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Large electric dipole moments of heavy neutrinos
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In many models ofCP violation, the electric dipole moment~EDM! of a heavy charged or neutral lepton
could be very large. We present an explicit model in which a heavy neutrino EDM can be as large as
10216 ecm, or even a factor of 10 larger if fine-tuning is allowed, and use an effective field theory argument to
show that this result is fairly robust. We then look at the production cross section for these neutrinos, and by
rederiving the Bethe-Block formula, show that they could leave an ionization track. It is then noted that the first

signature of heavy neutrinos with a large EDM would come frome1e2→N̄Ng, leading to a very large rate for
single photon plus missing energy events, and the rate and angular distribution are found. Finally, we look at
some astrophysical consequences, including whether these neutrinos could constitute the UHE cosmic rays and
whether their decays in the early universe could generate a net lepton asymmetry.

DOI: 10.1103/PhysRevD.65.093018 PACS number~s!: 14.60.Pq, 12.15.Lk, 13.85.Hd
d
p

or
os
at
h
s
e

e
ol

i
ho
n
he
le
ne
hi
o

nt
-

ea

tia

he

n

lt

as
ts
pi-

ic

t is
b-

e
od-
cale
d-
vor
ton
es

op
ot

V

as
g-
eir
ed
ion

s,
is
ee
ino
ave
s-

an
I. INTRODUCTION

Most of the unknown parameters of the standard mo
come from fermion masses and mixing angles. They are
in by hand, and we have no real understanding of their
gins. Many models that try to explain their values exist, m
involving additional symmetries, but more experimental d
will be needed to distinguish between them. Much of t
excitement concerning neutrino masses and mixing angle
caused by the hope that their values will facilitate our und
standing of the flavor problem.

A potentially valuable source of information about th
flavor problem may come from electric and magnetic dip
moments. Just as the Yukawa couplings form a matrix
generation space, the interaction of two fermions with a p
ton will also be a matrix in generation space. The real a
imaginary parts of the diagonal elements will lead to t
magnetic and electric dipole moments; the off-diagonal e
ments will lead to flavor-changing radiative decays. If o
can measure these moments, one would obtain valuable
of physics beyond the standard model and would learn m
about the origin of flavor.

This paper is concerned with the electric dipole mome
~EDMs! of leptons. There is a possibility of substantial im
provement in the experimental bounds on EDMs in the n
future. Proposals exist@1# to lower the current bound@2# on
the muon’s EDM by six orders of magnitude, and substan
improvement in the bound on the electron EDM@3# is pos-
sible. Combining limits on the weak dipole moment of t
tau with U(1) symmetry@4# improves the current bound@5#
by a factor of 30.

How big might one expect the EDMs to be? In the sta
dard model, they are negligibly small@6#. However, they can
be much larger in extensions of the standard model. In mu

*Email address: sher@physics.wm.edu
†Email address: sxnie@alcor.concordia.ca
0556-2821/2002/65~9!/093018~8!/$20.00 65 0930
el
ut
i-
t
a
e
is

r-

e
n
-
d

-

nts
re

s

r

l

-

i-

Higgs-boson models, the EDM of the muon can easily be
large as 10224 e cm, within reach of planned experimen
@7#. In leptoquark models, the muon and tau EDMs are ty
cally 10224 e cm and 10219 e cm, respectively@8#. Left-
right models@9# have a muon EDM which is typically of the
order of 10224 e cm, and in the minimal supersymmetr
standard model~MSSM! @10#, the electron EDM is above the
experimental bounds if the phases are all unity. The poin
that a wide variety of models give EDMs that can be o
served in the near future.

Babu, Barr and Dorsner@11# have discussed how th
EDMs of leptons scale with the lepton masses. In many m
els, such as the standard model and the MSSM, they s
linearly with the mass. However, in a large number of mo
els, such as multi-Higgs-boson, leptoquark and some fla
symmetry models, the EDM scales as the cube of the lep
mass. In these models, the tau EDM will be 5000 tim
larger than that of the muon~it should be noted that the
electron EDM in some of these models receives a two-lo
contribution which varies only linearly, and thus it need n
be negligible!.

Given cubic scaling, the EDM of a heavy lepton~charged
or neutral! could be quite large. For example, a 100 Ge
heavy lepton would have an EDM 109 times larger than the
muon’s. If the latter is in the expected range of 10224 e cm,
then such a heavy lepton would have an EDM as large
0.01e F. This EDM would then dominate the electroma
netic interactions of these leptons, drastically changing th
phenomenology. In particular, if a heavy neutrino acquir
such an EDM, it could even leave an observable ionizat
track.

Although originally motivated by cubic scaling model
the possibility of a heavy lepton having a huge EDM
worth studying in a model-independent way. We will s
below that plausible models exist in which a heavy neutr
has a very large EDM, even though these models do not h
cubic scaling. In this article, we will concentrate on the po
sibility that a heavy neutrino could have a large EDM. In
©2002 The American Physical Society18-1
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MARC SHER AND SHUQUAN NIE PHYSICAL REVIEW D65 093018
earlier paper by one of us@12#, the differential production
cross section for heavy leptons~charged and neutral! with
large EDMs was studied, and the fact that heavy neutri
with large EDMs could leave an ionization track was d
cussed~although no explicit models were mentioned!. This
article extends this earlier work substantially. In Sec. II,
explicitly present a model in which the EDM of a heav
neutrino can be ofO(10216) e cm. This will serve as an
existence proof that relatively simple models can exist
which this occurs. Current bounds on such large EDMs w
be noted. In Sec. III, the cross section for heavy neutr
production is presented, and the Bethe-Block formula fo
large-EDM heavy neutrino traversing matter will be calc
lated. This extends slightly previous work. The result will
that an ionization track is observable, but one would nee
either modify existing detectors or construct a new detec
Since it is unlikely that this would occur without some pr
liminary evidence that such a large-EDM neutrino exists,
look, in Sec. IV, at the process of initial and final state rad
tion, e1e2→NN̄g, which would give an enormous rate fo
single-photon plus missing energy events, and would prov
impetus for looking explicitly for large-EDM heavy neutr
nos. Finally, in Sec. V, we discuss whether these heavy n
trinos could be candidates for the ultra-high-energy cos
rays, and also consider the implications for baryogene
through leptogenesis, and in Sec. VI, we present our con
sions.

II. PLAUSIBLE MODELS

Are there plausible models in which a huge EDM for
heavy neutrino occurs? If one does not rely on any partic
model, then a simple effective field theory argument can
used. Suppose one assumes thatCP violation is due to some
sort of new physics at the TeV scale. Then one can write
effective low-energy, dimension-5 Lagrangian as

L5
c

L
L̄Lsmnig5LRFmn . ~1!

If L is O(1) TeV, and the unknown coefficient is ofO(1),
then this yields a very large EDM of approximately 10215

e cm for the lepton.
Of course, in realistic models, one expects the EDM

occur via a loop, suppressing the unknown coefficient,
there may not even be a dimension-5 operator. What ab
specific models currently in the literature? A model with c
bic scaling is that of Bernreuther, Schroder and Pham@13#, in
which CP violation occurs in the Higgs sector. In this mode
the EDM of a heavy lepton~they consider the top quark, bu
the results are unchanged! is constrained by the electro
EDM, and the maximum value isO(10217) e cm. In other
models, such as the model of Babu, Barr and Dorsner@11# in
which their parameterc50, the electron EDM does not giv
any such constraints and a large EDM is allowed.

Here, we will provide an explicit example of a model wi
a large EDM. Consider a model containing singlet fermio
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EL,R andNL,R , and two charged singlet scalar fields,hi . The
fermions can couple to the charged scalars,hi ,i 51,2, in the
following form:

YiĒRNLhi1ZiĒLNRhi1H.c. ~2!

where Yi and Zi are complex Yukawa couplings and ca
generally include flavor indices. Thehi can also mix with
each other and can be diagonalized by a complex uni
matrix U:hi5Ui j H j , with mass eigenstatesHi . Two such
charged singlets are necessary so that a phase redefin
cannot eliminate theCP violation. For simplicity in presen-
tation, we will look at the singleH case, and just assume th
the phase redefinition does not occur. In this case, the c
pling is

Ē~S2Pg5!NH1H.c. ~3!

whereS andP are arbitrary complex couplings.
It is straightforward to calculate the EDM due to th

above interaction. The one-loop Feynman diagrams are li
in Fig. 1. The EDM is defined atq250, and is given by

dN~q250!5e
mE

8p2
Im~SP* !

3E
0

1

dz
~12z!~112z!

2z~12z!mN
2 1~12z!mE

21zmH
2

~4!

which, numerically, in units ofe cm, is

3.2310217S 100 GeV

ME
D Im~SP* !

4p

3E
0

1

dz
~12z!~112z!

2z~12z!a21~12z!1zb2

~5!

wherea[MN /ME andb[MH /ME .
The integral is plotted in Fig. 2. We see that EDMs

10216 e cm are quite possible, especially in the region
paramter space in which theE is heavier than theN or H, if
one chooses Im(SP* )/4p;1, and can even be an order o
magnitude higher if one allows for some fine-tuning. W
have not considered the unlikely region of parameter sp

FIG. 1. One-loop Feynman diagrams contributing to a la
EDM for a heavy neutrino.
8-2
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LARGE ELECTRIC DIPOLE MOMENTS OF HEAVY NEUTRINOS PHYSICAL REVIEW D65 093018
in which MN.ME1MH , since the width of theN in this
case is comparable to its mass, and the definition of the E
is no longer straightforward.

We thus have presented a model in which the EDM o
heavy neutrino is very large, ofO(10216) e cm. While this
model is, admittedly, designed to have such a large EDM
ingredients are very simple, and one can imagine that it m
be part of a more complicated model. For example, color
isosinglets, both charged and neutral, are parts of the 27
of E6. Thus if one had a four-generation, supersymmetricE6
model, there would be all of the ingredients in the model~the
charged scalars would correspond to the supersymm
partners of the muon, tau, or heavy lepton!. A Yukawa term
described above would violateR parity, but there are no phe
nomenological constraints on these terms. If the scalars w
the scalar muon and tau, then a two-loop diagram might g
tau to muon transitions, but this will be small.

Our point is not to push any particular model—theE6
model in the last paragraph has dozens of new interacti
many of which lead to interesting phenomena. Our purp
is simply to show that having a heavy neturino with a lar
EDM is certainly not excluded, and in this paper we a
exploring the phenomenological implications of that fa
without worrying about any specific model.

Are there any current phenomenological bounds? If
heavy neutrino and charged lepton are part of a fourth ch
fermion family~albeit with a right-handed neutrino!, then the
S andT parameters will cause severe constraints, but if th
are part of a vectorlike multiplet, there will be no such co
straints. Very explicit models may be constrained, but th
are no general bounds. One possible concern would bg
22 of the muon. Here, there will be an effect of a lar
EDM on the photon propagator. At the lowest order, t
Feynman diagram is illustrated in Fig. 3. As in the calcu
tion of hadronic contributions to (g22)m , we calcualte the
effect of a large EDM on (g22)m by the dispersion integra
@14#

FIG. 2. Value of the integral in the expression for the EDM.
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EDM5

1

4p3E4mN
2
dsK~s!s~s!e1e2→NN , ~6!

whereK(s) is given in Ref.@14# ands(s)e1e2→NN is given
in Ref. @12#, as well as below. We cutoff the upper bound
the integral. LettingmN5100 GeV, am

EDM55.9310211(1.3
310210) for a cutoff of 1(10) TeV. This is much smalle
than the theoretical and experimental uncertainties, an
thus negligible.

III. DIRECT DETECTION

The most dramatic effect of a large EDM of a heavy ne
trino will be in the production cross section and angular d
tribution. Escribano and Masso@4# noted that the relevan
U(1) invariant effective operator is given b
L̄Lsmnig5LRBmn , whereBmn is the U(1) field tensor. This
gives a coupling to the photon, which we define to be
EDM, as well as a coupling to theZ which is the EDM times
tanuW . We will include this coupling to theZ. It turns out
that the contribution from theZ has very little effect on the
numerical results. In general, one should also include an
erator coupling to theSU(2) field tensor, leading to a very
different value for theCP-violating coupling to theZ. Rather
than deal with two parameters, however, we just assume
the latter operator is smaller. If this assumption is false, th
it will just make the cross section even bigger, unless ther
fine-tuning. Also, unless theCP-violating coupling to theZ
is surprisingly large, it will have very little effect on th
results.

A discussion of the differential cross section for a hea
charged lepton can be found in Ref.@12#. Here we are inter-
ested in heavy neutrino production. The differential cro
section is given by

ds

dV
5

a2

4s
A12

4M2

s S A11
1

8 sin42uW
PZZA2

1
~124 sin2uW!tanuW

sin22uW
PgZA3D , ~7!

where

FIG. 3. Large EDM contribution toam .
8-3
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MARC SHER AND SHUQUAN NIE PHYSICAL REVIEW D65 093018
A15D2s sin2uS 11
4M2

s D
A2511cos2u2

4M2

s
sin2u18CV cosu

1D2s tan2uWS sin2u1
4M2

s
~11cos2u! D

A354D2sS sin2u1
4M2

s
~11cos2u! D ~8!

where we have dropped the numerically negligibleCV
2 terms,

for simplicity.
The differential and total cross sections are given in Fi

4 and 5 for a heavy neutrino mass of 100 GeV. We see
for D50, the usual 11cos2u1Ccosu distribution for a lep-
ton ~where the cosu term is due tog-Z interference! is
found. For a very large EDM, the distribution is complete
dominated by the sin2u contribution from the electric dipole

FIG. 4. Differential cross section for heavy neutrino producti
for various EDMs, in units ofe cm, for a lepton mass of 100 GeV

FIG. 5. The total cross section for heavy neutrino production
various EDMs, in units ofe cm, for a lepton mass of 100 GeV.
09301
.
at

term. The angular distribution begins to deviate significan
from theD50 distribution forD greater than 3310217, and
by D53310216 the distribution is very close to sin2u. One
can see that EDMs of the size noted earlier will dramatica
alter the angular distribution@12#.

Note that since the cross section varies asD2, for an EDM
as ridiculously large as 1.0e F, it would, remarkably, be
almost a microbarn. Cross sections this large will viola
unitarity. The unitarity limit can be estimated by setting t
relevant effective interaction strength,aDAs, equal to unity.
For As5500 GeV, D510215 e cm, anda.1/125, this ef-
fective interaction strength is 0.25. Thus the unitarity lim
will not be reached unless the EDM is larger than 10215

e cm, and so the behavior discussed above will appear f
wide range of parameter space without violating the unita
bound. Another way of saying this is to note that the larg
the EDM, the smaller the scale at which the physics resp
sible for the effective interaction sets in, and for an ED
larger than 10215 e cm, that scale is less thanAs.

Production of a fermion with a large EDM has been co
sidered elsewhere. It is given in the context of a top qu
EDM by Bernreutheret al. @13#, and given in the context o
tau-pair production in Ref.@15#. This latter paper noted how
one can useCP-odd angular correlations to search for a t
EDM, and this method has been used by experimental
However, there has not been any discussion of the possib
of a large EDM for heavy neutrinos, and here we see
unique and unusual signature.

What is the purpose of this calculation? After all, it wou
not seem remotely possible to detect heavy neutrinos
rectly. This calculation would only be meaningful if th
heavy neutrino were heavier than the charged lepton,
could thus be detected via its decay.

Here, one could again look forCP-odd correlations, as
discussed in Ref.@15#. However, most models have th
charged lepton heavier than the neutrino, and thus the de
can only occur through mixing with the very light neutrino
As discussed in detail in Ref.@16#, this mixing could be very
small, and these heavy neutrinos could be effectively sta
As we will see below, however, it may be possible to det
these neutrinos initially through final state radiation, and th
directly.

Because the heavy neutrino has such a large electric
pole moment, it might be possible to detect it direc
through its ionization loss. To estimate whether or not t
might be possible, we follow the derivation of the classic
Bohr formula outlined in Jackson@17#, replacing the electric
field from a charge with the electric field from a dipole. Th
is a classical calculation; if one is not too far above thre
old, the neutrino will be moving non-relativistically. Con
sider a heavy neutrino moving in thex direction, and an
electron at an impact parametery5b. The impulse given to
the electron isDpW 5*2`

` eEW dt. The result will depend on the
orientation of the dipole. Suppose that the dipole is in thz
direction, transverse to the plane of the particle motion a
the electron. Then the only nonzero electric field compon
is in the z direction, andEz5(eD/4pe0)(b21v2t2)23/2,
where the time of closest approach is defined to bet50, v is

r

8-4
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FIG. 6. Feynman diagrams which contribu
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the velocity, andeD is the size of the electric dipole mo
ment. Integrating, one finds that the impulse
(e2D/4pe0)2/vb2. Suppose that the dipole is in they direc-
tion. Then the electric field components areEx5(eD/
4pe0r 3)(3 sinu cosu) and Ey5(eD/4pe0r 3)(3 cos2u
22), wherer 25b21v2t2 and tanu5b/vt. Integrating, the
impulse in thex direction vanishes, as expected by symm
try, and the impulse in the y direction is also
(e2D/4pe0)2/vb2. Finally, if the dipole is in thex direction,
the electric field components are

Ey5~eD/4pe0r 3!~3 sinu cosu!

and Ex5(eD/4pe0r 3)(3 cos2u21). Both of these integrate
to zero, so there is no net momentum transfer in this c
Since the orientation is generally arbitrary, and we are o
interested in a rough order-of-magnitude estimate, we
take the impulse to beuDpW u5(e2D/4pe0)2/vb2. Note that
the impulse from an electric charge is just 2e2/4pe0vb, so
this result is expected dimensionally. This impulse is th
converted into an energy transfer,DE5uDpW u2/2m. Jackson
notes that the maximum energy transfer isDEmax
52mg2v2, and thus the minimum impact parameter
bmin

2 5e2D/(mgv2). The energy loss is obtained by cylindr
cally integrating over the impact parameter

dE

dx
52pNZE

bmin

`

DE~b!bdb ~9!

and we obtain

dE

dx
52pNAS e2

4pe0
DDg

Z

A
~10!

which is the corresponding formula to the Bohr result. Sin
we are doing a classical calculation, one can setg51. Note
that the logarithm in the usual Bethe-Block formula is abs
and the electron mass and particle velocity drop out. Thi
due to the extra power ofb in the expression for the impulse
which arises on dimensional grounds. Plugging in numb
one finds thatdE/dx51012D MeV g21 cm2.

For EDMs of 10216 e cm, this gives an energy loss whic
is approximately 1024 of the usual energy loss for a charge
particle. This is challenging for experimenters, but not i
possible, requiring specialized detectors. For example, if
09301
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heavy neutrino is produced in the decay of a charged lep
then it would be produced in coincidence with a real or v
tual W, which would eliminate backgrounds. Note that t
event rate, forD510216 cm, is huge, corresponding t
100,000 events for an integrated luminosity of 100 fb21.
This is several events per hour, and thus a specialized de
tor located on the outside of the main detectors could suffi
without needing a full 4p coverage~note that theN’s will
emerge back to back!. More importantly, however, is tha
initial and final state radiation will be huge, and thus sta
dard searches for single-photon plus missing energy ev
will discover a huge signal, which could then be followed
a specialized search for direct detection. We now turn to
possibility of detection through single photon events.

IV. DETECTION THROUGH SINGLE PHOTON EVENTS

In the standard model, the processe1e2→nn̄g has been
calculated and used to determine the number of light neu
nos @18,19#. The signature of the process is a single pho
from initial state radiation plus missing energy. The proce
did not rule out the existence of heavy neutrinos. Simila
the processe1e2→NN̄g can be used to study the effects
large EDM of heavy neutrinos. Now the single photon c
also come from final state radiation because of the la
EDM.

The interaction of heavy neutrinos with the photon i
2 ieN̄Dsmng5qnNAm, where q is the momentum transfer
The EDM is defined to beeD(q250). In this case, the pho
ton momenta at the relevant vertices are different, and
certainly not zero. However, we presume thatD(q2) does
not vary too rapidly withq2, as is the case in which th
momentum transfer is not substantially greater than
masses of the particles in the loop. The Feynman diagr
are listed in Fig. 6. The contribution due to the exchange
the Z boson is neglected here since it is numerically sm
@20#.

The calculation is straightforward. It is clear that the ra
is the sum of terms proportional toD2, D3 and D4. The
contributions proportional toD2, D3 and D4 are presented
separately in Fig. 7 forD510216 e cm. For differentD ’s,
these curves scale appropriately. One can see that forD,6
310216 e cm, expected in realistic models, theD2 term
dominates. Because of this scaling, instead of falling ass,
the cross section reaches a constant~it would grow ass if the
D4 term dominated!. As discussed above, however, it do
8-5
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not reach the level at which unitarity is a big concern. T
total cross section is then given, to a good approximation
the D2 term in Fig. 7.

The cross section will be singular as theucosugu tends to
1. We have used cuts in the photon energy and in the an
Eg /As>0.1 and ucosugu<0.94. For example, atAs
5500 GeV, the cross section is about 1.531024 nb ~and
scales asD2). This is a very large event rate, correspondi
to about an event every few minutes~for D510216 e cm) at
a linear collider with a luminosity of 331034 cm22 sec21.

The angular distribution is also important. It is shown
Fig. 8 for D510216 e cm, and the resulting forward
backward asymmetry is shown as a function ofD in Fig. 9.
The angular distribution of the standard model is nea
forward-backward symmetric, but in this case there is a
able asymmetry. For much of the parameter space, the a
metry is20.48.

Clearly, the first signature of an EDM for a heavy neutri
will be a very large event rate for single photon events, w
the forward-backward asymmetry measurement giving

FIG. 7. Different contributions to the total cross section for t

processe1e2→NN̄g with the heavy neutrino mass of 100 Ge
andD510216 e cm. For a positive EDM, theD3 term is negative;
the absolute value is shown.

FIG. 8. Angular distribution of the cross section with the hea
neutrino mass of 100 GeV andD510216 e cm, and s1/2

5500 GeV.
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confirmation of this particular interpretation of such a lar
rate.

In the above, we have concentrated on the signature f
a linear collider. However, before a linear collider is built, w
will have experimental results from the Fermilab Tevatr
and the CERN Large Hadron Collider~LHC!. Are there any
prospects for detection throughpp→N̄Ng? One can ap-
proximately estimate the cross section by comparing with
Drell-Yan production of charged leptons@21#, and we find
that the cross section at the LHC will be in the tens of fe
tobarns, and at the Tevatron will be a few femtobarns~for a
100 GeV heavy neutrino!. This would lead to a few events
However, there seems to be an insurmountable backgro
to the detection of this process. Specifically, the procesg
1q→q1g, whereg is a gluon, will also lead to a promp
photon. This process is one of the main tools used in prob
gluon distributions, and typically has a cross section of
order of picobarns@22#. Although it is possible that cuts
might reduce this background somewhat, there are m
other sources of photons at hadron colliders, and it would
difficult, if not impossible, to extract a signal.

V. ASTROPHYSICAL AND COSMOLOGICAL
SIGNIFICANCE

One of the greatest mysteries in cosmic ray astrono
concerns the existence of cosmic rays with energies ab
the Greisen-Zatsepin-Kazmin~GZK! bound@23#. A substan-
tial number of cosmic rays with energies well above 1020 eV
have been observed, interacting in the upper atmosphere
a charged particle’s mean free path through cosmic mic
wave background, at these energies, is only about 50 M
and no sources of such high energy particles are know
exist within this distance. Neutral particles will not have th
problem. However, the fact that the cosmic rays shower h
up in the atmosphere implies that the cross section mus
of strong interaction strength. The only strongly interacti
long-lived neutral particle is the neutron, yet its lifetime
too short. Neutrinos will not interact high in the atmosphe
if they have conventional weak interactions.

Several papers@24# have considered the possibility tha
neutrino interactions might become strong at very high en
gies, due to exchange of Kaluza-Klein gravitons@24,25#.
One might wonder whether heavy neutrinos with a su

FIG. 9. The forward-backward asymmetry as a function of
EDM.
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ciently large EDM might interact strongly enough in the u
per atmosphere, but not interact strongly with the microwa
background. Are these candidates for the ultra-high-ene
cosmic rays? One can redo the calcuation described a
concerning ionization loss in a detector, but now looking
the ultrarelativistic limit. This is a tedious, but straightfo
ward calculation.

In this case, the cross section cannot be high enou
Recall that the EDM is defined atq250. However, here one
would expectq2 to be enormous. Certainly, in the first fe
interactions, it will be much larger than the mass squared
the particles in the loop that produces a large EDM in
first place. As a result, the effective EDM will be muc
smaller, and the interaction will not be strong. These he
neutrinos will not interact high in the atmosphere, and m
not interact much more than conventional high energy n
trinos.

Are there any other potential astrophysical or cosmolo
cal effects? One possibility concerns the generation of
baryon asymmetry. Suppose the heavy neutrino decays ra
tively into light neutrinos. Then the huge EDM, which vio
latesCP, may cause the decay rate into neutrinos to be
ferent than the decay rate into antineutrinos. This wo
result in a large lepton asymmetry. Since non-perturba
sphaleron interactions can convert a lepton asymmetry in
baryon asymmetry, this would result in a baryon asymme
The reader is referred to the article of Riotto and Trodd
@26# for a nice review. This possibility is currently unde
investigation.
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VI. CONCLUSIONS

In this article, we have explored the possibility that
heavy neutrino could have a huge electric dipole momen
has been shown that plausible models exist that would l
to a dipole moment as large as 10216 e cm, and that this
would dramatically alter the electromagnetic properties
these neutrinos. The first signature of such a neutrino wo
come from a large enhancement of the single photon p
missing energy event rate. Then, one could actually look
the ionization track of these neutrinos in specially design
detectors. Cross sections and angular distributions are ca
lated as a function of the electric dipole moment. While the
neutrinos can not explain the ultra high energy cosmic ra
they may have interesting implications for baryogenesis.
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