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CP violating electron-nucleor interactions and the resulting atomic EDM are
studied in several models. In the standard model these interactions are very small
and are well below the experimental ug-er bounds. In multi-Higgs doublet models,
the four-fermi interactions, N Néyse and NsN ée, can be quite large. In some range
of parameters, the contribution of these interactions to the atomic EDM can exceed
the contribution of the electron EDM. In leptoquark models the contribution from

the tensor interaction, No,, Neo,, vse, is always the domimant one.
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Up to now CP violation has only been discovered in the neutral kaon system[1]. In
order to isolate the source (or sources) responsible for CP violation, it is important to
find CP violation in other systems. Measurement of electric dipole moments (EDM)
of atoms d4 is a very promising enterprise. A non-zero EDM of an atom will signal
CP violation. Theoretical calculations of atomic EDM are complicated because there
are different contributions coming from the nucleon EDM dpy, the electron EDM 4.,
the CP violating nucelon-nucleon and electron-nucleon interactions. It is difficult to
separate individual contribution from experimental measurement in a model indepen-
dent way. However, in a given model of CP violation different contributions can be
calculated and the domimant contribution can be isolated. Moreover there is hope
that a study of a number of different atoms will assist in entangling the contributions
of the different interactions.

There have been extensive studies of the neutron EDM|2], the electron EDM|3]
and the CP violating nucleon-nucleon interactions[4] in models of CP violation. In
this paper we focus on CP violating electron-nucleon interactions in several mod-
els. A similar study in two-Higgs doublet model has recently been carried out in
Ref.[5]. There are three types of CP violating electron-nucleon four-fermi interac-
tions, %gcTiNow,Néa“"'ysc, %chiN'ysNéc, %gcsiNNé'y;,c. Note that since 0,75 =
%a"ﬁcuyag, the terms No,,v; Néo,, e and No,, Neéo,, vse are identical. Significant up-
per bounds on the EDM of various atoms have been obtained[6-10]. From these upper
bounds, constraints on the parameters cr , cp ,cs can be obtained[11-13]. From mea-
surements on TIF it is found that cr = (1.743.0) x10~7 and ¢s = (5.4£9.2) x 107%[6).
The constraint on cp is weaker by about an order of magnitude. Comparable results
come from '*Hg(7] and Cs[8]. The measurement on Tl by Abdullah et al.[9] has
improved these bounds by about an order of magnitude(13].

To isolate the dominant contribution to the atomic EDM, we need to compare the
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relative strength of different contributions. The neutron EDM does not contribute
to the atomnic EDM significantly because experiments have put very stringent bound
on the neutron EDM (d, < 1.2 x 10~%ecm[14]). In most models of CP violation
the proton EDM is of the some order of magnitude as that of neutron. This implies
that the proton EDM will have negligible contribute to the atomic EDM aiso. In
many models, the contribution of the CP violating nucleon-nucleon interactions to
the atomic EDM at present are below the experemental bound due to the constraint
on CP violating parameters from the neutron EDM[4]. If a non-zero atomic EDM
close to its present upper bound will be measured, the likely contributing sources will
be from the electron FDM and the CP violating electron-nucleon interactions. To
further isolate the contribution of the CP violating electron-nucleon interactions, we
define the following quantities

__da(from cr) e — da(from cs) (1)
"= da(fromd.)’ ° " da(fromd.)

r; determine the relative strengths of the contributions of the CP violating electron-

nucleon interactions and the electron EDM to the atomic EDM. Using the theoretical

calculations in Refs.[11-13], we have

rr ("PHg) = 4.1 x 10—186_7762"_ ,
7 (¥ Xe) = 2.6 x 10—1sf_77€_0171_ ’
rr (TIF)~ ~1.6 x-lsfzif_'l‘_ , o
rs(Cs) = —6 x 10—216_3263_771_ ,
rs (PHg) = -5 x 10_2025-56_E ,
rs (" Xe) x ~2.6 x 10—209’_5@ ,
rs (TIF)~ -5 x 10-202%62 '
e

A similar quantity rp can be defined for the contribution due to cp.
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In the standard KM model of CP violation, cs is extremely small. Using the CP
violating coupling v2fpph® calculated in Ref.[15], with f &~ —3.2 x 107 7¢003/m7
and the CP violating béiyse K coupling Imb ~ lO‘TImT%, estimated from one loop
diagram, we estimate cs ~ 1073 Imr. cp is also the same order of magnitude. Here
Imrt = s,8355 ~ 1073 where s; being the KM angles. The strong CP violating 8 term
also generates a very small ¢cs ~ 0.060 and cp ~ 0.028. Here we have used the wée
couplings calculated in Ref.[16]. When the constraint on 8 < 10~° from the neutron
EDM][2] is used, we obtain cs < 6 x 107!! and c¢p < 2x 107! In the above two cases,
cr are also extremely small. Large cg, cp and cr can be obtained in some extensions
of the standard model.

In multi-Higgs doublet models, exchange of the neutrai Higgs particles between
quarks and the electron can induce large ¢s and cp. The relevant terms in the

Lagrangian are

Lyo = (2vV2Gr)*(agsi DMpD + B4 DiMp~sD (3)

+ a, UMyU + BuiUiMyysU + ayém,e i Beimeyse)HY

where My and Mp are the diagonalized quark mass matrices, H? are mass eigenstates
of the neutral Higgs particles. If in the weak eigenstate of Higgs particles only one of
the Higgs doublets couples to up quarks, down quarks and leptons, agi = au = ay;

and B4 = —PBui = Bi. In the literature often a and 3 are parametrized as
ImZU' = 20]5]: . (4)

In our later discussions, we wil] assume that the effect of Higgs exchange is dominated
by the lightest Higgs particle.
From exchange of the neutral Higgs particles between quarks and the electron

gives rise 1o the following effective electron-quark interactions
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+md.1n,[¢i.'déi‘}'581mz‘a + J;i75d;éeImZ¢¢]) , (5)

(muim,[@uétyseImZ, + tiiysuéelmZy,)

where the subindex i 1s summed over u, ¢, t, d, s, and b. To obtain cs and cp, we
need to calculate < N|H,.ss|N,ée >. This requires the evaluation of < N|gq{N >
and < N|¢vysq|N >.

To evaluate < N|gq|N >, we use the pion-nucleon Sigma-term, g,y = m <
Njiu + dd|N >= 45MeV extracted from experiments and relations of nucleon mass

shift due to SU(3) breaking quark masses[17, 18]. For heavy quarks, we use

2
< Njmphh|N >= — < N|-22G,.G*|N > +O(§E) . (6)

a
12n
The second term in the above equation will be neglected. Using m, = 4.2MeV,

my = 7.5MeV and m, = 150MeV, we obtain

m, < plaulp >=18MeV , my < pldd|p >=26MeV ,
m, < nfauln >=14MeV , my < n|dd|n >= 32MeV , (7)

m, < N|§s|N >=24TMeV , < N|- T‘;’;GwG“"IN >=48MeV ,

where N = n, p.
< N|§vysg|N > are determined from EMC data and are given by{18]

m, < nlaiysuln >=—419MeV | my < n|diysd|n >= T72MeV |
m, < pluiysulp >=432MeV |, my < pldivsd|p >= —T48MeV (8)

m, < N|siyss|N >=—165MeV , my < N|hiysh|N >= ~63MeV ,

Combining all information gathered above, we have

228(MeVYm, . 640(MeV)m,
Cs(p) = —‘(———i‘L—Im[ul + ———L—Z—)-——ImZdl ,
"lH mH
S5
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612(MeV )m, 195Z{ MeV
CP(P)=_(—CT)iIleu- _L:_ﬂ]mz“, 9
my my
220(MeV )m, 2 V)m,
c$(n)=—(——§¥)—m1m2..l+ ml’"zﬂ’
mH m”
1088(MeV)m, 0(MeV)m,
my my

In the case where in the weak eigenstate of the Higgs particles only one of the

Higgs doublets couples to fermions, we have

/)2
es (p) =43 107 ImZu Lo )
my
100GeV)?
cp(p) -+ —1.3 x 10-71,,,2..1(—-—:;) : (10)
my
100GeV)?
cs(n) =4.4 x IO'BImZ..;(-(ﬁ';'—) )
my
1 2
ep (n) = 107 ImZ, 1290)

my

We now calculate the value of rs using the electron EDM in muiti-Higgs models
calculated in Ref.[19]). Using the values in eq.(10) we would have cs/d. ~ 10'%/ecm.
When counpare this with the values in eq.(2), we see that the electron EDM dominates
the contribution to the atomic EDM. If the top and electron couple to different
Higgs doublets, the situation can be different. A specific example in the two Higgs
doublet has been studied in detail by Barr[5]. It was shown that in some region
of the parameter space, the CP violating electron-nucleon interaction dominates the
contribution to the atomic EDM.

We see from eqs.(9,10) that cp is larger than cs in multi-Higgs doublet models
and the contribution of cp to the atomic EDM is of the same order of magnitude as
c¢s. In this model c7 can only be generated at loop levels and is very small.

Let us now study cg, cp and cr in leptoquark models. There are several possible

scalars which carry lepton and quark numbers can couple to the standard quarks
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and leptons. A complete list can be found in Ref.{20]. There’a.re two leptoquark
scalars can contribute to cgs, cp and cr at the tree level with large magnitudes. These
two leptoquarks transform under SU(3)c x SU(2)L x U(l)y as H; : (3,2,7/3) and
Hs : (3,1, -2/3), respectively. We will worl. out the contribution of Hj to cs, cp and
cr. In a similar way, the contribution of Hs can be worked out.

The couplings of H3 to fermions are give by
L= (A3Q_LCR+A30RLL)H3+H.C. ) (11)

where Q7 = (ug,dp) and Ly = (ver,er). From eq.(11), we obtain the effective

Lagrangian which is relevant for cs, cp and cr,
L,![ = 'F(AJA;;&LCRELUR + z\;/\génu[,ﬁne[,) . (12)
H

After a Fierz rearrangement, we obtain the CP violating effective Lagrangian
Im(A3X5)

. 1
a2 1(uysuee + uuéyse — Zﬁo,,.,uéo“”'r,r,e) . (13)
H

Legg =~

Using the values of egs.(7,8) and < n|iuo, uln >= —no,.n/3, < pluo,ulp >=

4po,,p/3, we compute
2
Hy;= -q;Im(A;,As)(—IPO—Ge—V)—i(—ZSO()ﬁ'ysnée + 9.6fineyse

vz m,

+362pspée + 12ppéyse ~ 0.510,,neq,,vse +2p0,,péo,,yse) . (14)

The contribution of f, to the electron EDMs is

Im(A3\) m?
de ~ —_1(5—23_52—"1“1"_; s (15)
Temy my
From the above, we have
;—_-—CT(”)|z5 xjpp-2_1
d. InZH ecm
2 1
12y o i 2L (16)
d. InZ4 ecn
12|~ 1072 0 1
: ln'—"j,‘ ecm
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Comparing eq.(16) with eq.(2) we see that in all the atoms of {nterest, the CP vio-
lating electron-nucleon interactions deminate over the electron EDM contribution to
the atomic EDM. It is interesting to note that in this model, the dominant contri-
bution to the atomic EDM is actually from the tensor interaction ¢r. In TIF the cr
contribution to the atomic EDM is about 5 times larger than that from cs. While
in 'Xe and ' Hg the cr contributions are more than ten times bigger than that
of the cs contributions. Using the present bound on cr, the CP violating parameter
Im(A3)5)(100GeV )2 /mi, is constrained to be less than 5 x 10~ which is the strongest
bound so far.

To summarize, we have studied CP violating electron-nucleon interactions in sev-
eral models. In the standard model the contrbution of these interactions to the
atomic EDM is exptremely small. In multi-Higgs doublet models the contributions
from N Néyse and NvsNée interactions are comparable with the contribution of the
electron EDM. In the leptoquark scalar models, the contribution from the tensor

interaction No,, Néo,, vse is the most important one.
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