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Large electric dipole moments of heavy neutrinos
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In many models ofC P violation, the electric dipole momerlEDM) 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
10" %6 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 fese ™ — NN v, 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.
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[. INTRODUCTION Higgs-boson models, the EDM of the muon can easily be as
large as 10%* e cm, within reach of planned experiments

Most of the unknown parameters of the standard modef7]. In leptoquark models, the muon and tau EDMs are typi-
come from fermion masses and mixing angles. They are putally 10 2* e cm and 10° e cm, respectively{8]. Left-
in by hand, and we have no real understanding of their oriright modelg[9] have a muon EDM which is typically of the
gins. Many models that try to explain their values exist, mosbrder of 102* e cm, and in the minimal supersymmetric
involving additional symmetries, but more experimental datastandard moddMSSM) [10], the electron EDM is above the
will be needed to distinguish between them. Much of theexperimental bounds if the phases are all unity. The point is
excitement concerning neutrino masses and mixing angles that a wide variety of models give EDMs that can be ob-
caused by the hope that their values will facilitate our underserved in the near future.
standing of the flavor problem. Babu, Barr and Dorsnefll] have discussed how the

A potentially valuable source of information about the EDMs of leptons scale with the lepton masses. In many mod-
flavor problem may come from electric and magnetic dipoleels, such as the standard model and the MSSM, they scale
moments. Just as the Yukawa couplings form a matrix irlinearly with the mass. However, in a large number of mod-
generation space, the interaction of two fermions with a phoels, such as multi-Higgs-boson, leptoquark and some flavor
ton will also be a matrix in generation space. The real andymmetry models, the EDM scales as the cube of the lepton
imaginary parts of the diagonal elements will lead to themass. In these models, the tau EDM will be 5000 times
magnetic and electric dipole moments; the off-diagonal elelarger than that of the muofit should be noted that the
ments will lead to flavor-changing radiative decays. If oneelectron EDM in some of these models receives a two-loop
can measure these moments, one would obtain valuable hintentribution which varies only linearly, and thus it need not
of physics beyond the standard model and would learn morbe negligible.
about the origin of flavor. Given cubic scaling, the EDM of a heavy lept@harged

This paper is concerned with the electric dipole momentor neutral could be quite large. For example, a 100 GeV
(EDMs) of leptons. There is a possibility of substantial im- heavy lepton would have an EDM 4@imes larger than the
provement in the experimental bounds on EDMs in the neamuon’s. If the latter is in the expected range of #be cm,
future. Proposals exi$fl] to lower the current bounf2] on  then such a heavy lepton would have an EDM as large as
the muon’s EDM by six orders of magnitude, and substantiaD.01e F. This EDM would then dominate the electromag-
improvement in the bound on the electron EDB] is pos-  netic interactions of these leptons, drastically changing their
sible. Combining limits on the weak dipole moment of the phenomenology. In particular, if a heavy neutrino acquired
tau withU(1) symmetry{4] improves the current bouri{@&]  such an EDM, it could even leave an observable ionization
by a factor of 30. track.

How big might one expect the EDMs to be? In the stan- Although originally motivated by cubic scaling models,
dard model, they are negligibly sm§@]. However, they can the possibility of a heavy lepton having a huge EDM is
be much larger in extensions of the standard model. In multiworth studying in a model-independent way. We will see

below that plausible models exist in which a heavy neutrino

has a very large EDM, even though these models do not have
*Email address: sher@physics.wm.edu cubic scaling. In this article, we will concentrate on the pos-
"Email address: sxnie@alcor.concordia.ca sibility that a heavy neutrino could have a large EDM. In an
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earlier paper by one of ugl2], the differential production N N N N
cross section for heavy leptorisharged and neutnalvith \ E /
large EDMs was studied, and the fact that heavy neutrinos

with large EDMs could leave an ionization track was dis- \\H g/

cussed(although no explicit models were mentionedhis
article extends this earlier work substantially. In Sec. II, we
explicitly present a model in which the EDM of a heavy
neutrino can be oD(10 % e cm. This will serve as an
existence proof that relatively simple models can exist in Y
which this occurs. Current bounds on such large EDMs will

be noted. In Sec. Ill, the cross section for heavy neutrino FIG. 1. One-loop Feynman diagrams contributing to a large
production is presented, and the Bethe-Block formula for &DM for a heavy neutrino.

large-EDM heavy neutrino traversing matter will be calcu-

lated. This extends slightly previous work. The result will be E, z andN, r, and two charged singlet scalar fieltis, The

that an ionization track is observable, but one would need téermions can couple to the charged scaliysi=1,2, in the
either modify existing detectors or construct a new detectorfollowing form:

Since it is unlikely that this would occur without some pre-

liminary evidence that such a large-EDM neutrino exists, we Y,EgN, h;+Z,E_ Ngh; +H.c. 2)

look, in Sec. IV, at the process of initial and final state radia-

tion, e"e”— NNy, which would give an enormous rate for where Y; and Z; are complex Yukawa couplings and can
single-photon plus missing energy events, and would provid@enerally include flavor indices. Thg can also mix with
impetus for looking explicitly for large-EDM heavy neutri- €ach other and can be diagonalized by a complex unitary
nos. Finally, in Sec. V, we discuss whether these heavy neumatrix U:h;=Uj;H;, with mass eigenstatds; . Two such
trinos could be candidates for the ultra-high-energy cosmi€¢harged singlets are necessary so that a phase redefinition
rays, and also consider the implications for baryogenesisannot eliminate th€P violation. For simplicity in presen-
through leptogenesis, and in Sec. VI, we present our concluation, we will ook at the singléi case, and just assume that
sions. the phase redefinition does not occur. In this case, the cou-

pling is

Il. PLAUSIBLE MODELS E(S—Pys)NH+H.c. (3

h Are the:g plau3|ble?rr|1fodelsd|n Wh'cp al huge EDM Ipr IawhereS andP are arbitrary complex couplings.
€avy neutring occurs< 1r one does not rely on any particuiar -, ¢ straightforward to calculate the EDM due to the

model, then a simple effective f|elo_l thepry_argument can b%lbove interaction. The one-loop Feynman diagrams are listed
used. Suppose one assumes @Rtviolation is due to some in Fig. 1. The EDM is defined aj2=0, and is given by
I 1 ,

sort of new physics at the TeV scale. Then one can write th
effective low-energy, dimension-5 Lagrangian as m
dn(9%=0)=e——Im(SP*)

8

c_—

L=3Lioy,iyslrF - (1) 1 (1—2)(1+22) .
X
fo —z(1-2)mi+ (1—z)m2+zn¥, @
If A isO(1) TeV, and the unknown coefficient is @f(1), . . : . :
then this yields a very large EDM of approximately 16 which, numerically, in units o& cm, is
Of course, in realistic models, one expects the EDM to 3.2¥ 10‘17( \/)

occur via a loop, suppressing the unknown coefficient, and Me 4m
there may not even be a dimension-5 operator. What about
specific models currently in the literature? A model with cu- y fldz (1-2)(1+22)
bic scaling is that of Bernreuther, Schroder and Ph&Bf, in 0 —2z(1-2)a?+(1-2)+zk?
which CP violation occurs in the Higgs sector. In this model, (5)

the EDM of a heavy leptofthey consider the top quark, but

the results are unchange@ constrained by the electron wherea=M /Mg andb=My/Mg.

EDM, and the maximum value i©(10 ") e cm. In other The integral is plotted in Fig. 2. We see that EDMs of

models, such as the model of Babu, Barr and Dorgh8rin 10 ¢ e cm are quite possible, especially in the region of

which their parametec=0, the electron EDM does not give paramter space in which tieis heavier than thé&l or H, if

any such constraints and a large EDM is allowed. one chooses In§P*)/47~1, and can even be an order of
Here, we will provide an explicit example of a model with magnitude higher if one allows for some fine-tuning. We

a large EDM. Consider a model containing singlet fermionshave not considered the unlikely region of parameter space
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FIG. 3. Large EDM contribution ta,, .
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FIG. 2. Value of the integral in the expression for the EDM. whereK (s) is given in Ref[14] and o(S) e+ e~y IS given
in Ref.[12], as well as below. We cutoff the upper bound of
in which My>Mg+M,, since the width of the\ in this  the integral. Lettingmy=100 GeV,a;°"'=5.9x10 (1.3

case is comparable to its mass, and the definition of the EDNK 10~ *°) for a cutoff of 1(10) TeV. This is much smaller -

is no longer straightforward. than the theoretical and experimental uncertainties, and is
We thus have presented a model in which the EDM of aNus negligible.

heavy neutrino is very large, @(10™ %) e cm. While this

model is, admittedly, designed to have such a large EDM, its . DIRECT DETECTION

ingredients are very simple, and one can imagine that it may . i

be part of a more complicated model. For example, colorless. The.most_dramanc effept of a large EDM of a heavy neu

isosinglets, both charged and neutral, are parts of the 27—pl€“no will be in the production cross section and angular dis-

{
of Eg. Thus if one had a four-generation, supersymmeigc

ribution. Escribano and Masdd] noted that the relevant
model, there would be all of the ingredients in the maded E(l) invariant  effective  operator is given by

charged scalars would correspond to the supersymmetrieto”™”ivsLgrB,.,, whereB,, is theU(1) field tensor. This
partners of the muon, tau, or heavy leptoA Yukawa term ~ 9ives a coupling to the_photon, Whl_ch we define to_ be the
described above would violaRparity, but there are no phe- EDM, as well as a coupling to théwhich is the EDM times
nomenological constraints on these terms. If the scalars wet@"6w- We will include this coupling to the. It turns out

the scalar muon and tau, then a two-loop diagram might givéhat the contribution from th& has very little effect on the

Our point is not to push any particular model—tgg  €rator coupling to th§U(2_) fi(_ald tensor, leading to a very
model in the last paragraph has dozens of new interactionélifferent value for theC P-violating coupling to the. Rather
many of which lead to interesting phenomena. Our purposé1an deal with two parameters, however, we just assume that
is simply to show that having a heavy neturino with a largethe latter operator is smaller. If this assumption is false, then
EDM is certainly not excluded, and in this paper we areit Will just make the cross section even bigger, unless there is
exploring the phenomenological implications of that fact, fine-tuning. Also, unless th€ P-violating coupling to theZ
without worrying about any specific model. is surprisingly large, it will have very little effect on the

Are there any current phenomenological bounds? If théesults. . . . .
heavy neutrino and charged lepton are part of a fourth chiral A discussion of the differential cross section for a heavy
fermion family (albeit with a right-handed neutringhen the ~ charged lepton can be found in REf2]. Here we are inter-
SandT parameters will cause severe constraints, but if theyeSted in heavy neutrino production. The differential cross
are part of a vectorlike multiplet, there will be no such con-Section is given by
straints. Very explicit models may be constrained, but there

are no general bounds. One possible concern would be d_0_01_2 - 4M /A N 1 PoA

—2 of the muon. Here, there will be an effect of a large dQ  4s s \"1 8sirf26,, ““?

EDM on the photon propagator. At the lowest order, the )

Feynman diagram is illustrated in Fig. 3. As in the calcula- N (1—4sirfgy)tanby ) @
tion of hadronic contributions tog(—2),, we calcualte the Sinf2 6y, yas )

effect of a large EDM ond—2),, by the dispersion integral

[14] where
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O L e B B I S e term. The angular distribution begins to deviate significantly
from theD =0 distribution forD greater than %10/, and
by D=3x10 16 the distribution is very close to sii One
can see that EDMs of the size noted earlier will dramatically
alter the angular distributiof.2].

Note that since the cross section varie®asfor an EDM
as ridiculously large as 1.8 F, it would, remarkably, be
almost a microbarn. Cross sections this large will violate
unitarity. The unitarity limit can be estimated by setting the
relevant effective interaction strengtp /s, equal to unity.

ala

a|—=
Ola

0.08 |

0.04 j{/ \\ For \'s=500 GeV,D=10"1% e cm, anda=1/125, this ef-
? ‘\ fective interaction strength is 0.25. Thus the unitarity limit
T N SRR will not be reached unless the EDM is larger than 10
4 05 0 0.5 1 e cm, and so the behavior discussed above will appear for a
cos 6 wide range of parameter space without violating the unitarity

FIG. 4. Differential cross section for heavy neutrino production bound. Another way of saying this is .to note that.the larger
for various EDMs, in units oé cm, for a lepton mass of 100 GeV. the EDM, the smal!er the scalg at Wh'c_h the physics respon-
sible for the effective interaction sets in, and for an EDM
AM? larger than 10%° e cm, that scale is less thays.
A;=D?s sinza( 1+ —) Production of a fermion with a large EDM has been con-
S sidered elsewhere. It is given in the context of a top quark
EDM by Bernreutheet al.[13], and given in the context of
tau-pair production in Ref.15]. This latter paper noted how
one can us€ P-odd angular correlations to search for a tau
AM?2 EDM, and this method has been used by experimentalists.
+ Dzstanzaw( SirP O+ —(1+co§0)> However, there has not been any discussion of the possibility
S of a large EDM for heavy neutrinos, and here we see a
unique and unusual signature.
o[ 4M?2 What is the purpose of this calculation? After all, it would
A3=4D%s| sirf 6+ T(1+00529) (8 not seem remotely possible to detect heavy neutrinos di-
rectly. This calculation would only be meaningful if the
where we have dropped the numerically negligibfeterms, ~ heavy neutrino were heavier than the charged lepton, and
for simplicity. could thus be detected via its decay. _
The differential and total cross sections are given in Figs, Here, one could again look fa€P-odd correlations, as
4 and 5 for a heavy neutrino mass of 100 GeV. We see thafiscussed in Ref[15]. However, most models have the
for D=0, the usual ¥ co¢+C cosd distribution for a lep- charged lepton heavier th_ar_1 the neutrino, anq thus thg decay
ton (where the co# term is due toy-Z interferencg is ~ @n (_)nly oceur through mixing Wlth the_ very light neutrinos.
found. For a very large EDM, the distribution is completely AS discussed in detail in Reff16], this mixing could be very

dominated by the sf# contribution from the electric dipole  SMall, and these heavy neutrinos could be effectively stable.
As we will see below, however, it may be possible to detect

0.01 these neutrinos initially through final state radiation, and then
’ ] directly.
Because the heavy neutrino has such a large electric di-
pole moment, it might be possible to detect it directly
through its ionization loss. To estimate whether or not this

aM?
A,=1+cos0— Tsm20+ 8C, cosf

. 10 | might be possible, we follow the derivation of the classical
< T T T T T T e — e — Bohr formula outlined in Jacksdri.7], replacing the electric
= 0001 |, - . g S : .
o 5/ : o107 3 field from a charge with the electric field from a dipole. This

is a classical calculation; if one is not too far above thresh-
old, the neutrino will be moving non-relativistically. Con-
sider a heavy neutrino moving in the direction, and an
electron at an impact parametgsb. The impulse given to

the electron is\p= [~ eEdt. The result will depend on the
orientation of the dipole. Suppose that the dipole is inzhe
direction, transverse to the plane of the particle motion and
the electron. Then the only nonzero electric field component
FIG. 5. The total cross section for heavy neutrino production foris in the z direction, andE,=(e D/4mey)(b%+0v%t2) %72,
various EDMs, in units o cm, for a lepton mass of 100 GeV. where the time of closest approach is defined tv=86, v is

0.0001 o Lo L e L

200 250 300 350 400 450 500
s'2 (GeV)
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the velocity, andeD is the size of the electric dipole mo- heavy neutrino is produced in the decay of a charged lepton,
ment. Integrating, one finds that the impulse isthen it would be produced in coincidence with a real or vir-
(eZD/47760)2/vb2. Suppose that the dipole is in tlyedirec-  tual W, which would eliminate backgrounds. Note that the
tion. Then the electric field components aB=(eD/  event rate, forD=10"'°cm, is huge, corresponding to
Ameqr®) (3 sinfcosd)  and Eyz(eD/41-reor3)(3 cogg 100,000 events for an integrated luminosity of 100%
—2), wherer?=b%+p22 and tard=b/vt. Integrating, the ~ This is several events per hour, and thus a specialized detec-
impulse in thex direction vanishes, as expected by symme-to_r located on the outside of the main detectors could gufflce,
try, and the impulse in they direction is also without needing a full 4 cov_erage(note that theN'S'WI”
(€2Dl4me,)2vb?. Finally, if the dipole is in thec direction, ~ €Merge back to bagkMore importantly, however, is that
the electric field components are initial and final state radiation will be hqge_, and thus stan-
dard searches for single-photon plus missing energy events
E, = (eDl4me,r3)(3 sind coso) will discover a huge signal, which could then be followed by
Y a specialized search for direct detection. We now turn to the
and E, = (e D/4meor3) (3 cof6—1). Both of these integrate POssibility of detection through single photon events.
to zero, so there is no net momentum transfer in this case
Since the orientation is generally arbitrary, and we are only
interested in a rough order-of-magnitude estimate, we will

take the impulse to bgAp|=(e?D/4mey)2/vb?. Note that In the standard model, the processe — vy has been
the impulse from an electric charge is jus?®mequb, S0 calculated and used to determine the number of light neutri-

) i . . I : nos[18,19. The signature of the process is a single photon
this result _'S expected dimensionally. Trllsz impulse is ther‘\‘rom initial state radiation plus missing energy. The process
converted into an energy transferE=|Ap|*/2m. Jackson  gid not rule out the existence of heavy neutrinos. Similarly,
notes that the maximum energy transfer BEmax  the procese*e” NNy can be used to study the effects of

— 22 - : i
=2my“v”, and thus the minimum impact parameter iS|arge EDM of heavy neutrinos. Now the single photon can

bfin=€°D/(myv?). The energy loss is obtained by cylindri- 4150 come from final state radiation because of the large

V. DETECTION THROUGH SINGLE PHOTON EVENTS

cally integrating over the impact parameter EDM.
The interaction of heavy neutrinos with the photon is
d_EZszZJw AE(b)bdb (99 —ieNDo,,ysq"NA*, whereq is the momentum transfer.
dx Bmin The EDM is defined to beD(g?=0). In this case, the pho-
ton momenta at the relevant vertices are different, and are
and we obtain certainly not zero. However, we presume tiiatq®) does
5 not vary too rapidly withg?, as is the case in which the
d_E:2 N ¢ D E (10) momentum transfer is not substantially greater than the
dx "Vl dme,) " 'A masses of the particles in the loop. The Feynman diagrams

are listed in Fig. 6. The contribution due to the exchange of

which is the corresponding formula to the Bohr result. Sincethe Z boson is neglected here since it is numerically small
we are doing a classical calculation, one cansetl. Note  [20].
that the logarithm in the usual Bethe-Block formula is absent The calculation is straightforward. It is clear that the rate
and the electron mass and particle velocity drop out. This i$s the sum of terms proportional tb?, D and D*. The
due to the extra power df in the expression for the impulse, contributions proportional t®?, D® and D* are presented
which arises on dimensional grounds. Plugging in numbersseparately in Fig. 7 foD =10 ecm. For differentD’s,
one finds thad E/dx= 10D MeV g cn?. these curves scale appropriately. One can see thdd 08

For EDMs of 10 %6 e cm, this gives an energy loss which X101 ecm, expected in realistic models, ti2? term
is approximately 10* of the usual energy loss for a charged dominates. Because of this scaling, instead of falling as 1/
particle. This is challenging for experimenters, but not im-the cross section reaches a constamould grow ass if the
possible, requiring specialized detectors. For example, if th®* term dominatel As discussed above, however, it does
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confirmation of this particular interpretation of such a large
FIG. 7. Different contributions to the total cross section for therate.
processe*e”—NNy with the heavy neutrino mass of 100 GeV  In the above, we have concentrated on the signature from
andD= 10" ecm. For a positive EDM, th®2 term is negative;  a linear collider. However, before a linear collider is built, we
the absolute value is shown. will have experimental results from the Fermilab Tevatron
and the CERN Large Hadron CollidértHC). Are there any

not reach the level at which unitarity is a big concern. TheProspects for detection throughp—NNy? One can ap-
total cross section is then given, to a good approximation, b rrc;)l(llr\r;:;e'grﬁﬂr;%ﬁ tgfe;r:gfgjesélelc:&r;rtﬁglﬁor;rﬁ)gr\l/cg \fl:lrl1tg the
the D term in Fig. 7. } ,

: ; : that the cross section at the LHC will be in the tens of fem-
The cross section WI” be singular as th@se" t_ends 0 obarns, and at the Tevatron will be a few femtobaifos a

1. We have used cuts in the photon energy and in the angl 00 Ge'\/ heavy neutrijoThis would lead to a few events.
'E%/O\égzo\} tﬁ”d |C°S‘9~/|$t(_)'94‘. Fgr te;aﬁrgﬂe’ b?t@j However, there seems to be an insurmountable background
N € 2 € cross section Is abou N (@nd = 14 the detection of this process. Specifically, the proaess
scales a®“). This is a very Iarge event r(":lte,fi(grrespondlng+q_>qu ¥, whereg is a gluon, will also lead to a prompt
tol_about ar;l_zvent .ﬁ:’enl/ fe\_/v ml_rt'lutéffeé ?;410 _2e crr_1)1 at photon. This process is one of the main tools used in probing
a trrlﬁar co II er&/ylt 'k? tl_Jmlr_103||y o ‘ Ctmlt _sech * . gluon distributions, and typically has a cross section of the
- gafr;gr;uDar: 1'8,%%'8:1 'S;nZo tereporrezzlltin Isf:(s)rvc\)/\;vrr:j-m order of picobar.ns[22]. Although it is possible that cuts
bg.k d i h, functi r[bngn Fig. 9 might reduce this background somewhat, there are many

ackward asymmetry IS Shown as a functio 19- 5. other sources of photons at hadron colliders, and it would be
The angular distribution of the standard model is nearl

Ydifficult, if not impossible, to extract a signal.
forward-backward symmetric, but in this case there is a siz- ' P ' 9

able asymmetry. For much of the parameter space, the asym-
metry is —0.48. V. ASTROPHYSICAL AND COSMOLOGICAL

Clearly, the first signature of an EDM for a heavy neutrino SIGNIFICANCE

will be a very Iarge event rate for single photon events, with One of the greatest mysteries in cosmic ray astronomy
the forward-backward asymmetry measurement giving @&oncerns the existence of cosmic rays with energies above
the Greisen-Zatsepin-Kazm{&ZK) bound[23]. A substan-
10 13 tial number of cosmic rays with energies well abové®&v
E ] have been observed, interacting in the upper atmosphere. Yet
a charged particle’s mean free path through cosmic micro-
wave background, at these energies, is only about 50 Mpc,
and no sources of such high energy particles are known to
exist within this distance. Neutral particles will not have this
problem. However, the fact that the cosmic rays shower high
up in the atmosphere implies that the cross section must be
] of strong interaction strength. The only strongly interacting
i ] long-lived neutral particle is the neutron, yet its lifetime is
001 L v v v v e too short. Neutrinos will not interact high in the atmosphere,
-1 0.5 0 0.5 1 if they have conventional weak interactions.
cos 8 Several paper§24] have considered the possibility that
FIG. 8. Angular distribution of the cross section with the heavy neutrino interactions might become strong at very high ener-
neutrino mass of 100 GeV and=10 ®ecm, and s¥? gies, due to exchange of Kaluza-Klein gravitof#},25|.
=500 GeV. One might wonder whether heavy neutrinos with a suffi-
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ciently large EDM might interact strongly enough in the up- VI. CONCLUSIONS

per atmosphere, but not interact strongly with the microwave

background. Are these candidates for the ultra-high-energy In this article, we have explored the possibility that a
cosmic rays? One can redo the calcuation described aboygavy neutrino could have a huge electric dipole moment. It
concerning ionization loss in a detector, but now looking athas been shown that plausible models exist that would lead
the ultrarelativistic limit. This is a tedious, but straightfor- g g dipole moment as large as T ecm, and that this

ward calculation. . _ would dramatically alter the electromagnetic properties of
In this case, the cross sect|on_ cannot be high enoughhese neutrinos. The first signature of such a neutrino would
Recall that the EDM is defined gt =0. However, here one  .,me from a large enhancement of the single photon plus

would expectg® to be enormous. Certainly, in the first few missing energy event rate. Then, one could actually look for

|?1teractlpr|1$, 'f[ W'H ble mucE Iarge;jthan thel massE%ql\l/Iquedho{he ionization track of these neutrinos in specially designed

;irgt p;;t(l:ceesA;n; Sesciﬁtp Eh:t gf;((:cg\(/:eesE%I\jrg\J/\ill be r::jéhedetectors. Cross sections and angular distributions are calcu-
: ' lated as a function of the electric dipole moment. While these

smaller, and the interaction will not be strong. These heav . . . .
jﬂeutrlnos can not explain the ultra high energy cosmic rays,

neutrinos will not interact high in the atmosphere, and ma i h it iina implicati for b !
not interact much more than conventional high energy neut1€Y May have interesting implications for baryogenesis.

trinos.
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