Interaction between a massive neutrino and a plane-wave field
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Invariant solutions of the generalized Dirac equation are obtained for a neutral particle endowed
with an electric dipole moment and an anomalous magnetic moment in the field of a plane wave of
the form A = af (kx) ] and in a circularly polarized wave. These solutions are used to study the
photoneutrino reactions ¥ —vv and v — vy in the field of a linearly polarized wave and in a
constant crossed field. The feasibility of detecting the neutrino electric dipole and anomalous

magnetic moments is discussed.

1.INTRODUCTION

At the present time there is no convincing experimental
proof for the existence of nonvanishing mass for the electron
neutrino, to say nothing for the neutrinos of other genera-
tions. However the existence of such a mass would solve a
number of dead-end problems of modern astrophysics, the
most important being the solar neutrino deficit and the ques-

tion of dark matter in the Universe. With a minimal modifi- -

cation of the standard model the Higgs mechanism ensures
the appearance of mass for the neutrino, although the theo-
retical situation is far from definitive due to the large number
of unknown parameters, including the number of Higgs bo-
sons and their properties. Thus arguments in favor of a neu-
trino mass, in general different for different types, are suffi-
ciently nontrivial.

For m,#0 there arises the principal question of the
origin of the mass contribution, which could be either Dirac

or Majorana. The vanishing of the corresponding electro- -

magnetic form factors of the Majorana neutrino, i.e., of the
anomalous magnetic moment (AMM) u, and electric di-
pole moment (EDM) ¢, in particular, follows from the Lor-
entz invariance, and therefore CPT invariance, of the theo-
ry.! In the case of Dirac neutrinos CPT invariance is not in
contradiction with nonzero values of AMM and EDM,
while it follows from CPinvariance that €, = 0and the value
of u, proportional to the neutrino mass can be obtained the-
oretically from the minimally modified standard model and
turns out to be equal to?

__ 3eGm,
™ Bt
If it is assumed that m, ~ 10 eV, which is not in contradic-
tion with the experimentally established upper bound, then
#,~10~ ;. Estimates based on astrophysical data' and
on experiments with reactor neutrinos® are significantly
weaker: 1, <1.5:107'° pp, and p, <2:107"! u,, respec-
tively.

The presence of an EDM for a massive Dirac neutrino
violates CPinvariance, but modern experimental data do not
exclude this possibility in the case of, e.g., the more definitive
situation with the neutron EDM ¢,.** Thus, the K °-decay
data implies the possibility of existence of an EDM at the
level £, ~ 10 = *! e-cm, while from the baryon asymmetry of
the Universe follows £, > 3-10727 e:cm. On the whole, CP-
invariance violation has not been unambiguously confirmed
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experimentally (see, for example, the review in Ref. 6), and
theoretically in extended versions of the standard model
there are two mechanisms for CP violation: the 6 term and
the CP-odd phase in the Kobayashi-Maskawa matrix, re-
sponsible for the appearance of an EDM.”"®

Note that the estimates for the neutrino AMM given
above are based on integrated characteristics of the corre-
sponding contributions into, for example, the photodecay of
a massive neutrino into a less massive one v; — v;7, when the
CP-violation effects are not seen and the contributions of
AMM and EDM cannot be separated.® Thus these estimates
should also apply to the presumed size of the neutrino EDM.

It is clear from what has been said that the study of
electroweak processes, caused by the existence of neutrino
AMM or EDM, is one of the principal means in the search
for the final version of the standard model or its alternatives.
Along that line it is of interest to investigate the channels
that are opened by the stimulated influence of an external
electromagnetic field, since its magnitude achievable in the
focus of a laser or in the vicinity of collapsed objects makes it
feasible to hope to detect neutrino AMM and EDM. In this
work we study, with the help of the solutions found in Sec. 2
of the generalized Dirac equation in the field of a plane wave
including the AMM and EDM of the neutral fermion, the
process of photoproduction of massive neutrino pairs ¥y —vv
(Sec. 3) and of bremsstrahlung v—vy (Sec. 4). The ob-
tained results are applicable to the field of a linearly polar-
ized plane wave and to the crossed field and generalize in
part of our earlier work,'®!® in which only the AMM of the
particle was taken into account.

2. WAVE FUNCTIONS IN THE FIELD OF A PLANE WAVE
The generalized Dirac equation for a neutral particle
endowed with an AMM yx and an EDM ¢ has the form

(10—m—1/,i(p—iey®) GugF™®] W =0, (1)
Oup="/, (YaYs—"6Ye)

where Fis the external field tensor. In the usual manner one
verifies that

aa(‘?'fa‘y)=0 (2)

and therefore the wave function can be normalized in the
standard fashion to one particle per unit volume. We search
for a solution of the squared equation in the field of a plane
wave with the potential
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A=A(g), ¢=(kz),

in the form

k=(kA)=(kA’)=0

W0 (e~ 2P
? 2p))"

where the matrix ®(¢) satisfies as a function of the phase ¢
the equation

pr=m? 3)

9'=B'0, (4a)

B= (kAp + pkA)— iey® (kAp — pkA)], (4b)

1
Tp) ¥

and u(p) is a Dirac spinor with normalization %y = 2m. In
fields 4 = af(@), where the phase dependence factorizes in
the form of a scalar function (for linear polarization
Jf=sin g, for constant crossed field f = @), the operators B
and B' commute and the solution has the form

®=exp (B) 0. (5)
Taking into account the fact that
B'=A%(p'+e’),

it is easy to obtain the following final expression for the ma-
trix function ®:

®=cos z+sin z(AM—izy*N), (6)
2=[—A(ui+e?) ], (6a)
A=t E=—r (6b)
(uz+82)‘b ! (M2+82)|" ’
_ kap + pka
M= TEy = (6e)
kap — pka (ap) E—(kp) &
N = = ,
2Hp)(— % (kp)(— @)% (6d)
with
M=-M, N=N, M=N'=—1, MN=NM, €))

and ®® = 1, which corresponds to normalizing the wave
function (3) to one particle per unit volume. In the absence
of the field (z =0) we have ® = 1, as we should; for£ =0
we obtain the solution we found previously for a neutral par-
ticle with an AMM.'°

In a field with circular polarization

A=a, cos ¢+ta,sin @, (8)

a‘Z=a'22='aZ7

(a,a,)=0

the operators Band B’ do not commute and to find the solu-
tion (4a) one should make use of the method outlined in Ref.
12. Taking into account the relations

Bz=B'z='—Zz, B”=—B, Z=[—¢lz(|k2+82)]'ha
N2k [

and including the appropriate formulas from Ref. 12 we con-
clude that the solution scheme is unchanged and in the pres-
ent case leads to the result
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1 6_ 3 ~
¢ =— {005 9.+ D [n(kA,p + pkA,)
— iey® (k4,0 — pkA,)]— Nsine ], (10)
where
Ai=a,cos ¢, ta;sin ., @.=0.9,
5.2 (10a)
b=t (1+a) 1), o=t

It can be verified that in that case too the standard normali-
zation &P = 1 applies.

3.THE PROCESS y-+vv IN THE FIELD OF APLANE WAVE
The effective yvv-interaction vertex, induced by the p,
e-coupling to the radiation field 4(y), has the form

a4y
= ] — AP 1 et
LP=—i[T (un—iey*)o*¥] PPl (11)

Making use of expressions (3) and (6) for the neutrino wave
function in the field of a linearly polarized plane wave, and
also the expansion of trigonometric expressions in terms of
Bessel functions, !° we find for the matrix element of the pro-
cess y—vv:

<f|su>=apo—2";%%2, 1,6 (x+sk—p—p')
x 2 EL (umter) o+ (i —eyW)
X(u—iey’) (BM’'—iey°N')]
+ il—:(z—_l—’-’ [ (u—iey’) o™ (M —igy*N')

— @M —ioy'N) (u—iet)o] |
X u(_p,)edxﬂv

where s is the number of photons captured from the wave, 7,
pand p’ are the momenta of the photon and the neutrinos, e,
is the photon polarization vector, the form of the matrices M
and N is given by formulas (6c, d), and we have introduced
the notation

M =M(p—~p'), N'=N(p—~p'), argl,=2[—a*(p*+e?)]".

By means of standard methods one can obtain the following
expression for the probability per unit time

w=23 111, (12)
where
_L [ (& (0
Fir-— | poj2po' 8(q—p—p)T, (13)
q=x+sk, (13a)
T=(p*+e*) (px) (p'»)
(kx) (pp’) (%p | %p’
+ulm? NERIME 7O T
wm ("’”)[wp) *p)) (kp " kp)]
ooy M (kp)(kp') (ap _ap”\?
+u _B)MT__q(kp kp’) ’ (130)
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where in (13b) the pseudoscalar term, which does not con-
tribute to the total probability, was omitted.

For further simplification we need the following invar-
iant integrals:

n_b 2m? 1 ] 14a
Flops'l=1 (1+7)qaqa+ S Tbga),  (142)
Pa 1 q 1 ]
Pa]_ bge —-L(b——1n Q) k|, 14b)
g'[kp] 2(kq)[ 9 kq( 2 DQ) (

?[(kp)(lkp,)]= (kZ)’ InQ, b=(1_4$2yk» .

p’*p"p“l]= ! {_b_ 142 .
g‘[ kp 4( kq) 3 ( qz )quHQV

: b irom ¢'v’ ,
+|m an_? (q +2m’ ) guvqu.+ '—6—' (ga’vq;t_*.guuQV) ’

(14d)

We have omitted in (14d) tensorial combination that do not
contribute to (13) as a result of the properties

ki= (ka)=0.
Making use of Egs. (14) we obtain

ey 2y O 2m? .
Fir1= e (1425 (@

+utm*[—b(gx)+bg*~m?1n Q]
2 2 mz 2 1 2
+(u—e)-§—(m an—?bq). (15)

With (13a) taken into account we introduce the notation

g, = 20 (16)
mz
so that
¢ _, o»_u -(_4y
mz Us, mz 2 ’ b= 1 i]:—— ’

and the final result has the form

W= EW., (17)
4 2 2
Wszﬂu_-l‘_s_)‘]‘z El_li(u_‘+7)_1no]’ (17a)
%o 12 2
2m?
=E\ — . 17b
s (ku )+1 (17b)

Near the partial threshold (u, = 4) the expression in the
square brackets in (17a) is approximately equal to
(u, —4)'?/2, so that the pair (v¥) is produced in an s state.
We call attention to the fact that u and £ enter into the differ-
ential probability asymmetrically [see (13b) ], while at the
same time (17a) has (u” + £7)J,2 as a factor.

In a constant crossed field, which approximates in the
ultrarelativistic case constant fields of other configurations,
the corresponding probability is obtained from (17) by leav-
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ing off the sum over s and making the replacements (see also
Ref. 11)

Iy, u~4y, (18a)
where the field invariant is
Yy

(= L) G ] (18b)

m

Note that in a constant field there is the fixed reaction
threshold y = 1, and near threshold we have
mA (u2+82)

W, = — (x—1)". (19)

Ko

4. THE PROCESS v vy IN THE FIELD OF APLANE WAVE

The expression for the probability per unit time in the
field of a linearly polarized plane wave has the form (12)
with the replacement 2/x,—2/p, and with the definition of
the integral operator

1 (d°p (d»
Firl=— )L ) 2 §(g—x—p)T, (20)
(7] njzpo"[Z%o (g—=—p")

where p and p’ are the momenta of the initial and final neu-
trino, respectively, x is the momentum of the photon, and
the expression for T differs from thatin (13b) by achange of
sign in front of the second term. The necessary integral rela-
tions are given in Ref. 11, and with their help one readily
obtains

W=i,W,, (21)

w,= )

4p,
w(2tu)
Hw) =3 Craye

(21a)

(2+2u,+u,*)—21n (1+u,), (21b)

_ 2s(kp)

mZ

The argument of the Bessel functions is given in Sec. 3 and
the properties of the function f(u, ) are discussed in Ref. 11,
where the process n— ny was considered with the AMM of
the neutron taken into account. The results of Ref. 11 follow
from formula (21) for ¢ = 0. Transition to the case of a
crossed field proceeds as in the preceding section with the
replacement of x by p.

5.DISCUSSION

As is obvious from the content of Secs. 3 and 4 the total
probabilities contain 4 and £ only in the symmetric combina-
tion u? + &2, so that in the corresponding experiments it is
not possible to determine the relative size of the AMM and
EDM and in that sense inclusion of the external field in the
indicated configurations does not change the situation (see
Ref. 1). It should be noted, however, that the astrophysical
estimates mentioned in Sec. 1 were based on the reaction v,
—v,¥(m, >m, ), which is forbidden in the minimal ver-
sion of the standard model by lepton-number conservation
for individual generations, while the channels we have con-
sidered have no such restrictions. But even for the maximal
value pu,(~€,)~2-10""" up from the reactor neutrino
data and for optimal characteristics of modern lasers k,~ 1
eV, E~10® G observation of the reactions v—vy and y —vv
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under laboratory conditions is as yet impossible. As far as
astrophysical applications are concerned we note that for
%o~1GeV,m,~10eV,u, (~£,)~2-10""u,, F~10'¢"
G (this is an upper bound on the value of fields in magnetic
neutron stars), the magnitude of the parameter y in (18b) is
found to be of order 10% which is adequate for using the
crossed-field approximation. For these values one obtains
from (17a), with (18) included, a mean free path against the
decay ¥ — v¥ larger than the dimensions of a neutron gtar by
several orders of magnitude.

Thus under the most optimistic estimates of mass and of
neutrino AMM and EDM, the characteristics of existing la-
sers and known astrophysical fields seem to use entirely in-
sufficient for the identification of the electromagnetic form
factors and, even more so, of the CP-symmetry violation ef-
fect in neutrino experiments in the discussed channels.
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