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Two alternatives to reconcile the present disagreement between experiment and the “sim-
ple” unitarity bound in K °L —p*u~ are considered. These alternatives presume that CP vio-
lation does not play the dominant role (via Ree€) in the resolution of this puzzle. They are
(1) the introduction of new muonic interactions, and (2) the existence of a new pseudoscalar
meson. The first alternative can already be eliminated by present experimental evidence.
The second alternative must satisfy a number of restrictions.

I. INTRODUCTION

Recently, the result of an experimental search
for the decay

K —ptp- (1)

was reported by Clark et al.® They observed no
clear evidence for reaction (1), and set an upper
bound to this branching ratio. Itis

Ry®(p*u~) <1.8x107° (90% confidence limit) .
(2)

This upper bound is significantly below the “sim-
ple” unitarity lower bound?'® calculated from as-
suming (a) unitarity and CPT invariance, (b) CP
invariance, and (c) dominance of the unitarity sum

for reaction (1) by the two-photon state.* (See Fig.

1.) Taking the branching ratio for®

K)~vyy (3)
to be
RP(yy) =~5x107%, (4)

the “simple” unitarity bound?:® gives
R (pu*u-)=6x10"°, (5)

Dimensional estimates on the validity of (¢) have
shown that other intermediate states can contrib-
ute no more than 10% in the unitarity sum.® A de-
tailed estimate of the nry contribution® and a mod-

el estimate of the rrm contribution? both support
this conclusion.

The role of (b) in deriving the inequality (5) has
also been examined. Two cases have been studied:

(i) Neglecting Ree,® the real part of the CP-vio-
lating parameter in the neutral kaon system, it
was shown that a lower bound still holds.®~** This
lower bound may be 184 lower than (5) if the de-
cay

K([’,“ (Yy)cp=+1 ’ (6)

which violates C P, dominates reaction (3). Con-
versely, the experimental limit given by (2) was
used by Farrar and Treiman® to set an upper
bound*? on the presence of reaction (6).

(ii) Retaining Ree but assuming (c), a triangle
inequality was derived by Christ and Lee” relating
the decay rate for

KG—=p'pu- (7
to the decay rates for reactions (1) and (3). In

this case, the branching ratio for reaction (7) is
constrained [using (2)] to be within

107> R¢M(ur u=) = 5x1077, (8)

This range is roughly 6 orders of magnitude above
the corresponding “simple” unitarity bound for the
reaction. It also requires the presence of signifi-
cant CP violation either in reaction (7) or in reac-
tion (3).13
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FIG. 1. Contribution of the two-photon state to the
absorptive part of K —p*u~ is shown.

A candidate for lowering the “simple” unitarity
bound therefore exists,” and it can be tested via
the inequalities in (8). The present status of this
branching ratio is**

RCS"P(;N“')S'?XIO'S (9)

and it may be possible to improve this by about an
order of magnitude within a year.'®

Although this is certainly an interesting possi-
bility for resolving the present difficulty, it may
still be worthwhile to look for other alternatives.
For this purpose, we assume in this note that Ree
does not play a role in the resolution of this puz-
zle. Thus we equate the absorptive and imaginary
parts of the amplitude(s) for reaction (1).2 It
seems apparent in this case that if the relevant
existing experimental results hold, the contribu-
tion, in the standard way, of intermediate states
in the unitarity equation cannot generate terms of
sufficient magnitude to effect the necessary can-
cellation of the two-photon contribution. Thus
novel solutions would be needed. Whatever the al-
ternative, we must assume that in order to recon-
cile (2) and (5) the dispersive part of the ampli-
tude(s) for reaction (1) is small and that the ab-
sorptive part(s) will be largely canceled by the
particular mechanism which is introduced.

II. HYPOTHETICAL MUONIC INTERACTIONS

If new muonic interactions exist, the absorptive
part of the amplitude(s) for reaction (1) may con-

(a)
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tain additional terms which would directly invali-
date the “simple” unitarity bound. Nonmuonic re-
actions remain largely unaffected, thus no absorp-
tive part would be introduced into the amplitude(s)
for reaction (3). Such interactions are attractive
in that muons and electrons would be (ad hoc) dif-
ferent.!® However, with the great precision to
which muon quantum electrodynamics (QED) has
been checked,'” and with the absence of anomalies
in hadronic production of muon pairs,'® these in-
teractions may not (and indeed, do not) survive
such tests.

We consider hypothetical muonic interactions
for the three possible intermediate states in the
unitarity sum for reaction (1).}* The contribution
of the assumed interactions to the absorptive part
of the amplitude for reaction (1) is given in Fig. 2,
along with the form of these interactions.

Figure 2(a) shows a modification of muon QED.
In order for the needed cancellation to occur, the
strength of the assumed interaction will be

lg,IM2=0.7& . (10)

A coupling of this order of magnitude is complete-
ly ruled out by experiments on photoproduction of
wide -angle muon pairs?° and by the measured val-
ues?! of the muon anomalous magnetic moment,
Uz, -2).2

The hypothetical three-pion-muon-pair interac-
tion is shown in Fig. 2(b). It is a direct coupling
of muons to hadrons. Here we find that

lg,|M,2~0.5. (11)

With such an interaction strength, there would be
copious production of muon pairs in hadronic re-
actions. These have not been observed.!® Further-
more, such an interaction would also contribute
significantly®® to 3(g, - 2).

The hypothetical interaction for the 27y inter-
mediate state is also taken to exist between pions
and muons, and it is given in Fig. 2(c). The re-
quired coupling strength is again large, i.e.,

(c)
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FIG. 2. Anomalous muonic interactions are assumed (crossed circles) for the possible intermediate states, i.e.,
(a) two-photon, (b) three-pion, and (c) two-pion-plus-photon, in order to generate additional terms in the absorptive
part of K % —p*p~ to cancel the contribution from Fig. 1. The explicit forms of the interactions are also given.
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FIG. 3. Existence of a new particle, N°, and its contributions to (a) K} —p*p~ and (b) K} — yy are shown. (c) The
decay N%— p*p~ with the vector-dominance model of Quigg and Jackson (Ref. 2) is also shown.

lg. IM2~1, (12)

and it is ruled out in a manner similar to the
above.

The strength of the hypothetical couplings can
be estimated from simple arguments. For the
first case, power counting in e is sufficient. For
the other cases, a stronger coupling is needed to
overcome the effects of three-body phase space.
Since the required coupling strengths for new
muonic interactions are large, these can already
be ruled out by present data. The introduction of
new muonic interactions therefore does not seem
to resolve the disagreement between (2) and (5).

III. NEW PARTICLE AT K° MASS

If a new particle (N° with JP€=0""* exists with
its mass near that of the neutral kaon®** and is
coupled to two photons, then the absorptive part
of the amplitude for reaction (1) would have con-
tributions from the intermediate N° state in addi-
tion to that from the usual two-photon state. The
presence of N° would also necessarily contribute
to reaction (3).

If N° is to contribute significantly to the absorp-
tive part of the amplitude for reaction (1), the de-
cay mechanism shown in Fig. 3(a) must be impor-
tant. Its amplitude is given by

_ Sk N
LN=————-—1-—2MK(AN 3T, Ayo, - (13)
Reaction (3), proceeding via the N° pole (it domi-
nates the 7° and 1° pole contributions), is shown
in Fig. 3(b). Its amplitude is given by

kN

LwEgMK(AN 3T, WOy

(14)
where Ay =M, ~M, and T, is the N° width. We
separate Ao, .y into real and imaginary parts,
i.e.,

Ayo = R+il. (15)

Since the absorptive part of the amplitude for
reaction (1) is equal to ImL,, it can be picked out
from Eq. (13),

gKLN

=5 T 3 16
ImL, ZMK(AN2+§IN2) (ayI+3TyR), (16)

and ReL, is assumed to have been canceled (by
second-order weak or neutral-current interac-
tions, etc.).

For Ayo, .z, we take the vector-dominance mod-
el of Quigg and Jackson? which is shown in Fig.
3(c). With usual vector-meson masses, i.e., M,
~1 GeV/c?, the real (R) and imaginary (I) parts
of Ayo_ .7 are approximately equal.? For a can-
cellation to be effective in ImL,, it then becomes
necessary that

IANI'"'FN- (17)

As seen from Eq. (14), L, will have a signifi-
cant imaginary part. Furthermore, I') is expect-
ed to be small in any model (<100 keV, a discus-
sion will follow); thus N° will have essentially the
same mass as the K.

The proximity of the N° and K9 masses would
imply a significant mixing of the two states unless
the coupling between these states is very weak.
To examine the strength of this interaction, we
consider reaction (3) which has been taken to be
dominated by the N° pole [Fig. 3(b)]. Previous
estimates of this decay assumed 7° and 7° pole
dominance (giving a purely dispersive amplitude),
and yielded roughly the observed result. We use

the n°-pole model for comparison. Thus, using
am,

Sk N

r,. >1/2 Iy_.a
=~ Yy A <1073, 18)
(r,,ﬂw M, =M,| (

for 'y<100keV and T, ., /Ty.,,~1. The K}-
to-N° coupling needed is significantly weaker than
the usual weak interaction.

The N° has, of course, not been observed either
in strong or electromagnetic production reactions.
The absence of such observations can be used to
put limits on T'y_,, and T, ..

If the G parity of N° is ~1 (isospin I, = 1), the
strong three-pion decay of N° would be allowed,
though suppressed by a small three-body phase
space. Thus,

Ty =Tyoan =2(g5 ") keV. (19)

gKLn
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We estimate g3™" from strong production of 3
pions from nucleons. Roughly, we expect the pro-
duction ratio of N° to n to be ~(gzone/gstone)?, Judg-
ing from the absence of a three-pion-invariant-
mass peak at M,,*® we estimate

(ggirone /g strone)2 < 0,1 (20)
so that

(gstrone)? /4 < 0.1 3 (21)
and

Tyouy =Tyasr =10 keV (Gy=-1). (22)

We consider the Primakoff effect?® in estimating
an upper limit to 'y, Integrating over the in-
variant mass of the two photons in yp —yyp, the
production rate via N° is R, « I‘N,nz/f‘,,,,au. This
is to be compared with the analogous 7 production
rate R, o<T,,, %I, ., (where T,  ~3sT _  ~1
keV). From the absence of a 2y peak near M,,?"
we estimate that Ry /R, <0.1 and

(M)z £0.1 Laan (23)
n=>yy I“n—vall
If Gy,=-1, we use (22) to get

Tyeyy=Thnyy (Gy=-1) (24)

whereas if G, =+1 (isospin I, =0,2), we expect
FN»-yy/rN*aH ~ Fﬂ—'yy/rn—-a“

and
Ty.,,s01T,, . (Gy=+1). (25)

Note that (22), (24), and (25) can be used in (18)
for a better estimate of | g, ¥/ &yl

In summary, the restrictions imposed upon the
NO°are

(i) IMg-My|~Ty_.,, =10 keV (Gy=-1)

<0.1keV (G,=+1), (26)

(ii) very weak coupling of K} to N° as compared
to n°
|k, n/ 8k |2 2X107 (Gy= =1)
=2x107° (Gy=+1), (27)

(iii) strong and electromagnetic interactions of
N° compared to that of n°are

(a) [gytome /gsome[2<0.1, (28)
(B) Tyoyy/Thayy=s1 (Gy=-1)
£0.1 (Gy=+1). (29)

To the present authors, the nature of these re-
strictions makes such an alternative rather unat-
tractive as the solution to the K9 ~ pu puzzle.

IV. CONCLUSIONS

We have considered several alternatives® in an
attempt to reconcile the experimental upper bound,
(2), and the calculated “simple” unitarity (lower)
bound, (5), for reaction (1). These alternatives
presume that Ree can be neglected so that the
imaginary part of reaction (1) amplitudes are
equal to the corresponding absorptive parts. The
introduction of new muonic interactions has been
shown not to be compatible with QED, and the in-
troduction of a new particle, though not ruled out
by experiment as such, appears unattractive due
to the nature of the restrictions which are im-
posed. Nature, however, is not bound by our
(ever-changing) esthetics.
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