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In view of recent theoretical interest in the possibility of a light scalar boson ¢ we discuss some of
its properties and possible methods for detecting it. Cross sections for its production are typically 10~%
of competing processes, with the possible exception of 0* — 0% transitions in nuclei. We also give a
general method of determining the mass of a particle from the energy of its decay products alone,

which does not seem to be well known.

I. INTRODUCTION

Interest in the unified model of weak and elec-
tromagnetic interactions of Weinberg! has been re-
cently aroused by a number of theoretical develop-
ments.2”® Among the requirements of the model
is the existence of a scalar boson, coupling to
muons and electrons, whose mass is not predicted
by the theory. Two of the present authors” have
recently shown that the discrepancy between the
theoretical predictions and the experimental val-
ues of certain muonic x-ray transitions can be ex-
plained if a light scalar meson exists, with an ef-
fective coupling of about that of the weak interac-
tions.?

In this paper we amplify the comments made
about the ¢ in Ref. 7, and discuss possibilities
for observing it. In Sec. II we discuss the mass,
couplings, and decay modes of the ¢; in Sec. III
we discuss potential effects on known processes,
and in the final Sec. IV various possible experi-
ments are analyzed.

II. PROPERTIES OF THE ¢

In Ref. 7 an upper limit of 8 MeV was given for
the mass of the ¢, based on the relative shifts in
the Ba 4f -3d and Pb 5g~ 4f muonic x-ray transi-
tions. We have now performed a X* analysis on
all the data®® and this shows that the previous
upper limit was too low. The X2 plot shows a
broad minimum centered on 8.5 MeV, but any val-
ue between 0 and 22 MeV is acceptable. Although
it is not possible to put a lower limit on the mass
from the muonic data, we can put a very rough
limit from other arguments. The mass must clear-
ly be finite, as a massless particle with an effec-
tive coupling some 10°° times larger than the grav-
itational coupling would give rise to enormous non-
saturating forces. Macroscopic experiments to
measure G find essentially the same result (to
within much better than 10%), using experimental
designs with widely varying interaction lengths be -
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tween a centimeter and a kilometer. The potential
due to ¢ exchange and gravitation has the form

1 -
By €T +Gmy?),

and so we require
- Eonwe "Y/Gmys g

when ¥ ~1 cm. This leads to a very approximate
lower limit of 107 eV.

The value of 4,7 S¢x5 required to fit the data®'!®
varies between 4X107° for m 4=22 MeV and 2x1077
for my=0. If this is accepted at face value and we
take

Eoun¥/4n=(1/2m)my?/my*)(Gpm 2 /V2) (1)

as provided by Weinberg’s model, where Gy is
the Fermi coupling constant and m, is the mass
of the proton, we find g4,z%/47=1.3X107%. The
value of g4y7°/47 is then dependent on the mass
of the ¢, and we find

Zonv?/4T=1.8X10"%%2"s  (m, in MeV)  (2)

to an accuracy of a few percent in the range
0<myg<30 MeV. We note as a curiosity that if we
assume (quite unjustifiably) that the ¢ couples to
all fermions proportional to their mass, then

Bony = Gpm,® _

.1x107¢
47 2v/am 1.1 ’

which implies my=16 MeV, well within the allowed
range.

Since the ¢ couples to nucleons it is also nec-
essary that it couple to pions via hadronic loops,
but the triangle diagram corresponding to a sin-
gle nucleonloop is divergent. Thus the coupling
constant of ¢ to pions cannot be calculated reli-
ably, and we will assume below that it is negli-
gible. However, it would be very interesting to
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8 IS THERE A LIGHT

measure the pionic x rays corresponding to the
muonic x rays measured by Dixit.et al. to see if
there was any similar anomaly.

The two decay modes available to the ¢ meson
are to e*e” and to two photons. The former [Fig.
1(a)] is calculated straightforwardly in Weinberg’s
model and has a probability

(¢~ e*e)= 8L De1-(4m,2/m®)]*2.  (3)

The two-photon decay mode involves the well-
known triangle diagram [Figs. 1(b) and 1(c)] that
has already been evaluated by Steinberger,*!
Schwinger,'? and others.’®* We have only included
the contributions due to e*e™ and p*u” interme-
diate pairs and not included contributions from
hadrons [Fig. 1(c)] in the intermediate loop. Using
go7 <my (I =e, ) in Weinberg’s model, we find

~ 2y)= Beez® (€N Mg (g’ 2
(o - 20)= Lgai= () () 1,17

1 1-x (4)
I, =j:, dxj; dy (1-4xy)[1-(xymg?/m, *)] 7.

For my=8 MeV, it turns out that I, =0.333 +0¢,
I,=-0.033+0.069¢, and we obtain a branching
ratio I'(¢ = 2y)/T(¢ — " ¢™)=6.46x107°. Hadronic
contributions may very well give larger effects
than the u,e loops but are difficult to calculate
quantitatively. However, it is most unlikely they
would make the two-photon mode as large as the
e¢*e” mode. For example the effect of the hadron-
ic loop in Fig. 1(c) may be represented as a fac-
tor 1+gex5y /Eoui My=1.5 multiplying /,, because
Iy/I,~1; even then the branching ratio is in-
creased by a factor less than 2. We find for my in
the range, 1.022<my< 30 MeV, a lifetime of the
order of 1079 sec; the path length before decay is
several to tens of centimeters. If the mass of the
scalar meson 7, is less than 2m,, it cannot decay
into e*e” pair and the only decay mode available is
into two photons. Its lifetime is then of the order
of 107* sec and its detection by the usual methods
of high-energy experiments would be very difficult.

(a) (b)

FIG. 1. (a) Decay of ¢ into e*e”.
a hadron triangle.
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III. EFFECTS OF A LIGHT ¢

Clearly the existence of the ¢ will alter the elec-
tromagnetic and weak properties of elementary
particles, and it might be thought that already ex-
isting measurements would be sufficient to rule
it out. Perhaps surprisingly, this is not so. For
example, Jackiw and Weinberg* have calculated its
effect on the p anomalous magnetic moment and
found it below the observable level.

There are a number of models in the literature®
which discuss Weinberg-type models incorporating
hadrons. At least one of these requires that m
be greater than 10 GeV (Refs. 14, 6), and all re-
quire the existence of further particles of various
kinds. At the present we are therefore inclined to
regard the ¢ in a mainly phenomenological manner,
with the minimum of additional theoretical ideas
which we have taken from Weinberg’s original
model. It is therefore necessary to ask what re-
strictions on the interactions of the ¢ can be de-
duced from known results, in addition to those
mentioned above. It would appear necessary that
the ¢ couplings conserve strangeness, otherwise
we would expect K*— 7*u* " to be roughly com -
petitive with K- muv (Fig. 2), but this may be ef-
fected by other means. Paschos and Wolfenstein'®
have indicated that Weinberg’s original model may
already be incompatible with experiments measur -
ing inclusive neutrino cross sections. However,
this is due to the presence of a massive neutral
vector boson, which induces neutral currents,
rather than the ¢. The coupling of the ¢ to leptons
is proportional to the mass of the lepton, and thus
it does not couple to neutrinos; hence neutrino in-
teractions are unaffected by it.

An intriguing possibility, however, arises in
certain nuclear transitions. As is well known
0" - 0" transitions such as those in '°0 and 2**Po
proceed by pair emission (as in '°O) or internal
conversion (as in 2'*Po), and these are of order
a®, However, the ¢ can be emitted by a first-
order process, and it appears that the two pro-
cesses might be competitive. The matrix element

(c)

(b) Decay of ¢ into 2y through a lepton triangle. (c) Decay of ¢ into 2y through
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for '®0 decay by pair emission is (Fig. 3)
-Ze <lpfn le l¢in>l lz u(p1))/ou(pz) (5)

where e, and 7, are the charge and position of
the nth nucleon, ¢;, and ¥, are the initial and
final nuclear wave functions and we have made a
nonrelativistic approximation for the nuclear
motion, so the photon has become a static field.
Defining the electric mean square radius as

1\
= e_;en <¢fn|7n2‘¢ln> (6)
one obtains a rate for e*e” emission as

R“E5 ()

Tere-= 1351r

where we have ignored the electron mass, and E
is the energy difference between the initial and
final nuclear excitations.'®

The amplitude for ¢ emission is straightforward
to evaluate from the matrix element

M'—'g(t_:NTl;(lpfn]ei;'?"'lpin)’ (8)

and we obtain

_ SoNm <A Mygq® (9)
167 18 (& +mg?) %+ (q% +my?) 2’
ngEz_quZ,

where A and Z are the nuclear mass number and
charge. Thus we find for 1°0 (4 =22)

Fot- =§§<&L—><1 —%) ", (10)
Toto-  2a 4 E

and using (2) this gives values for this transition
ranging from 3% for m 4= 0 to 2% for m 4= 4.
Obviously this requires m4<E which is 6.06 MeV
for this transition. In Sec. IV we discuss the pos-
sibilities of basing an experiment on this effect.

A possible further effect arises in my<2m,, As-

(a)
K* ™"
\\¢<#+
"
(b) " ™’
w* wt

FIG. 2. (a)K—mu*u~. (b)K—nlutv.

suming the correctness of Weinberg’s model, the
¢ couples to e*e”, and hence if my<2m,, it will
appear as a peculiar bound state in the positronium
spectrum, since its quantum numbers are that of
the 3P, 'state (essentially it would be a Castillejo-
Dalitz-Dyson pole). We would, therefore, expect
to see the decay

(e+e‘)3s - +Y.
1

It is important to note that the competing mode
is 35, ~ 3y, not e*e” — vy, which is a factor of 10°
faster. A straightforward calculation!” gives

r3sl->¢1= 284e7° (;_ M4’ 1/2 (11)
r331k-> ay a34(n%-9) am?

which is approximately 1077 if the phase -space
factor is not too small, i.e.,mg4 is not close to
2m, . This must be multiplied by a statistical

factor of § to give the branching ratio per pos-
itronium atom.

IV. EXPERIMENTS

A relevant experiment which is likely to be
performed in the near future is high-precision low-
energy U -p scattering.'® However, the effects of
the ¢ will be of the order g4x5&¢pji/@, which would
require experiments to be done to the unobtainable
accuracy of about 0.001%.

The light mass of the ¢ meson permits its pro-
duction by a quasiradiative process, and since
En i<m,, it seems best to look for it in radiative
corrections to weak decay involving muons and the
emission of ¢ in place of the photon. Of the var-
ious possibilities, the most attractive seems to
be the process 7— uvy, shown in Fig. 4. The
specific experiment we envisage is the decay of
stopped 7", with the observation of e*e” pair
in coincidence, which would enable the invariant
mass to be determined. The decay rate can be
calculated from Fig. 4 by standard techniques.

(a)

(b) -

FIG. 3. (a) A*—Ae*e™. (b) A*—~A¢.
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Writing (E,,E) and (E,, E), respectively, as the
K and ¢ four-momfnta, Gp as the Fermi coupling,
and p= ||, k= |k,

1
z=

= 5% [mz2+mg+m?-2m(E, +E,)+2E,E, ],

A=(4m? -mg)m - E, - E,)E,~ p*~pkz),
B=[4um?+ 2E,E, - pkz)]
x[(my —Ey ~E,)E, - k* - pkz],

we obtain

T _ G2/2)ggur’/am)m,
Lind Tl 4 (277)2

. AB
-XfaE’. de"’ (mg +2E,E, —pkz)®

X0(1-2)6(1 +2).

(12)

The upper curve in Fig. 5 shows the ratio

Toowpe < Am
| R gwﬂ'z)'

Using the value 1.3X1078 for this coupling constant
from Eq. (1), one obtains a branching ratio of
around 107°. This value is similar to the branch-
ing ratio 7% — 1%*v, which has, of course, been
observed. As might be expected, the Dalitz plot
is heavily weighted towards low-momentum ¢’s,
which renders the experiment a little easier.

As the ¢ has no interactions other than weak,
it will, from the experimental point of view, ap-
pear rather like a neutrino with a finite rest mass.
Hence, it will have an interaction length many
orders of magnitude larger than m, u, e, or y. In
carrying out this proposal, one would need to
worry about the enormous background of ¢* and
u*, so a shielding sufficiently thick to stop all
muons and shower particles would be needed.

The remaining background from stray y’s would
be harder to eliminate. However, while the ¢ can
decay in vacuo, the y cannot, thus allowing a sim-
ple discrimination. Moreover, the Y can be con-

— =T

<

FIG. 4. Emission of ¢ in 7* decay.
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verted to e*e” by an absorber (such as gas) while
the conversion probability for a ¢ would be very
small. Since the 7* decays at rest, and the v and
p* are not observed, the target will be a relatively
clean isotropic source of ¢ mesons, with approx-
imately 1 for every 10° stopped n*. There should
be no difficulty with counting rates at intense me-
son facilities like TRIUMF and LAMPF.

To detect the ¢ meson unambiguously, it would
be sufficient to measure in coincidence the angles
of ¢* and e~ and their energies E, and E_, and
reconstruct the invariant mass. This would be
suitable for a refined later experiment; we would
like to suggest here a relatively easy and inexpen-
sive way to measure m , that would be suitable for
a first experiment. This requires knowledge only
of E, and E_. We note that E, = y(E*x Sp*cosf*).
Here E*= 3 my, p*= (E* -m, 2)1/2 v is the boost
parameter from the 7 decay (lab) frame to the ¢
decay (*) frame, B= (1 —'y’z)l/z, 6* is the polar
angle of the positron in the * frame, referred

10"

1074k

T 1 1 L L 1 n L s 1 L L

1
0 12 14 16 18 20 22 24 my (MeV)

FIG. 5. Solid curve: plot of

Tt —ptve) [ 4w
T —p*v) \gepup?

as function of m 4. Dashed curve: plot of

O(PA—PA¢)/ 4t )
O(PA —PA) \gwi?

as a function of m 4.
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to the boost direction as the polar axis. Using the
isotropy of the decay in the * frame, and lack of
dependence of the production probability on the
angle 6% it follows that (cos?6™)=%, (y® - %8%)=1,
where ( ) denotes an average and is experimen-
tally observable. If we define F,=E, + E_, then
m g4 is the solution of the quadratic equation

10n2F + (3(E2) = KB = m2Ym +m(F,?) =0,
(13)

Thus, m,’ is determined from experimental second
moments, and can be used in consistency checks
for higher moments. For example, m, must then
satisfy the fourth moment equation

51 = (4m/m) "N E ) =((F? = mdF).  (14)

This would distinguish between real events and
background accidentals that could give a spurious
solution to (13). Such moments are not equivalent
to detailed knowledge of the production cross
section; this latter would also require averages
like (E,)«<(y) which may be calculated numeri-
cally from theory if desired. It is important to
note that these moment rules are completely inde-
pendent of the production mechanism, or, for
that matter, the spin of the particle. All that is
required is that it decay to e*e™.

One might also envisage an experiment similar
to that performed by M. Schwartz at SLAC. As
the ¢ couples to the proton, it will be produced by
a bremsstrahlunglike process, and thus a proton
beam stopped in a target would act as a source of
¢’s, whose direction would now have some cor-
relation to the beam direction. The experiment
would be essentially similar in principle to the
previous one, and the various remarks made
above still apply.

However, the cross section will clearly be dif-
ferent, and theoretically the process is much less
“clean.” By a similar analogy with bremsstrah-
lung processes, the ¢ can be produced by proton
collisions, preferably off heavy nuclei. The fol-
lowing very crude calculation may be made to
estimate the order of magnitude of the effect. The
diagrams in Figs. 6(a) and 6(b) give rise to a
matrix element of the form

T = g <pf)(——ﬁi — e T

1
+Tm) upy), (15)

where T is the elastic proton-nucleus scattering
amplitude which we approximate by

T = A exp(3p cosb),

where A is a scalar quantity. The cross section
involves some angular integrations which may be
greatly simplified by assuming |K|,|D;|, [B,|, 7,
<<my , the nucleon mass (the error induced by
this is less than 5%). We arrive at the result

dg_ A 16m, %02 kP
dk tot (Zn)zpiEizEks(E‘—Ek)z

{mgt 07
[0+ 150p o B
(16)

Note that the form we have chosen for T only en-
ters into the ratio via the parameter 3: Provided
this is large, its specific value is unimportant
and we have chosen it to be 10, which is a reason-
able value for proton-nucleus scattering.!®* This
function has been plotted in Fig. 7 for various

mg, again with g4y z®=1 and the incident energy
E,=m,+20 MeV. Note that the cross section

N

Pi P¢

Pi Ps

%
Pt

“Q%b

FIG. 6. Diagrams contributing to ¢ production off
nuclei.

(d)

P
22272772,
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depends on the proton mass approximately as
1/m,2, which would be expected by analogy with
photon bremsstrahlung. The ratio R =(04/0 o )
X(47/gynw?) is plotted in Fig. 5 (lower curve)
where

Binax do
Oy = j; dk;ﬁ; .

We have ignored diagrams where the ¢ is emit-
ted from an exchanged particle [Fig. 6(c)] or from
an inelastic collision [Fig. 6(d)] because we have
no way to calculate them, but presumably they
would be of roughly similar magnitude.

To convert this cross section into an experi-
mental rate, it is necessary to make some further
assumptions. We assume that the experiment is
done with 20-MeV protons incident on Pb, and,
fairly arbitrarily, that no ¢’s are produced once
the energy falls below 15 MeV. If the energy loss
is dE/dx, then the nuclear collision must take
place in the first 5/|dE/dx| cm of target. The
probability for this to occur it 1/L, where L is
the collision length, so the number of ¢’s pro-
duced is

2
ne—3N o 8g-

= LIdE/dx] 4 1

where N is the number of protons incident per
second. For Pb, L has a value of about 90 gcm™2,
while |dE/dx| is about 2.7 MeVg~'cm?, so that
the dimensionless number 5/L|dE /dx| is about
% . Thus, we would expect a rate lying between
10~ and 1072 ¢’s per proton. The enormous
theoretical uncertainty in this number is more
than made up for by the ease with which 20-MeV
protons can be produced: Low-energy acceler-
ators can produce more than 10'® protons per
second, so the actual number of ¢’s produced
could be much higher than in the 7 - pv¢ process.

These experiments depend crucially on m, being
greater than m, (~1.02 MeV), as its detection
would be essentially impossible if its lifetime were
around 10~* seconds. It is, therefore, desirable
to have an experiment to search in the region
my<2m,.

Above it was pointed out that it is possible the
¢ would appear as a bound state in the positronium
spectrum, and we now suggest an experiment
based on this. One might expect one positronium
in 107 to decay into a single y ray and an unseen
$, in contrast to the usual decay into two (with
Ey =m, ) or three y rays; kinematics of course
requires the y’s to be emitted in opposite direc~
tions. Hence, one can envisage a positron source
being used to create positronium inside a large
counter with as close to 47 geometry as possible,

divided into halves in anticoincidence,

The experiment, unfortunately, seems to be
possible only in principle, as it appears that
present-day photon counters are unable to detect
photons with the required efficiency of essentially
100%. Apart from the low branching ratio, other
problems would arise from random background in
one counter, and from the tendency of the 35, level
to de-excite to 'S, by collision, which would lower
the rate of 10~7 per atom still further.

Finally, we discuss the possibility of an experi-
ment based on the nuclear transitions mentioned
above. As noted above, a 2% branching ratio
for ¢ production would be possible, and this would
alter the lifetime by a corresponding amount. The
measured lifetime for 0 is (5.5 +0.5)x 107! sec}®?°
and it might be just possible to remeasure this to
the required accuracy of about 0.1%. However,

5X]0”2

T

1072

5X10~3

1073

5X10™ %

10-4

5X10” 5

1073

FIG. 7. Plot of

dog/dk _4n_ _ o,
Otot S oNN®

as a function of &.
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the theoretical calculation depends sensitively
upon the value of R, for which an accurate value
cannot be given,

It seems hard to exploit this comparatively
large branching ratio in an experiment. An '°0
nucleus would make an apparently energy-non-
conserving transition to the ground state. How-
ever, it is necessary to show that the excited
state existed in the first place, and this is nor-
mally done by observing the radiation emitted on
its decay. In other words, we require the cre-
ation of the excited state to be tagged by some
observable effect (such as a emission). Unfor-
tunately, there seems to be no suitable processes,
and thus the effect appears to be unobservable.

Obviously, observation of the ¢ would be of
enormous theoretical interest, as the existence of

SUNDARESAN, AND WATSON

such a particle would give a strong clue to the
puzzle of electron-muon universality. If Wein-
berg’s model is not correct, some of the above
calculations are invalid, in particular the branch-
ing ratios. However, it is encouraging that the
value (1) for Z¢up Tequires a coupling of similar
magnitude for g 5. If either of the couplings
were exceptionally small, the other would be
large and thus the ¢ should have been seen long
since,
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