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Abstract—The cross section for the processv,, + V, —= U™ + €* inaconstant magnetic field is calculated with

allowance for muon and positron polarizations. The asymptotic behavior of the cross section as a function of
the kinematical and the field parameter is investigated in the case where a high-energy neutrino (antineutrino)
is scattered by alow-energy antineutrino (neutrino). The effect of aweak field is especially important near the
threshold for the free process. The spectrum and the total cross section for the process in a strong field differ
markedly from the corresponding characteristics of the free process. Possible astrophysical applications are

considered. © 2000 MAIK “ Nauka/Interperiodica” .

1. Investigation of neutrino— epton processes makes
it possible to deduce detailed information about the
structure of weak currents in a pure form not compli-
cated by strong-interaction effects[1]. These processes
play an important role in astrophysics [2]. The inverse
muon decay v, + & — W™+ V,, apurely leptonic pro-
cess that is caused by the charged weak current (W
boson exchange), has been investigated experimentally
since the late 1970s [ 3, 4]. Within the Standard Model,
the cross section for this process was calculated in [5]
with allowance for one-loop radiative corrections. For
astrophysical applications, it is of great interest to take
into account the effect of strong external electromag-
netic fields on electroweak processes. For example,
magnetic fields of neutron stars can be aslargeasH =

Ho = m>cehi = 4.41 x 1083 G [6]. Fields of H ~ 10'5-

10! G are generated in supernova explosions (see, for
example, [7]). We note that, even in laboratory experi-
ments with beams of high-energy particles traversing
single crystals, it is necessary to take into account
strong internal electrical fields (E < 10*H,) [8]. Inverse
muon decay in a constant crossed field (E - H = E? —
H? = 0) was investigated in [9, 10]; the case of a mag-
netic field was considered in [11, 12]. In the present
study, we calculate the cross section for the process

V+VU,— | +e. (1)

In a constant crossed field, this process is related to
muon decay by the crossing-symmetry equation. Here,
we study characteristic polarization effects associated
with the direction specified by the external field and
with the weak-current structure. Presently, various pro-
cesses induced by the inelastic scattering of ultrahigh-
energy cosmic (anti)neutrinos on low-energy relic
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(anti)neutrinosin the Milky Way Galaxy are considered
as possible sources of high-energy cosmic rays (see, for
example, [13]).

2. By using the four-fermion approximation of the
Weinberg—Salam Standard Model and the Fierz iden-
tity [1], the amplitude of the processin (1) can be rep-
resented in the form

_ 4Gv (K)yfu(k)

- ,\/é 2L3(ww)jj2 ‘Ja(q)! (2)

fi

where G is the Fermi constant; u(k) and v(k') are the
bispinors of the massless neutrinosv,, and antineutrinos

V. with 4-momentak = (w, k) and k' = (w, k") (K* =k? =
0), respectively; q=k+Kk = (E, @) yi =y*(1+y)/2 are
the left components of the Dirac matrices, y° =

—-iy%y'y?y?; and L is the normalization length. The
charged-lepton current is given by

3(q) = Id“xe““*uf’(x)vﬁwﬁ(x)
= 2ny( ¢+e—E)j(q),

3)

where the muon wave functions lpf,f) and the positron

(negative-frequency € ectron) wave functions lp,(f) are

exact solutionsto the Dirac equation in a constant mag-
netic field and where the delta function expresses the
energy-conservation law in a time-independent field.
We use the pseudo-Euclidean metric with signature (+
——-) and the system of unitswhere# =c=1.

By using Egs. (2) and (3), we represent the cross
section for the process in the general form (compare
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with [12])
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where summation is performed over the sets of four
muon quantum numbers f' = (n', p,, S, {) and four
positron quantum numbersf = (n, p,, S, ). These num-
bers have the following meaning [14]: n=0, 1, 2, ... is
the principal quantum number (number of the Landau
level); —o0 < p, < o0 isthe projection of the 3-momentum
onto the direction of the magnetic field aligned with the
zaxis; s=0,1, 2, ... istheradia quantum number that
corresponds to the axisymmetric gauge of the 4-poten-
tial of the magnetic field,

o 1 1 1
= t, —5yH, 5xH, 05 5)

and ¢ = %1 is the spin quantum number specifying the
particle polarization (see below). The energy spectrum
of aparticlein amagnetic field is degenerate in sand ¢,

& = (m2+2eHn + po)
j Z 12 | ©)
g = (M:+2eHn+p’) ",

where e > 0 is the positron charge.

By using the explicit form of the wave functions for
charged leptons in a magnetic field in the gauge speci-
fied by Eq. (5) (see [14]), we find that the components
of the current in (3) can be represented as

0,0
0] O

0,0

Ej_zgz 2exp[i(n—n‘)%b+g%}
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where | and |, are known Laguerre functions [14] of
the argument

2
o
2eH’

96 = g +a,, )
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while ¢ is the azimuthal angle of the vector q (cos¢ =
Oy/dp» sind = q,/q-). The quantities I, (k= 1, 2) in (8)
are expressed in terms of the spin coefficients C, (i =
1,4) in the positron (more precisely, negative-fre-
guency-€electron) wave functions,
1 1
= _(Cl_CB)l |2 = _(CZ_C4)! (10)
2 2
while |, refer to a muon. The explicit expressions for

them depend on the choice of the lepton polarization
operator (integral of the motionin agiven external field);
the wave function is an eigenfunction of this operator;
the spin number { isanormalized eigenvalue [14];

hab = 22y,

hy = {py.
Here, the transverse-polarization operator

(11)

by = Tyt iy (EXP), = V(5 +Y°p)  (12)

determines the projection of the lepton spin onto the

direction of the magnetic field H, &= (€2 — p>)'2, and
P =-i00 + eA isthe momentum operator.

The longitudinal polarization is associated with the
helicity operator

h=XZ[P = ys(myo—e), (13)

and p = (€2 — m?)'2. We note that the operator equalities
(12) and (13) are valid in the class of functions Y satis-
fying the Dirac eguation (the general theory of polar-
ization operators in externa fields is developed in [14,
15]). The interactions of the lepton anomalous mag-
netic moment representing the radiative correction to
the Dirac moment destroy the longitudinal polarization
(quite fast under the actual conditionsin storage rings),
but the operator in (12) remains an integral of the
motion [14]. For this reason, we consider below only
transverse polarization.

3. Werestrict ourselves to the case where a neutrino
and an antineutrino approach each other from opposite
directions in the plane orthogonal to the field H. Since
the problem in an external field possesses axial symme-
try, the choice of the x axis along the collision axis
imposes no constraints on the generality of our consid-
eration. Accordingly, the 4-momenta in the neutrino
pair are then taken to be

k=w(1,100)), k =w(,-100),
inwhich caseq, = g,=0andtheangle ¢ in (7) is

(14)

ED w>w,

¢ = (15)

7w
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ANNIHILATION OF A NEUTRINO PAIR

Taking into account (14), (15), and (7), we express
the cross section (4) in terms of the functionsin (8) as

=&Mmzzpmaue—awﬂFa(m

¢¢nn

where the upper and the lower sign in the superscript
refer to the cases of g, = w— w' > 0 and g, < O, respec-
tively. In deriving (16), we have used the conservation
of the z component of the momentum [see Eqg. (7)] and
the known formulafor summation over radial quantum

numbers [14],
_ eH L2
zlss -

The case of a coIhsuon between a high-energy neu-
trino (antineutrino) and alow-energy antineutrino (neu-
trino) is of interest for astrophysical applications. Sup-
pose that the energy of the v, v, pair, E= w + ', and
the momentum transfer g = |oo w'| are both much
greater than m, and that the magnetic-field strength sat-

isfiesthe conditionH < H, = mf, /e. The main contribu-
tion to the total cross section for process (16) then
comes from the final-lepton states having large quan-
tum numbers, n, n' > 1 (high Landau levels); for the
Laguerre functions |, in (8), we can therefore use the
well-known semiclassical asymptotic form in terms of
the relativistic parameter y-' = m,/E < 1 [14],

nn(X) O= ao_ (1) (V )]JZDW (D(y)

U1 (/= 00" ) EV1%¢MU
o= I—%I', In_lvn.zl+ll',
17
1 (17)
In—l,n'—l_ I_WI
W= 2KvV, V =1-v,

where

(18)

_ 1 ) tsg
d(y) = TrJdtCOS%/HﬁD
0
isthe Airy function of the argument

y = (2kvv) (v + 3V -AvV +T0),  (19)

and ®'(y) = dd(y)/dy. In (19), we have introduced the
field, the kinematical, and the mass parameter (K, A,
and 9, respectively)

_ 212 _ gy H eHE
= )1 = B
(20)
A= q— = 4ww o= ﬂ:
m mf1 m,
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and the spectral and the angular variable (v and T,
respectively)

fogad B
X___& .= _eg__F_a_s_E_:_F.’z, 21)
TXEX Ere myx+x) M
where
e By 2,12 eHe , \
X = =[—(Fasp p")] — X =X(p—p),
m, m,

Fap = 04 A — 0 A, is the strength tensor of an external

magnetic field, and Fap = %smoFM isits dual coun-

terpart. We notethat v O (0, 1) and that, in the ultrarel-
ativistic approximation adopted here (y = E/m, > 1),
T [ (~00, ).

Since the motion of leptonsis semiclassical, summar
tion over the quantum numbers n and n' in (16) can be
replaced by integration according to the relation [see (6)]

ge'dede’

(eH)’
After that, the integral with respect to €' is removed by
the delta function. Further, we go over to the variables
v and 1 (21). Asaresult, we derive the cross section for

the process at fixed lepton polarizations ¢' and  in the
form

dndn' =

00

2 1
a2, 0) = %Gé%y“fdvvv{dr(ﬁgiﬁz)z, 22)
0

where the upper and the lower sign in the superscript
refer to the kinematical conditions w > w' and w < W,
respectively, and F; is the semiclassical asymptotic
form of the function F;.

The expressions for Fi in (22) can be obtained by
substituting (17) into (8) and retaining only the first,
linear, terms of the expansion in the small parameter y!
in the spin coefficients C, and C/ [see Egs. (8) and
(10)]. In doing this, it should be considered that ww =<
m;; (A ~ y°) and that

M _ a8 M _ al
€ v' ¢ v’
P._ AT P_ AT
€ v o€ v’

the main contribution to the total cross section (22)
coming from the region specified by inequalitiesv < 1
and |t| = 1. Further, we note that, in fact, the mass
parameter [see (20)] issmall, d = 4.8 x 1073, and that it
is on the same order of magnitude as radiative correc-
tions (about a/m~ 10-%), which are disregarded in this
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study. To the precision adopted here, we therefore set
this parameter to zero below.

Finally, we find that, in terms of the spectral and the
angular variable, the cross sections for the production
of transversely polarized leptons[see (12)] aregiven by

(+)
(€, Q) wivo, ~\ 13
%j( e Z)E J’dvD// 0 dT[(ZK)
T varl 23)
“B o oped o’ (y) + (2R) “HEP(Y)

+25 1 HPmem |,

where K = kv V and the argument of the Airy func-
tionsis determined by (19) at 6 = 0.

The cross sections (23), which are expressed in
terms of the invariant parameters (20) and the variables
in (21), isapplicable (in the ultrarelativistic approxima:
tion) in an arbitrary constant field F,,, of strength F

much lessthan H,, = mf, /e [see (12)], the spin numbers
(' and ¢ being eigenvalues of the corresponding invari-
ant spin operator (see [12, 15]). The conditions under
which the above generalization to the case of two-body
processesin an external field is applicable are analyzed
in [16] (see aso Section 6 below).

4. The integrands in (23) determine the differential
cross sections d’c®/dvdt. The asymmetric depen-
dence on the angular variable t and the spin variables {
and ' isdueto P and C nonconservation in weak inter-
actions and to the choice of kinematical conditions
(compare with [12])—an ultrarelativistic muon and an
ultrarelativistic positron are emitted at small angles
(not greater than y~') with respect to the direction of the
high-energy-(anti)neutrino momentum.

In order to investigate the spectral distribution
do®/dv, we perform integration with respect to the
variable T by using the relations

—2/3, -1/2

J’thDZ(y) = M2 b Dy(2),
IdrTszz(Y) =m0 @'(2) + 20,(2)], (24)

[re’(y) = ~m 20 [30'(2) + 20,(2)],

where the arguments arey = x + ar?, z=2*3x, and b =
2233 and where d,(2) = r dtd (t). Therelationsin (24)
were derived with the aid of the well-known relations
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for the Airy functions {see [17, ch. 5, formulas (46),
(48), (58)]}-

From expressions (23), (24) and (19), we obtain

(+)
(Z 0. Gr ,V/vD

12)(1-AV . .
[EE(VVIZ))((l A v))%pl(z) - @

Hoke@ ]

Theintegrandsin expression (25) represent the spectral
distributions do®/dv, the argument of the Airy func-
tions being

(25)

z = (kvv)Pv(1-AD). (26)

For the free process (in the absence of an externa
field, k = 0), we find the spectral distributions in the
form

o2, Qldv

(=) D
Mo, (T, Q)/dv 27

GF 23V (1-AV
= o “Erv((lmv))%b(” b.

These expressions follow from (25) for k — 0 with
allowance for the weak limit

lim ®,(Ax) =

A

T (),

where () = (1 + sgnx)/2 is the Heaviside step func-
tion. The range of the spectral variable v in (27) is
determined from the condition AV — 1 = 0, which
yields

Osv<sv, = 1-1/A. (28)

From (28), it can be seen that, in the absence of afield,
reaction (1) has a threshold; that is, the kinematically
allowed regionis

A> L (29)

According to the general theory developed in [16],
the external-field effect on the process allowed in the
absence of afield aswell is determined by the parame-
ter

n = k/|A=1]. (30)

Let us investigate the qualitative characteristics of
the spectra given by (25) in the limiting casesof n < 1
and n > 1 by using the known properties of the Airy
functions[17].

Forn < 1 (wesk field) and A > 1, oscillations are
superimposed on the smooth free spectra (27) in the
region determined by (28), and these oscillations grow
Vol. 63
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as v approachesits boundaries. Intheregion v, < v <1,
which is forbidden at n = 0, the differential cross sec-
tion do®/dv decreases fast as we go away from the
point v, [for v — 1, it is proportiona to
exp(—2/3KV)].

Atn > 1 (strongfield) and A > 1, theregion of oscil-
lations is comparatively narrow.

At A <1, thefree process (1) isforbidden, and there
are no oscillations in the spectra. In a weak field, the
spectra are exponentially small in this case over the
entireinterval 0 < v < 1.

The above features of the spectra are typical of al
processes proceeding in the absence of externa fields
as well—in particular, of inverse muon decay [12] and
of the Compton effect in amagnetic field [16].

5. Let us consider the asymptotic behavior of the
total cross section for the process.

Atk < 1andA >1, it followsfrom (26) that we can
use the weak asymptotic expansions of the Airy func-
tions (see, for example, [10, 12]),

P(AX) = JTAS(x) + O(A™,

P(AX) = JTATE) +O(AS), (5

®,(AX) = VT 8(-) + %A‘swx)} +O(A®),

where A> 1 and d(x) =
our case, A = K23 and

do(x)/dx isadetafunction. In

-2/3

X(v) = (vv) Tv(1-AV). (32)

Let us substitute (31) into (25) and perform integration
with respect to v by using the relations

1 vy

J’dvf(v)e(—x) = J’dvf(v),

Vi

J’dvé(“)(x)f(v) = (-1)" ——[v f(V)] :

where v' = dv(x)/dx; v = v(X) isthe function inverse to
X(v) (32); and d™(x) = d"d(x)/dx", n =1, 2. In the above
relations, we have considered that X(0) < 0 and X(v,) > 0.
The derivatives d"v/dx" (n = 1, 2, 3) are calculated by
differentiating, with respect to x, the left- and the right-
hand side of the equation x = x(v), which determines
the function v (x) implicitly.

To terms of order k? inclusive, we eventually obtain
the asymptotic expressions

(+)
(.02 ey i
SO " g

(33)
4_D 0 LK ﬁ[ﬁ(?\)g}
—100(1-1/0) 5% B —10 B (V)
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where

Fo(A) = -(2A+1)E1*1 AD,

3 2
F.(A) = — )\—2—)\—3% (34)
8 2 1
F.(\) = =85 _Xg_

From (33), it can be seen that, in accord with (30), the
external-field effect on the process is described by the
parameter K/(A — 1). Thiseffect isstronger for polarized
particles than for unpolarized particles, being of the
first and of the second order in K, respectively. In arel-
atively wesk field (k < 1) such that therdlationk = A —1
nevertheless holds, the cross section for the process dif-
fers markedly from the cross section for the free pro-
cess, the latter being very smdl near the threshold
[Fo=0atA=1;see(34)]. From (33), it followsthat, for
w> W (W > w), we predominantly have the generation
of muons (positrons) whose spins are aligned with
(oppositeto) the direction of the magnetic field H—that
is, { =+1 (¢'=-1). Thiseffect issimilar to the Sokolov—
Ternov effect, the radiative polarization of electrons
and positrons in a magnetic field due to synchrotron
radiation [14].

For A < 1, thefree process (at k = 0) isforbidden. In
awesk field (n < 1), the cross section for process (1) is
exponentially small, which is characteristic of all pro-
cesses that have a threshold in the absence of a field
[17]. In this case, the argument of the Airy function is
very large (z> 1), so that we asymptotically have

®(2) =

By using this asymptotic expression and the method of
steepest descent and taking into account a finite value
of the mass parameter (& < 1), we can easily obtain

o UK exppr J@él )\D

Forn > 1 andk > 1 (strong field), the main contri-
bution to the integrals in (25) comes from the region
|z| < 1. If only the leading terms are retained in the
asymptotic expressionsin K, the integrands can be sim-
plified by setting there

-16l (1/3)
2/’

16l (2/3)
2./

Upon evaluating the remaining standard integrals with
respect to v, we obtain the strong-field asymptotic

®(2) = d(0) = 3

®'(2) = P'(0) = -3
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expressions for the cross sections (25) in the form

(+)
¢, QO 2 [ﬂ-D w30 [
o )Ez Z;E po “[ 397 @02
(35)
_ 150420 _ 2rafl0
="' mn &5 oo

Asinthe caseof aweak field [see Eq. (16)], we seethat,
for w> W (W > w), thereisapredominant production
of positrons (muons) polarized in the direction parallel
(antiparalldl) to the external field H.

6. In the above analysis [see Eq. (2)], we have made
use of the four-fermion approximation for the ampli-
tude of process (1). As in the absence of an external
field, the relative smallness of the momentum trans-

fer—|o?| < m\f\, , Wherem,, isthe W-boson mass—isthe
necessary condition of its applicability. Taking into
account (20), we obtain the kinematical constraint

A < (my/m)’ = 6x10°. (36)
In an external field, however, there arises an additional
condition: changes in the particle momentum over the
formation length for the process, I;, must be much less

than my. In astrong field (k > 1), thislength is inde-
pendent of the particle massand is given by [17, 18]

I, D[~(eFapq®)’]" eH.

As a result, we find that the field parameter K [see
Eq. (20)] must be constrained as

K < (my/m,)’ = 4.4 x10°. (37)

In our case, the condition in (36) is obvioudly satis-

fied since the semiclassical asymptotic expressions

used for the Laguerre functions I,,(x) (17) are valid

[14] when the argument X is close to the transition point

X = (/N + J/n')2 = (pg + piy)¥2eH,
XIXg—1 = O(y_z)
or [see Egs. (9), (6), and (14)]

9 =q-9q =y E =m;

that is, we have [see EQ. (20)] A < 1.

Following [16], we will now show that the basic
results deduced here under the kinematical conditions
chosen in a special way [see Eq. (14)] can beused in a
more general case. The cross section for the two-body
process (1) in an arbitrary constant field F,g for arbi-
trary directions of the neutrino momenta depends on
eight independent invariant parameters (for unpolar-

BORISOV et al.

ized particles). These are the quantitiesk and A, which
were aready defined in (20), and

e 172 e ~ | 12
f, = Z[|FaF 21", f, = S|FaF 2]
m;, m,
e 1 e ~ B 1
fo = Z|k,F*ky, = Z k. F", 38
m, m,
e V2102 e VL 12
= S [(FPk) T, o = Sk FapF™k;]
m, m,

We note that, in a purely magnetic field, f, = H/H, and
f, = 0. Suppose that the parameters in (38) satlsfy the
condltlons

fi<k, f,<A, f,<1 (i=1-6). (39

They arefulfilled for field strengths F < H,,, high ener-
gies of aneutrino pair (for markedly different energies
of its components), and at not overly small angles
between the ultrarelativistic-(anti)neutrino 3-momen-
tum k and the field-strength vectors E and H. By virtue
of (39), the general expression for the cross section can
be approximated by the simpler two-parameter formula

o(K, A, fq, ..., fg) =0(K,A,0,...,0).

Thus, our results expressed in terms of the invariant
parameters k and A are applicable not only to the case
of kinematics specified by (14) but also in the rather
general case specified by (39).

Let us consider the possibilities for observing the
external-field effect on process (1). Muon neutrinos of
energy w = 20 GeV are used in experimental investiga-
tions of inverse muon decay [4]. Our results are appli-
cable if the energies w' of electron antineutrinos obey
the condition

W < mﬁ/m < 1 MeV

a w = 10 GeV. Such energies w' correspond to the
lower limit on the reactor- and solar-(anti)neutrino
energies recorded by conventional methods [2]. Let us
set H = 10® G (this can be pulsed magnetic fields or
effective single-crystal fields[8]) andE=w+ w = w=
20 GeV. Thefield parameter is then given by [see (20)]

k=LH _10¢

m,H,

where we have used the value of H, = mﬁ /e=19 x

10" G. From (30), it followsthat, in this case, the exter-
nal-field effect becomes sizable in anarrow region of A
valueslying near the free-processthreshold: A = 1, |A -
1| = 1078 [see (33), (34)]. However, the observation of
the effect under laboratory conditions is complicated
by a relatively low density of neutrino beams and by
small dimensions of the interaction region. For thisrea
son, we will focus on astrophysical conditions.
PHYSICS OF ATOMIC NUCLEI  Vol. 63
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As was indicated in Section 1, much attention is
being given at present to the possibility that high-
energy cosmic rays are generated in the annihilation of
ultrahigh-energy neutrinos on low-energy galactic relic
antineutrinos (see [13] and references therein). Assum-
ing that relic (anti)neutrinos are massless, we estimate
their energy (that is, the temperature of relic radiation)
aw~2K=1.7x10*eV. Our results are valid in the
region of cosmic-neutrino energies,

W= mi/oo' < 10%evV.
For the field parameter, we then have
K=< 107 (H/1 G). (40)

The mean-galactic magnetic field is overly weak: H ~
10° G and k = 10713, However, compact objectsin the
Milky Way Galaxy can develop strong fields [19]. The
surface fields of white dwarfstake valuesof H < 10° G,
in which case expression (40) yields k < 10%. The
dipole fields of neutron starsare H < 10" G. For these
fields, k = 10° [the condition in (37) is satisfied in this
case], and the cross section for process (1) in a mag-
netic field is much larger than the cross section for the
free process owing to the factor [see Eqg. (35)]

F(k) = (3k)?* = 10".

Thus, process (1) can be a source of high-energy
charged leptons; in the vicinity of strongly magnetized
stars, their spectra distributions and total fluxes can
differ considerably [see Eq. (25)] from the correspond-
ing values in the regions where the field can be disre-
garded [see (27)]. We note that, despite the relatively
small dimensions of neutron stars, they may modify
sizably the energy spectra of cosmic rays owing to the
large-scale pulsar-wind effect (see, for example, [20]).
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