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A theory in which the hypothetical intermediate boson of weak interactions interacts strongly
with hadrons becomes a theory with a six-fermion coupling in the limit that the mass of the
boson is very large. To facilitate setting an upper limit on such couplings in high-energy
neutrino experiments, we give here the theoretical muon spectra for the reaction v +p- ~

+ p+ + p +p calculated for a typical six-fermion interaction. A comparison is also made with
the muon spectra predicted from V-A theory, and a rough upper limit on the coupling con-
stant is made using data from the CERN neutrino experiment.

The failure of high-energy muons to obey the
sec6 law' has aroused interest in mechanisms
which produce muons at very high energies.
Bjorken, Pakvasa, Simmons, and Tuan' have ex-
amined theories in which the W boson of weak in-
teractions couples strongly to hadrons. Such the-
ories were considered previously by various au-
thors'4 and, due to our lack of knowledge concern-
ing the weak interactions at high energies, they
are not ruled out by experiment. In these theories
the pairwise interaction of W bosons with hadrons
is governed by the strong interactions while the
single emission of a W boson is semiweak with
respect to the Fermi coupling constant. Obviously
it is desirable to set stringent experimental limits
on the ma.gnitude of possible strong W-boson-had-
ron coupling constants.

One reaction which will be investigated at the
National Accelerator Laboratory' (NAL) is

V+P~ v+p, + p +P ~

In conventional theory this reaction involves both
the weak and the electromagnetic interactions. Al-
lowing for the possible existence of both charged
and neutral (in the manner of Weinberg') interme-
diate bosons, the relevant diagrams for this reac-
tion are shown in Fig. 1. In V- A theory the pro-
ton is required to supply an electromagnetic field
and allow conservation of energy and momentum.
However, in a theory with a strong W-boson-had-
ron interaction reaction (1) proceeds via, the dia-
gram shown in Fig. 2. Of course we know nothing
about the scattering amplitude of the W boson on a
proton, ' so only model-dependent predictions can
be made for this reaction. However, Kabir and
Kamal' have set a lower limit of 10 GeV on the
mass of the strongly interacting W boson using the
measured muon flux deep underground. Spontane-
ously broken gauge theories' predict very large
masses for both charged and neutral W bosons.
Obviously neutrino experiments in the range from

1 to 10 GeV cannot possibly produce such bosons
as real particles. Fortunately all these theories
have a local limit when the mass of the boson is
infinitely large and this limit can be checked ex-
perimentally. In the Mll, =~ limit the number of
diagrams in Fig. 1 reduces from five to the two
shown in Fig. 3. Extensive calculations were re-
cently made for these diagrams by Brown, Hobbs,
Smith, and Stanko' and therefore the energy and
angular distributions of the p.

' and the p, mesons
in this reaction are known for an arbitrary admix-
ture of vector and axial-vector weak couplings.
Previous results obtained by Fujikawa" and by
Lgvseth and Radomski" were only given for the
special case of V- A coupling. Regarding Fig. 2,
which in the limital, =~ reduces to Fig. 4, we
know nothing about the corresponding distributions
for the muons. We recognize that the interaction
is now a direct six-fermion coupling. Hence it is
possible to propose models for this coupling, then
calculate the muon spectra, and compare them
with those predicted by theories with vector and
axial-vector couplings.

Actually Ericson and Glashow' were among the
first to consider reaction (1) in an attempt to set
an upper limit on the strength of the six-fermion
interaction. They chose the Lagrangian

&=~ '
~2 Jp Jp(PP)

with G —= 10 '/M~' the Fermi coupling constant. J„
is the usual lepton current and X is a coupling pa-
rameter with the dimensions of a mass. Their
best bound on ~ came from an estimate of the total
cross section for reaction (1) together with a cut-
off on the recoil proton momentum and the assump-
tion that @&10 "cm'. This very rough estimate
yielded X~ m„, the muon mass. However, they
pointed out that more detailed analysis would have
to be made to distinguish the six-fermion interac-
tion theory from the four-fermion interaction theo-
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FIG. 3. Feynman diagrams for the reaction v+p v

+ p+ + p +p in a local four-fermion theory.
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FIG. 1. Feynman diagrams for the reaction v+p
+@++@ +p in a four-fermion theory mediated by charged
and neutral vector bosons.

ry. At that time such analysis would have been
highly premature but now that experiments are to
be. carried out at NAL such information becomes
highly relevant. Hence we have used the Lagran-
gian (2) in our numerical computer programs' for
reaction (1) to generate both the total cross section
and the energy and angular distributions of the
muons. The details of the analysis are rather
straightforward so we will only present the results
here. Since we take X to be constant one can scale
our results to find cross sections and spectra for
arbitrary values of X. For convenience we set ~ '
= ~'m„', where A.

' is a new dimensionless coupling
constant which we take for convenience to be of the
order of n, the fine-structure constant. We give
results below for two cases. The first set of re-
sults are calculated for A.

' = 6 x10 4 and a bare pro-
ton. To see the effect of damping out the proton's
recoil spectrum, we then repeated the calculation
and arbitrarily included an electromagnetic form
factor for the proton. This leads to a small de-
crease in the cross section ranging from a factor
of three for 5-GeV neutrinos to a factor of 5 for

20-GeV neutrinos. We remind the reader that the
usual cross section for reaction (1) is very small
because the amplitude is first order in the weak
interaction and second order in the electromagnetic
interaction. Experimentally it is possible to in-
crease the cross section by using a heavy nucleus
as target so that we gain an extra factor of Z for
the incoherent scatterings we are considering. If
the usual four-fermion interaction dominates, then
the coherent cross section (with its extra factor of
Z') is larger than the incoherent cross section for
almost all beam energies. Therefore we compare
the six-fermion interaction results given here with
those of the cokze~ent V- A results for an iron nu-
cleus (divided by Z') and not with the incoherent
V —A results (divided by Z). Obviously total
cross-section measurements for reaction (1) will
set a limit on the strength of the six-fermion cou-
pling. A more improved limit, however, can be
obtained from a knowledge of the energy and angu-
lar spectra of the muons in reaction (1). This is
due to the fact that the spectra of the muons are
completely different in the two theories. The p,

and p,
' spectra from reaction (1) are identical in

the six-fermion coupling theory with the Lagran-
gian given by Eg. (2) whereas in V-A theory' "
the p, is produced with larger average energy and
a corresponding smaller average angle than the p, '.

In Fig. 5 we plot the total cross section for neu-
trinos incident on a target proton. The curve A
gives the results for the six-fermion coupling with
no form factor and ~'=6&& j.0 4 while J3 includes
the proton's electromagnetic form factor. For
comparison we also give the coherent results for
iron (divided by Z') from standard V —A theory

FIG. 2. Feynman diagram for the reaction v+p —v

+ p, ++ p +p in a theory with strongly interacting W
bos one.
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FIG. 4. Feynman diagram for the reaction v+p v+ p+
+ p, +p in a six-fermion interaction theory.
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FIG. 5. Total cross sections (per proton) for v+p- v

+@++@, +p. The curves A and B refer to the six-
fermion coupling theory without and with a form factor
for the proton. C refers to the prediction of standard
four-fermion theory for coherent scattering off iron
(divided by Z2)

taken from Ref. 9. Figure 6 shows the energy
spectra of the muons in all three cases for an in-
cident neutrino energy of 10 GeV. The spectra for
the six-fermion interaction theory have different

characteristics from the spectra in the case of V
—A theory. Figure 7 shows the corresponding re-
sults for the angular distributions. Obviously the
muons produced by the six-fermion interaction
have much larger angles than those produced via
the four-fermion V- A. theory. In the event that
the four-fermion theory is modified by a neutral
current so that it is no longer V- A in the M& =~
limit it is still possible to place a bound on X us-
ing the muon spectra given in Ref. 9. Also in the
event that the present theoretical speculations are
wrong and a low-mass-charged W boson exists
which mediates reaction (1), previous work by the
same authors" gives the necessary total cross
sections and energy and angular distributions of
both muons so it will still be possible to set a lim-
it on ~'. Note that we have only chosen X'=6xi0 4

so that we can draw all the curves on the same
scale. At present experiment does not rule out
larger values for A, '.

In fact it is possible to set an approximate upper
bound on A.

' from the results of Kaftanov et al."
These authors analyzed the 33 p. -pair candidates
from the CERN neutrino experiment and found none

compatible with range selection criteria. From
the theoretical muon spectra for V —A theory,
folded with the neutrino spectrum and range cut-
offs, they then estimated the number of events
which could be compatible with the background.
This analysis led to a bound for G~, the diagonal

v„p, coupling constant, namely, G~&20G, where
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FIG. 6. The energy spectra of the muons in v+p v

+ p,
' + p +p with 10-GeV incident neutrinos. The six-

fermion theory results are given (A) excluding and (B)
including a form factor for the proton. We also show
the V-A predictions for the p+ (C) and the p (D) ob-
tained from coherent scattering off an iron nucleus
(divided by Z ),

FIG. 7. The angular spectra of the muons in v +p —v

+ p + p +p with 10-GeV incident neutrinos. The six-
fermion theory results are given (A) excluding and (B)
including a form factor for the proton. We also show

the U-A predictions for the p+ (C) and the p, (D), ob-
tained for coherent scattering off an iron nucleus (divided

by Z2).
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Q is the Fermi coupling constant. It is therefore
possible to repeat the analysis from our spectra
to set a limit on A.'. We have not carried out the
actual computation because we do not know the
neutrino spectrum and cutoffs used in that partic-
ular experiment. However, we will get a reason-
able estimate by accepting the value X' = 6 && 10 4

and scaling it by a factor of 20. Therefore at
present the CERN experiment implies values for
A. '&1.2&&10 ', and we expect the NAL experiment
to reduce this number considerably.

Note added in Proof Aft. er this paper was sub-

mitted, the Utah group (Bergeson, Carlson, Keuf-
fel, and Morrison) withdrew their evidence for a
failure of the sec6) law. Obviously speculations
about theories with strongly interacting 8' bosons
will now subside. Nevertheless, it is still pos-
sible to set bounds on six-fermion coupling con-
stants using present (and future) accelerator data
so the results given in this paper are still of in-
terest.
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