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Radiative decay of the massive neutrino in external electromagnetic fields
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The radiative decay of the massive neutrige- v;y is investigated in the framework of the standard model
in external electromagnetic fields of various configurations: constant crossed field, constant uniform magnetic
field, plane monochromatic wave’s field. The effect of significant enhancement of the neutrino decay prob-
ability by the external fieldelectromagnetic catalysiss discussed. An especially strong enhancement occurs
in the case of the ultrarelativistic neutrino decay, since in this case the decay probability does not contain
suppression caused by the smallness of the decaying neutrino mass. The ultrarelativistic neutrino decay ca-
talysis is significant even in a relatively weak external fiekdK.<1, whereF, is the critical Schwinger
value. The expression for the photon splitting probability into a neutrino pa#viTjin the wave field is
given. The estimations of a number pfguanta produced in a volume filled with an electromagnetic field and
the neutrino lifetime in a strong magnetic field are presert8@556-282(96)02519-2

PACS numbds): 13.35.Hb, 14.60.Pq

[. INTRODUCTION Even such a short review of lepton-mixing effects shows
that most of these are associated with the massive neutrino.
For quite a long time we have seen intensive theoreticaNowadays, the physics of the massive neutrino is becoming
studies of flavor-changing processes caused by the phenor@-vigorously growing and prospective line of investigation at
enon of fermion mixing. The description of this phenomenonthe junction of elementary particles physics, astrophysics,
in the quark sector goes back to the pioneer work by Cabibband cosmology. It will suffice to mention the well-known
[1] and presently is put into practice by introducing the uni-problem of the solar neutrind 2] and the possibility of solv-
tary 3X3 matrix V;; (the so-called Cabibbo-Kobayashi- ing it (the mechanism of resonance enhancement of neutrino
Maskawa matrix[2]). It should be noted that qualitative oscillations in substandd3]), the effect of the massive neu-
progress has been observed in experimental investigation dfino radiative decay on the spectrum of the relic radiation
quark-mixing parameters. Except for a detailed examinatioh14], and so on. The above-mentioned way of solving the
of the “old” mixing angles related to the first two quark solar neutrino problem using the Mikheyev-Smirnov-
generations, important information has been obtained fronWolfenstein (MSW) mechanisrh shows that the massive
the decays ofb-quark-containing particle$ARGUS Col-  neutrino’s properties are sensitive to the medium it propa-
laboration[3], CLEO Collaboratiorf4]). On the other hand, gates through. Substance is usually considered as the me-
thus far there is no experimental evidence in favor of thedium. We note, however, that the medium can also be rep-
analogous mixing phenomenon in the lepton sector. This caresented by an external electromagnetic field, which can
be accounted for in a natural way by the fact that, because @fignificantly influence both the properties of the massive
the insufficiently high precision achieved in experimentalneutrino itself16] and the process of its decf}7] and even
studies of neutrino-involving processes, the neutrino masiiduce novel lepton transitions with flavor violation— v;
spectrum appears degeneréiiee neutrinos manifest them- (i#j) [18], forbidden in vacuum. In our preliminary com-
selves as massless particJ&$). The neutrino mass spectrum munication[17] we pointed out the probability of the mas-
being degenerate, lepton mixing is known to be purely for-sive neutrino radiative decay;— v;y (i#]) being consid-
mal and unobservable. At the same time, with a massiverably enhanced in a constant uniform magnetic field. Such
neutrino the absence of lepton mixing seems unnatural and & enhancing influence of an external field can be illustrated
virtually incompatible with attempts to somehow extend thewith the straightforward example of a neutrino radiative de-
standard model. Notice that lepton mixing may lead to someay in a weak(as compared with the Schwinger value
interesting physical phenomena such(as charged lepton F.=mZe=4.41x 10'* G) electromagnetic field. To this end
radiative decays with lepton number violation of the typewe use the amplitude of the Compton-like process
u—ey, u—3e [6,7], and u—eyy [8], (2) neutrino radia-  »;y* — v;y* with virtual photong19], which, in particular,
tive decaysv;— v;y [6] and vj— v;yy [9], (3) neutrino os-  allows one to obtain the first term of the expansion of the
cillations [10], and (4) the possible effect of massive neu- radiative decay;— v;y amplitude in a weak external field.
trino mixing on the spectrum g8-decay-produced electrons In the expression for the amplitude of the process
[11].

IAbout the current situation around the solar neutrino problem
“Electronic address: vassilev@yars.free.net see, for example, Refl15]
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vi(p1) + ¥*(a1) —vj(p2) + ¥ (qyp) it is sufficient to con-  trino. In this case the the electromagnetic field in Bqgd) is
sidery(q,) as a real photon, and to replace the field tensor obbtained by the Lorentz transformation from the laboratory
the virtual photony* (q,) by the Fourier image of the exter- frame, in which the external fielé is given, to the rest
nal electromagnetic field tensor. Below we shall give theframe of the decaying neutrino:

expression obtained in this way for the radiative decay am-
plitude in the simplest case of a uniform electromagnetic
field, in which the decay kinematigs;+0=p,+q, is the
same as in vacuum. The external-field-induced contribution
AM to the amplitude of the decay;— v;y can be repre- Comparing expressior(d.4) and(1.5), in view of Eq.(1.7),
sented in the form we notice that the catalyzing effect of the external field be-
comes appreciable under a much weaker condition, as com-
pared to Eq(1.6):

(p1FFpy1) >< mr>4
where j ,=v;(p2) v,(1+ ys)vi(p1), i,j=1,2,3, enumerate m2F2 My
the definite mass neutrino specigs, p,, and g are the

four-momenta of the initial and final neutrinos and the pho- In this case the ratio between the probabilities of the ul-
ton, respectivelyF,, is the external uniform electromag- trarelativistic neutrino decaw™ and the decay in vacuum
netic field tensorf ,4(a) = €,5,,9,€,(d), €,(q) is the po-  w(® is of the order
larization four-vector of the photon, arﬁ/zmile is the

critical value of the strength of the electromagnetic field for w(F) N( F\?
the charged lepton with the mass,. We have introduced w@ | F,
the designation

E
'~ —ZF>F. .
F'~ “F>F 1.7

14

e Gk . ~ 1
AM_WE(M)[H ()] E | (1.1

1.8

L

4
) ) >1. (1.9

14 T

Expression(1.9 shows that in the ultrarelativistic neutrino
_ C* decay the enhancement is mainly due to a decrease in the
<A(m/)>_/=§e,:M,T Ki K Am,), -2 decay probability suppression by the smallness of the neu-
trino mass[w(®~m? w®~m3(m,/E,)]. It is natural to
whereK;, (/'=e,u,7) is the lepton-mixing matrix of the expect that in taking the account of further terms in the ex-
Kobayashi-Maskawa type. For the sake of comparison Wgansion of the amplitude of the radiative desgy- v;y with
write the known expression for the amplitude of the neutrinorespect to the external field, the suppression mentioned
radiative decay in vacuuif6] which can be represented as above can be fully canceled. All this makes it interesting to
) calculate the amplitude with the external electromagnetic
. 3e Gf T m, 13 field taken into account exactly. An expression thus obtained
MO__'WEU (a)p] m, [’ (13 Will be valid in the case of the neutrino radiative decay
vi—v;y in an external electromagnetic field, which has not
where p=p;+p, and m, and my, are the masses of the to be weak as against the Schwinger vafye
virtual lepton andW boson, respectively. In analyzing the

amplitudeg1.1) and(1.3) in the case of the neutrino decay at Il. CROSSED FIELD
rest, it is necessary to take accountpef p,, q, andj being ) )
of order of the mass of the decaying neutrimy. In this At present the experimentally accessible strengths of elec-

case, the expressions for the amplitudes) and(1.3) can  tromagnetic fields are significantly below the critical strength
be easily estimatedt is sufficient to allow for the order of (F/Fe<1, F=B,, Fe=mi/e=4.41x10" G). Because of
the dimensional quantitigs this, field-induced effects are especially marked in the ul-
trarelativistic case with the dynamic parameter
AM~Gem3(F/IF,), (1.4
2
e“(pFFp)
2_
Mo~Gem3(m,/my)2. (1.5 X =" % 2.0

It follows here from that, given the condition being not small even for a relatively weak field (, is the

25 a external field tensom,, is the four-momentum, anah is the
(F/F¢)™(m,/my) (1.6 mass of the particle This is due to the fact that in the rela-

[here F stands for the strengths of the magneti) (and tivistic particle rest frame the field may turn out to be of
electric (E) fields], the probability of the decay;— v;y order of the critical one or even higher, appearing very close

in an external field is much greater than that in vacuum?© the constant crossed field. Thus, the calculation in a con-

even for a relatively weak electromagnetic field stant crossed fieldf:(J_ é, £=B) is the relativistic limit of the

(10 3<F/F.<1). The catalyzing effect of an external field calculation in an arbitrary weak smooth field, possesses a
becomes even more substantial in the case of the ultrarelgreat extent of generality, and acquires interest by itself. We
tivistic neutrino decay E,>m,). With the amplitudeg1.1])  note that, askF=FF=0) in a crossed field, the dynamic
and (1.3, being Lorentz invariant, the analysis can be con-parametery?, Eq. (2.1), is the single field invariant, by
veniently carried out in the rest frame of the decaying neuwhich the decay probability is expressed. Furthermore, the
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FIG. 1. Feynman diagrams of a matrix element of the radiative

decay of the massive neutring— v;y (i #]). independent ofn, . Thus, the dominant contribution of order
1/m3~Gg only comes from the diagrams with oné/

calculation in crossed field is the least cumbersome andsropagator in Fig. 2.
therefore, we consider this case first just to outline the cal- Even such a simple analysis shows the following.
culation technique. (1) The predominant contribution to the amplitude is

In the lowest order of the perturbation theory, a matrixmade by the diagrarta) in Fig. 1. This diagram in the local
element of the radiative decay of the massive neutrinQimit of a W-boson propagator being contacted to a point,
vi—vjy (i#]) in the Feynman gauge is described by thetransforms to the diagram shown in Fig. 3.
diagrams, represented in Figdaland 1b) where double (2) Since in calculating\ M the mass of th&V boson in
lines imply the influence of the external field in the propaga-the local limit appears in the weak interaction constant
tors of intermediate particles. A summation is made over thes_=g?/8m2, only, the amplitude does not contain the
virtual lepton/” in the loop ¢’=e,u,7). Under the condi-  known Glashow-lliopoulos-MaiariGIM) suppression factor
tions m%/mg,<1 andeF/mg,<1 the field-induced contribu- of the decayw,—v;y in vacuum ~m2/m2,<1 [see Eq.
. ) j A/ My
tion AMF) =M~ M to the decay amplitude can be cal- (1.3)].
culated in the local limit, in which the line®/ and ¢ are The expression for the amplitude, corresponding to the
contacted to a point. It is most easily seen AP is  diagram in Fig. 3, can be represented in the form
expanded into a series in terms of the external field, as is
shown in Fig. 2, where the dotted lines designate the external
electromagnetic fieldh®*. We note that the first seven dia-
grams in Fig. 2 coincide with the diagrams describing
Compton-like process;y* — v;y* and, as was pointed out
in [19], this process amplitude is reduced to the contribution
of the first two diagrams in the local limit. With the orthogo-
nality of the mixing matrixK;; taken into account, this is due
to the fact that the main contribution to the integral over
momentum in the loop gives from the region of the virtual
momentap~m_, <<my,. We recall that we are investigating FIG. 3. Feynman diagram(d) transformed in the local limit of
flavor-violating processes € ), and, hence(A)=0, if Ais  aW-boson propagator being contacted to a point.
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ieGg. | . =213,
AM=—rEipel @ ap(@) =M, @22
2 |,~28/15,
Jaﬁ(q):f dAXSF['YaAS(X)'YB(lJF Ys)é(_X)]ein’ (2.3 |4:O[(F/Fe)4]. 2.7

As expected, the amplitud@.4) in view of Eq.(2.7) in the
weak field limit coincides with expressidd.1). The ampli-
tude of the process;— v;y in a crossed field2.4) is sim-
plified substantially in two cases: that of the decay of a neu-
trino at rest E,=m,) and that of the decay of an
ultrarelativistic neutrino £, >m,).

where X=x—y and S(X) is the propagator of a charged
lepton in the crossed fielsee Appendix A, Eqs(Al) and
(A2)]. All the other guantities in E¢2.2) are defined above
[see Eqgs(1.1)—(1.3)]. The details of the tensak,z(q) cal-
culation may be found in Appendix A, while here we only
give the result of the calculation:

- eGe -, (qFFj) e - . A. Neutrino at rest (E,=m,)
AM= 422 e(Ff )(q|:|:q) laF 8m?/\':f )iz In this case, the dynamic paramet@rl),
+ ¢ FE*)(qFj)! +e_2 Ff*)(qFj)I ﬁ:wz mve_':)z
24m4}( )(QFj)13 48m4/( JAFI4), / me m, mZ| ’
(2.4 is obviously small even when the field strength exceeds the
A _ critical values E=m?/e, m,<m,, x,<1). The decay am-
ap~™ Ya€p™ Up€ar plitude (2.4) and(2.5) can then be reduced to the form
~ 1
fir™g Curaplap. AM= ST (A R+ Ha) - BT
60’772\/5 4 6

whereF,, and F,,=€,,.,5F.5/2 are the tensor and the
dual tensor of a constant field>0 is the elementary charge,
and G is the Fermi constant. In Eq.2.4), I,
(a=1,...,4) ardntegrals of the known Hardy-Stokes func-
tions f(u):

— 23 (FT)(aFD}H(KieKo).- (2.8

Here we have introduced the dimensionless field tensor
Fuv=F . IFe, WhereF = mi/e is the critical strength value
andm, is the electron mass. It is clear from Eg.8) that the

1 decay probability is represented by a polynomial of the sixth
|1:f dtuf(u), degree in field strength. In the limE<F, (a weak field
0 limit), the expression for the decay probability is determined
1 by the lowest power oF and has the form
|2=f dt(1—t?)uf(u), (2.5 , s
’ Wyon —e G m5<1——j)
weak 187 1927 T\ T m?

2
F_e) [KieKHI2, (2.9
1 df
|3=f dt(1—t2)(3—t?)u’—, _ .
0 du wherem; andm; are the masses of the initial and final neu-
trinos. In the opposite case>F, (a strong field limij, we
1 df have
|4:f dt(l—tz)(3+t2)u2d—,
0 u 2 2\ 5 2 6
W ziimS l__j l+5ﬂ i |K K"."lz
N _ 4w (15m)7 T T m? m) | Fe) TeTIE
f(u)zlf dzexg —i(zu+3z2%)], (2.6) (2.10
0

Expressiong2.9) and (2.10 should be compared with the

— a2 61-1/311 _+2\—2/3
u=[e“(qFFa)/16m,]""H(1-1t%) "~ well-known probability of the decay;— vy in vacuum[6]:

2
i

1+
m

As can be readily checked, the amplitu@4) is evidently
gauge invariant, as it is expressed in terms of the tensors o(,voz e m
the external fieldF ,, and the photon field ,,. In the weak 32w 1927
field limit (F/F.<1) the predominant contribution to the
amplitude is made by the second term in expressid). ) )
The integrald , can be easily evaluated in this limit, taking The comparison demonstrates the catalyzing effect of the
into account the orthogonality of the lepton-mixing matrix €xternal crossed field on the decay probabilities, as there is
K, no suppression-(m>/m3,) in Egs. (2.9 and(2.10. Actu-

ally, the enhancement influence of the external field takes

(I1)=(1+O[(FIF¢)?])=O[(F/F¢)?], place in the weak field limit F<F,) under the condition

4 2
]

27a G2 m, m?) 3
5( (1—52) KK ]2
1

1 mW
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F>2x10 °F,. Besides, the decay in the strong crossedues of the argument and also the unitarity of the mixing
field (2.10 is catalyzed by an additional factor of the form matrix K; , one can represent E(R.14 in the form
~(FIFg)®>1.

e a sze ) 1_m_f
B. Ultrarelativistic neutrino (E,>m,,) 47 §E Xe mi4
Notice that in the ultrarelativistic limit the kinematics of IKieK%[2, xe>1, x,.<1
the decay;(p;) — »;(p2) + ¥(q) is such that the momentum [ o e e (2.17
four-vectors of the initial neutrinp; and the decay products IKi K12 xe>x,>1, x,<1.

p, andqg are almost parallel to each other. Therefore, the

current four-vectolj ,= vJ(pz) v.(1+ vs)vi(p1) is also pro-
portional to these vectorg {~pP1,~0d.~P2s)- In this case,

the expression for amplitud®.4) can be simplified and re-

duced to the form

e2G, 2 112
(" Fpy)| (1- X)+ 3 (1+X) (1),

AM= (212

wherex=cost; ¥ is the angle between the vectq3§ (the
momentum of the decaying ultrarelativistic neutpinand

q_7 (the photon momentum in the decaying neutrinorest
frameg. The argumentu of the Hardy-Stokes functiofi(u)
in the integrall; [see Eq.(2.5)] in the ultrarelativistic case
has the form

—2/3

=4/ (1+x)(1—t?) X/ (2.13

2

)

1- —
m;

The Lorentz-invariant decay probabilityE, can be ex-

pressed in terms of the integral of the squared amplitude ov

the variablex:

E 11m’2fdAM2
WES Tom 1 mg) ), XAM

o G2
T 4w Sxi 1__)f dx
m2
X (1—x)+m—fz(1+x) ()2 (2.19

For small values of the dynamic parametgr 1), the in-
tegrall 1(x,) is expanded into the series

1~2 , 4~4
li=1+xTax, T -

m;
T 2| X/

m;

1+x

')?/:T (2.19

and the probability2.14) can be represented in the form

2 6 2 2
a Gp m 6 m; * |2
o —— +
A (15’17)3EVXE 1- m|2 1 5 |K|eKJe|

(2.16

As the dynamic parametey,~(E,/m,)(F/F ) is propor-
tional to the neutrino’s energy, it is clear from E@®.16

In this way, the decay probability increases linearhg,
(xe>1, x,<1) and finally (y,>1) becomes a constant:

21.7a GZm®

3EX|KIT |2

W=

-3
X- 1— —=|>1 (2.18

m
Comparing the decay probabilitie€.16—(2.18 in the
crossed field with the vacuum decay probabilig/11), we
notice that the catalyzing effect of the field on the ultrarela-
tivistic neutrino decay becomes even more substantial com-
pared to the situation with the neutrino at rest, because there
is no suppression caused by the smallness of the mass of the
decaying neutrino. Recall also that none of the expressions
for the decay probability in the crossed field contain the
well-known suppression GIM factomn{, /my,)* characteris-
tic of the probability of the decay;— v;y in vacuum. The

E{}robability of neutrino decay at rest in a strong crossed field

see Eq.(2.10] is enhanced by the additional factor
~(FIFo)®>1.

Here we estimate a number of quanta which can be
result as the decay product from a neutrino beam of a high
energy accelerator in a volume filled with an electromagnetic
field. As the experimentally accessible strengths of electro-
magnetic fields are significantly below the critical strength
(F<F,) in the laboratory conditions we can use the expres-
sion (2.17) for the decay probability of a high energy neu-
trino (E,>mF/F,, xo>1).

The number ofy quanta,AN?”, which are produced in a
volume filled with a magnetic field of the strengdhtrans-
versal to the neutrino beam can be presented in the form

L wW )
im/| 10 Gev] <Kl (219

B 2
Y~10'| —
o
wherel is a longitudinal dimension of the volume. The pa-
rameteW has a simple meaning of a full energy of neutrinos
passed through a “target” during the experiment. It can be
presented as

W= j E—dE

where dN”/dE is the energy distribution of the neutrino
beam. One can estimate this parameter from a nurNG&r
of v/ 's charge currenfCC) events in detector with known

that, with increasing the energy of the decaying neutrino, thelesign parameters during the time of neutrino experiment.

decay probability increases asE

With the expected data di“® from CERN Super Proton

For great values of,>1, using the asymptotic behavior Synchrotron(SPS neutrino beam, which is presented, for
of the Hardy-Stokes function both at large and at small valexample, in Ref[20], one can estimate
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W~ 1019 GeV. field (PDzB: FaB/BI ’();a[?: EaB,U.V(P,uV/Z! andAaB: (‘P‘P)aﬁ .
The double integral; (i = 1, 2, 3, 4, entering Eq(3.3),
As one can see from EQ.19, AN”~1 requiresB~10°G have the form
in a volume~1 m?.

1 ©dz
Ill. CONSTANT MAGNETIC FIELD Yi:f dtf e 2®yi(z),
0 o Sinz
The probability of the massive neutrino decagy- v;y in
a constant m_agnetic field having the strenétlhs described . _ 1— cogzcost
by two invariant parameterél) the above-mentioned dy- y1=(1-t9sinz+tsinzt———mo—,
namical parameter
2 2 A2 .
e’(p,FFp;) B?pi, tsinzt
2 2
_——— = —, 3.1 =cogzt—(1—-t9)coz— ,
Xs me BZ m2 (3.9 Y2 ( ) t

where B/=m§/e is the critical magnitude of the magnetic

field andp,, is the initial neutrino’s momentum component, y3=—cogt+ :
normal to the magnetic field, an@) the external magnetic tare sin’z
field intensity parameter

tsinzt cosgt—cox
+2

Y4=2y;—(1—t?)sinz,

, €FF) B?
¥ Y 0z 1 Z(l_t2)+ 1  cogt\(gAq) z
z,t)== —_— — - .
where F,, is the constant uniform magnetic field tensor, 2 2 tare sz eB s

(FF)=—2B?2. Since magnetic fields in up-to-date supercon- (3.5
ductive magnets range up to strengBs 10° G, the hope of
obtaining marked quantum effects induced by a magnetitt should be noted that in Eq$3.5 the integration with
field, as it seems, should be related only to the ultrarelativiespect toz is performed over the complex plane. The
istic neutrino decay, when the dynamic paramgtemay be  integrand’s singularities are bypassed in a usual |88y in
not small, while the intensity parameteg<1. In this case the lower semiplane ( Ilm<0) of the complexz plane. In
we have the crossed field limit which was considered in dethe weak field approximatioB<B, (7,<1) the integrands
tail in the preceding section. The decay in a strong magnetith Egs.(3.5 become rapidly oscillating functions of the vari-
field (B=B,=4.41x 10'% G) is probably of interest in astro- ablez [since az=1 we have()(z,t)=1/7,>1]. Therefore,
physics or in early Universe cosmology. By mentioning as-the predominant contribution to the integrals comes from a
trophysics, we, first of all, mean intensive magnetic fields,narrow region of smalt= 5, , in which the integrals can be
“frozen-in” neutron star substance. The primordial magneticconsiderably simplified. By straightforward calculation, it
fields, “frozen in” the cosmological plasma, could also havecan be shown that the amplitudé3.3) in this limit
had the strenght8=B,, at some stages of the early Universe[ »,=B/B,<1; however,x,=(B/B,)(p, /m,) has not to
evolution[21]. be smal], as should be expected, coincides with the ampli-
The amplitude of the decay— v;y in a magnetic field is  tude of the neutrino radiative decay in the crossed fi2ld).
described by the same effective Feinman diagram as thadote that this is the necessaffyut, certainly, not sufficient
shown in Fig. 3. The expression for the lepton propagatocondition for our combersome calculations of the magnetic-
and the calculation details are given in Appendix A; here, wefield-induced amplitude\ M(® to be correct.
only present the external-field-induced contributitt(® In the strong field approximatioB>B, (7n,>1), to
to the decay amplitude: evaluate the integral@.5), it is convenient to rotate the in-
tegration loop clockwise byr/2 in the complexz plane. In

©®. €& G - this case the amplituda M®, Egs.(3.3) and(3.5), is sig-
AM®P = @i \/E[l(fso)(CIJ)<Y1>+(f<P)(Q<PI)(Y2> nificantly simplified and can be represented as
+(fe)(aei)(Ya)+i(fe)(aAj)(YHl. (3.3 e € Ge
_ AMg'= 57— —=(fe)l(ja)+(jea)+(jAq)
We recall that herg , = v;(p2) v,(1+ ys) vi(py1) is the neu- S 24w V2 1 Aala

trino current, s 5
X(n,MH(4m;/q7)), (3.9

— CK*
(Y(m/»—/gw Ki Kj Y(m,), (3.4 whereq? =(qAq) is the square of the photon momentum,

which is normal to the magnetic field,
p1, P2, andg are the four-momenta of the initial and final
neutrino and the photon, respectively, and,; 3 x 1
=0,€3— g€, is the photon field tensor. We have intro- H(X)= =X arctan -1, x>1,
duced the dimensionless tensors of the external magnetic 27\ x—1 Vyx—1
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IV. PLANE MONOCHROMATIC WAVE

_ 3 X | 1+VJ1—x ) X
HOO =~ 3% 1—x : 1—J1—x t2tim 1—x| The development of intensive electromagnetic field gen-
eration techniques and the current possibility to obtain waves
<1 3.7 of high strength of electromagnetic field, name§- 10°

V/cm, have stimulated the investigation of quantum pro-
cesses in strong external wave fields. Indeed, the so-called

. 2 _ 2 _ .
Note that, ifq7 =4m’> (x=1), the amplitudg3.6) has a wave intensity parameter

root singularity associated with the known root singularity of

the probability of thee*e™ pair generation by a photon in an 232

external magnetic field22]. Such a behavior of the decay =- e 4.7)

amplitude in the vicinity ofﬁﬂ4m2/ exactly corresponds to ’

the singularity of the imaginary part of the photon polariza-(wherea is the amplitude of waven, is the lepton mass, and

tion operator in a magnetic fle[d?3]- _ e is an elementary chargecharacterizing the effect of the
On the basis of the expressi¢.6) for the amplitude we  glectromagnetic wave, should not be neglected. It is also

obtained the following expression for the probability of the \yorth noting that the energy-momentum conservation law

ultrarelativistic neutrino of a moderate-energyf (4m2) in  for the radiative decay in the wave also contains, along with

a strong magnetic fields{,>1): the four-momentg,, p,, andq, the four-wave-vectok. The

process amplitude is calculated by standard Feynman rules,

20 GEmS/ B2 2 in which for the propagators of intermediate fermidsse
Wst= "~ "3 E,\B, |KieKiel (2), Appendix B exact solutions are used of the corresponding
wave equations. In this section we consider the external field
, 1 y 2 of a monochromatic circularly polarized wave with the four-
ial
J(z)=f dy(z—y)| ——; arctan —11 , potentia
0 yVi-y? Vi-y? _ ; _
A,=a,,C08p+£ay,Sinp,  @=KX, (4.2
E,sind W (DY 2_
— (3.9 where k*=(w,k) is the four-wave-vector,k*=(a;k)

“~om, =(ak)=(a;2,)=0, and a’=a5=a% the parameter
¢==1 indicates the direction of the circular polarization
ﬁleftward or rightwargl. Note that vectorél, 52, andk form

“a right-handed coordinate system. T&enatrix element of

the given process, just as previously, can be represented in

the form

To estimate the enhancement of the decay by the extern
magnetic field numerically, it is sufficient to compare expres
sion (3.8) for the decay probability in a magnetic field with
expressiorn(2.11) for the probability of the decay of the mas-
sive neutrino in vacuum.

As we can see, in the relativistic neutrino decay probabil- S=S,+AS, 4.3
ity (3.8) there is no suppression caused by the smallness of
the neutrino mass, because the probability is virtually indewhereS, is the matrix element of the radiative decay of the
pendent of the neutrino magd ij/mi2<1). Finally, the massive neutrino in a vacuum amdS is the contribution
decay in a strong field is also catalyzed by a factorinduced by the wave field:
~ (B/B,)?. Especially impressive is the comparison of the

L. . . . . 4 +2
moderate energyE2<4m?) relativistic neutrino’s lifetime _ i(27) (n) &(4) o
7®) in the radiative decay;— v;y in a strong magnetic field AS= /2E1V2E2V2q0Vn=22 MEST Nkt p1=p2—q).
(B>B,), (4.9
( 2x10° (Bg\%(1 MeV Herep,, p,, g andE4, E,, qq are the four-momenta and the
T Zm B\ T E /S€C (3.9 energies of the initial and final neutrinos and the photon,
je'Nie v

respectively, anch=0,=1,%+ 2 is the difference between the
numbers of absorbed and emitted photons of the wave field.
Note that the matrix element of some process in the field

of an electromagnetic wave has usually the form of summa-
( E, )sec (3.10 tion of n type (4.4), where—o<n<w [24]. That only five

1 MeVv ' ' values ofn in our case are possible is extraordinary and is

due to the following reasons. The procesgs-v;y is local

So the magnetic catalysis of the massive neutrino radiativevith the typical scaleAx<1/m; (m; is the mass of the vir-
decay might solve the problem of whether a heavy enoughual fermion. In this case the angular momentum conserva-
(m,=20 eV) neutrino exists in the Universe. In fact, if the tion degenerates to spin conservation. Since the total spin of
magnetic field fluctuations in an early enougl=( se¢ the particles participating in this process is no greater than 2,
Universe would, for some reasons, reach such values d8|.=2 is the maximum difference between the numbers of
B~10°B,, the massive neutrino’s lifetime under such fieldsabsorbed and emitted photons of the external figie pho-
could, according to Eq.3.9), reduce to values of order of 1 tons of a monochromatic circularly polarized wave have a
sec. definite spiné==1). The direct calculation supports this

and the lifetimer() in the radiative decay in vacuum:

10°° (1 eV 6
_|Kik~rKiT|2\ m,

70
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conclusion. A similar phenomenon has been discovered behe relation

fore [18] in studies of the effect of a circularly polarized A

wave on flavor, changing transitions of the massive neutrinos mi —m;=—2n(kpy)

viev; (i#]) with [n]na=1. - )
Notice that in the uniform constant fields the decayf©!lows. In such a manner, the radiation deagy- v;y with

vi—vjy with m;>m; is valid only. This is due to the fact Mi=M; IS possible on condition that>0. _

that the energy-momentum conservation law in this fields " the lowest order of perturbation theory, a matrix ele-

coincides with the one in vacuum. On the other hand, ag"ent of the radiative transition,— v;y is described by the

follows from Eq. (4.4), the external electromagnetic wave effective diagram represgnted in Fig. 3,_|n which not only the

field can also induce radiative transition with<m; forbid- W boson, but alsgfor i =) the Z boson is exchanged at the

den without the field. Indeed, from the energy-momentumpo'”t X. The expressions for the fermion propagator in the

conservation law in the wave field wave'’s field, as well as some details of the awkward calcu-
lation of the invariant amplitude$1(™, are given in Appen-
nk+p;=p,+q, dix B. Here we only present the final result:
(0) e Ge 4 * 4,1 20 oy
M= =152 gy | 2 KirKlrt28,0)@ ML) I (m,) + (k) J(m,)]

Nlw

5ij% QqYq a%mj[(jfk)Jl(mq)+(j?k)J2(mq)]],

my e

(ka)

e GFeo('qu )

M(rr): _
167 2 (ka)

(jk)IZ(m,)

{Z/ (KVK,*/—%6”){[(101—p2>j]J<3"><m/>+8

utel
)

(ka

+%5H§ <2T3qQ§>[[<p1—p2>j]J<3"><mq>+8 jk)Ja'”(mq)H,

e Gee*(fF)(jF’q)
2

(20) — _
M 16m7° 2 (kg)

{2 (Ki/Krﬁ%&jg»Jé“)(m/)—%ai,g (Qagqmgf’)(mq)},
F7=k,a)”—k,al”, al=(a;+iéoa,),,

gf:2T3f_4QfS|n20W, f:/,q (45)

Here o is the sign of the summation index in Eq. (4.4) 1
(0==*1), the index / indicates charged leptons JE{T)(mf)Zf 1
(/=e,u,7), the index q indicates quark flavors 0
(q=u,c,t,d,s,b), Ty is the third component of the weak 1 "
isospin, Qs is the electric charge in units of the elementary Jgg)(mf):f dyJ drr(j(2)+jf)e‘[q’(mf)‘z‘”l,
charge,m, andm, are the masses of the virtual leptons and 0 0

quarks, ancj; is the unitary lepton mixing matrix,

d o0 .
_);’zfo drr?jo(jg+j3)e'l®mo o,

47 mfz 5
) P(M)= =707 gl (L0,

! * 2 STy,
Jl(mf):f dYJ dr 7| j1+ 120
0 0 y 0252
ay? & =—Qf—. (4.6
~ Y oialeem f
1_y 0J1 ?

Herejo=sin7/1, j;= —dj,/d7 are so-called Bessel spherical
harmonics; the other denotations and quantities in Eg5)
and (4.6) have been introduced above. It is easy to see that
the amplitudesM(™ are explicitly gauge invariant and do
not contain divergences. Note that the expressions we have
L e obtained for the amplitudest(™ of the radiative transition
J(sw(mf):f dyf dr(jo—icjy)el®m—or vi—vjy in the field of a monochromatic wave allow a

0 0 simple check. Indeed, if in Eqg4.5 and (4.6) the wave

1 14y2 (e
‘Jz(mf):jo dyl——sz’o d77joj,e' M),



5682 A. A. GVOZDEV, N. V. MIKHEEV, AND L. A. VASSILEVSKAYA 54
fields and was discussed in the above sectimee Egs.
(2.16—(2.18 and (3.9)]. In the ultrarelativistic limit, the
probabilitiesw™ atn<0 remain suppressed:

frequencyw tends to zerdi.e., k,—0), the strengthé and

B of the electric and magnetic fields being fixed, then in this
limit the amplitude of the decay;— »;y in crossed field

must be obtainefisee Eqs(2.4—(2.6)]: GZm?°
Ew2=0| a—7" &g
+2 v m‘e‘ '

AM[Eq. (2.8]= > M™ . 4.7
n=-2 k,—(0,0 G,Z:mf

£,B, fix Eyw(l)ZO(a pov a%)
e
To prove the conclusion4.7), it is necessary to take into

account that(1) in the above limit, the tensoE(’) is ex- EW?=0(aGim’miad). (4.12
pressed in terms of the strength tensgy, and dual tensor
F  of the crossed field, The other probabilitiesv™ (n = +1, +2) in the limit
- E,>m, are substantially simplified to be represented in the
(0)] k=0 —j =
Fulldse =io(F,,+iotF,,). (4.9 form
2
2) If we take advantage of the identit 4a Gk
2 g y EVW”l)z??mga‘SlKie 152

(A1Z2)aﬁ+(A2’Al)aﬁ=%(AIRZ)gaﬁa ) .
~ ~ ~ ~ xf dx——|35" PV (my)|?,
(AlAZ)aﬁ:AlapAZp,B ’ (AlAZ) :AlapAZpa ’ -1 (1+ X) 4 ¢
2

where A;,, and A,,, are arbitrary antisymmetric four-

o
tensors, then the wave intensity parametgrg. (4.1), can Ewt?= 47T7Tg(p1k)mié|Kiere+ 7696l
be related to the dynamic parametgf Eq. (2.1), by the
expression Xf” dx [(1-§)  (1-%)%(1+¢§)
) 1l+x 2 4 2
a;_?(p_lk> =42 4.9
AmZ) | X ' X35 (mg) |2, (4.13

(3) To remove the undeterminacy arisingkat-0 in expres-  Here, the integration is performed with respecxte cosd,
sions(4.5) for MM it is useful to take advantage of the limit & being the angle between the photon momentpuend the
relationship wave vectork in the center of mass of the final neutrimp
and photony. Consequently, in the ultrarelativistic case in
Ka - (bFF)“, 4.10 theintegralsl{" andJ§™ [see Eqs(4.6)] the substitution
(ka)|,_, (bFFa) (gk)=(1+x)(p;k)/2 is needed. The comparison of the
probabilitiesw(™, Egs. (4.12 and (4.13 of the transition
wherea and b are arbitrary four-vectorghowever,b is a v;— v;y in the wave field and the probability, Eq. (2.1,
timelike vectoy, and(4) in the crossed field limit the terms of the decayv,— v;y in vacuum shows that the probabilities
in M™, Eq. (4.5, proportional to; do not make any con- (M at n=+1+2 do not contain suppression associated
tribution (because of kinematics reasani passing to the \yith the smallness of the neutrino masscall that the prob-
limit using Eqs.(4.8-(4.10 the result(4.7) is reproduced  gpjlity of the decay of an ultrarelativistic neutrino in vacuum
immediately. N _ _ is wo~mb/E,). Below we estimate the ratio of the probabil-
The probability of the transitiom; — »;y in the wave field ity w, Eq. (4.17), of the transitiony,— »;y for a neutrino
42 from a high energy accelerator in the wave field of the laser
w= > wm (411 type and the probabilitywg, Eq. (2.11), of the decay in
n=-2 vacuum:

is, in general, rather awkward. We shall give it only in the
most interesting, from the physical point of view, case of the
transitionv;— v;y with the initial neutrinoy; being ultrarela-
tivistic (E,>m,). Despite the fact that the wave intensity where the wave intensity parameter? éor the laser type
parameter ée Eqg. (4.1, under laboratory conditions cannot fields is

be great(e.g., for laser fieldsw~1 eV, £<10° V/sm,

a&=<10"9), substantial enhancement of the transition prob- =102 & 2 eV
ability is possible. The main effect of the enhancement con- h 10° V/ism 0
nects with the decrease and even complete disappearance

(for n>0 as we shall see belovof the suppression factor Such a strong enhancement of the- v;y transition prob-
caused by the smallness of the neutrino mass. Recall that aility, even at relatively small wave intensity Z&lo**),
analogous result was obtained for uniform and constanappears rather impressive.

E w\®
ﬁf) (100 )2, (4.14

R= ﬂ~10°'3(
W

1eV) 6
0

mV

(4.1



54 RADIATIVE DECAY OF THE MASSIVE NEUTRINO IN ... 5683

The results obtained in this section may be of interest foproduced from the neutrino decay can be observed in astro-
astrophysics and cosmology. In particular, in the wave fieldbhysical experiments provided that the domains with such
the process of the photon splitting into the neutrino pairstrong magnetic fields exist.

y— viv; becomes possible. This process probability has the On the other hand, the results presented in the Sec. Il are,
form in our opinion, of interest in the cosmology of the early
Universe. Indeed, in recent papers the possibility of the gen-

_ GE mg . 5 f 1< 12 eration of primordial strong magnetic fields through thermal
Wy_’ViVjZEW q—aee{gme aﬂKie je—55ij| fluctuation in the primordial plasma with magnetic field
0 strengths of order of #8-10'° G [27] or 10*-10'¢ G [28]
x| 35V (Me) |2+ (qK) [KieK i+ 3 812|357 (me) 2. and coherence lengths of order of 10-100 cm was pointed

41 out. Let us estimate the neutrino lifetime in the case of the
(4.16 existence of primordial small scale magnetic field strengths

. . . ... of order of ~10'"—10" G. For this purpose we use expres-
As is easily seen from Ed4.16), this process probability, in sion (3.9 we obtained for the moderate energy neutrino

e e vy e ot e e f o A e
' >B,) and get the following estimation®~0.1-100

of the energy loss by stars. sec. This may be of interest in connection with the cosmo-
logical problem, concerning the contradiction between the
V. CONCLUSION Cosmic Background ExplorefCOBE) data on the cosmic

In this work, in the framework of the standard model with microwave background anisotropies and the observed power

fermion mixing, we have investigated the effect on the pro-sDeCtrum of the large-scale structis].

cessy;— v;y of the massive neutrino radiative decay of ex-
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In Sec. ll[see Eq.(2.19] we estimated a number of
guanta which could be resulted as the neutrino decay in a
volume filled with a magnetic field. Let us give here the
estimation in the case of limiting in the laboratory conditions
values ofB andW (B~10° G, W~ 10'° GeV): The amplitude corresponding to the diagram in Fig. 3 is

calculated according to the conventional Feinman rules. In

2 .12 doing so, for propagators of intermediate charged leptons
1° G/ \1m |KieKJe| : exact solutions are used of the corresponding wave equations
in the constant electromagnetic field. With the crossed field,

It is worth noting that the estimation we have presented ighe propagator of the charged leptsfi)(x,y) in the proper
numerically small and seems likely that there is no possibiltime formalism[30] has the form
ity to carry out such neutrino experiment in the near future. - : -

Nevertheless, the mentioned above mechanism of the SP(x,y)=€e*vg(X), (A1)
electromagnetic catalysis of the massive neutrino radiative )
decay is of interest in astrophysics where gigantic neutrino é(X)= | J""ds
fluxes and strong magnetic fields can take place simulta- 16m2 o s2
neously(a process of a coalescence of neutron gt26§ an
explosion of a supernova of the type SN 19824&]). Let us
estimate a relative flux of quanta which traverses a domain
filled with a strong magnetic fieldB>B,):

APPENDIX A: J,g CALCULATION
IN CONSTANT ELECTROMAGNETIC FIELD

AN?~1072

1 X ie Xl~=
2—5( 7)+5( Y) s

sé sme
— 3 (XFRy)+m——=(yFy)
ﬁ

5 Xex%—i 12(XFFX)D,

1
) m?s+ 4—SX2+
Pl k. k2

Be> (10 km)'K'eKJe| ’ (A2)

D7
— 1012
or 10

where ®" is the neutrino flux with the average energy whereX,=(x—y),, F,, andEW are the field tensor and
E,~1 MeV transversal to the magnetic field strength andfield dual tensore>0 is the elementary charge,, and ys
L is the characteristic dimension of the domajnquanta are Diracy matrices(the metric, the convensional represen-
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tation of Diracy matrices, etc., correspond to the bdau]), ‘ G
; : 4 —I(XRXI4+qX) —;
m is the mass of the charge lepton, and the pliaéey) is G,= | d"XX,e al aq”
determined in the following way:
X G — d4xx X e*i(XRX/4+qX): _ &ZG (A5)
q)(xiy):e ydg,uK/.L(f)’ My Ll aqM&qV

Ku(E)=AL(E)+3F L (E-Y),. (A3)

In the remaining double integral with respect to the proper
timess; ands,, it is convenient to pass to the dimensionless
Owing to d,K,—4d,K,=0, the path of integration from variablesz andt:

y to x in (A3) is arbitrary and, therefore,

d(x,y)+®(y,x)=0. (A4)

Using (A4), the integration of),; with respect tox andy

(see Fig. 3 can be easily redused to an integration with

respect toX=x—y [see Eq(2.3)]. From Egs(2.3) and(A2)
it is clear that the integrals with respectXaare Gaussian, so
that they can be readily calculated:

G= J d4xe—i(XRX/4+qX): _ (4W)2(delR)—1/2e(iqR71q),

—m2(s, + =379 4o ds———7dzd
Z=mM*(S;+S,), T sts, ST 32—2m42 zdt
Oszsw, -—-1st=<l. (AB)

The substitution into the amplitud@.2) of the expression
for J,z in the form of a double integral with respectzand
t results in the final expressid2.4) and(2.5).

In the case of a constant uniform magnetic fiéldthe

propagator of the charged IeptéFF)(x,y) in the proper time
formalism has the form

SE(x,y)=— ei‘“**”fm as E[cos([:’s)(X?\'y)Jrisin(BS)(X&y)y]
’ 2(4m7)? o ssin(Bs)| s 5
B _ [, XAX B
- W(XA ’)/)+ m[200$,35)—3|n(BS)(’)/QD)/)] ex;{ —1| m°s+ 4_3_ WBS)(XAX) ) (A?)
|
where ¢,,=F,,/B and g,,=F,,/B are the dimension- . : f dp /1 kA p+my efAk)
) ' X,y)= _ _
less flgld t.ensor and dual field tens:PL of the constanB(X,y (277)4\ 2(kp) pz—mfz\ 2(kp)
magnetic field, A ,s=(¢9) .5, Awp=(P®)ap, B=¢€B,
X,=(x—y),, and the phaseb(x,y) is described in Eq. . 1
(A3). Note that the propagatdA7) can be represented in a Xexp i =py=x)+ (kp)
fully covariant form, because the paramefgrn a purely
magnetic field can be rewritten a&8=eB=\—F?%/2. The XJ<P’ A)+ Le2A2 B1
calculation procedure for the tensby; Eq.(2.3), in the case ® de(ei(pA)+2erAT) |1, (B1)

of a constant magnetic field, though more awkward, does

not, in principle, differ from the case of a crossed field.

APPENDIX B: ON THE CALCULATION
OF THE S-MATRIX ELEMENT IN THE FIELD
OF A MONOCHROMATIC CIRCULARLY

POLARIZED WAVE

where A, =A,(¢), e=kx, A,=A,(¢"), ¢'=Kky, k is the
four-wave-vector k?=0) ande; andm; are the charge and
the mass of fermion, respectively.

In the case of the circularly polarized wave with four-
potential

A,u,((lD):al,uCOS @)+a2,u,3in( (P)i (BZ)

The propagator of the charged fermion in the field of ayhere four-vectors;, anda,, are orthogonal to the four-

plane wave with a four-potenti#l ,=A ,(¢) of the general
form can be obtained by method, given[Bi], and has the
form

wave-vectork o

(a;ap) = (a;k)=(azk)=0, (B3)
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the expression for propagator may be represented in the form Given the integration over one of the momenta in the loop
d*q it is convenient to use the basip,, h,,p., h..p,,

4 TAN A ~n
"S(X y): d p4(1_ eka p+ mfz/ 1— efAk hﬂyhvﬁpﬁ, Where
! (2m™\ " 2(kp)/p?—m?\ " 2(kp)
ef(a h, =k.a;,—k,a;,, h ~k,a,,—k,a,,. (B5
xex”{i TPy f<(k;)p)[sin<so')—sin<go>] pr=Kdy =K M =kuaz,~koBo, . (BY)
ef(azp)[ qo') $o)] e?a’ (o) ] By using the known relation
————-—[co —co —— (' — _
(kp) ¢ U 2kp P ¢
(B4) Jo(v/b?—2bccosx+c?)

oo

Since the power of the exponent of the propa
P P propagak) =Jo(b)Jo(c)+2§1 J4(b)J(c)cosa, (B6)

contains nonlinear functions of coordinatesindy [ sin(e),
sin(¢’), coskp), and cosg’)], it is convenient to expand the
corresponding part of an exponent in the Fourier expansion
with the coefficients of expansion been proportional to theone can reduce the remaining infinite series to five terms,

Bessel function$24]. which may be brought to the fori.4).

[1] N. Cabibbo, Phys. Rev. Lett0, 531 (1963. (1981 [Sov. Phys. Usp24, 1008(1981)].

[2] M. Kobayashi and T. Maskawa, Prog. Theor. P48, 652  [15] N. Hata and P. Langacker, Phys. Rev5D 632(1994; P. I.
(1973. Krastev and S. T. Petcov, Phys. Lett.2B9 99 (1993.

[3] M. Danilov, in Proceedings of the International Europhysics [16] R. N. Mohapatra and P. B. P@assive Neutrinos in Physics
1993 EPS Conference on High Energy Physib&rseille, and AstrophysigsWorld Scientific Lecture Notes in Physics,
France, 1993, edited by J. Carr and M. Perdtietitions Fron- Vol. 41 (World Scientific, Singapore, 1991
tieres, Gif-sur-Yvette, 1993H. Albrechtet al, Z. Phys. C57, [17] A. A. Gvozdev, N. V. Mikheev, and L. A. Vassilevskaya,
533(1993. Phys. Lett. B289, 103(1992; 323,179 (1991).

[4] F. Barteltet al, Phys. Rev. Lett71, 4111(1993. [18] A. V. Borisov, I. M. Ternov, and L. A. Vassilevskaya, Phys.

[5] Particle Data Group, L. Montanet al, Phys. Rev. Lett50, Lett. B 273 163(1991).

1173(1994. [19] A. V. Kuznetsov and N. V. Mikheev, Phys. Lett. B39, 367

[6] S. T. Petcov, Sov. J. Nucl. Phy85, 340 (1977); 25, 699E) (1993.

(1977; S. M. Bilenky, S. T. Petcov, and B. Pontecorvo, Phys.[20] J. J. Gomez-Cadenat al, Report No. CERN-PPE-95-177,
Lett. 67B, 309 (1977; W. J. Marciano and A. |. Sandéhid. 1995 (unpublishegl

67B, 303(1977; B. W. Lee and R. E. Shrock, Phys. Rev. D [21] T. Vachaspati, Phys. Lett. B65 258 (1991J).

16, 1444(1977). [22] N. P. Klepikov, Zh. Eksp. Teor. Fi26, 19 (1954).

[7] M. G. Schepkin, Yad. Fiz18,153(1973 [Sov. J. Nucl. Phys. [23] V. N. Bayer, V. M. Katkov, and V. N. Strachovenko, Zh.
18, 79(1973]. Eksp. Theor. Fiz68, 405 (1979 [Sov. Phys. JETRI1, 198

[8] A. A. Gvozdev, N. V. Mikheev, and L. A. Vassilevskaya, (1975].

Phys. Lett. B267, 121 (199)). [24] V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskpuan-

[9] J. F. Nieves, Phys. Rev. P8, 1664(1983. tum Electrodynamics 2nd ed. (Pergamon Press, Oxford,

[10] B. Pontecorvo, Sov. Phys. JETEB, 549 (1957); 34, 247 1982.
(1958; Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor.[25] P. Meszaros, Report No. Astro-PH/9502090, 198&pub-
Phys.28, 870(1962. lished.

[11] R. Shrock, Phys. LetB6B, 159(1980); I. Yu. Kobzarevet al., [26] D. K. Nadyozhin, inProceedings of the International School
Sov. J. Nucl. Phys32, 823(1980. on Particles and Cosmologigaksan ValleyWorld Scientific,

[12] R. Daviset al, Prog. Part. Nucl. Phy82, 13 (1994; Kamio- Singapore, 1991 p. 153.

kande Collaboration, K. S. Hiratt al,, Phys. Rev. Di4, 2241 [27] D. Lemoine, Phys. Rev. B1, 2677(1995.
(199); GALLEX Collaboration, P. Anselmanet al, Phys. [28] T. Tajima, S. Cable, K. Shibata, and R. M. Kulsrud, Astro-

Lett. B 357, 237 (1999; SAGE Collaboration, A. I. Abazov phys. J.390, 309(1992.
et al, ibid. 328 234 (1994; J. N. Bahcall and M. Pinson- [29] M. White, G. Gelmini, and J. Silk, Phys. Rev. Bl, 2669
neault, Rev. Mod. Phys$4, 85 (1992; 67, 1 (1995. (1995.
[13] L. Wolfenstein, Phys. Rev. D7, 2369(1978; S. P. Mikheyev  [30] J. Schwinger, Phys. Re82, 664 (1951).
and A. Yu. Smirnov, Sov. J. Nucl. Phy42, 913(1986. [31] C. Itzykson and J.-B. ZubeQuantum Field TheorfMcGraw-

[14] T. M. Aliyev and M. I. Vysotsky, Usp. Fiz. Nauki35 709 Hill, New York, 1980.



