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Detailed calculations show that the theoretical total cross section for the production of
the intermediate vector boson 8' by incident neutrinos is much larger than that for TV

production by incident muons in the relevant range of National Accelerator Laboratory
energies and corresponding %" masses.

With the advent of higher energy beams at the
National Accelerator Laboratory, renewed ef-
forts will be made to find the intermediate vector
boson of weak interactions. The most favorable
reactions involve either incident neutrinos or
muons which can dissociate into +'s by recoiling
against the electromagnetic field of a nucleus, '
l.e.,

vp (vp)+Z W +p, +Z,

+Z W +vp (vp) +Z.

To date, this neutrino reaction has not been seen
at Brookhaven National Laboratory' or at CERN. '
Therefore, together with the proton-nucleus col-
llsloIl studies, the only thing we can say now
about the ~' is that if it exists, its mass ~& is
probably greater than 2 or 3 GeV.

It is the purpose of this note to point out that,
contrary to general expectations and to what has
been assumed in planning for muon experiments, '
the cross section for (l) is significantly larger
than that for (2). An order-of-magnitude dis-
crepancy for energies less than 10 GeV and for
~I = I GeV was previously noticed by Berends
and West' for protons. Our findings show that,
indeed, Reaction (1) is between ten and a thou-
sand times more probable for energies less than
300 GeV and for 3 GeV&~&&12 GeV. Relative
to (I), this casts grave doubts on the usefulness
of Reaction (2) for W searches —the fact that the
parent pion gives most of its energy to the muon
notwithstanding.

We consider only proton targets and assume
that the & has no anomalous magnetic moment
and no electric quadrupole moment. Inclusion
of these moments, and the general case of a nu-

cleus with attendant nucleon-motion and exclu-
sion-principle effects and the problem of incoher-
ent versus coherent production, will be discussed
elsewhere. ' These complications, which have
previously been studied by a number of authors' "
with respect to the neutrino experiments, do not
qualitatively cha, nge our conclusion. The deep-in-
elastic contributions to the muon reaction have
been estimated to be of the same order of mag-
nitude as the elastic contribution. ' This, com-
bined with the recent work of Chen, " implies
that such contributions will likewise not change
our conclusion here.

In Fig. I, (a) and (b) are the W+-production
Feynman diagrams corresponding to the lowest
order matrix element of Reaction (I), while (c)
and (d) are those diagrams relevant to (2). It is
clear from this figure that the muon propagator
has a different momentum dependence in the two
cases, so the total cross sections are not expect-
ed to be the same. What is surprising, however,
is the orders-of-mangitude difference that arises
in actual calculation. This is true in spite of the
approximate equality in phase-space volume at
high energies.

Our procedure was to do, analytically, some
of the integrations in the c.m. frame of the final-
state lepton-boson pair which left us with a two-
dimensional numeriea1 integration. For this last
step we used a Gaussian quadrature computer
program, making sure that the small-momentum-
transfer area was covered with a sufficiently fine
mesh. Our results for the total cross sections
are given ln Table I where we have averaged
over the muon spin in Reaction (2). (Here, the
&&-P and v&-P cross sections are equal, as are
the p'-P and p -P cross sections. ) The matrix
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w+(p)

v (k, ) v~(k, )

p {kq}

+(p)

v„(ka)

++(k, ) p+(k, + q

w+{p)

++(k, )

W(p

FfG. 1. The lowest order Feynman diagrams for Reactions (1) and (2}. The notation y(q} refers to a photon with
four-momentum q, etc. The blobs represent the nuclei form factors.

elements and calculational procedures will be
discussed in a separate paper'; for the proton
form factors, we employed the familiar dipole
fit "

If we compare the neutrino and muon reactions
at the same beam energies, then it is apparent
from Table I that neutrino cross sections are two
orders of magnitude larger than those for muons
in the energy-mass region of interest. Using M&
= 8 GeV as an example (motivated mildly by sev-
eral theoretical model expectations"), one finds
o„-10 "cm' and &&

- 5 &10 "cm' for a 100-
GeV projectile. As an important check on our
work, the muon calculations of Berends and
West' and the neutrino calculations of Wu et al."
were used. The muon results of Ref. 5 cover a
large part of Table I and agree with ours within
a few percent. Since the work of Ref. 11 is re-
stricted to the energy region below 10 GeV, we
could only check our programs there; however,
it was possible to compare a couple of unpub-
lished numbers" at higher values of energy and
mass. For all of these neutrino results, we ob-
tained agreement at the 1/o level —taking into ac-
count the slight differences in form factors.
Finally, it should be noted that a„and o& become
comparable at extremely large energies in ac-
cord with the asymptotic formulas of Solov'ev and
Tsukerman which imply a ratio of 2 at infinity
(merely the spin-average factor difference).

The reason for the large difference between the
two cases lies in the fact that the electromagnetic
interaction of the final-state muon contributes to
o„differently from the way in which the electro-
magnetic interaction of the incident muon con-
tributes to o&. Looking in the c.m. frame of the
muon and N'-boson pair, the muon propagator in
the former [see Fig. 1(a)] develops a, pole at q'
= 0 when the ~ is parallel to the incident nuetrino
and when the muon mass is neglected. This does
not happen in the latter Isee Fig. 1(c)], however,
since we must have (k, +q)'~~I' there. This
distinction is crucial except at extremely large
beam energies where the mass difference be-
tween the S" and the muon becomes less impor-
tant. (As we move very close to threshold, on
the other hand, &„/&& will decrease slighlty
since the momentum transfer q' is necessarily
large then. )

Although the proton form factors limit the
reactions to small momentum transfers, which
is precisely the region where this propagator
effect is important, they do not play a critical
role. For example, if we remove them altogeth-
er, we find that the &„/o'& ratios given in Table I
are reduced only by a factor of 2 or 3 on the av-
erage. This indicates that the muon-photon in-
teraction shouM be crucial in the inelastic chan-
nels as well.

The principal reason for using muons to pro-

258



Vox.UMz 25, NUMsza 4 27 JIII.V 1970

TRMB I. The theoret1ORl 'totRl cl'088 8ectloIl8 op [HBRctlon g)] Rnd 0'p [RBRc'tioIl (2}]111 ulll'ts of 10 cIn for
free protons. We have also given their ratio at each energy and boson mass. The latter are in GeV.

F ~ 10 30 50 ' 70 90 100 ' 15Q 200 250 300 400 '

6QQ 1000

200

1.04 5.48 9.79 13.7 17.3 26. 6 38.8 53.1 67.9 89.6

cr /o
V

9.3 8.6 8.1 7.2 6.6 6.0

o 1.&) 9.01 24.2
x 1Q

1.57 9.05
x 10 ~ x 10 2

95 100 70

.703 1.12 1.35 2 ' 57

30

5.09 8.75 13.2 20. 9

.181 3.00 17.8 65.3 ?8.9 103 143 202

7.30 1.53 5.43
10-4 10 x 10 2 .156 .415 1.54 4.24 7.81

l. 17 .169 .948 1,60 6.71 21.0 28. 6 43.6 71.2

2.86 3.89 2.63 4.85 2.97 7.81
2x 1Q 6 x 10 4 x 10 3 x 10 3 x 10 2 z 1Q

430 330 230 170 140 120 70

8.39 2.89 9.82
x 10 5 x 10 2 x 10 2 81.4

l.66 4.67 l.69 3.93 l.60 3.78 6.91
x 10 7 x 10 5 x 10 4 x 10 3 x 10 2 x 10 2 x 10 2 1.13

a /a
V

510 620 580 400 290 230 200 150 110 72

duce ~'s stems from the fact that they generally
receive about three-fourths of the pion-beam en-
ergy so that in spite of their large electromagnet-
ic background it might be possible to look at
.heaviex &'s. But even if we compare, say, a
300-GeV incident muon with a 100-GeV incident
neutrino, o, is still an order of magnitude larger
than 0'& for 3 &~&&8. Moreover, the higher en-
ergy muons come away from the pions with the
wrong helicity. " The p (p ) is right-handed
(left-handed) for a pion at rest; the highest labo-
ratory-energy muons preserve this helicity since
they axe going forward in the rest frame of the &

and, as a consequence, cannot initiate the semi-
weak ~ production. (For ultrarelativistic Inu-
ons, the electromagnetic interaction conserves
helieity and the ~-& ~'p& vertex couples only to

left-handed p 's and right-handed p"s.)
This last point means that the o& in Table I

should really be multiplied by 1+P where P is
the longitudinal polari. zation of the muon relative
to that needed for Reaction (2) to proceed. For
either p or p, one obtains E=-1 at the high-
est energies and P=+1 at the lowest.

As stated earlier, nuclear effects do not qual-
itatively change our conclusions. In fact, our
studies show that 0'„/0'& is generally larger for
coherent scattering than for incoherent. ' This is
due to the more rapid falloff of nuclear form fac-
tors; as an example, the cross sections per pro-
ton on an iron nucleus assuming a Fermi distri-
bution are -0.5X10 "cm and -lx10 4' cm fox'
100-GeV neutrinos and muons, respectively, at
~I =5 GeV. " This gives a ratio of -500 to be
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coIQpared with 100 frolTl Table I. Finally, it
shouM be noted that one ean already see up to
two orders of magnitude difference between Re-
actions (1) and (2) in the Weizsacker-Williams
coherent calculations of Solov'ev and Ysukerman'
and of Uberall' for low incident energies and Mz
= I GeV.
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fessor C. N. Yang for essential discussions and
encouragement.
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