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We present the results of a search for exotic bosons produced in the decay x —+ Xp. A low energy
vr beam at TRIUMF was stopped in a liquid hydrogen target to produce the reactions x p ~ np
and x p ~ nm, x ~ 7p. The p rays from these reactions were detected in a sodium iodide crystal.
From the energy distributions we extract a branching ratio limit for I'(z -+ pX)/I'(z m p7) of
(2—7) x10 for X masses of 25—100 MeV/c (90'%%ua C.L.). In contrast with other experimental limits
this branching ratio limit is valid for all reasonable X lifetimes ( & 10 sec).
PACS number(s): 13.40.Hq, 13.20.Cz, 14.70.Pw, 14.80.Mz

INTRODUCTION

The standard model of particle physics has been very
successful in describing all available experixnental data
on subatoxnic interactions. Physics beyond the standard
model must be either on a larger mass scale than hith-
erto available to experimenters, or xnore weakly coupled
than the currently observed phenomena. In this latter
scenario, it is expected that if gauge bosons responsi-
ble for new interactions have xnasses on the same scale
as currently observed particles, then their coupling con-
stants would have to be very small. Such situations arise
in several existing models and include particles such as
the axion, the right-handed neutrino, the "axigluon, " and

particles associated with extensions to the Higgs sector

[1—3]. Rare decays can provide an excellent arena in

which to perform searches for such new bosons, which

we will denote by X.
Previous searches [4, 5] have set limits on the existence
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of new bosons by studying their production via x ~ pX,
where in this case the X must be a vector particle. Limits
on this branching ratio have been obtained by the nonob-
servation of mo -+ 7+ nothing [4], or n'o ~ pX followed
by X -+ e+e [5]. Dobroliubov [1] has enumerated the
various X decay modes and associated X lifetimes, and
the experimental limits must be interpreted in the light
of this information, which we summarize below and in
Table I.

If the X couples only to quarks at the tree level, then
the branching ratio I'(no ~ pX)/I'(z o ~ pp) is expected
to be 10 3 and the lifetime of the boson is thought to
be long, 10 sec. By looking for events in which a
tagged x is associated with only a single p, limits for
this branching ratio of ( 5 x 10 4 for mx ( m (and
7x & 2 x 10 7 sec) have been obtained in [4].

If the X couples at tree level to both quarks and
leptons, the lifetime of the X boson in this case is
short, & 10 6 sec. For X boson xnasses in the range
2m, ( m~ & 2m, the main decay mode is expected
to be X —+ e+e . By searching for e+e pairs resulting
from X decays within the detector volume, an upper limit
for I'(no -+ 7X, X ~ e+e )/I'(z. o m pp) of ( 4 x 10
(90% C.L.) for 60—100 MeV/c2 bosons is reported in [5].

Both of the previous experiments are hence subject to
lifetime caveats: the X must either leave the voluxne of
the detector before decaying (rx & 2 x 10 sec) [4], or it
must decay in the target (v.x ( 10 ~~ sec) [5]. We present
the results of an experiment to obtain a measurement
of the branching ratio for vr -+ pX by studying the
p spectruxn associated with X production. This result
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TABLE II. Expected upper and 1ovrer edges of the photon
box spectrum in the process m -+ 7X, for various X masses,
as per Eqs. (1) and (2).

X mass (MeV/c )
0
20
60
100

Lour edge
(MeV)
54.88
53.68
44.04
24.75

Upper edge
(MeV)
82.97
81.15
66.57
37.42

EXTRACTION OF LIMITS ON BOSON
PRODUCTION

c(E) = cp E,
d(E) = dp E~

An exponential background was also superimposed:

B(E) = Bp exp( —E.rf).

The entire p-ray spectr»m was fitted with these pa-
rameters using MINUIT [9] and the known p-ray energy
distribution for z'P decays. The result for one run of
5 x 10s events is shown in Fig. 2.

The fitted values of c and d corresponded to a full
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FIG. 3. The solid line represents the expected response
of the NaI crystal to photons &om m -+ Xp, for X masses
of 20, 60, and 100 MeV(c, plotted without the contribution
from the exponential background. The histogram shows the
experimental data.

The raw data histograms were first calibrated by fit-
ting the raw data with a z p -+ np peak and a zp box,
convoluted using an NaI response function with four free
parameters [8]:

f(E) =A exp~
~

1 —erf
~

(E —b t (E —bi

Ed).
The parameters c and d were further allowed to vary with
energy according to the power laws
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FIG. 4. The 90/0 con6dence limits on the w —+ Xp
branching ratio, normalized to m -+ pp, for 7~ ) 10
sec.

width at half maximum (FWHM) energy resolution

[ (c+ d)/E] of 10% for the n box and 6% for the 129
MeV peak. The fitted values of a and P were about —0.4,
close to the previously found value of —0.55 [10] which
was the result of data taken over a larger energy range.
The background decay constant q, which is somewhat de-
pendent on detector and collimator geometry, was found
to be (22 MeV) . The exponential form was found to
be a reasonable approximation to reality, even under the
z.P box, by Spuller et aL [ll], who found a value for (17
MeV) i for a different geometry.

Many runs were performed in the course of the ex-
periment, each run consisting of approximately 5 x 10s
photon events. Unfortunately, however, the detailed re-
sponse of NaI crystals is in general not very well under-
stood, and the systematic errors associated with fitting
the data with the empirical response function above are
of the same order as the statistical errors on a single run.
Monte Carlo shower codes such as EGs do no better, as
photonuclear efFects and variations in photon detection
throughout the volume of the crystal have to be handled
in an ad hoc manner [8]. Our measurement is there-
fore limited entirely by these systematic errors, and it is
meaningless to attempt to extract limits on the existence
of X bosons using more than one run.

Figure 3 shows the s P box and the shape of the contri-
butions of X bosons of various masses to the spectrum.
To extract limits on boson production it was necessary to
fit the data with an additional boxlike structure for each
putative boson mass. This had to be approached care-
fully as the addition of a second box made the refitting
procedure time cons»ming and unreliable. We found that
by fitting in a narrow region (30 MeV/cz) around the left
or the right hand edges (depending on boson mass) of the
putative X contribution, we could maximize our sensitiv-
ity while minimizing the time required for the refitting
process.

For mx ( 50 MeV/c2, we fitted the right hand edge of
the z' box (the left hand edge is hardly afFected by the
new boson). Thus the key parameters to refit were cp and
a, and we were insensitive to dp, p, Bp, and rf. Likewise
for mx ) 50 MeV/c2, we fitted the left hand edge of the
vrP box where the key parameters to refit were dp and P,
and we frere insensitive to co, o., and the 129 MeV peak.
In each case we let the X branching ratio and all other
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parameters vary but fit only a small region around the
relevant box edge. The fitting process was now efBcient
in computer time and produced stable fits.

Typical yz values of the fit to a single run (5 x 10s

events) were 1.2—1.5 per degree of freedom. We obtained
the branching ratio limits for I'(z' -+ pX)/I'(vr ~ pp)
shown in Fig. 4, of (2—7) x10 s for X masses of 25—

100 MeV/c (90%%uo C.L.).

CONCLUSIONS

son coupling; this is the most sensitive geneml search for
new bosons yet reported in this mass range. These re-
sults could be improved by a better understanding of the
NaI response function. This would require a very de-
tailed simulation, taking into account photonuclear and
hadronic reactions, as well as macroscopic nonuniformi-
ties inside the NaI crystal. It may not be possible to do
this well enough, but if it were, one could then obtain
limits low enough to challenge models which require new
bosons.

By searching for structure in the photon spectr»m of
decays, we set a limit on the existence of new bosons

of I'(zo m pX)/I'(zo m pp) & (2 —7) x 10 s for
25 & mx & 100 MeV/c . In contrast to previous work

[4, 5], which is subject to X lifetime caveats, this limit
is valid for any X which has a lifetime of more than
10 zs seconds (i.e., its width is such that the effect on
the spectrum could be resolved by our detector). We
therefore provide a limit which is independent of X bo-
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