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The differential muon-capture rate dI /dO('Li+ p, ~ 'H+'H+ v„) as a function of angle between the
outgoing tritons is calculated by the use of the elementary particle model. The total capture rate for the
same reaction but with the neutrino energy limited between 0 and 29.8 MeV is also calculated as is the rate
dl /dv under the same limitation. The reaction is also discussed as a candidate for determining a better
limit on the muon-neutrino mass.

NUCLEAR REACTIONS Muon capture Li (p, , &„)3838calculated dI/dQ, 0'» 8
].80' and, I', dI'/dv for E 29.8 MeV.

I. INI'RODUCTION

The reaction p +'Li-'H+'H+ v~ is interesting
for a number of reasons. First lt ls a posslMe
candidate for determining the v„mass' and
second, it is in itself a useful test of the utility
of the elementary-particle model' in situations
involving the breakup of the nucleus. In this paper
we calculate the differential muon-capture rate
(df'/dQ)(p + 'Li- 'H+ 'H+ v„) as a function of the
angle between the outgoing tritons. This number
should be useful to experimentalists' who en-
vision using the case in which the two txitons
go out in approximately opposite directions,
carrying off most of the available energy.

The method of calculation used here is the ele-
mentary-particle model. ' This treatment has
some advantage over the conventional impulse
approximation treatment for problems of this
type because it avoids the use of nuclear wave
functions. Cross sections calculated by means
of an impulse approximation treatment some-
times depend sensitively on the wave functions
which are, in general, not well known. Also in
the elementary-particle model approach the
Pauli exclusion principle is incorporated directly
into the matrix element.

In Sec. II of this paper we present the general
form of the weak current matrix elements and
discuss the form factors describing it. In Sec.
III we obtain the differential muon capture rate
dI'/dQ a.s a function of the angle between the two
outgoing tritons. %e also obtain a v"lue for the
total muon-capture rate I' in the ditriton channel
for neutrino energies from 0 to 29.8 MeV. In
Sec. IV of this paper we discuss the results of
these calculations, particularly with respect to

using this reaction to obtain a limit for the muon
neutrino mass.

II. THE WEAK CURRENT MATRIX ELEMENT

AND FORM FACTORS

The matrix element for the muon-capture pro-
cess p +'Li-'H+'H+ v„may be written as

to the lowest order in G(= 1.02 x 10 'm~ '), th' e
weak coupling constant, where 0& is the Cabbibo
angle (cos8& =0.98) and

z~(0) = v~(o) -a~(0)

is the hadronic weak current, V&(0) being the
vector part and A" (0) being the axial part re-
spectively. Thus it is necessary to know

('O'O~+t (0)~'Li) and ('O'HI Vt~ (0) ('Li) . These have
been obtained by the author in a previous paper'
based on the observation that the reactions p
+ 'Li - 'H+ 'H+ v„and p + 4—n+ rl + v& are struc-
turally very simtlar. Thus the current matrix' '
elements (nn~A&(0)(d), (nn~V„(0)(d) have pre-
cisely the same structure as ('O'H~A„(0) ~'Li) and
('O'H~ V~ (0) ~'Li) respectively.

%e may therefore write'

(' 'O
H~ qV( )0~' Li=)qn(P, ) ', eq„p$'@~I

+ ~ & ~upon~ O' 'Y5U P2
L

(3a)

20



20 DIFFERENTIAL MUON-CAPTURE RATE FOR THE REACTION. . . 287

and

('H'Hla', (o)l'i i) = au(P, ) ()"„)„+&, q) r~(P.),

Q~ =T,q+T,p,

q„=r,„+v',„-x„,
JI &V

(4)

(Sb)

where )7 = [m r'/(E, E,)] '~'(2m) '~'(2L, ) '~', m z and

M~ are the triton and 'Li masses respectively,
I.„ is the'Li four-momentum, t& is the 'Li po-
larization vector, E, and E, are the triton en-
ergies, T» and T» are the triton four-momenta,
and

Equations (3a) and (3b) are completely deter-
mined by the form factors I"„E,and I"&,E~
respectively. These have been obtained by the
author' from data on the reactions' "y+ 'Li
-'H+'He, 'H+'He-'Li+y, and m +'Li-'H+'H
by using the conserved vector current hypo-
thesis" and the partially conserved axial vector
current hypothesis" respectively. They are

E, (Q ~ L, q', P ~ L) = E(Q ~ L, P ~ L)f (q'), i = 1, 2,A, P

where

~E(Q I,P L)~'=(1 —0.33 exp[-9.59x 10 '(q, —20)']

x(20.84+ 2.01 exp[- 1.589x 10 '(q, —95)'] -0.3517q, exp [- 1.589x 10 '(q, —16.5)']]

x [(q, —16.5)'+ 12.04] ', 0 & q, & 75.659 Me V,

)E(Q ~ L, P ~ L) ~'= 1.15x 10 'x (105.659 —q,), 75.659 & q, & 105.659 MeV,

and where" q, = (Q -I) ~ I/Ml, and all units are compatible with q, being expressed in MeV, and

y„(0)

(5)

(6a)

(6b)

(7a)

M„2=~4.9S

f„(0)= 0.296,

(7b)

(7c)

2 2 - 1 2
1 2 1 q2/M 2 i

M 495m

If,(0) -f,(0) I
= 4 49.

The derivations of Eqs. (5), (6a), (6b), (7a), (7b), and (7c) are all described in Ref. 3.

III. DIFFERENTIAL CAPTURE RATE

The matrix element squared for the process p + 'Li- 'H+'H+ v„ is given by

2 2 E,+E2) 2m„(m„+M~ —E, —E2)
~M~ = ~ 2 Eg (m~+Mq) '

) 3m~( m~ +My- ~E- E)2+ ( (" "
) 2

'
2)

p T P 1 2 JI L ™7f
m„'(m„+M~ -E,-E,)' 3

(2m (E,+E,) -2m M, -m, ')'g (8)

From this equation the differential capture rate
(dI'/dQ) (g + 'Li- v„+ 'H+ 'H) as a function of the
angle between the outgoing tritons given in Fig. 1
is obtained. The result when integrated over dA

yields a value for 1" in agreement with Ref. 3.
We have also obtained a value for

I'(p +'Li- 'H+'H+ v„) for which the value of the
outgoing neutrino energy is restricted to be less
than 29.8 Mev,

1"=0.145 s (9)

The significance of this number will be discussed
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FIG. 1. Plot of the differential capture rate dI'/dQ as
a function of 0, the angle between the two outgoing tri-
tons.

in the conclusion.
Finally, in Fig. 2 we give dl"/dv, the differential

capture rate as a function of the outgoing neutrino
energy from 0 to 40.0 MeV.

IV. CONCLUSION

A continuing interest' ha. s centered on the muon-
capture reaction p + 'I,i- 'H+ 'Il+ v„as a, possible
means of improving the bounds on the mass of the
muon neutrino which is currently m, = 1.6 MeV.

jl
The standard reaction for measuring this mass
is a two-body final state reaction such as pion
decay, m - p + v&. Homever, in this reaction,
the neutrino energy v= 29.8 MeV and so a mass
below the 1-2 MeV range is difficult to observe.

In the reaction p +'Li-'H+'8+ v» the three-
body final state allows the selection of an out-
going configuration in which the tritons carry off
most of the available energy. Ideally, if the two
tritons mere to go out at 1.80 with equal energy,
the muon-neutrino energy would be totally con-
tained in its mass (if any). If the tritons' carry
off most of the energy, we may write

Z„=m~ + v /2m„=M~+m~ —E, —E2, (1

which is linear in 1/m„, the nuetrino mass.lip 7

In order to examine this possibility in view of
the calculation presented here we look only at
those ca.ses for which the muon-neutrino energy

FIG. 2. Plot of the differential capture rate dI'/dv as
a function ~, the neutrino energy, from 0 to 40 MeV.

is below that of the two-body pion decay, m

+ v» namely 29.8 MeV.
If we confine ourselves to the ca,se for which the

two tritons go out at 3.80", from Fig. 1 we see that
dI'/dQ =- 51.0(s sr) ' and is not negligible. However,
this number includes all possible sharing of ener-
gy a,mong the outgoing particles. This can be
seen by considering the two cases of Fig. 3. In
Fig. 3(a), the two tritons carry away essentially
all of the available energy, but in Fig. 3(b) one
triton and the neutrino carry away almost all
of the energy. In this latter case the neutrino

P+ Li

t ~ 0-momentUm

H

O-moment um

FIG. 3. Diagram of two possible configurations of
the outgoing particles in the reaction p, +6Li H+ 8
+ v&. In (a) the two tritons carry away all the energy.
In (b) one triton and the neutrino carry away the energy.
In both cases the angle between the tritons is 180 .
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energy (assuming no mass) would be approximately
88.45 MeV. If we then limit the neutrino energy
to a maximum of 29.8 MeV, we find that (dI'/dQ)
(].80') = 2.24 (s sr) ', which is only 6.25% of the total
(dI'/dQ)(180 ) rate.

Contributions to the total capture rate I' for
which the neutrino energy is less than 29.8 MeV
occur between the angles of 175.8 and 180 . If
we look at these contributions we see that [from
Eg. (9)] I'=0.145 s ', which is very small.

Thus we see that the contributions to I' and
dI'/dQ for which the experimental situation would
be substantially better than that for two-body de-
cays are quite small. The contributions for which
the linear approximation Eg. (10) would be valid
are, of course, even smaller. Of course the
muon neutrino mass can be determined at all

angles from the formula

m„'= (Mz, +m„)' —2(E,+E,)(Mz+m, „)

+ 2m +2E,E, .-2L, ,L,cos8„.

The differential capture rate (dl"/dQ)

(P +'Li- v„+'H+'H), however, is also interest-
ing in its own right. It is a good test of the ele-
mentary-particle model in cases of nuclear break-
up. Measurement of dl /dQ would enable a more
accurate determination of the weak current form
factors describing ('H'H)A~t ~'Li) and ('H'H~ V~t ~'Li)
respectively. These could be used in turn for cal-
culating a number of interesting reactions, such
as v„+'Li- 'H+'He+ v„which might be a useful
test of the steinberg-Salam theory. "
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We find that Eq. (6b) gives a better fit to the data in
the range indicated, which corresponds to v —30 MeV,
than Eq. (6a). This has almost no effect on the total
capture rate.

~4This reaction at low energies would be dominated by
the axial neutral current form factor as is true in the
case of the deuteron reaction v& +d n+p+v&. A]-
though the final state of the reaction v&+ Li 3H+ He
+v& contains isospin 0 and isospin 1 components, in the
Weinberg model the weak neutra1 current has the form
J~ ~- sin 8 J~' ~ where J~ ~= V~ &-A&' and where the

p ur p
superscript (3) denotes the third component of an iso-
vector. Thus the iospin. 0 final state could be connected
to the initial state only through the isoscalar part of
Jp~" ~ in the Weinberg model. However, as mentioned,
we expect the reaction to be dominated in this model
at low to intermediate energy by the axial current part
of the neutral current (see Ref. 7) A. &~~~ which, being
the third component of an isovector, can connect only
the isospin 1 final state to the initial state. As noted
in Ref. 3 the vecto. t cu .rent contributions to the weak
current matrix element are small. Experience and an
examination of the data in Ref. 8 would indicate that
the same would hold for the isoscalar contributions to
J&&'"') . Any striking departure from this result might
suggest possible modifications of the Weinberg model.


