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A mechanism involving pions in the intermediate state is considered for the process y
+ y v+ v. Fixed. -momentum dispersion relation methods are employed to evaluate the
cross sections and luminosities for both electron-type and muon-type neutrinos. Compari-
son is made between this mechanism and previous results involving intermediate bosons.

I. GENERAL DISCUSSION

The process y+ y - v+ v vanishes to lowest order
in the Fermi theory of weak interactions. ' It has
been analyzed, assuming an intermediate-boson
theory of weak interactions. ' In this paper, we
consider a mechanism for this process in the
Fermi theory. The mechanism involves charged
pions in the intermediate state, speeifieally, di-
rect coupling of a pion to a charged lepton and a
neutrino. The coupling constant G' is known phe-
nomenologically from the decay of the pion'.

pared to the direet-channel contributions.
The interaction Lagrangian is

I.~, =I, +L, + I

Z„=f ( —E'eA)0, , ,

II. ABSORPTIVE PARTS

C =10 '/3I~' .

%e employ a fixed-momentum dispersion rela-
tion approach in the manner of Ref. 2. The lowest-
order eontxibution to the matrix element is of or-
der K 9 where (d ls the centex'-of-mass energy of
each photon. For both the production of electron-
type and 111uon-type Ileu'tl'Inos, tile cl'ossed-cllan-
nel contributions are found to be very small com-

The absorptive part A(T) is obtained from the
S-matrix unitarity formula

A(T) = —y'i&f l
T —T [i).
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(2.2)Sf. —5, +Rf

Z„=-(2~)4ic(Z, —Z,.)T„. .
We approximate Eq. (2.1) by including only two-
particle intermediate states. Specifically, we in-
clude le'(II'), e (II )), lv', Il ) states in the direct

cha„„el and
l Il, e(II)) states in the crossed channel.

The electrons and muons in the intermediate
states are for (v„P, l

and (v„, P„l final states, re-
spectively.

Hence, for the direct channel,

A(T) —'(2II)'I Q(v, Pl Tl l', I ) (I', I
l Ttly„y, )5(p,++p,- —k, —k2)

+p&v, vlTI~", ~ )&2', ~ IT'Ir„y2»(p. +P, --k, -k2)J

+ -k —k 24'(2 )4[gM M'u(P +P, -k, -k, )+gM»M„f(P, .+P, —,— „,
where

MI, =(rl, r21 —ITIe (II'), e (iI )),
M„= &y„y, l

zT[I/'—, ll-),
M„=(v, vl —iTl e'(II'), e (II )),
M» ——( v, Pl —i T

l
Il', ll ) .

(2.5)

(2.6)

(2.7)

(2.8)

The respective graphs are shown in Figs. 1-4.
ie' i(p' —gI) —m

~ ~
i(p —II2)-m

~14 2~ I/2 2~ Il/2 (P I 2) i2(p k )2+m2 I 1(p k )2+ 2 2 1

ie' (2P „—k, ) ~ e, (2P „—2k, —k, ) ~ e2
IQ (2 )I/2(2 )I/2(2~ )I/2(2~ )I/2 (p k ) ~ 2

(2p, —k, ) e, (2p „—2k, —k, )

( P P )(P' P')(1+ y.)-I/(-P .)
p p 2 2 I-/(P. )(1 —y, )(P'. -P)14(p),2g 2 V V V

P II
(2.11)

(p )(1 y )P
'(p-' - ;™,(p„,l, P,)(l,y,).( p„)M25 2(2+ )I/2(2+ )I/2 v y5 w (p p )2+ m2 u u (2.12)

The lepton mass m in the above equations is the electron mass of r ~~ v P ~ final states and the muon mass
fol' ( vp, vp I

flIlal states.
For the crossed channel,
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A'(T) = —~(2i/)4+ (y2, vI T~ l, w) ( l, w~ T~
~ y» v') 5(P, +P, —0, -P „)= —2 (2m) Q M2 Mi ~ (Pi +P —"i -P «)

(2.12)

where

Mi = (y» v
I
—i Tl e (p, ), i/),

M,'=(y„v~ iT)e—(p, ), m) .
The graphs for M', and I,' are shown in Figs. 5 and 6, respectively:

(2.14)

(2.15)

ea' (k, +2P „,—2P) ~ e,+~(,/,
(

„, ('p «p) . ' (P )(i-y, )(P';-P') (P)

eG'
(P;)(1-r, )K, (P), (2.i6)

ieG'
~2 (2~ )i/2(2~ )i/2

eG'
)i/2(2 )i/2

eG'
v 2 (2(d, )"'(2&v,)'"

u(P „)(1—y, )(P', —p'+ f,) ', , g,u(p)

u(P, )(1 —y~)/2u(P) . (2.17)
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Let the plane of scattering be the x-z plane, and
we choose the center-of-mass frame. Then, in
the direct channel, we have

In the crossed channel, one has the following four
linear polarization cases:

Case I: ~, =(0, 1, 0, 0), e, =(0, 1, 0, 0}.
k, = (0, 0, k, i(u),

k, =(0, 0 —k, iu},
P, = ( (1 —z')'"k, 0, zk, ie),
P —„=(-(1-z')'"k,0, -zk, i(u) .

In the crossed channel,

(2.18)
Case II: z, =(1, 0, 0, 0), z, =(-z, p, (1 —z')'", 0) .

(2.22)

Case III: e, =(0, 1, 0, 0), q, =( z, p, (1 z&)&&2 p)

Case IV: e, =(1, 0, 0, 0), e, =(0, l, p, p)

k, = (0, 0, k, i(o),

p „,= (0, 0, -k, i(u),

p„=((1—z')'"k, 0, zk, i(u),

k, = (-(1—z')'"k, 0, -zk, i(u) .

(2.19}

III. EVALUATION

Expressing the matrix element as

M=+ n,.(s, t, u)P, , (3.1)

In the above equations,

z =cos6, (2.20)

where n,.(s, t, u) is the ith amplitude and P,. is the
corresponding ith basis, the process y+y- v+ v

can be represented by'
where 6 is the center-of-mass scattering angle.

We also specify our calculation to be in the
transverse gauge. Hence, in the direct channel
on has the following four linear polarization
cases.

M=A(s, t, u)P„+B(s, t, u)Ps+ C(s, t, u)Pc. (3.2)

The variables s, t, and uare

s=-(k, +k,)',

Case I: z, =(0, 1, 0, 0), em=(0, 1, 0, 0). t=-(k, -k,)', (3.3)
Case II: e, =(1, 0, 0, 0),

Case III: e, =(0, 1, 0, 0),

Case IV: ~, = (1, 0, 0, 0),

sm = (-1, 0, 0, 0) .

e2 = (-1,0, 0, 0) .

e, = (0, 1, 0, 0) .

(2.21) u=-(k, —k,)'.

The respective bases are

p„=u(p„) '[K'(tt,P ~, +tt~ ~,)-(P.K)(tt,K ~, +/~ ~, )

-lt,"(K ~ s,P ~ e, +P ~ e,K e2)+P ~ Ke, zgj ' v(-p —„),1+y, (3.4)

(3.5)

(3.6)

where

K=k, —k, &=P, -P—„.
Only the basis P„ is of order ~', the others being of order &u'. Hence, to lowest order, we have

M =—A(s, t, u)P„.
The respective direct- and crossed-channel contributions to A(s, t, u} are'

(3 7)

(3.8)

A(s, t) =
2P~

C C

A(u, t) =

(3.9)

(3.10)

where the indices I and II signify the polarization cases in the respective channels. In Eq. (3.10), we have
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p„'= u(p„) ' [K' (tt P' E, +g 2P' E,) - (P' K')(/~K' f2+ad«2K' 6,)

1+y~g—'(K' ~ e,P' f, +P' ~ e,K' ~,)+P' K'f, eg'] ' u(p, ,),
where

K'=k, +k2, P'=P„+P g

(3.11)

(3.12)

(3.13)

The absorptive parts A'(s, t) and A'(u, t) are obtained by substituting the respective channel absorptive
parts of M, as given by expressions (2.4) and (2.13).

A(T), +A(T)~
A'(s, t) =

A

A (r) +A (T)
A'(u, t) =

A
(3.14)

The respective dispersive parts of the amplitudes are obtained from the absorptive expressions by inte-
gration:

A(; «)
=-'

7T 4 2 S —S
m$

(3.15)

( )
1 " A'(u', t)

(m +m )2
mVI m)

The resulting expression for A(s, t, u) is'
Q2Gt2 ~ '

A(s, t, u} = (4.42) 2 '4 electron-type neutrinos,
32m' m.'

(3.16)

(3.17)

je2G /2

A.(s, t, u) = (-14.57) 2 "4 muon-type neutrinos .327' m.' (3.18)

In the factor (4.42) appearing in Eq. (3.17), the contribution from the crossed channel is only (0.08). In
the factor (-14.5V) of Eq. (3.18), the crossed-channel contribution is only (0.15). Thus, for both types of
neutrino emission the crossed-channel contributions are very small. The corresponding expression for
R is

R
( yy2( yam 4 5(p p +p p kg k2)u(p p)

X [K («t(P ' E2+ fp ' E)) —(P ' K)(g(K ' t2+ fp ' f)) —g(K ' f)P ' E2+P ' E)K ' E2) +P ' KE'q ' tg]
1+y.x ' v(-p „), -

where

p =4.42m, 2 electron-type neutrinos,

(3.19)

(3.20)

p = -14.5Vm„' muon-type neutrinos. (3.21)

IV. CROSS SECTION AND LUMINOSITY

The unpolarized differential cross section ob-
tained from Eq. (3.19) is

Evaluating Eq. (4.2}, one obtains

,4 CO0'= 5.4x10 cm
Mp

da e40 '4p2, 4'( — o'). (4.1) electron-type neutrinos, (4.3)

The total unpolarized cross section is

~46 t4p2

640~'~ ' (4-2)

@=1.1x10 53~ cm'
(Mp

muon-type neutrinos . (4.4)



206 WI L LIAM SC HREIB ER

TABLE I. Neutrino cross sections and luminosities for various intermediate-boson masses. The units of 0 and L are
cm and erg/cm sec, respectively.

M~=10 GeV

M~=50 GeV

M~ =100 GeV

Mz =500 GeV

Mz ——1000 GeV

0(ve, ve )

1.9x 10 46(u/M, )6

4.1x 1O 4'(~/M, )'

2.9x10 50(cu/M )6

5.9x 10 5~(m/M&)6

4.1x 10 54(cd/M&)8

Q(V~, Vp )

3.5x 10 4~(cu/M&)6

1.1x 10 49(cu/M&) 8

8.5x 10 "«(u/M )6

2.1x1p 53(~/M )'

1.6x 1p 54(~/M, )'

L (v~, v~)

8.1x 1O '(T/1O')"

1.8x 1O "(T/1O')"

1.2x 1O "(T/10') i3

2.6x 10 '(T/10i )"
1 8x 10-2(T/10io) is

1 (v„, v„)

1.5x 10-s(T/109) i3

4 7x10 ii(T/108)i3

3.7x 1O i2(T/10')"

9.3x 10 (T/10 )
3

gx 1p 3(T/10io)i3

electron-type neutrinos,
13

I 4 P y $0 2 erg cm3 sec

(4 6)

muon-type neutrinos .
In Ref. 2, the expression obtained for o is

(4.6}

The corresponding blackbody neutrino luminosities
are

13
I, =2.4x10-" —— er g/cm'sec

y 010

Table I gives the corresponding values of the
cross sections and luminosities for various inter-
mediate-boson masses M~. '

Upon comparison, one finds that the expressions
for o(v„, P„) and L(v„, P„) of Eqs. (4.4) and (4.6)
are of the order of magnitude of o(v„P,}and
L(v„P,) of Ref. 2 for M~ = 500 GeV. Of particular
interest is to note that in Ref. 2 the respective ex-
pressions for 0 and L, are always greater for elec-
tron-type neutrino emission, whereas those of
Eqs. (4.3}-(4.6) are greater for muon-type emis-
sion.

2 2eg, M~
0 = y60, 8

—ln 2 —~ (0 ~

W m
(4.7)
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