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Exotic fermions and electric dipole moments
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The contributions of mirror fermions to the electric dipole moments (EDM's) of leptons and
neutrons are studied using the available limits on the mixing of the relevant fermions to their mir-
ror partners. These limits imply EDM's several orders of magnitude larger than the current ex-
perimental bounds in the case of the electron and the neutron if the relevant CP-violating phases
are not unnaturally small. If these phases are large, then the bounds on the EDM's can be used

to improve upon the limits on mixing between the ordinary (f) and the mirror (F) fermions. In
the specific case of the latter mixing angle being given by (mf/MF) ', one can obtain the electron
and the neutron EDM's close to experimental bounds.

Electric dipole moments (EDM's) Df of fermions pro-
vide an important test of models of CP violation. The
EDM of the neutron and of the electron have received
renewed attention recently' due to the observation that
these moments could obtain a sizable contribution from
the hitherto neglected two-loop diagrams if Higgs bosons
provide the required CP violation. Qne finds that these di-
agrams could lead to an EDM of order 10 ecm and
10 ecm for the electron and the neutron, ' respec-
tively. In contrast, the typical values for the electron
EDM D' obtained in the Kobayashi-Maskawa model,
horizontal gauge models, left-right-symmetric models,
and superweak-Higgs-boson models are of order 1010,10,and 10 ' e cm, respectively.

The EDM's for the ordinary fermions can also be gen-
erated if theory contains exotic mirror fermions. These
EDM's depend on mixings between ordinary and exotic
mirror fermions. Very tight bounds have been placed on
these mixings by Langacker and London (LL) from a
combined analysis of many experiments and by Bhata-
charya et al. using data from LEP at CERN . We start-
ed this investigation with a view of constraining possible
exotic contributions to D using results in Refs. 6-8. It
turned out that the constraints on mixing of ordinary fer-
mions with their exotic mirror partners are actually too
weak as far as the EDM is concerned. They lead, for ex-
ample, to D' which is about 5 orders of magnitude larger
than the experimental bound if the relevant CP-violating
phase is not unnaturally small. This underlines the impor-
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where f=e, v, u, d, F=E,N, U, D, and a =L,R. The ma-
trices U, have been parametrized by LL as

'wf Ef'
Ua= Ff Gf
f= (2)

The W and Z interactions of leptons written in terms of
the mass basis are given as

tance of the mirror fermionic contributions to various
EDM's which we have systematically investigated in this
Rapid Communication.

CP-violating EDM's for fermions can arise at the one-
loop level if there exist both left- and right-handed
currents coupling a pair of fermions to the same gauge or
Higgs boson. This happens in models with an extended
gauge or Higgs sector, e.g., left-right-symmetric models,
two-Higgs-doublet models, etc. This also happens in
SU(2)L, xU(1) theory if additional mirror fermions are
present. Such fermions occur naturally in some grand
unified theories. We shall, however, work with an
SU(2)L x U(1) model containing additional generations of
mirror fermions consistinp of the quark and leptonic
SU(2)L doublets (D )p, (P )~ and singlets DL and E/. , re-
spectively. Related to the primed weak basis is the mass
basis

—&w = (NR)'EP'Ar'. y„eL+N~G$'F~y„ez 8'"+H.c. , (3)

&z = l(eLFc'FL y„eL+eLFg'GL y„EL ) —(L R)]Z" .
2cos(8~)

We have displayed only couplings between the mirror and
ordinary fermions in Eq. (3) and the fiavor-changing
terms in Eq. (4). The above Lagrangians contain the in-
duced right-handed currents which are responsible for
generating the EDM's.

To start with, we neglect the intergenerational mixing
and consider only mixing between a fermion and its mir-
ror counterpart. Later on, we shall comment upon a more

Uf=e ' cf sfe

—se "ce"a a
(5)

general situation. With the neglect of the intergeneration-
al mixing, U, reduce eA'ectively to 2x 2 matrices which we
parametrize as
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Let us erst concentrate on the electron EDM D'. Both
the W and Z contribute to it as in Figs. 1(a) and 1(b), re-
spectively. These contributions can be obtained from the
existing calculations' of other similar diagrams occur-
ring, for example, in the left-right-symmetric models. "
Figures 1(a) and 1(b) are the only diagrams contributing
to D' in the unitary gauge and lead to

Dw- GFM~e
(sL cR sRcL sing fy )I1(r~),
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(6a)

GFMEe
Dz (stcRsR cL s111Ipz )I 2(rE ),

4 x
(6b)
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By virtue of unitarity, the mixing angles appearing in Eqs.
(6) also appear in interactions of the ordinary fermions.
Consequently, many experimental results involving the
latter can be used to constrain these mixings. Speci-
fically, the (sl ) for i =v„v„, e, p, u, and d are con-
strained by the universality of weak interactions and by
the W and Z mass measurements. The induced right-
handed currents involving sR" are severely restricted by p
and P decay and the corresponding hadronic counterparts

where pfy = (BL —bR —bzR ) ' —
(&L,

—bR &2R ) ',
Pz =b fR

—b fr. . M~ (M~) is the mass of N (E).
rlv =rrtg/M1y, rF. rnid/Mz, and

by the nonleptonic K 1 decay and deep-inelastic scatter-
ing. If theory contains lepton-number violations (which
happens typically in the presence of the exotic neutrinos)
then very strong constraints are placed on the combina-
tion IsL'CL'sRI from the nonobservation of the neutrinoless
pp decay. These constraints have been summarized in
Refs. 6 and 7 and we use them here. Specifically, we shall
use (sJ)~. 0.026, (sR) ~ 0.055, and IsLCI sR I

~ 4
x10 . These lead to

IDzl ~ (7"10 2'ecm) ME

z, ,

I2
1/2

(8a)

IDfyI ~ (1.98 x 10 e cm)
W

(8b)

The bounds obtained in the above equations by maximiz-
ing sinpfy z are to be compared with the present experi-
mental bound ID'I ~ ( —1.5 ~ 5.5 ~ 1.5) x 10 e cm. It
follows that unless the phase Pz is unnaturally small,—10, the mirror fermionic contribution to D implied
by the analysis of. LL exceeds the current experimental
bound. Unlike Dz, Dfy is severely restricted by the neutri-
noless pp decay. But even with this restriction, Dn is
close to the experimental upper bound. One could turn
around the argument and use Eq. (6) to restrict the
relevant mixing angles. Requiring I Dz I

~ 7.2 x 10 e
cm, one finds

I sLsR I
~ (3.8 x 10 )

Mz
ME

1/2 1

Isinpzl
' (9)

The corresponding number obtained from the individual
fits to (sfR) by .LL is IsLsRI ~ 3.78X10 . Hence even
for MR as low as 20 GeV and sinpz —10,Eq. (9) repre-
sents an order-of-magnitude improvement over the bounds
of LL.

Sitnilarly, one can obtain bounds on the EDM's for oth-
er leptons using the results of Refs. 6-8. Expressions
analogous to Eq. (6) in the case of z and p imply

IDzI ~ 1.97X10 ' ecm, ID"
I
~5.44X10 ' ecm,

(10)
eL eR IDz I

~ 33X 10 ' ecm, IDfyI ~ 2.1X10 ecm,

(b)
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FIG. 1. Diagrams contributing to EDM of the electron. (a)
and (b), respectively, denote the Wand the Z contributions.

where for definiteness we have assumed the mirror fer-
mion masses occurring in diagrams analogous to Figs.
1(a) and 1(b) to be Mn and Mz, respectively. The lim-
its on (s,') following from the measurement of the
Z~ z+z decay width are better than obtained by LL
and we have used' the former in writing Eq. (10). The
bounds in Eq. (10) still fall below the experimental
bounds on these EDM's. However, they can be larger
than the values obtainable in most models considered, for
example, by Cheng.

The neutron EDM D" is related to the quark EDM D~

by D"=
3
D"=

3 D". The mirror quarks U and D con-
tribute to the EDM of the ordinary quarks. These contri-
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butions are given by

Dw-d F U d d d(SLSRcRcL s111$~)[Il(r„)+ 3 I2(r„)],
2

13/4
3I l (rU)+2I2(rU)

(12a)

ecm. For example, Eqs. (1 la) and (1 lb) lead to

1.39 x 10 Mw
I $Lsg cL,cR I—

sing) MU

Dzd
F D d d d d d($LsRcRcL s1ngz ) [T I2(rD) ],

4 x

(1 la)

(1 lb)

r

1.59 x 10 Mz
lSL RCLCRI™

1/2
I2(rD)

(121 )

Dw- GFMDe
1

($LsRcRcL sinew) [Il (rD )+ 3 I2(rD )],
2 K2

(1 lc)

u F U u u u u uDz = ( —SLSRCRCL sinpz) [ 3 I2(r„)] .
2 K2

(1 ld)

lI111 z are CP-violating phases analogous to p[l z. Just as
in the case of the electron, the limits on $4q derived by LL
are too weak and imply the quark and, consequently, the
neutron EDM of order 10 ' e cm if sing/ z are of order
l. As a consequence, one could obtain bounds on the mix-
ing angles by requiring the quark's EDM to be ~ 10

If one were to use the maximum values allowed for the Sg

by the analysis in Ref. 6, the quantities on the left-hand
side in Eqs. (12a) and (12b) are, respectively, 1.15
x 10 and 1.2 x 10 . Hence the bounds obtained here
are much stronger than in Ref. 6 even for exotic masses as
low as 20 GeV and sing)~ 10 . The EDM given in

Eqs. (6) and (11) increase with an increase in exotic fer-
mion masses if the relevant mixing angles do not change.
It is, however, most natural to assume that the latter de-
crease when the exotic-fermion masses are increased. The
relation between mixing angles and masses is model
dependent. If, for example, a 2x2 mass matrix between
an ordinary and exotic fermion is of the form 6

0 e
e MF

then (s ) —(mf/MF) and we obtain

GFme 24 . , I2
Dz = e singzI2(rF )—(1 x 10 e cm) sinPz4'~' 1/2

Dz e sindz[ 3 I2(rD)] —(6.& x 10 ecm) sin4z
GFmd x 24 I2

4 2n 12

where we have chosen MU =MD and m„=md and shown
only the EDM's contributing dominantly to D" and D' in
this limit. Both these EDM's in this case could in fact be
larger than the recently discussed' Higgs-boson contri-
bution if the CP-violating phases are ~ 10 . If the
mixing angles depend quadratically on masses, i.e.,
s (mf/M) then the mirror fermionic contributions are
not very large. We have so far neglected mixing among
ordinary fermions and assumed that each of the latter mix
with its mirror counterpart. The previous considerations
are valid even in the presence of the intergenerational
mixing as long as only one of the fermions of a given elec-
tric charge mixes with the corresponding mirror fermion.
Consider, for example, contribution of the Z boson to D .
In a more general situation with mixing matrices Uf as in
Eq. (2), D is proportional to

Im[(FL GL)l4(GR FR)4l]

where we have assumed only one generation of exotic fer-
mions (labeled by 4) in addition to three ordinary genera-
tions. Following Ref. 6 we assume that there are no
flavor-changing neutral currents between ordinary fer-
mions. From Eq. (4) this requires that only one of the
three quantities (F,)4; (i =1,2, 3) can be nonzero. As-
suming this to be (F,)4l and parametrizing it by

d t(g'+P")
( —s,"e ' " ), the above CP-violating combination can

I

be written in terms of only two angles as in the previous
case [Eq. (11)] irrespective of the nature of the intergen-
erational mixing. In contrast with the Z contribution, the
W contribution involves elements of the 3&&1 matrices E
appearing in Eq. (2). These cannot be fixed by requiring
the absence of the fiavor-changing neutral currents. How-
ever, if one assumes that only one of (Ef);4 is nonzero for
each a, i.e., only one f; mixes with F, then Dg can also be
written in terms of two angles as before, independent of
the nature of the 3 x 3 matrix A, .

The importance of the contributions of the mirror fer-
mions to EDM's have been stressed earlier also. What
we tried to do is to put bounds on their magnitudes using
the known bounds on mixing angles between fermions and
their mirror partners. In the process, we were led to
bounds [Eqs. (9) and (12)] on these mixings which could
be much stronger than in Refs. 6-8 if the relevant CP-
violating phases are not too small. More importantly,
even mixing angles of order (mf/MF)' could lead to
fairly large EDM for the electron which may in fact
exceed the recently discussed large contributions in
Higgs models of CP violation. Such large values, if ob-
served, could be attributed to the presence of mirror fer-
mions.

It is a pleasure to thank Saurabh Rindani for helpful
dsscussrons.
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