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Two experiments are reported in which a search was made for the scalar boson pre-
dicted to be produced in the '60(6.05 MeV) to ground state and 4He(20. 2 MeV) to ground
state 0+ to 0+ transitions with subsequent in-Qight decay into electron-positron pairs.
Taken together, our results show that the light scalar boson proposed by Sundaresan and
Watson to account for certain muonic x-ray energy discrepancies cannot have a mass in
the range 1.030- ng - 18.2 MeV.

One of the characteristic features of the cur-
rently developing unified gauge theories of elec-
tromagnetic and weak interactions is the predic-
tion of the existence of, as yet, undiscovered
particles. The new particles predicted by these
gauge theories are typically very massive (many
GeV/c') and, hence, are expected to be very dif-
ficult to observe. Almost all of these theories,
in particular the prototype Weinberg-Salam the-
ory, ' require the existence of a scalar particle,
y (the Higgs scalar), with well-defined coupling
constants for the lepton-scalar interaction but
unfortunately with a completely unspecified mass.
For the y, however, it has been pointed out' 4

that even a very low mass cannot be excluded by
observations to date. In fact, experimental evi-
dence suggestive of a low-mass scalar particle
has been accumulated in muonic x-ray studies.
Dixit et al.,' and also Walter et al. ,' have found
certain discrepancies between measured and the-
oretically calculated muonic x-ray energies in
several transitions among high-Z elements. Sun-
daresan and Watson4 and Resnick, Sundaresan,
and Watson' have shown that these discrepancies
can be removed by assuming the y particle with

coupling constants consistent with the Weinberg-
Salam theory and with m~(22 MeV. Resnick,
Sundaresan, and Watson' suggest several experi-
mental possibilities for production and study of
these hypothetical particles. Among these, one
promising approach follows from the relatively
large branching ratios expected for the produc-
tion of the scalar particle in 0+ to 0' nuclear de-

cays; for example the decay of the "O(6.05 MeV)
0+ excited state would have a y branching ratio
up to a few percent if rn was not too close to the
6.05-MeV production threshold.

Based on these considerations a search for the
y branching mode in the decay of the "06.05-
MeV level was carried out with negative results.
Since the upper bound for m was limited by

E,("0), the investigation was extended to a
search for y production in the decay of the 'He
20.2-MeV level, again with negative results.
Thus, almost the entire mass region for m sug-
gested from the muonic x-ray anomalies" is
now excluded. Details of the experiment are giv-
en below.

The experiment on the "O(6.05 MeV) state will
be described first. The y should, according to
the Weinberg theory, decay via the weak inter-
action into an electron-positron pair provided
that m ) 1.022 MeV. The lifetime' for the decay
ranges from approximately O.V nsec near m
= 6.05 MeV to many microseconds near m =1.022
MeV (below 1.022 MeV only the two-photon decay
mode is available with a lifetime expected' to be
z 10 4 sec). Since the particle possesses only
the weak interactions, it would readily penetrate'
matter much as does the neutrino. A heavily
shielded scintillation detector placed near a tar-
get in which the "O(6.05 MeV) state is produced
should suffice to detect y's which decayed within
the volume of the detector; the signal from such
a decay would approximate that of a 6.05-MeV
y ray.
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The "06.05-MeV state was produced in the
reaction "F(P,o.)"O(6.05 MeV) at E~=1.90 MeV,
thus taking advantage of a resonance in the pro-
duction cross section7 for the 6.05-MeV state.
The target was a layer of CaF, 0.45 mg/cm'
thick evaporated onto a thick Ta backing. The de-
tector, an 8.3-cm-diam by 21.0-cm-long cylin-
der of NE 102, was placed at 90' to the proton
beam direction with its front face located 28.3 cm
from the reaction site. An absorber composed of
20.3 cm of lead and 5.1 cm of Mallory metal was
interposed between target and detector to remove
y rays produced in other xeactions, particularly
the decay of the "06.13-MeV level. Long runs
with a proton beam current of typically 0.5 p, A
were taken to accumulate spectra from both the
CaF, target and the reverse side of the target.
The principal signal in either case was due to
cosmic-ray muons. Spectra corresponding to a
total charge of 4.17x10~ p, C on the CaF2 target
were collected with a total running time of 19 h;
the background spectrum was accumulated over
10 h. The background spectrum was subtracted
from the '9F+p spectrum after normalization at
the broad high-energy muon peak (E-15 MeV).
Integrated over the region of the spectrum cover-
ing the expected peak due to a scalar particle the
resulting difference was -61 + 130 counts (statis-
tical error only). The response function was as-
sumed to be approximately that observed for 6-
MeV y rays, which approximation should be quite
adequate for the purpose of the present effort.
An upper limit (1o) of 3.1 &&10 ' count/p. C was
obtained within a window covering the peak of the
response function which included an estimated
40% of the total response-function area. A nom-
inal correction of 1X10 ' count/pC due to resid-
ual y-ray leakage, estimated from the runs at
reduced absorber thickness and assuming the
measured attenuation coefficient of the absorber,
was not applied to the above yield since the nom-
inal difference is already a negative quantity and
must be bounded below by zero. The final result
for the total cp yield, corrected for the peak-to-
total ratio, is a la upper limit of 7.8x10 ' count/
JLt, C.

This last result is compared in Fig. 1 with the
theoretical estimate of the yield as a function ofI normalized to the present experimental con-
ditions, i.e., the curve represents the total num-
ber of q decays within the detector volume pex
microcoulomb of protons. The mass dependence
of the decay rate and the time dilation of the de-
cay constant were both taken into account. Fox
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the calculation it was assumed that the 6.05-
MeV state is produced with an average 30-mb
cross section' throughout a 50-keV-thick target
centered on the peak of a resonance at 1.88 MeV.
The p-production branching ratio and the parti-
cle lifetime were taken from Resnick, Sundare-
san, and Watson. ' The observed upper limit of
7.8 X10 ' count/pC (lo) is displayed as a hori-
zontal line with hatching. The intersection of the
upper-limit line and the theoretical yield curve
establishes that the proposed particle cannot
have a mass within the range 1.030 ~m & 5.84
MeV.

A second experiment of the same nature was
performed making use of the 'H+P reaction at
the E~ = 515-keV resonance to populate the first
0' excited state at 20.2 MeV in the 'He nucleus. '
For increased detector efficiency and to absorb
the full range of decay electrons, a 12.7-cm
x15.2-cm Nai(TI) scintillation detector was used
rather than the NE 102 scintillator described
above. The detector was placed at 0 with re-
spect to the proton beam so as to minimize the
flux of y rays from the reaction 'H(P, y} (these

FIG. 1. Theoretical yield ( oonut /sp Cof proton beam)
of detected q 's from the reaction ' F(p, o.) '60(6.05 MeV)

' O(g.s.) + q versus assumed Iz. (Note the separate
parts of the yield curve and corresponding scales. ) Al-
so shown is the measured upper limit to the yield of de-
tected p's as a horizontal line with hatching crossing
the lower wings of the yield curve (right-hand scale on-
ly) .

1629



VOLUME 33, NUMBER 27 PHYSICAL REVIEW LETTERS 30 DECEMBER 1974

y rays have a nearly pure sin'6 angular distri-
bution at low proton energiess). The y-ray ab-
sorber thickness used for the final data runs was

5.08 cm of Mallory metal plus 5.08 cm of lead
which allowed a target-to-detector front-face
separation of 11.4 cm. A proton beam energy of
600 keV was used together with a tritiated titani-
um target with a tritium thickness of 0.031'0 py5

mg/cm'. A target wobbler was employed to per-
mit beam currents up to - 6-7 p, A without signif-
icant target degradation. After several hours
running time a total beam charge of 0.287 C was
accumulated. A comparable run to accmulate a
cosmic-ray background spectrum (the only appar-
ent contribution to the spectrum in the 20-MeV
range) was carried out. The resultant spectrum
was subtracted from that of the scalar-particle
run after normalization of the two spectra at the
cosmic-ray muon peak. The difference in the
two spectra was -0 with a standard deviation of
about 122 counts over 75 channels covering the
peak of the expected response function which,
for these purposes, is assumed to be the same
as that observed for a 20-MeV y ray. The 75
channels represent about 29% of the total re-
sponse-function area so that the standard devia-
tion over the full response function is 421 counts.
This result then corresponds to a 10 upper limit
of 1.5x10 ' count/pC.

The theoretical yield function with which this
result should be compared is shown in Fig. 2.
The function was constructed by using the decay
width I' and coupling constants given by Resnick,
Sundaresan, and Watson. ' A total width j.~ of
0.340 MeV' at resonance was assumed for the
20.2-MeV state in 'He. The reaction kinematics
was approximated by that appropriate to the re-
action at resonance only for computing the veloc-
ity of the y and the resultant decay length. The
yield was calculated by assuming the nominal
target thickness given previously and a Lorentz-
ian resonance shape. Effects of the finite res-
onance width on the kinematics of the cp produc-
tion, significant only near the upper mass limit
of our experiment, were not taken into account
but are of such a nature that the theoretical curve
is underestimated so that upper limits on m are
simply more conservative than they would other-
wise be. Full integration of the cp decay prob-
ability over the detector volume was carried out
as before. The experimental upper limit pre-
viously presented, but raised by a factor of 2 to
account for the target-thickness uncertainty, is
shown by the hatched horizontal line in Fig. 2.
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FIG. 2. Theoretical yield (counts/p, C of proton beam)
of detected y's from the reaction H(p) 4He(20.2 MeV)

He(g.s.) + qr versus assumed ~ &. (Note the separate
parts of the yield curve and corresponding scales. ) Al-
so shown is the measured upper limit to the yield of de-
tected p's as a horizontal line with hatching crossing
the central portion of the yield curve (right-hand scale
only) .

The result is that m within the range 3.10 (m„
(18.2 MeV can be excluded.

These two experiments taken together then
show that the scalar particle of Sundaresan and
Watson, ' if it exists at all, cannot have a mass
in the range 1.030 MeV (m„(18.2 MeV. The to-
tal range of masses judged acceptable by Resnick,
Sundaresan, and Watson' was 0&m (22 MeV
(masses (10 ' eV could already be excluded by
an argument' relating to measurements of the
gravitional constant, G). Thus the major portion
of the total proposed mass range can now be ex-
cluded, suggesting a relatively low probability
for the correctness of the Sundaresan and Watson
proposal. This observation should perhaps be
tempered by the realization that there are -10
orders of magnitude between the 1-MeV upper
limit from this work and the 10 -eV limit from
the gravitational-constant measurements.

The experiments here could be improved in
several respects. However, the mass limits that
might be achieved would at best be only = 1.022
MeV and = 19.5-19.75 MeV, i.e., little better
than those already found. Other reaction possi-
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bilities, however, might enable the lower mass
limit to be pushed past the 22-MeV figure. There
is a probable (0', 7'=0) structure" at approxi-
mately 24.0 MeV in 'Be which could be reached,
e.g. , by 'Li+d, Q =22.28 MeV." Whether or not
the resonance parameters are such as to permit
a feasible scalar-particle search is not clear.
There may well be suitable 0' structures in the
energy-level scheme of "C though the relevant
information is not yet available. For instance
structures" at 26.9 MeV and 28.46 MeV in the
"C nucleus are suggestive of 0' though certain-
ly not established. Use of the reaction Be+'He,
@=26.28 MeV, "would seem to provide a reason-
able approach provided a suitable state in "C can
be found. (It should be noted that any 8" to J'
transition might be a suitable candidate since
particle decay widths will dominate for the decay
of such high-lying states anyway. ) Finally it
should be noted that "0 might have suitable high-
lying 0' states which could be reached, for in-
stance, with the "C+'He reaction, /=22. 79
MeV, "though the first two possibilities men-
tioned above would seem more likely to be use-
ful.
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For Pd annihilations at rest, charge independence and energy conservation imply that
the average energy going to charged pions is (P~) =1241+2 MeV per annihilation. Exper-
imentally this number is found to be 1169+10MeV after corrections for events with in-
visible IC If . This discrepancy of 72 + 10 Mev cannot be accounted for by the known q and
~ production which is estimated to contribute 14+3 MeV.

Studies of antiproton annihilations in hydrogen
and deuterium at rest and low energies have re-
vealed many unusual phenomena suggestive of
narrow NN bound and resonant states. ' If such
states do exist electromagnetic effects might be

unusually large, leading to a measurable viola-
tion of charge independence in these reactions.
A test of charge independence in NN reactions,
apart from testing the general principle, would
also throw some light on the nature of these nar-
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