 45, 2427 (1992); H.-Y.
Cheng, ibid. 44, 166 (1991); A. Pich and E. de Rafael,
Nucl. Phys. B367, 313 (1991).

[30] P. Divecchia, Acta Phys. Austriaca 22, 341 (1980).

[31] S. Weinberg, Phys. Rev. Lett. 37, 657 (1976).

[32] X.-G. He, in Puzzles on the Electroweak Scale, Proceed-
ings of the Warsaw Meeting on Elementary Particle Phys-
ics, Warsaw, Poland, 1991, edited by Z. Ajduk (World
Scientific, Singapore, in press); CERN Report No. Th.
6177/91 (unpublished).

[33] H.-Y. Cheng, Int. J. Mod. Phys. A 7, 1059 (1992).

[34] S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989); Phys. Rev.
D 42, 860 (1990).

[35] J. Gunion and D. Wyler, Phys. Lett. B 248, 170 (1990); D.
Chang, W. Y. Keung, and T. C. Yuan, ibid. 251, 608
(1990).

36] D. A. Dicus, Phys. Rev. D 41, 999 (1990).

7] M. Chemtob, Phys. Rev. D 45, 1649 (1992).

8] G. Valencia, Phys. Rev. D 41, 1562 (1990).

9] A. A. Anselm, V. Bunakov, V. Gudkov, and N. Uraltsev,
Phys. Lett. 152B, 116 (1985); T. P. Cheng and L. F. Li,
Phys. Lett. B 234, 165 (1990).

[40] J. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); G. Sen-

janovic and R. Mohpatra, ibid. 12, 1502 (1975).

[41]J. M. Gerard, W. Grimus, and A. Raychaudhuri, Phys.
Lett. 145B, 400 (1984).

[42] X.-G. He and A. Davies, Phys. Rev. D 43, 225 (1991).

[43] S. Barr and A. Zee, Phys. Rev. Lett. 65, 21 (1990).

[44] X.-G. He, B. McKellar, and S. Pakvasa, Phys. Rev. Lett.
61, 1267 (1988).

[45] X.-G. He and B. McKellar, Report Nos. UM-P-92/01 and
0Z-92/01 (unpublished).

(

3
B
3



