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Abstract. We examine various reactions in which one might search for n° » e*e™; apart
from the problem of the low branching ratio, the most serious observational difficulties
arise from the competition of intermediate virtual photon states of close to the pion mass.
We show that the obvious choice of n~p — n°n at threshold is an unfavourable pion source
but that the same reaction in the A(1236) resonance region seems currently to offer the best
opportunity; we analyse it in detail. K* - n*z° seems the most hopeful alternative.

1. Introduction

Rare leptonic decay modes of the neutral pseudoscalar mesons are of great interest
because of the information they may reveal about neutral currents (see eg Marshak et al
1969) and, more recently, the possibility of new CP violating channels of K decay (Clark
et al 1971, Carithers et al 1973, Gjesdal et al 1973). Much experimental evidence has
been compiled for K — [*]™ (Clark et al 1971, Carithers et al 1973, Gjesdal et al 1973,
see Particle Data Group 1973 for a critical comparison and earlier references) and there
have been two experiments onn — u* u~ (Hyams ef al 1969, Wehmann et al 1968). How-
ever, no one has observed 7 —» e*e”.

From angular momentum, C and P conservation alone, the rate for direct lepton-
pair decays of 0~ particles can be shown to be proportional to the square of the lepton
mass. As a result, electron-positron pair decays are considerably more difficult to
observe than the muon mode. Since n° — u*u~ is impossible, the lepton-pair mode of
pion decay is particularly rare, so a high #° flux is required. To reduce background, an
experiment should also identify and momentum analyse the lepton pair so as to recon-
struct the 7n° mass. Kinematically indistinguishable background can arise from other
n® decay modes, eg n° — ye*e~ or from processes competing with n° production,
particularly photoemission. Section 2 shows that the former is negligible, evaluates the
latter for various incident beams and selects the optimal reaction among those considered.
Section 3 analyses this reaction in detail.

§ Present address: Rutherford High Energy Laboratory, Didcot, Berkshire, UK.
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2. General survey

2.1. 7% s ete”

This decay had been studied by several authors (Drell 1959, Berman and Geffen 1960,
Young 1967, Quigg and Jackson 1968, Litskevitch and Franke 1970, Litskevitch 1970,
Pratap and Smith 1972). Here we only wish to remark that the branching ratio

_T(#®—e’e) )
[(n® - 2y)
will be assumed to have the approximate value 6 x 1072,

There exists an unambiguous, model-independent lower bound for B of 4.7 x 1078,
The imaginary part of the amplitude from unitarity for the 2y intermediate state is res-
ponsible for this bound. On the other hand, for the real part, the nyy vertex function
with off-shell photons is needed. The logarithmically divergent result, which comes
from assuming the vertex function to be a constant, may be made finite by constructing
reasonable models. Until recently, values for B, which are insensitive to model para-
meters, group around 6 x 10~ 8 (Quigg and Jackson 1968). The latest model (Pratap and
Smith 1972) predicts B = 14 x 10~ 8. For definiteness, we will assume the former value
in this paper. If experimental evidence were to indicate a branching ratio much higher
than 1077, then neutral currents will have to be postulated. If, on the other hand, B
were to be below 4.7 x 10~ 8, then CP violating neutral currents would be needed, since
any CP conserving fundamental interaction of e*e~n® must have a coupling which
gives a real Born approximation and thus no interference with the unitarity contribution.

2.2. Background of single Dalitz pairs (n® — ye*e™)
This decay has been observed, with a branching ratio (Particle Data Group 1973) of
B, = (1-17+£0:04)x 1072, 2

which is considerably higher than B. When the photon is soft this process poses as a
background to the pure leptonic mode. Fortunately, the major contribution to (2) comes
from high energy photons. Assuming the nyy vertex to be independent of the mass of the
virtual photon, an estimate for this background can be obtained (Drell 1959, Berman
and Geffen 1960, Young 1967, Quigg and Jackson 1968, Litskevitch and Franke 1970,
Litskevitch 1970). Integrating soft photon energies up to E, we have

8a
S >

E.,)4 .
— = 7T mass.
p 1

If we demand that the invariant mass squared of the lepton pair lie within $6u2 of p?,
then

o

By,a = %54, (3)
with mass resolutions § of a few per cent, we can safely neglect the background due to
this process.



42 H Burkhardt, R K P Zia and J D Davies

2.3. Competition from an intermediate virtual photon (interval conversion)

Throughout the following discussion, we shall assume that the spins of the leptons are
not detected ; otherwise, the leptons from pion decay, having the same helicity would be
distinguishable from those from a virtual photon.

For each arbitrary process in which a neutral pion is created

A > B+, (4a)
an accompanying virtual photon production process
A - B+ 66, 99 (4b)

can take place. “y” denotes a photon with the mass of the pion. The relevant quantum
numbers of 7° and ““y” are the same except for charge conjugation, parity and spin. In
an experiment in which the details of the final states are not analysed, the two processes
are directly competing since B and B can be the same particle(s).

Of course, the cross section for the latter process is smaller, typically, by a factor of a.
But, on the other hand, the branching ratio of the lepton pair mode of the pion decay is
of the order of «*(M,/u)*t, whereas *‘y” — e*e™ is of order «. The other helpful factor
is that only heavy photons of the correct mass range can compete so that only a small
fraction (order d) of the total internal conversion process (A — B+e*e~) poses as
background. A rough order of magnitude estimate of the signal to noise ratio runs as
follows.

For the pion case, we have, exactly

o(A - B+e*e”) = a(A - B+1°B. (6)
For the *“y” case, we estimate
oA - B+rete™) ~ oA > B+y)p, (7)

where p; is the internal conversion coefficient for electron—positron pairs of square
invariant mass u2 and resolution du2. Using the general formula of Kroll and Wada
(1955), we have

ad k, 2

i~ o e Ro g, ®

where k.,, is the momentum of a real pion (photon) in the rest frame of A, E2 = k2 +u?

and Ry, is the ratio of the transition probability of an off-shell transverse (longitudinal)

photon to that of a real one. Terms of order u%/(M3% + M3) and M2/u? compared with

unity have been neglected, since this is true for the cases we are considering.
Combining (6), (7) and (8), we have

oA > B+ete) 3nk, U -1
R -
oA Brete) BR( 5k)(RT 2E2RL) ®

where

R, = (A - B+1%
"= GASBr) (10)

t M. is the electron mass.
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Let us consider a few examples with § being 1 %.
(i) 7~ p — n°n at rest.
The idea of producing n° this way has several attractive features: available high = fluxes
are efficiently converted ; the lepton pair system is monoenergetic and their tracks are
practically co-linear. However, because the 7—N scattering lengths are small, the internal
conversion rate is relatively large.

Estimates of Ry and R, exist for this threshold reaction (Kroll and Wada 1955):
R ~ 1, Ry ~ 2. R,, the Panofsky ratio, is 1-5. k,/k, is about 5. Thus,

R ~ 4. (11)

Such a low value of signal to noise ratio renders this reaction extremely unfavourable

for the search for the rare leptonic mode.

(ii) #~p — n°n in the A(1236) region.

In the region of the 33 resonance, R, rises to about 75 (Dance 1971)t while k,/k, ~ 1.

Table 1 shows the value R, (k,/k ) for various initial pion laboratory kinetic energies.
On the other hand, electroproduction data (Clegg 1969) show that the longitudinal

cross sections are typically small compared to the transverse ones. We will assume that

this is the case in the time-like virtual photon region as well and keep in mind that, by

setting the last factor in expression (9) to unity, we may be making errors of the order of

10-15%,. The result is

R~ 06 (12)

with 170 MeV < T, < 230 MeV. Although this value is still rather low, it is acceptable ;
we shall see later that it can be improved by making use of the difference in angular
distributions of scattering and photoproduction.

Table 1. Cross sections and their ratio

T, (MeV) o(n”p - n°n) (mb) o(r”p — yn) (mb) R (k,/k,)
909 +0-4 1536 +0-18 0-67 30-1
1153+0-5 25014023 071 438
143.3+0-5 40-13+0-27 0.76 629
163-8+0-6 47.89 +0-32 071 78-5
1681406 48.44 +0.35 0-70 80-3
177-1£0.7 48.13+0.30 0-66 83-8
192.3+0-7 44854045 0-60 84.7
2150407 36614022 048 853
2369408 2926 +0-20 0-41 789
260-6+0-8 23451021 035 73:2
2916109 1791+017 0-31 62:5

We may also think of this reaction as first producing a A and then study its decay
into 7N against yN. Looking at the branching ratios of A, we can also arrive at R ~ O(1).
However, the charge exchange and the photo-emission processes are not completely
dominated by the A resonance and a more detailed analysis is needed. Section 3 is
devoted to this.

(iii) yp — np: pp — 7pp.
To ensure a large cross section for producing pions, we again consider the A region.

t See also Nuclear Physics B 26 588.
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We base the analysis on the branching ratios in A decay and again obtain R ~ O(1); the
absence of detailed information on the photon-producing sister processes makes an
accurate prediction more difficult here.

(iv) K* - n*nC.

Since kaons and pions both have zero spin, there is no real photo-emission (K™ 4 n ™).
However, internal conversion K — me*e™ can occur (Dalitz 1955, Cabibbo and Ferrari
1960, Baker and Glashow 1962). The best way to estimate R in this case is (a) to assume
that the shape of the decay spectrum of n*e*e™ is the same as n%yv (Beg 1963), (b)
normalize the total branching ratio of this mode to the present experimental upper limit
4 x 1077 (Graham and Pakavasa 1965), and (c) find the fraction of the decay rate with
the appropriate invariant mass of the lepton pair. This procedure leads to

R = O(10).

(v) % - n%.
In this case, the branching ratio for n°p is about half, as opposed to the py mode of 1073,
Thus R ~ 500 giving also

R ~ O(10).

Here, we have again assumed that R; is small to give this order of magnitude estimate.

2.4. Discussion

There are of course many other ways of producing pions than the few examples given
above. However, they serve to illustrate the two major limitations to be faced in the
search for n° —» e*e ™ : background from internal conversion and rate limitations from
the n° flux. These examples were listed in the order of increasing R but, it also happens,
of roughly decreasing n° flux.

If the only concern is a large value of R, we might consider processes such as
E°% - An®, where theoretical expectations (Graham and Pakavasa 1965) of the radiative
branching ratio are about 10~ *+. However, the rate is also important, and hyperon
beams of the intensity required to investigate 10~8 branching ratios are not now, if ever,
planned. K, decay is potentially the simplest candidate but this experiment seems to
require an improvement on currently available K* beams; 10°K* s~ ! give a total of
only about four n° — e*e~ decays per hour into the full solid angle.

At the other extreme where n%’s are produced abundantly, the internal conversion
background tendsto be high. Limited principally by Coulomb scattering, it isimprobable
that the momentum resolution can be improved sufficiently to achieve an acceptably low
background for 7~ p — n°n at rest}. In the vicinity of the A, charge-exchange cross sec-
tions are sufficiently targe to give a useful source of n°; R, is acceptably high and the #°
mass resolution need not change significantly. The A can be produced with other intense
beams; however yp - A — e*e”p has a very large general background while the final
state of pp — Ap — e e~ pp makes experiment and analysis exceedingly complex.

On the basis of these remarks, we believe 1 "p — A — e*e “n s at present the optimal
reaction for searchingfor n® — e*e~. Inthefollowingsection, we will analyse thisreaction

t Actually, £ — Z% can occur with branching ratio of the order of 10~ 3.

1 If Pratap and Smith (1972) were correct and if the n° mass resolution could be improved to 0-2%, the signal
to noise ratio at threshold is still 1:3. By contrast, similar assumptions would yield a ratio of 6:1 for the
charge-exchange reaction at the A,
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in detail and show that the effective R can be increased from 0-6 by exploiting the angular
distribution differences.

3. Detailed analysis of the optimal reaction

In this section, we carry out a detailed analysis for the signal to noise ratio for the reaction
n~p — n°ninthe A(1236) region. We have seen that this ratio is about 0-6, but the angular
distributions of the competing processes are quite different, so that we can exploit these
to our advantage. We will find the best kinematical region and show that the ratio here
is enhanced by a factor of about 10. The last section will indicate the kind of experimental
configuration which favours this kinematical region.

Consider the cM angular distribution of the reaction n~p — n°n. If there were no
background to the A resonance, the angular distribution would be $(1 +3z%), where
z is the cosine of the angle between the n° and n~ momenta. Experimentally, for
T, ~ 190 MeV +20 MeV, the angular distribution is well approximated by this (Kéllen
1964). At 180 MeV, for example, it is (cf figure 1)

K1+322-032) (13)

again normalized to 4n. The lepton pair distribution is isotropic in the n° rest frame so
that the distribution in the A rest frame is easily obtainable.

For the intermediate photon case, however, the situation is somewhat more in-
volved. From photoproduction data (ABBHHM collaboration 1968), it is known that
the two dominant contributions come from the magnetic dipole produced by the A and
an electric dipole background. The resulting angular distribution is of the form

W(S -~3z2 + 2]0[2 +4Re az),

where a is the complex ratio of the electric to the magnetic contributions. Corresponding

~
W

100t

075

0-50)

0-25F

Differential cross section (arbitrary units)

I L Il
0 30 60 90 120 150 IéO
0.4(deg)

Figure 1. The angular distribution of photo-emission (x”p — vn) and charge-exchange
(r~p — n°n) processes at T, = 180 MeV.
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to the energy (T, ~ 180 MeV) of (13), Rea ~ —% and |a|* ~ } so that the photon
distribution becomes, approximately (cf figure 1),

18—322—32). (14)

Comparing (13) with (14), we see that the ratio of neutral pions to photons emerging in
the forward direction is the most favourable. In general, in the region just below the
Amass (T, < 190 MeV, E, < 340 MeV), the forward-backward asymmetry of the photon
angular distribution, together with the forward peaked pion distribution, gives us the
best advantage.

In figure 1, we plot (13) and (14) with a slight variation. The units are arbitrary and
the photon distribution is normalized so that the total is 4n. However, the pion nor-
malization is 47(0-6), in accordance with (12). As a result, the figure represents the number
of pions (or heavy photons of mass u(1 +49)) decaying into e*e~ against the centre of
mass angle in the reaction n7p - n%y)n - e*e n.

Proceeding on to the analysis of the lepton pair formation, we make use of the standard
formalism of photoproduction (see eg Donnachie 1971 p 109). As we have noted before,
we will neglect the scalar-longitudinal contributions, remembering that corrections are
of the order of 109,-20%.

The angular distribution in the ‘A rest frame’ is

F, = 8+i|a|2N{5 3z242)a> +4Reaz— (1 +|a]* +2 Re az)(d x k)* - 3[4 . (@ x k)]?},
(15)
where
4 =4q/lq); q = n° momentum
k= k/\kl; k = p, +p_ = sum of lepton momenta
d=dy; d = p, —p_ = difference of lepton momenta
=q.k
_2ys
Rkl

The factor N serves to normalize the angular distribution so that integration over the
three-particle final state momenta, subject to the condition d(kZ — ), is unity

The expression corresponding to (15) for the charge-exchange process is independent
of dxk. Using the same normalization as (15), it is

Z, = IN(1-032+322). (16)

Our object is to find the position and the value of the maximum of #,/%,. Deferring
the details to the appendix, we simply quote the result: at T, ~ 180 MeV, where
Rea ~ —075 and |g? = 1.5,

max(%,/#,) ~ 10 (17)
at
z=1 and ldxk| = 1. (18)

Expression (17) shows that the signal to noise ratio can be eflectively raised to 6
(from 0-6) if we restrict ourselves to the kinematical points specified by condition (18).
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The physical situation represented by (18) is that the sum of the lepton momenta is
(a) in the forward direction and (b) perpendicular to the difference of these momenta.
We remark that, in this kinematical region, the leptons have identical energies. Finally
we note that this situation remains the same in the laboratory frame, which is an added
advantage.

4. Discussion and conclusions

In this paper, we have been concerned with the kinematically indistinguishable back-
ground in the search for the decay n° — e*e~. With invariant mass-squared resolution
of 1% and an assumed branching ratio of 6 x 10~8, we have shown that the background
arising from the internal conversion process puts severe limits on the type of reaction
used for the production of the neutral pion.

In particular, it is extremely unfavourable to use the charge-exchange reaction at rest
for producing n° The internal conversion background (z~p - “y”n — e*e~n) turns
out to be approximately thirty times larger than the signal (n p = 7n°n — e*e™n). At
the opposite end of the spectrum of reactions we surveyed, production of n° from certain
strange particle decays leads to much larger signal to noise ratios (order of 10). Of these,
K* >n"+n% > n* +e* +e~ seems potentially to be the best, however, branching
ratios of the order of 10~ 8 in hyperon or K* decays seem to be difficult at present be-
cause of intensity limits.

Given the present experimental technology, we believe that n"p — A(1236) - n°n is
the optimal reaction for searching for the rare leptonic mode of n° decay. Although the
background is of the same order as the signal, the former can be reduced further by
exploiting the difference in angular distributions between the photo-emission and charge-
exchange processes. In the energy region just below the A(T, < 190 MeV); there is a
forward peak in the n° distribution where the *“y” distribution has a minimum. More-
over, in the kinematical region where the leptons have identical kinetic energies (in the
laboratory frame or A rest frame), the background is further suppressed. The final signal
to noise ratio is about 6, within 1 %] mass resolution on the lepton pair.

Finally we estimate that, with a 180 MeV beam incident on a straightforward target
configuration, 10’2z~ s~! would give approximately 50 events per day. To keep the
background lepton noise level low, an experiment would further require a low energy
initial proton beam. Since a flux of this order is predicted in several places, measuring the
rate of n° — e*e ™ seems feasible in the near future.
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Appendix

To find the maximum of #,/%,, we will assume, for definiteness that Re a = 0-75 and
la|? = 1-5. From (15), we have

Z, = $aN{8—3z-322 —Y5-32)(dx k)* - 3[§ . @ x k)]*} (A.1)
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and, from (16),

F, = }N(1-03z+32%). (A2)
As it turns out, a local maximum of (A.2) coincides with the minimum of (A.1). The former
is just

(Fhocal max ~ (1-85)N (A3)
at

z=1 (A4)

Note that (A.4) is independent of d x IE X
Turning to (A.1), we remark that |d x k|, z, and { are independent variables. Here { is
the azimuthal angle of the normal to the lepton plane, so that

[§.dxk))? = (1—z3)dxk|?cos*. (A.5)
Therefore the minima of
—322-3[q.dxk))? (A.6)

occurat (i) z2 = 1,any value of |d x k| and ¢, and (i) |d x l?l = cos { = 1 and any value of z.
Rewriting the other terms in the curly bracket of (A.1) as

H11=3z+(5-32)[1 = (dxk)*]}, (A7)

it is easy to see that the minimum occurs at z = [dx k| = 1.
Combining the remarks concerning (A.6) and (A.7), we see that

(Fmin ~ (0-2)N (A-8)
occurring at
z=dxkl =1 (A.9)

Note that, at z = 1,cos { = 1 automatically.
(A.3) and (A.8) give

max (%,/%,) ~ 10,

since condition (A.9) is compatible with (A.4).
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