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The stellar energy-loss rates due to the production of neutrino pairs are calculated in
Weinberg’s theory of electromagnetic and weak interactions. The ratio of the total rate o gq
calculated here to the rate calculated in the ordinary theory of weak interactions is 10%-0:30,
where the uncertainty comes entirely from the lack of knowledge of the W-meson mass.

The ratio of the experimental rate to the rate calculated in the ordinary theory is 10%%2,
Thus Weinberg’s theory gives numbers well within the experimental limits for all values

of the W mass.

I. INTRODUCTION

Weinberg has proposed a theory of leptons! which
includes both the weak and electromagnetic inter-
actions and is probably renormalizable.?3® Un-
fortunately, laboratory observations of differences
between this theory and the usual four-point weak
interaction? will be difficult since ordinary g de-
cay is the same in both theories.

Processes which produce neutrino pairs are an
extremely important energy-loss mechanism for
stars in certain density and temperature ranges.®®
These processes have been calculated in detail in
the point interaction by various authors.””'! In
particular, Beaudet, Petrosian, and Salpeter !
(BPS) have discussed the combined effect of sev-
eral processes.

In this paper we calculate, in Weinberg’s theory,
the energy-loss rates for the three important ways
of producing neutrino pairs,

pair neutrino: et+e-v+ 7, (1a)
photoneutrino: yte—-e+v+7, (1b)
]

plasma neutrino: plasma-v +7, (1c)

and compare the results with the results obtained
in the point interaction. In addition, energy-loss
rates are given for two less-important processes
that happen to be particularly easy to calculate:

y+p—=pHv+D, (2a)
V+y=-V+U. (2b)

The reaction (2a) has been calculated in the ordi-
nary weak-interaction theory by adding a neutral
current,'® and the reaction (2b) has been calcu-
lated in the ordinary W-meson theory.*

Each of the processes in (1) and (2) actually in-
volves two reactions which must be added inco-
herently; one where the neutrino pair are electron
neutrinos and another where the neutrinos are
those associated with the muon. In the ordinary
theory processes (1a), (1b), and (lc) cannot pro-
duce muon neutrinos (in lowest order). As a gen-
eral procedure we will calculate the rate for elec-
tron neutrinos in detail. The rate for muon neu-
trinos can then be deduced by inspection.
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II. ENERGY-LOSS RATES

We will assume that the star consists of a com-
pletely ionized gas in thermal equilibrium at a
temperature T with a density p. The number den-
sities of the electrons and positrons are given by
Fermi-Dirac distributions

- .2 a’p
i -J-dn;— (21r)3.[exp(E/kT$ u/ET)+1° ®)

where u is the chemical potential of an electron
(including the electron mass). The total gas is
neutral; thus the number density of protons is
n_—n,. If we neglect the weight of the electron-
positron pairs then the mass density p of the
plasma is
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where N is Avogadro’s number and p, is related
to the abundance X;, the nuclear charge Z;, and
the atomic weight A; of the ith atomic species in
the plasma by

no=n_=n, =N

)

1 Z;
—=) X4, 5
m Z g 5)

We shall only need the combination p/p, .
Equations (3) and (4) provide a connection be-
tween the matter density p/u,, the temperature,
and the chemical potential. This relation is con-
veniently illustrated, for the temperatures and
densities of interest to us, by Fig. 1 of Ref. 12.

For the processes of (1) and (2) we need only
the following part of Weinberg’s Hamiltonian !:

JC=ieAWPR(20;,Wy — 0 W 5) + WhagW B —WB*(28,W = 8, 5) =W ,0°W § |

=B, Y Yo ha =T,y F U = )Y Wam e By 5 (L =7 ), W

11
T4 (g% g

Here g and g’ are independent coupling constants
and a and b are the combinations

a=3g"%-g% (Ta)
(Tb)

The usual weak coupling constant G, the electric
charge e, and the masses of the W and Z particles
are related to g and g’ by

b=g"%+ g%

(gz +g§fz)1/2 ) (8a)
G 2
o (8b)
2 12
mzz=gg;g my?. (8c)
We shall often need the combinations
b m,?
CA: _21’}’122 gz (93')
and
a my?
Cc,=1 +§;;L7 —g—g’— . (9b)

From (8c) we see that C, is always 3, while Cy
may be written as

1 e V2

§+4mwz G

(10)

rayie e @+ DY Mo Zo =5 (87 + &), v 3 (L =750y, Za =3 (&% + ")/ P, 5 (1 = ¥5Wy Za-

(6)

Cy is 2.5 if m,, is its minimum value, 37.3 GeV,
and decreases to 0.5 if m, becomes large. As is
obvious from (9), in the usual point-interaction
theory C, and C, are both equal to unity.

The rate of energy loss to neutrino pairs (in
ergs/sec cm®) is simply the transition probability,
multiplied by the energy of the neutrino pair and
integrated over the density of states of all the par-
ticles, both initial and final. The density of states
for an initial electron or positron is given by dn
in (3). Photons in thermal equilibrium have a den-
sity of states

dn o= (exp 1) % 1)
w (211 )3 % ’
where w is the energy of the photon and where
w2=|-1;|2+wpz. (12)

The plasma frequency w, acts as a photon mass.
For the neutrinos we have

d3q dsq/
dnq=m, an:W’ (13)
while for an outgoing electron we have
a E -t
=gt - [l )} a0
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(a) (b) using Lenard’s formula
elp) v(q") .
elp") o(q") d3a d3q’ , ,
\\i// > 'z'_q_gzqg/ 64(P -4 -9 )qﬂq v=§li7r(2PuP”+gu"P2),
W ——
|
z
elp) A vla) &) v(q) an
FIG. 1. The lowest-order Feynman diagrams for the we havel®
process e*+e”— v, + 7,. The symbols in parentheses s s,
are the momenta of the particles. 1 1 d’q d’q

A. Pair Annihilation

The lowest-order diagrams for the process
e'+e” —v, + U, are given in Fig. 1. The W-ex-
change graph contributes a matrix element

- 82‘1‘7;;2 B ay(q)')’a(l - ’}/5)ue (p)ﬁe(p’)ya(l ‘7’5)11.,(6]'),
w

(15a)

while the Z -exchange graph gives

Tome Tl =700, )y ale by, (p).

(15b)

Making a Fierz transformation and using (9), we
have the total matrix element

ig® e ,
M=§‘n—1;z @)y 1 -vs)v,@')

XT)e(p,)'}’a(CV-CA'}%)ue(P)- (16)

Squaring M, summing and averaging over the
spins, and integrating over the final momenta by

G

vo= 3 | 50507040 +p' ~a =a') S IM|?
@nP8EE') 20 247 ° PP 2ml

G* 1

=127 57 \Cv* +Ca N +3nfp - p'+2(p - p'F]

+3(Cy? = CAm* + mPp - p' 1}, (18)

where E and E’ are the energies of the electron
and positron. This reproduces the point-interac-
tion cross section when C,, =C,=1.

The rate of energy loss is given by

4 a’p a’p’ '
Q= (27r)sf e E-MART 11 o EI/RT 1 (E +E")vo.
(19)
Now, following Ref. 12, let us define A and v as
kT U
A= % , V= ﬁ 5 (20)

where m is the electron mass, and define the func-
tions GX(x,v) as

© n+l(,2 _ y=2)1/2
G:(A,u)sxm"f ax 2L A

A-1 eVl @1)

The rate of energy loss (19) can now be written
in terms of the integrals (21):

Q= 187° {(7CV2— ZCAZ)[GEGtuz +G11/5Go] +9C %G 1/sG o+ G5Gy 5]

+(Cy* +C 2N4G G,y +4G1),GT -G{GY, ), =G1sGy=G5Gi)p —G:IIZG;]} . (22)

We should note that, from (3) and (4), the den-
sity can be written as

e
N=2[65 -Gyl (23)

When v>1, G;>G} and G; ~p/u,. We will use
this in the following calculations.

The integrals (21) cannot be done analytically
for all A and v. Therefore we cannot find an ana-
lytic expression for @ which holds for all tem-
peratures and densities. However, since our pri-
mary purpose is to compare Weinberg’s theory
with the ordinary point-interaction theory, we
shall content ourselves with evaluating (22) in var-
ious limiting regions of v and A.

—

Region I. A<1, v<<1/x.
As long as A< 1, G} is approximately equal to
G;, where

T 1/2 N
G(’;=<§> A3/2g-l gV, (24)
In this region
o 1/2
G;=Gg=<§> A3/2g-1h v, (25)
Then
2 2 3
QI :.G'_ﬂ‘lq_L mQ(k_nELF_> e—2m/kT. (26)

This nonrelativistic, nondegenerate case holds
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(roughly) for densities p/ 1, <10°g/cm? and tem-
peratures between 3X10°% °K and 3x10° °K, with
higher densities requiring higher temperatures.
Region II. A<<1, 1/Ax<v<2/x.
G; is given by (24), while G; ~G; with G;>G.
Using (23) we have

Ql :@ GZC 28N — (Zf) e-m/kTe-u/kT‘ (27)

This nonrelativistic, mildly degenerate formula
holds for temperatures T < 10%°K and densities be-
tween 10% g/cm?® and 10° g/cm3.

Region III. A<<1, 1<k v.

Again G} is given by (24), and G;>G,. To high-
est power in Av

- 3 =
G; *3 3(A V)G . ; (28)

)(f_zf’Z(’%)zmee-mme-W ,
m

(29)

Of course the chemical potential can be expressed
as the Fermi energy. This relativistic and degen-
erate region holds for densities greater than 107
g/cm?® and temperatures greater than 6x107°K
with the upper temperature limit given by A << 1.

Region IV. A>1, v<1,

In this region we may ignore the chemical poten-
tial. To highest order in A

Now

Q= 20 2073 (C ?+

2n+ (=1)s*
GizA¥3(2n +2)! Z‘, -5 - (30)
s=1
Then
kT
Qy =63. 9 = (C 2+ C2A)m® <m> . (31)

This relativistic nondegenerate case only holds

6
for densities greater than 107 g/cm?3.

Region V. A>1, v>1.

Here G, > G;, so that we may use (23) with
Gi=N*3Q2n +2)e”?, (32a)
Grme— (A )Gs (32b)

" 2n+3 0"

To highest power in A v we have

=5 %y +CA2)m( )(ﬁﬂ NP e, (33)
This degenerate relativistic region is restricted
to densities greater than 10° g/cm?®, with a tem-
perature of 10'°°K at the lowest density extending
to a range of 10°°K to 10! °K at a density of 10%°
g/cm3.

Thus we see that the ratio of the energy-loss
rate as calculated here in Weinberg’s theory to
the energy-loss rate as calculated by BPS and
others in the point-interaction theory is C,? for
regions I and II and is 3 (C,2 + C ;) for regions III,
IV, and V.

Because of the conservation of muon number the
process e*+e” -~ v,+V, can only go by the diagram
in Fig. 1(b). Thus the matrix element for the pro-
duction of muon neutrinos is given by (15b) alone.
We can easily see that this has the effect of re-
placing C, and C, in the rates fore*+e~-v, +7,
by C, -1 and -C,, respectively. Since the rate
of energy loss obviously depends on both process-~
es, the ratio of the total energy-loss rate as cal-
culated here to the old total energy-loss rate is

2C,2-2C,+1
for regions I and II and
i[2c,2-2C,+1+2C 27

for regions IIl, IV, and V. We will discuss these
ratios in Sec. III.

B. Photoproduction

Photoproduction of neutrino pairs, y+e—~e +v,+7,, is thought to be important for low densities, p/u,
<10°% g/cm?, and relatively low temperatures, T <4x10%°K. If we neglect terms of order p/my, in the ma-
trix element, where p is the electron momentum, then we may neglect the diagrams where the photon is
connected to the W meson. The other diagrams are shown in Fig. 2. The W-exchange diagrams give

v(q)
v(q")

e(p) Y(k)
z /&e(p)
e
v(q) ~<

)
U(q') elp) vl

v(q")

FIG. 2. The lowest-order diagrams for the photoproduction process y+e—e+ v, +7,.
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My == (a0 = y5) (B + K =, ot ()T, (5"t = 7))
w

B T WA - E = (= 1)o@V, ol = o), (), 34)

where the mdmenta are defined in Fig. 2 and €* is the photon polarization. The graphs with Z exchange
contribute a matrix element equal to

My = oy 8, (0 Yy (@ by ) (B + =)ty (), @)yl = v5)us(a’)
zZ

+ Toaz Bo (D' W (B =K =) 1y @+ bys)uy (D)7, @)y oL = v)v30a"). (35)
4
These two contributions can be combined by a Fierz transformation to read

M==

8i:4,W2 ﬂe(P’)ya(CV - CAY5)—£21) +kk +Z:’l g‘ue(p)ﬁv(q))’a(l - ys)va(ql)
- siigi (p")E f?:;{é A ffjoz Y*(Cy = C.a¥s) ()T, @)y o(1 = %5)v5(a"), (36)

where we have used (9) and, to include plasma effects, have set k2= w,?.

The next steps are obvious, although long and tedious, and we will not give the details. In order to com-
pare easily with the point-interaction theory we shall follow BPS closely. We square (36), sum and aver-
age over the electron and neutrino spins, and integrate over the neutrino momenta, again using (17).

Finally we must sum over the polarization of the photon. We can choose €= (0, €) so that in the rest frame
of the initial electron

(€‘P)=0, .
e 'Y =152 —%’IZL) . 37)

Making a Lorentz transformation to the laboratory frame whose velocity is §/E relative to the electron’s
rest frame, we have

2 pP=23€p)ep’)=0

1

2(€'p')2=m‘f[%(2p'k+wo)(2p k= wg?) (" =p"*p) )

+ 1Pk (p+k=p' )W =50 (mP+p-p')(p+k=p')].
The final result for the matrix element is
d%q dd
1= [ g ot ey e —a =D D’

= %;--TTE--(CV2 + CAZ)%LIP2 +287(P? +m?) (k- P)? +2Byw2P?[P? = 2m? —k* P +3w 2]+ 3w 2 (8 — ¥ PP2(P? =)

+[P*(P? =m?) + By w? (P? + me?))] W[Z(Bv)"(mz =pp')+ni (e PY = 30,°P* (m +1>"p)]}

2G%”* 2 2 2. 252 2, 2p2 2., 2 2
+‘§7F_(CV - C 2)nP{6y*w2P? + 632w 2P? + 48yP%w 2 — 8By (k* P)
2
——4?,: DB [2(y) (0 =" p)+ (P = F0ZP 0 45 p)]}, 39)

P=p+k=p', B '=kp+3w?, yl=kp'-3

This reduces to the result of BPS when C,,=C,=1. The energy-loss rate for electrons is now given by

- mﬁg (B-w/kT - (kAR wnr -1J‘1 a’p’ (E'-p)/eT -1 ’
Q_(ZTI’)7J; E (e K +1) J(; o (@ —1) —ldz o0 [1..(@ [ +1) ](E+CU—E )I. (40)
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There is a corresponding rate for positrons.

In general these integrals must be done numer-
ically. A method for doing the final five-dimen-
sional integral is given in Ref. 11. We, however,
will be content with evaluating (40) in two regions
where it can be done analytically, namely, for
nonrelativistic and extreme relativistic electrons.
Our result for the nonrelativistic case, where
photoproduction is thought to be important, must
be used with caution since Ref. 11 demonstrated
that relativistic effects become important at sur-
prisingly low temperatures. (The total cross sec-
tion for nondegenerate electrons can be completely
evaluated analytically since it does not involve the
integrals over the distribution factors. It is given
in the Appendix.)

For extremely relativistic electrons the coef-
ficient of C,% - C,? is unimportant compared to the
coefficient of C,?+C,%. The result, therefore, is
simply 3 (C,? +C,2) times the usual result. When
we add the rate for the emission of muon neutrinos
the total rate is

i[2c,2-2C,+1+2C 2

times the usual rate. The usual energy-loss rate
in this region is given in BPS, where it is shown
to be much less than the rate for the plasma neu-
trino process (1c).

For nonrelativistic electrons 27T << and, for
densities below 10° g/cm? w,<kT. Thus we may
drop the photon mass terms in (39) and further
evaluate (39) in the center-of-mass system. Since
the densities are relatively low we may drop the
Fermi distribution factor of the final electron rel-
ative to the 1 in the integrand of (40).

The integral of (39) over the momentum of the
final electron is

d3p’ 32 e%G?

E' I= 35 m W[(Cy%+Cy2) - %(CVZ -c 0,

(41)

where w is the c.m. energy of the photon. Now,
with the help of (4), we have the rate

_.2_act + 50, oL
Q_105 = T 8)Cy +5CA]NI«L m s

. \m
(42)

where a=(137)"! and ¢ is the Riemann ¢ function.
The ratio of (42) to the usual nonrelativistic non-
degenerate rate is 3[C,%+5C,%]. After we add the
rate for muon neutrinos the ratio of the total rates
is
s[2c,2-2C,+1+10C 2]. (43)
We will discuss (43) in Sec. III.

C. Plasma Neutrino

The plasma neutrino process, y—-v+7, is al-
lowed if the electron gas has a dielectric constant
e (w, k) which is less than unity. Then the relation

w?e (v, k) =|k|?, (44)
with
e(w,k)=1-w2/w?, (45)

implies that the photon behaves as if it had a rest
mass equal to the plasma frequency [as defined by
45)], w,.

This process has been calculated in ordinary
weak-interaction theory by calculating the graph
of Fig. 3(a), where for the electron lines we use
the electron Green’s function in a sea of particles.
The matrix element of the photon is given by

/2

©|AH©)]y () = / [% (wze‘)jll 46)

for the transverse part of the photon, where €* is
the polarization vector and e’ is the transverse
part of the dielectric constant. For longitudinal
photons

11/2

olaroley-e/ 1357, @)

where k? is the square of the four-vector.

In our theory we wish to calculate the diagrams
in Figs. 3(b) and 3(c). However, if we neglect
terms of order p?/m,?, where p is the momentum
of the electron in the closed loop of Fig. 3(b),
then because of Fig. 3(c) we are just calculating
Fig. 3(a) with a modified coupling constant. Since
the transition rate due to the axial-vector current
is much smaller than the rate due to the vector
current, the modification is simply to multiply the
usual rate by C,%+(C, —1)?. This is the sum of
the rates for the two kinds of neutrinos.

For the usual rate we will use the expressions
in BPS. The energy-loss rate for transverse pho-
tons is

€ v
Z
7~«mwm©—--——~<3
e
(c)

FIG. 3. (a) The lowest-order diagram for the decay of
a plasmon in the ordinary theory of weak interactions.
(b), (c) The lowest-order diagrams for plasmon decay
in Weinberg’s theory.
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GYC,2+(C,—1)? x(x 1/2
P G Y

G} are the integrals defined by (21).

In the region y> 1 (where the plasma process is

expected to dominate) @ , is given by

(48)
with GYC,2+(C —1)] m\*2
= 4 v 639, =7,,3/2
=% = kT Qr 487 meyPASe Ty <2>
: . (51)
where w, is a frequency given by
4am The energy-loss rate for longitudinal photons is
wo? = ———[2G,,, +2GZ,/, +G* a2 +G g - (50) &y & P
Z[CV2+(CV—1)2] 1 (5Y7/2,..9,,9y 9 yIO(y _az)z(y - )1/2
R gy mmeye(22) [T ay, 52)
where w, is given by
4azm2
w,?= [2G%,/,+2G /3 +G Ly +G g/, = 3G Lg/5 =3G )] (53)
—
and a is the combination the ordinary W-meson theory and are gauge-in-
3 (0w \2 variant by themselves. The second three graphs,
a=1+ 5(#) . (54) which involve a Z exchange, are zero. To see this
]

Again in the limit y>1

Q= GYC,2+(Cy—1)] 97,9}\9(%)3/2<%>U2e-y.y—3/2 .

48t a
(55)

D. Photoproduction from Protons

Photoproduction of neutrino pairs from protons,
Y+p—p+v+7, is not expected to be an important
energy-loss mechanism. Nevertheless, we in-
clude it here because the result may be immedi-
ately read off from the result of photoproduction
from electrons if we assume the proton couples to
the Z with the same coupling constants as the elec-
tron. The relevant graphs are just those with a Z
exchange, as in Fig. 2. Therefore the matrix ele-
ment is the same as (36) with the electron mass
replaced by the proton mass and C,, and C, re-
placed by C,, -1 and —-C,. The protons are always
nonrelativistic and we can read off the rate from
42).

The ratio of the total proton rate (including both
types of neutrinos) to the total electron rate [as
given by (43)] is

2[(C,—-1)2+5C,2] (
2C,* -2cy+1+focA \77:> (56)

which is always of the order of (m, /m,)?~3x10~".

E. Photon-Photon Scattering

The lowest-order diagrams for two f7ee photons
to produce neutrinos, y+y—-v +7, are given in
Fig. 4. The first three graphs are the same as in

we simply note that
(ky_ +kz)aﬁy(q1)7a(1 —Ys)uy(qz)=0: (57)

where %, and &, are the momenta of the two pho-
tons and &, +k, =9, +q,. But it is impossible to
construct a tensor for the closed-loop part of the
diagrams which is simultaneously symmetric
under interchange of the photons, is gauge-in-
variant, and is not proportional to (¢, +k,)*.

The cross section and the rate of energy loss
are therefore the same as in the ordinary W-me-
son theory.

III. RESULTS AND CONCLUSIONS

We have recalculated, in Weinberg’s theory, the
rate of energy loss in an electron gas due to the
production of neutrino pairs. In particular we
have considered the three processes which are
thought to be dominant: pair annihilation (1a),

% e v
e W
Y 0 7
)’mvwvw»[—ﬂ v
wi e
¥ il — _
W v

FIG. 4. The lowest-order diagrams for y+y— v+ V.



R (Pair ,I,IL) = R( Plasma)

R(Pair, IL,IZ,X ) = R (Photo;, relativistic)

(Photo, nonrelativistic)

60
m,, (GeV)

FIG. 5. The ratios of the energy-loss rates as calcu-
lated here to the energy-loss rates calculated in the
ordinary theory vs the mass of the W meson. R (Pair;
1, II) is the ratio for the pair annihilation in the regions
I and II discussed in the text. All three lines approach
R=1 as my approaches «.

photoproduction (1b), and plasmon decay (1c).
Although in each case the equations cannot be com-
pletely evaluated analytically for all temperatures
and densities, we have evaluated them for special
ranges of temperatures and densities. Within
these special ranges the changes in the rates com-
pared to energy-loss rates previously calculated
in the point-interaction theory (or ordinary W-
meson theory) are substantial. The ratios of the
rates calculated here to the old rates are shown

in Fig. 5. If the mass of the W meson is near its
minimum value (37.3 GeV) some of the rates are
as much as a factor of 8.50 larger. If the W-
meson mass is very large all the rates are half
their old values. Weinberg’s theory decreases

the importance of the photoproduction process
relative to the other two processes for all W-

e

J

202 1

20
= Toze O O

x4

3
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2,451 (16
37227

+— x%+

meson masses.

If we let R stand for the sum of the ratios in
Fig. 5 then the experimental situation has been
summarized by Stothers!® as

R =10°:2, (58)

In this theory we find

°+0.93
R=10°-0.30 (59)

where the uncertainty is due to the unknown mass
of the W meson. Since the limits in (59) are well
within the present experimental limits we cannot
put any bounds on the W-meson mass. Further,
whether these changes in the rates are enough to
be seen by observing the relative numbers of cer-
tain types of stars and thereby determining their
lifetimes will depend on the precise value of that
mass. If m, is greater than 60 GeV the change in
the rate is less than a factor of 2 and would re-
quire a very accurate stellar model. Current re-
sults from the laboratory experiments on the scat-
tering v, +e -V, +e indicate that m,, is greater
than 60 GeV.'"'® On the other hand, if m, is near
its minimum value the large change in the plasma
process should be observable in the number of
white dwarfs.!¢
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APPENDIX: TOTAL CROSS SECTION
FOR PHOTOPRODUCTION

If the electrons are nondegenerate the total cross
section for photoproduction of electron neutrinos,
(1b), can be calculated analytically for all photon
energies. It is given by

251

o rdx =22 —> 02+ 1)”2]1n(x 0+ 177

—[ng4+% 2 2:;5’ (ilﬂx3+3x g%)(x2+1)1/2]}
e? 2 1
QGS:S (C,2 - CA )—[—(;-T)ﬂﬁ {[ 452 —11—5:7—<4x+ )(x +1)1/:| In(x + (® +1)V2)
+[§x +——-x2+5+<-§x +—x+5%>x +1 1’{]} (A1)

where x = w/m and w is the photon energy in the
c.m. system.
Figure 6 shows the ratio of (A1) to the total

r

cross section in the usual theory, as given by
(Al) with C,=C,=1.
In the extreme relativistic (E. R.) region (A1)
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o1 gives
3¢ 22,
N o(E.R.)=%(C‘F+Cf)xz{ln2x—§§ . (A2)

m,, = 500GeV

1
m,, = 700GeV

/’//w—f

mw=m

Me
FIG. 6. The ratio of the total cross section for photo-
production of v, 7, as calculated here to the total photo-
production cross section calculated in the point-interac-
tion theory vs the photon energy in the c.m. system (in
units of electron mass). my is the W-meson mass.

In the nonrelativistic (N. R.) region, x <1, (A1)
gives

202 P
o(N. R.)= %;r’ﬁﬁ[cvz +5C 2)xt. (A3)

The cross section for the photoproduction of mu-
on neutrinos is again given by (A1), with C, and
C, replaced by C, —1 and -C,, respectively.

We will not give the cross section for the pair-
annihilation process (la), since it has been cal-
culated in detail by ’t Hooft.'s
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