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The processes vv — vv, vv — v, vv — 2vy, and vy — vy, which are of astrophysical interest, are calculated
both in the electroweak model and in the magnetic model when the neutrino has a small magnetic moment «.

In this work we study the elastic processes v +v — v +v
and v+v— v +v as well as the photoneutrino processes
v+v—vy+y and v +y — v +vy both in the standard elec-
troweak model (whenever applicable) and in the electromag-
netic model when the neutrino has very small anomalous
magnetic moment «. All these very weak interactions are of
astrophysical interest.!

In a recent work we have investigated? the neutral-current
process e +v — e +v and the neutrino-antineutrino annihi-
lation process v +7 — et +e~ for both models mentioned
above. A small magnetic moment for the neutrino of about
«k ~10~° pp, where up is the Bohr magneton, reproduces
the same total cross section as the electroweak model. The
angular and energy distributions are, however, different, so
that experiments on these distributions, when they become
available, can provide better limits on the magnetic moment
of the neutrino and provide tests between the two models.

The process v +v — 2y vanishes for local coupling for
two-component neutrinos.®> This process has recently been

considered as a higher-order process in the electroweak
I

model assuming that the neutrino has a mass,* and the
cross section is proportional to the neutrino mass squared.
In contrast, magnetic-moment interaction exists also for
zero-mass, four-component neutrinos. Furthermore,
whereas the electron-neutrino processes show the relation
k ~ Gr, where G is the Fermi coupling constant, the
neutrino-neutrino processes indicate k>~ Gr. All these pro-
vide interesting new tests for the models. Bandyopadhyay,
Chaudhuri, and Saha’ have assumed a new ad hoc vy cou-
pling to study the photoneutrino processes, but this model
seems to be excluded astrophysically.®

NEUTRINO-NEUTRINO SCATTERING

In the electroweak model the process v +v — v +v goes
via a Z, exchange in the ¢ channel (amplitude M;) and we
have to antisymmetrize it with respect to the exchange of fi-
nal particles (i.e., the w-channel amplitude M,). Thus we
have

S (M= M) (M — M) = 3 [(M M +MM; ) — (MiM; — MyM;) )]

all spins
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where
5Li=u3y, (1 —ys)ujisy* (1 —ys)uy ,
L=d4y,(1 —ys)uwzy*(1 —ys)u, .

This gives us

2]11;r = :n_g(pl -p2) (pa-p3)

212121 =_1”T64"(pl *p2)(p3-ps)

S (L 01D = =32 (1 p) (93 pa)
m

I
Consequently, the differential cross section in the limit
m — 0 is given by

2

4
do* _ g l S '*'21‘422 (1)
dt d4cosO | w | (1 =Mz (s +1+Mz?) ’
where s=(p;+py)? t=(ps—p)? u=(ps—p)? and

g/4cosh is the Zgvy-vertex coupling constant with 6 being
the Weinberg angle.

In the model with a neutrino magnetic moment we have
first, if the two neutrinos are different, i.e., for
v) +vy— vy +v,, a single ¢-channel diagram so that the am-
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plitude is given by

Ki1K2 _

M= u3a“v(l —ys)ujigotP(1 —‘)Is)ugk"kp .

We then evaluate
2 MM = K1) 1

2 2
all spins t 4m*m;
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which, in the limit of very small neutrino masses m;— 0, m,— 0, becomes

K1 K2

2,2
EMMT=—j——Z'(2S +1)?,
miy“mj;

so that the differential cross section is

W
do' 2 ki’k)’

1 2
Las+
” rym Sz(s )?,

and the total cross section becomes
vivy 7K'12K22
247

3)

(C))

In the case of two identical neutrinos v +v — v +v we have to subtract the -channel amplitude M’ so that

4 4 4
2(M-—M')(M—M’)*=% b/ +i;4— Srrt- # Sart+rrh

Kt 2 2 * 2
=;—;[(2s+t) +(s—1¢) +2(2s+t)(s—t)]=7n—4-(3s) .

The differential and the total cross sections are then

da” _ 9!
dt 8w ®)
4
U""=%’-;—s . 6)

It is interesting that both the energy dependence of do/dt
at fixed ¢ and the ¢ dependence at fixed s are qualitatively
the same in both models: The asymptotic values of do/dt
]

o 2 1
M=—18 1
' 16cos?0 k2—
22
M,=—"1%8
27 16cos?0 ¢

We then evaluate

S (M, —My) (M, — M)’
all spins
s+t—2M

2
__ &' 16 2
e(s+0) (t—-Mz)(s—Mz)] ’

" 64cos’ m

where we have neglected small terms involving 1/Mz?, and

obtain
v 4
da’ _ g 2
dt

D

4cosf |

(s+1)(s+t—2M? ’
(t—M?)s(s—M?)

In the magnetic-moment model we have also two dia-
grams, photon exchange in the ¢ channel (amplitude M)

[
for large s, at fixed ¢, are g*/[(16cos?0)?27?] and g«*/87,
respectively. For fixed s, do/dt varies slightly as a function
of t, and has essentially the same behavior in both models.

NEUTRINO-ANTINEUTRINO SCATTERING

Again we begin with the electroweak model. There are
two diagrams, Z, exchange in the ¢ channel (amplitude M,)
and Z, exchange in the s channel (amplitude M;), with

M2 [173‘)'“(1 f"}'s)tﬂﬁz‘y“(l —'ys)v4——m1—2173k(1 -"ys)ulﬁzf(l —75)v4] ,

1 — — — _
——_H{[uii')'u(l —ys)vgvay*(1 _75)'41_#“34(1 —ys)vavag (1 —ys)uyl

and in the s channel (amplitude M; ), where

—ik?

Mi= 2 (#7304, (1 —ys)uil

x [y0#P(1 —ys)valkk,

’ “'iKz —
M; = qz lulo'p.v(l'_'ys)ul]

x [#30*°(1—ys)vilg’q, .
After trace calculations we obtain

4
3 (M;—Mz)(Ml—Mz)*=2’;1's4.(s+,)z :

all spins
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hence the differential cross section becomes (m — 0)

do’’ _ 9% 1 2
—— == (s+1t) . (8
dt 87 52 (s+¢) )
Then the total cross section is
_ 4
0"'"=—3~K—S . )
87

Again the behavior of do/dt in both t and s is surprisingly
similar in both models.

NEUTRINO-PHOTON PROCESSES

The neutrino-antineutrino annihilation process
vy +vg — 2vy is allowed for a four-component neutrino with
an anomalous magnetic moment «. There is a t-channel
amplitude M plus a u-channel amplitude M, given by

2ik?_ o A ®
M1=—4k—2v20'upk0ux(1—75)u1p4pa €hEG) |

2ik?_ [N »
M,= V20 vt ol —ys)uwips €

4]?

where p3; and p4 are the momenta of the neutrinos, k and /
those of intermediate neutrinos. The trace calculation gives

2«4
2

2 (M1+M2)(M1+M2)T =

all spins m,

t(t+s) ,

hence the differential and total cross sections are

do k1
—_—— —t -+ 10
t 167 s? (e+s) (10)
and
4
oo S 11
7 967 s an

If we take x=10"%up, the numerical value of the total
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cross section is

T =(5x10"¥cm%)s
or
oc=10"%cm?at s =1 MeV?

oc=10"Ycm?ats=1 GeV? .

For the neutrino Compton scattering v+y— v+y we
evaluate the two usual Compton diagrams in the s and u
channels, but now with the Pauli coupling. The amplitudes
are

2ik?

— P A v v
Ly U30,pg0u(1—ys)upspr elarels) ,

2ik?
472

_ P A ®
My= Uso,don(1=ys)u1prps €y

Consequently,

S (Mi+M) (M +My)'= 2K‘:s(s+t) ,

all spins my

so that we obtain the following differential and total cross
sections:

do k1
— T m—— +
t 167 s(s 2 12
and
4
vy— vy
o 32”5 , (13)

which is again of the order of 107% cm? at s =1 MeV?2 and
about 107%° c¢cm? at s =1 GeV2 These are all reasonable
numbers from the astrophysical point of view.
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