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EXOTIC DECAYS OF LIGHT MESONS

Peter Herczeg
Theoretical Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract

We discuss the information one could obtain on physics beyond the minimal
standard model from studies of the rare and forbidden decays of 7% n and 7'

1. Introduction

My task in this talk is to try to assess what one could learn about physics
beyond the minimal standard model [1] from studies of the decays of the light
neutral non-flavored mesons. By “exotic decay” we shall understand a decay mode
or a decay mechanism which is not allowed in the minimal standard model. Our
attention will be restricted to the decays of 7%, and 7' [2], which appear to be the
best tools for the issues we consider.

We shall focus on n-decays, for which the question of sensitivity to possible
new physics has not been investigated yet to the same degree as for the #°. To do
so is timely, especially in view of the recent discovery at Saclay [3] of the possibility
of high-flux tagged »-beams. Along with the discussion of n-decays we shall review
briefly, for completeness and for comparison, the pertinent decays of the #%. Where
it appears useful, we shall consider also the decays of the 7'.

The #%,n and 7' have both nonleptonic decay modes and decay modes involv-
ing leptons. We shall consider the nonleptonic decay modes only in connection
with studies of ('P-violation, since in C'P-conserving observables the theoretical
uncertainties would not allow a new rontribution to be discerned. Among the
decays involving leptons there are “neutral current decays” (decays in which the



* The n° has only

total charge of the leptons is zero) and “charged current decays.’
neutral current decays. Neutral current decays consist of forbidden decays (e.g.
n — upe) and allowed decays. The forbidden decays probe the existence of inter-
actions that violate the symmetries of the minimal standard model. The allowed
decays receive a contribution from the electromagnetic interactions (in the case of
decays involving charged leptons) and a first-order contribution from the neutral-
current interaction of the minimal standard model. Tiuey can probe the existence
of additional flavor-conserving neutral current interactions. New neutral current
couplings are present in many extensions of the minimal standard model, generated
for example by the exchange of new neutral gauge-bosons or Higgs bosons, or by
the exchange of leptoquarks. The neutral current decays of the n° are sensitive
only to isovector neutral current interactions. These involve only the u- and the
d-quark. The neutral current decays of the 1 (and ') probe isoscalar neutral cur-
rent interactions. In addition to couplings involving the u- and d-quark, isoscalar
neutral current interactions may contain neutral currents invoiving the s-quark and
also heevier quarks.

For equal coupling strength, the branching ratios of AS = 0 neutral current
decays are much smaller than those of the AS =1 neutral current decays. This is
due to the large difference in the lifetimes of the decaying mesons. For example,
the branching ratio of K — pe for a pseudoscalar coupling is [4] B(K — pe) ~
104 | h(;;) |2, and the branching ratio of 7 — ue for the same type of coupling
is B(n® — pe) ~ 1077 | gip“;) |2 (see Eq. 5.4), where h(F'.‘;} and g(P";) measure the
strength of the couplings relative to G/v2. K — pe could not be, of course, a
substitute for m® — pue, since it is sensitive to a different interaction.

In the first and second part of the talk we shall discuss decays that have a bear-
ing on the electron-quark and on the muon-quark interaction, respectively. Part
4 deals with 7% 5 and ' decays involving neutrinos and some other light weakly
interacting particles. In part 5 we discuss muon-number violating decays, and in
part G decays that probe somne aspects of the charged current interaction. The last
part of the talk is devoted to decays sensitive to CP-violating interactions. We end
the talk with our conclusions.

2. Election - Quark Interactions

m_ e e

Before addressing the decay 7% — ¢*e ", let us consider some general features
common to 7° — e*e , —ete” and n — utu. All these decays are suppressed

in the minimal standard model, since the dominant amplitude is proportional to



mea® (m, = mass of the lepton). The general form of the P — (' ¢ (P = n% )
amplitude is (see e.g. Ref. [5])

M(P — (*{") = aiitysv + biiv (2.1)
and the decay rate is given by
D(P — €07 )= (mar/8n)(la® +r? | b]?) (2.2)
where r = (1 —4m?/m?)!/2. The constants a and b can be decomposed as
a = Rea' +iIma'® +a'™ (2.3)

b=b" (2.4)

where a'®’ is the electromagnetic contribution, and a'™’, (™) represent contributions
from non-electromagnetic (effective neutral current) interactions {f]. We shall
consider only tree-level contributions for the latter; consequently a!™ and b'™ are
real.

The present experimental value of the n? — e*

ete ) =T(m® —e*e™)/T(®° — all) is [7].

e~ branching ratio B(#° -

B(r® = e*e Jerpe = (1.8 £ 0.7) x 1077 (2.5)

One has | Ima'® |~ 2.6 x 1077, yielding the unitarity bound B(n® — e*e™) >
4.7 < 107%. Let us introduce the quantity

Is:) = [(Rea(c) + a(n))z + (b(n))2]1/2/ l Irna(c) ' (2.6)
The experimental result (2.5) allows (at the 95% confidence level)
0<el <24 (2.7)

A contribution to z'¥' comes from Rea'*’ (8. The only other contribution

in the minimal standard model is the one due to ZY — exchange, which is however
negligible (see below). In general 7% — ete™ can receive a contribution from an
effective neutral-current interaction of the form

L'V = (G/V2) [g¥h enayseda+ gpp éivse Jp + gop € Jp| | (2.8)
where G is the Fermi constant, and
!

Jay = Q(iln-ysu fln-ysd) , (2.9)
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Jp = %(ﬁi‘y,u — diysd) . (2.10)

If the interaction (2.8) is due to the exchange of a boson X of mass m,, the
quantities 95;) (and also the analogous quantities in sections 3 - 5) are proportional
(ignoring the width of X) to 1/(p2 — m2). For x° — e*e™, for example in the case

of a spin-zero boson exchanged in the s-channel, (G/\/i)g:;) = fif}/(m} —m}l)

where f; and f]' are the couplings of X to the leptons and quarks, respectively.
The amplitudes a'™, 5" are given by

'™ = (2Gm.m./V2) g apa + (Gm2/V2)gpprp (2.11)

¥ = (Gm3/V2)g5prp (2.12)

where p4, pp are defined as
<O0|J.a| 7 >=imepaps (2.13)

<0|Jp|n® >=mipp . (2.14)

One has p4 = — fr/MxV2(fx is the charged-pion decay constant defined by
< 0| dysysu | ®F >=ifeps), and pp ~ pamy/(m, + mag) ~ + 8 (for m, = 4.2
MeV, my = 7.5 MeV). Thus

a'™ >~ £(7.9 x 1071%)¢') £ (1.2 x 107%)gle) (2.15)

™~ (1.2 % 107%)glsp - (2.16)
In the minimal standard model g's) = 1,g%p = g\'s = 0 and therefore ™) =
0, and a'"’ is negligible (| a'™ | ~ 3 x 1073 | Ima'®) |)
‘The experimental result (2.5) implies

(e)

| g5p | <05 (2.17)

and, assuming | Rea'*) | <2 | Ima'® |,

| gpp +6.6x 107'g00 | <1 . (2.18)

Thus, barring cancellation,

lgpp | <1 (2.19)



and
‘ (r\

4l <15 x10% . (2.20)

s} and g5 from other data?

Constraints based on the uncertainty in calculatlons of the hyperfine splitting of the
ground state of the hydrogen atom are | g‘M | <40, | g(c) | < 210 [9] (for p? ~

0, if (2.8) is due to the exchange of a boson X). From a measurement [10] of the
ratio R =o(e*te” — h)/o(ete” — utu~)for 14 GeV to 46.8 GeV center of mass
energy we find | g“) I g(') [ g(') < 0 (1) (for m; >> 46.8 GeV). The

gsp—term contributes to the electric dipole moment of the neutron (D, ) and the
electric dipole moment of the electron (D,). The present experimental limits on
D, and D, suggest Ig(s',), | <1072 — 1071

A conclusion is that (2.19) is the best limit on gg}, even for m; >> 46.8 GeV

What information is available on quantities 9,4)4’ dp

(or for gg,)‘-, independent of momentum transfer). More accurate experiments will
yield better bounds on 2%, Given such bounds, the presence of gif’—terms would
be difficult if not impossible to discern, in view of the theoretical uncertainties in

the value of Rea'®’.

— ete”

The present experimental limit for B(y — e*e™ ) is (7]
B(n —-<te ) <3x107? (90% c.l.).  (2.21)

The imaginary pert of the electromagnetic amplitude is | Ima(®) | ~ 2.9 x 10”7
(11}, implying the unitarity bound B(n — e*e™) > 1.75 x 10™%. | Rea'®’ | is
expected to be of the same order of magnitude or smaller than | Ina'®’ | [12].
Hence there is a large unexplored domain of branching ratios between the present
limit and the electromagnetic contribution.

The limit (2.21) implies for the quantity r,, ) defined in the same way as AN
(Eq. 2.6),

0< i) <414 . (2.22)

The decay n — et e~ is sensitive to an isoscalar effective neutral current in-
teraction (13, Neglecting contributions from lieavy quarks (c,b,t, - - -), the most
general non-derivative four-fermion interaction that can contribute ton — e*e~ is
of the form

(n) (2)
L' = L™+ L (2.23)

(") = (('/f) [fMe'y yse K A +—fp,,ez7;e1\p + f(queI\p , (2.24)



L({” (C/\/— e‘y 7591\,1\ +fppez-75€I\p +fspee el (2.25)

where )
Kax = Slamsu + dyxysd) (2.26)
Kp = %(ﬁi'ysu + diysd) (2.27)
Kax = 572759 (2.28)
Kp = siyss (2.29)

The amplitudes a}™',a{™, 6! and " (a'™ = a{™ +ab™, 6™ = ™ + 5{') are

o\ = (G/V2)2moamerafis + miepfop (2.30)
WY = (G/V2)mikpfin (2.31)
o\ = (G/V2)[2mym.&afis + mikp fop (2.32)
b = (G/V2ymikpfsp (2.33)

where x4,xp,k4 and kp are defined by

<O0|Kax|n>=1imykaps (2.34)
<0| ,,Ir)>—mrcp (2.35)
< 0| Kax |n>=imykapa (2.36)
<O0|K,|n>=mikp (2.37)

The quantities x 4, % 4 cannot be calculated as reliably as p4 (Eq. 2.13), which
is related to a measured matrix element by isospin symmetry. The use of SU(3)
symmetry does not solve the problem completely, since 7 is not a pure SU(3) octet
state. To estimate x4 and x4 we shall assume 7 = ngcosd — nysind (and ' =
ns9ind + nocosb), i e. that n is a linear combination of the octet state ny and of
the singlet state no only. We shall take fny = —1.25f7/v2 in < 0| Agx | 7s >
= tfnepa(Airn = §1avs(ri/2)q,i = 0,..8) [14] and assume < 0 | Agx | 7o >,
< 0| Aexr | n8 > 0. For @ and fng in < 0 | Aga | no >= ifnypr we shall use
0 ~ —20° and fro ~ —fr/V2 (14,15}, deduced from the experimental values of
L(n® — 29),I'(n — 24) and (' — 27).

We obtain then

xa ~ £0.16 (2.38)

kKa >~ F0.18 (2.39)
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(sign x4 = — sign fr).
To estimate xp and <p we use the equations for 9y Asy and )49, and ignore
the contribution of the gluon anomaly [16]. We find

Kp = Kamy,/(my + my) =~ £7.5 (2.40)

Kp ~ Kamy,/2m, ~ F70.33 (2.41)
(with m, ~ 150 MeV). Using (2.38 - 2.41) the n — e*e~ amplitudes are

o™~ +7.4x 10710 f5) F8.3x 1071041 £1.9x 107352 £8.2x 10771, (2.42)

PP
B™ ~ £1.9 x 10750 8.2 x 1077 f55 . (2.43)
In the minimal standard model 1’,: = —-11,- (') =0, and f(e) f(') = 0 for ij

= PP, SP; thus ™) = 0 and a'™ is negligible (| a("’ |~ 1.4 x 10‘3 | Ima(" |). The
limit (2.21) implies (barring cancellations).

| fop Il fsol <7 (2.44)

| fsp 1,1 fsp 1 <150 (2.45)

Upper bounds on the axial-vector couplings are much weaker than (2.45).
Constraints from other data (valid under the conditions stated for gf;) earlier)

are | f(') Iy | f(e) | < 0(1) (ij = AA,PP,SP) from ete~ — h. The hydrogen
ground state hypcrﬁnc splitting provides | f,“ < 70, and much weaker limits
or £ty fums fsp. (Dnalezpe and (De)espe suggest | fip | <107' — 107% and
| f-(e) | Sl
3. Muon-Quark Interactions
n— “+u—
The experimental value for the n -+ u*u~ branching ratio is [7]
B(n —pu*u")=(65+21)x10"° (3.1)
One has | Ima(®) |~ 1.5 x 10~%, implying the unitarity bound B(n — p*tu~) >
4.3 x 10~% [11,17,18]. For z\*) defined in analogy with (2.5), one obtaina from the
result (3.1) at the 95% confidence level
0< s < 1.2 (3.2)
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The decay n — putu~ is sensitive to a neutral current interaction of the same form
as (2.23), but with e replaced everywhere by u [19]. The amplitudes o™, 5™ are
also the same as (2.30 - 2.33), except for e — . Usiug (2.38 - 2.41) we find

D 15 x 1077 £1.9x 1078 F Y F 1T x 1077 £ £8.2x 1077 ), (3.3)

PP >
B™ A +1.9x 1075 FU0 £82x 1077 £ (3.4)
In the minimal standard model -L'JA) = 1 f&) = 0, and f(") = .(“) = 0 for

= PP,SP. As a result A™ = 0, and a("’ is negligible (| a(") |~ 5 7 %1073
| Ima'® |). The experimental result implies (barring cancellations)

FEAARS! (3.5)
| e | <22 (3.6)
and, assuming | Rea'®) | <2 | Ima'® |.

(u) \

| fpp | <3 (3.7

| fa | <58 (3.8)

| f) ) <315 (3.9)

el <280 (3.10)

Information on f,, ) and f‘A‘f‘) can be deduced from the results of a cross-section
asymmetry meuurement in deep inelastic uiiuon-nucleus scattering [20]. The mea-
sured asymmetry is sensitive to interactions involving an axial-vector quark current.
The result agrees with the prediction of the minimal standard model within the ex-
perimental error, which is about 30%. This implies roughly | f(“ ) 531 (for
mz >> 15 GeV, if the new interaction is due to the exchange of a boson X). The
contribution of a f(“) —term to the asymmetry would be suppressed by 1 - 2 orders
of magnitude, since the corresponding current does not involve the valence quarks
of the nucleou. Constraints from hyperfine splittings of muonic-atom levels are
very weak, mainly because of the relatively large theoretical uncertainties (21]. For
F and fs‘;,’ limits of | f4) | <107' —107% and | £y | <1 are suggested by D,.

As in the case of *° — e*e™, detection of the presence of a new interaction

from a nonzero ") would be hampered by theoretical uncertainties in the vaiue of
Rea'®).



4. Neutrinos and Some Other Light Particles

7. n.n — v

These decays can proceed only if the neutrino states of both chiralities exist,
or if lepton-number is not conserved. Consequently, they are forbidden in the
minimal standard model. Below we shall discuss the decays #® — vv', n — v/
and ' — vv' assuming that all (additive) lepton numbers are conserved. Then
V' = U where v is any of the known neutrinos, or any possible new neutrino (with
m, < mp/2).

The general form of the 7 — v amplitude and the expression for the
m° — vb rate are those in Eqs.(2.1) and (2.2). Since the electromagnetic contri-
bution is absent, the amplitudes a and b are ¢ = a'™ and b = b,

The experimental limit [22]

B(r® = X)ezpe = 3 D(x* — Xi)/T(n° - all) < 24x107°

(90% c.l.) (4.1)
holds for n%-decay into all possible final states made up of unobserved weakly in-
teracting particles of sufficiently long lifetime.

The decay 7 — vi7 is sensitive to an interaction that can be obtained from
(2.8) with the replacemente — v, 95;) — g(;) (ij = AA, PP, SP). In the minimal

standard model (where g(AVl = 1, ggp = gg,), = 0), extended to incorporate
massive neutrinos, the branching ratio for 7%-decay into a particular neutrino pair

is {23]

B(r® — vi) ~ (3x107%)(1 — 4m?/m2)/*(m,/m.)*. (4.2)
The branching ratio (4.2) has a maximum ~ 3 x 107% at m, = ma/V6
MeV.
For the general interaction the brunching ratio in the limit m, = 0is [22]
B(x® - vi) = 107°l(gpp)® + (45p)°): (4:3)

The experimental limit (4.1) implies
[(g(v. (V. )11/2 < 5 (1 =e,p,,1',...) (44)

For #®* — v 0, »* — v,5, and *® — v, ., one has the more stringent limits
(24]
B{r® — vee)espt < 3.1x107° (90% c.l.) (4.5)

B(r®" = vuu)erpe < 3.1x107° (90% c.l.) (4.6)
[ p
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B(n® — velr)erpe < 2.1 x 1078 (90% c.l.)  (4.7)

implying ( ( -
(g5 + (gbp)?]/? < 1.8 (t=e,p) (4.8)

{(g‘;,; 2+ (gus)Y? < 15 (4.9)

— v

There is no direct experimental information on n — vir. A weak limit

B(n —» X) = Zr(n -~ Xi)/T(n — all) < 107" (90% c.l.) (4.10)

for n-decay into final states composed of unobserved weakly interacting particles
of long enough lifetimes follows from the total branching ratio for neutral n-decays
and from the branching ratios of particular neutral n-decays [25].

The decay n — vi is sensitive to an interaction that can be obtained from (2.23)

with the replacements e — v, ff:) f;", ff;’ — ,(;') (ij = AA, PP,SP). In
the standard model (fi{) = -1, fia = 0, f) = £ = 0(ij = PP, SP)) with

massive neu‘rinos, the branching ratio for n-decay into a particular neutrino pair is
B(n — vb) = (4x107°)(1 — 4m?/m?)/*(m,/m,)?, (4.11)

where we have used the value (2.39) for k4. The branching ratio (4.11) has a
maximumof B(p — viv) ~ 4x10"%at m, = m,/v6 = 224 MeV. In the limit

m, = 0 only P-type couplings contribute. An experimental upper limit of 167°,
for example, would set an upper bound of about 0.4 on | f(") | or | f(s‘;,) , and an
upper bound of about 8.5 on | fpp -(") p | (26,

n — v

This decay is sensitive to the same general neutral current interaction as
n — v, In the standard model with massive neutrinns we find

B(n' — vp) ~ (1.3x107'%)(1 — 4m2/m%)*(m,/my)?, (4.12)

which has a maximum value of B(p' — vi?) ~ 1.3x 107! at m, = 391 MeV [26].

Experimental information on the couplings relevant for 7% — v and 5,7 — vir
is available, of course, only on those involving the v, and the v,. The agreement
of the experimentally deduced v,-quark interaction with the one in the minimal

standard model [27] indicates, roughly, that | f““) | < 0(1/10) (for m, heavier

10



than about 10-20 GeV, if the underlying interaction is due to the exchange of 2 boson

Flv ,al

X). The constraint on | f, ;' | is weaker, probably by an order of magnitude. The

results of the experiment of Ref. (28] cn the y-distributions in deep inelastic v,
v, scattering imply |g( o) [y | g(v" B lf("“ | f("“ | < 0.4. The contribution

of the fS “+) and f( ") terms to the cross section is expected to be suppressed, and

u)

consequently the limits on f(sl;, and f.( v} are weaker, probably by an order of
magnitude. The low-energy reaction v.d — ©D.np (29] indicates, roughly, | g;,",g) ,
|9s5’ | < O,

The final states in 7°, 7, ' — X may include other particles besides neutrinos.
An example is the decay into photinos, if they are sufficiently light. A recent
estimate [30] of the branching ratios for #° — 4 yields B(7® — 5%) < 5x 1078,

While the decays P — vir are sensitive to pseudoscalar-type couplings, other
types of neutrino-quark interactions could be probed through the decays r,n' —
Mvis, where M is a meson (or mesons) with appropriate quantum numbers [31].
An interesting case is n — 7% &. This decay can occur in the minimal standard
model only via isospin invariance breaking effects (for a discussion of the analogous
decay n — mev see Section 6). One expects therefore the branching ratio tc be
around 10~'3 — 10~!4, Beyond the standard model n — 7%vi could procced via
neutral second-class currents {32], or via an interaction which couples neutrinos to
a scalar quark current. For the known neutrinos we would expect the upper limits
for branching ratios of n — 7%vi generated by second-class or scalar couplings to
be not larger than those in Eqs. (6.4), (6.6), (6.9) and (6.10). But for decays
into a new neutrino the branching ratio couid be larger. An upper limit on
B(n — 7° “X”) would, for example, set constraints on the scalar couplings of new
neutrinos.

0.0 — vy

Unlike 7%, n, n' — vi/', these decays are allowed in the minimal standard model.
The differential rate for 7 — vy decay into a specific neutrino pair is given by

33]

d , 72,4
ar _ Fo(l — 4sin’@iy)? GTm, (1 =2)%1 - b/4z)(1 = b/z)'/?, (4.13)
dz 96

where b = 4m?/m? z = 1 -~2E/m,, E = photon energy in the 7-rest frame

and I'g = [(7® — 2). For massless neutrinos the resulting branching ratio is [34]

[(x® — - vy) 2m!

2
[0 = 23) = [900ami( A OW) (4.14)
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Thus, to the extent that the effects of the neutrino masses can be neglected, and if
there is no appreciable contribution from other final states, 7% — v “X” would be
a reliable tool for determining the number of neutrino families. Unfortunately, the

branching ratio (4.14) is very small: for sin?8w = 0.23 [27] one obtains

[(r® — viry)
[(n® — 2v)

~ 6.6 x 1071°, (4.15)

The rates of  — vy and n' — vy cannot be calculated as reliably as the
rate of 7% — i/D4. An estimate [34] yields B(n — viy) ~ 2 x 107!® and B(p' —
viy) ~ 2x 10714,

In addition to 7%, 7. ' -+ vy the decays 7%, , ' — “X "4 may include other
decay modes, for example the decays n° 7, ' — 359. The branching ratio for
7% — 394 was estimated in Ref. [30] to be B(r® — 35v) < 10712,

~

Higgs Bosons, Axions

Some decay modes of the n and 7' could aid in the search for the standard Higgs
boson, or for nonstundard Higgs particles. Such ave the Jdecays ' — nu*tu~,n —
mu*tu” and n' — 7%utu=. The present experimental limits for the branching
ratios are [35) 1.5x 107%,5 x 107® and 6 x 1075 respectively. Assuming the absence
of a CP-violeting electromagnetic interaction, one-photon-exchange is forbidden
for these decays; two-photon exchange leads to branching ratios much smaller than
10~%. Another decay mechanism could be P’ — PH — Pu*u~ (H = Higgs boson).
The above experimental limits for the branching ratios may already exclude some
mass range for the Higgs boson [36], depending on the theoretical uncertainties in
the calculations.

Axion-like particles could be searched for, e.g. in the decay n — w+n~a [37)].
Assuming that the axion-like particle mixes with the light pseudoscalar inesons with
a strength ~ 4 x 1074, the branching ratio is expected to be of the order of ~ 108
[37].  Another possibility at light-meson facilities is to look for the production
process p + ¢ — He® + a [37]. The cross section is expected to be of the order of
(10" - 10"%)o(p + d — He’n®) [37).

6. Muon - Number-Violation

In the minimal standard model imnuon-number (as well as electron number and
tau-number) is conserved, and consequently processes such as u — ey, Ky —
pe,m® — pe, etc. are forbidden. The underlying reason is that the neutrinos
are massless and that the Z° and the Higgs boson have only flavor-diagonal cou-
plings to the fermions. [ the minimal standard model is extended to include
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massive neutrinos, muon-number violation is expected, but from the existing limits
on the masses of the neutrinos one can conclude that the rates of muon-number
violating processes would be too small to be observable. However in some other
extensions of the minimal standard model some muon-number violating processes
may have rates near the present experimental limits. Here we shall consider the
decays m° — pe,n — pe and ' — pe.

T_— uE

This decay has been considered in Refs. [38] and {39]. Thc experimental limit
for the branching ratio is (7}

B(n® - ute )+ B(n' — 4 et)< 7Tx 1078 (90% c.l.)  (5.1)

The #° — pe amplitudes have the same general form as the amplitude in Eq.
(2.1). The decay rate is giver: by [40]

D(r® — pe) = (mn/87) (1= r22(la |24 [b]7) (5.2)
where r, = m,/m,. 7 — peis sensitiv: to a quark-lepton interaction of the form

L =(G/V2) (g evan +g'ty evwsu)-’,u (53)

(gfs‘:) eu+ gpp éiysp)Jp + H.c.
where J 4 and Jp are given by Eqs. (2.9) and (2.10).
Let us consider the case when only pseudoscelar-type couplings are present.
The 7% — ue branching ratio is tnen

B(n® — pe)~ 1.0 x 10~ w2(|g‘"°>|2+|g#”|) , (5.4)

where w = my,/(m, +my).

Constraints on the couplings in (5.3) come from experiments searching for
p~ — e~ conversion in nuclei. Stringent experimental limits exist for coherent
p~ — e conversion (41,42]. The couplingsin (5.3) do not lead however to coherent
conversion. The conversion strength is expected to he spread, with an average
electron energy of about 80 MeV, as the average neutrino energy in ordinary 1.uon
capture. In Ref. [41] the electron spectrum was measured for electron momenta
above 80 MeV/c. A comparison of this spectrum with the one expected from -
decay in orbit and fron' radiative u-capture leads to a limit [39] on the sum of the
pt~ — e~ conversion rates corresponding to _lectron momenta between 80 MeV/c
and the maximum electron momentum (104.7 MeV/c¢).  Assuming that this sum
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accounts for a half or more of all 1~ — ¢~ transitions implies for the total i~ — e~
conversion rate the bound

Tof(328) / T (%8) <8 x 107° (5.5)

uu

(T35 = total u™ +32S — 1, +3 P* rate ~ 1.352x 10%sec™!). T can be estimated

using the closure approximation. The result [39] and the limit (5.5) imply

Lgs 1P 4 g P < (5x 107 T)w™? (5.6)
and consequently [39]
B(r® — je) <6 x 1071, (5.7)

For n® — pe due to axial-vector type couplings the upper bound on B(7m® — ue) is
smaller by a factor of 20.

The bound on B(n® — pue) would be weaker than (5.7) if the sumof p= — e~
rates in the region of electron momenta above 80 MeV/c would represent a smaller
fraction of I‘L",‘(”S) than assumed, and/or if the average electron ¢nergy was smualler
than ~ 80 MeV. However, the values of these quantities are not likely to differ
appreciably from those taken. The bound (5.7) could be violated considerably
in the unlikely event that the ¢§ — pe transition is mediated by a light boson of
mass near that of the pion, exchanged in the s-channel. This would produce an
enhancement factor in the ratio B(x® — pe)/T'
Ref. 39;.

Hence the conclusion [39] for #° — ye is that the upper bound on B(x® — ue)
is not likely to be larger than about 10715,

due to the boson propagator (see

n— ue

There is no direct experimental information ou this decay. A limit (43]
B(n — pe) < 8x 1072 (90% c.l.)  (5.8)

can be established from the total branching ratio for charged 5-decays and from
branching ratios of particular charged n-decays. The decay n — e is sensitive to
a quark-lepton interaction of the form

(ue) te) e)
R AL M (5.9)



with

L = (G/f) [( i evsw + fiis e‘rnsu) K ax

+ (£85 e + it eivsu) Kp] +He. (5.10)

e { ~ e el _ r-
L = (U/‘/—) [(f(“ "Eyap + f,(q'A)e‘rA‘rs#) K ax
ue)- Flue) I
+ ( e+ fpp et‘ysp) Itp] + He. |, (5.11)

where K4, Kp, K 4» and Kp are given by Egs. (2 26), (2.27), (2.28) and (2.29).

Let us consider the case when only the f-}, -and f(“ '_terms contribute (the
constraints on the branching ratios of n — ue due to the other termsin (5.9) turn
out to be more stringent {44]). The n — ue branching ratio is then

B(n — pe) ~ (1.2 x 10°")&L(| f5p' 12 + | fes’ 1) (5.12)

where kp is defined in (2.37). The limit (5.5) constrains also the couplings in (5.9).
For the contribution of (5.9) to the total u~ — e~ conversion rate on a nucleus of
charge Z and atomic number A we obtain

Mol = (PmlE*/4n?)a®Z°A | ¢, 12, M=o (1 - -6‘"’ ) (5.13)

where E is the average electron energy, | ¢, |2, is an average of | ¢, |* (¢, = muon

wave function; ¢,(0) = 1), and 6(,'_1_)0 is a nucleon-nucleon correlation parameter.
For the case under discussion

M=o = HME/2mn ) (| 56 1P+ FUS 12) (5.14)

where ﬁp is defined by < N' | Kp | N >= ﬁp/\_fi-ysN. From (5.5), (5.12) and
(5.14) it follows that

B(n — we) < (2.7 x 107" 2)(kp/Hp)* . (5.15)

f{p is related to the nucleon matrix element of 6;]:',“ lgnormg the contribu-
tlon of the gluon anomaly, we have Hp ~ (rnN/m,)FA, where F'A is defined by
" K A N>~ F‘AN'ynsN. The value of F'A is uncertain [45). As a guess
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we shall assume Fy ~ (107! —1072)F,, where F4 is given by < N' | K42 ! N >~
F4NyxvsN. Then also < N' | K4 | N >< N' | Ko - Ko | N >. The
latter matrix element can be evaluated using SU(3) symmetry. We obtain (with
F = 0477,D = 0.756 [46]) F4 ~ 0.37 and consequently ﬁp ~ 0.21 - 0.021. It

follows (using the value (2.41) for xp) that
B(n — pe)<Tx107" . (5.16)

This upper bound corresponds to Fq = 1072F4. For F4 = 10~'F,4 one would
have B(n — pe) <7 x 1372, Given a value of Fa, values of B(n — ue) larger
than those allowed by (5.16) cannot be completely ruled out, already because of .
the possibilities mentioned for 7 — pe in connection with the bound (5.7). In
additicn, the value of | Kp | could be larger than that in Eq. 2.41 (although probably
not by more than a factor of two [16]). Finally, B(n -— ue) could be larger than the
upper limit in (5.16) if pe couples to a heavy quark (c, b, t, ...) current for which
the ratio of n —+ vacuum and N — N matrix elements is larr-r than | Tcp/ﬁp |
n_— pe

The same general neutral current interaction which contributes to n — pue
would contribute also to ' — pe. In the same {ramework as the one we used above
for n — e, we find for Fa= 10~2F4 the upper bound on B(n' — pe) to be smaller
than the upper bound (5.16) for n — pe by an order of magnitude [44].

6. Charged Current Interactions

Second-Class ('urrents

The termn “second-class currents” is used for hadronic currents which have
opposite G-parity than the usual quark currents ¢I'vq' [47]. Second-class currents
constructed fromn quark fields must contain derivatives of the quark fields, and are
not allowed therefore in a renormalizable gauge theory with elementary quarks.

It was pointed out by Singer (48] that the decays n -+ mev, and n — muv,
have the special feature that they are forbidcden for a first-class vector current, but
allowed for a second-class vector, or a second-class tensor cnrrent,

Let us consider r -+ wev, assuming an interaction

HY = (G V2V e (L = ys)ve + Hee (6.1)
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where V;z) i1s a primitive second-class vector current chosen so that (6.1) is CP-
invariant. Using the results of Ref. [4R], the » — mwev, branching ratio is given
by

B(n — meve) = (1.7 x 107G fL/G)? (6.2)

where f, is a form factorin < 7 | V(¥ | 5 >, The best limit on GL? comes from
a bound on the induced scalar interaction in 3-decay [49]. This implies | G’f_.z)fs |
<2.4G fm, where fs and fpr are the induced scalar and the weak magnetism form
factors. It follows that

B(n — meve) ~ 107°(fmf+/fs)® . (6.3)

Assuming | far/fs | <1,] f+ | <1 one has
B(n — mev,) <107° . (6.4)

Second-class interactions involving a muonic current would be governed in gen-
eral by a different coupling constant, and might even involve a different second-class
current (similarly, second-class current contributions to the decays r — nmwv, would
be in general unrelated to those in n — mew, or n — muv,). We shall assume
here for n — muv, a coupling of the form (6.1) with G replaced by G'ﬁf). Using
the results of Ref. [48], and neglecting the contribution of the f_ form factor in

<m|V?|n> we find
B(n - muv,) ~ 1.2 x 10_10((1'(“2)f+/(1')2 . (6.5)

Second-class interactions involving muonic currents are constrained by u-capture
rates. The best limits [50] implv | 12 fs/G | < 3. Thus

B(n — mpv,) <1071 (6.6)

assuming | fs [~| fam | and | f4 |~ 1.

The decays n — mfv can proceed also via a second-class tensor coupling [48).
The upper hounds on n — wfv due to such an interaction would not be probably
very different from (6.3) and (6.6).

For CP-violeting second-class interactions the litnits from (J-decay and pu-
capture rates are weaker, because there is no interference in the rates between
such second-class current couplings and the first-class ones. But the upper limits
on the branching ratios of n -~ rer, and n -+ ruv, are smaller than those in (6.4)
and (6.6), due to constraints imposed by (1), )erpe (see Eq. T.4).
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Scalar Currents

The decays n — mev. and y — muv, can proceed also via first-class scalar
currents [48]. Scalar couplings are far less exotic than second-class currents. They
can be generated for example by the exchange of charged Higgs bosons, which
are present e.g. in the standard model extended to contain more than one Higgs
doublet. Let us consider the coupling

Hs = (G/V2)h$levid + H.c. (6.7)
B(n — mev,) due to (6.7) is given by [51]
B(n -+ meve) ~ (4.7 x 1071) | hiSd 12 g2 (6.8)

where gs(t) is given by < n* | id |  >= V2gs(t)m,. gs is related to the matrix
element of the divergence of the vector current, and can be experessed in terms of
the quark masses as [52] gs(0) = m2/m,(m, + mq)V3 ~ 1.75. 1he best limit on
h(;s) comes from the experimental value of the ratio of the rates for 140 —1¢ Net.

and v+ — n%e*v decays, implying | h(;; | <0.4(53]. Tt follows that

B(n — meve) ~ 3 x 1071, (6.9)

For a coupling h(s“s) defined as h(;s) in (6.7) but with e replaced by u, we deduce
from the results of Ref. [50], roughly | h(s“s) | <0.6. We find then

B(n — muv,) <4 x 1071 (6.10)

We note yet that the decays n — mev, and n — muv, occur also in the minimal
standard model due to isospin invariance violating effects. The corresponding rates
are expected to be smaller than the upper limits (6.4) and (6.6) by about four orders
of magnitude.

7. CP-Violation

The interaction responsible for the observed CP-violation in the neutral kaon
system has not been identified as yet. It could be the usual weak interaction, or
it resides outside of the minimal stanuard model. In extensions of the minimal
standard niodel there are many possible sources of CP-violation, which can give
rise to a variety of CP-violating effects. Here we shall consider the effects of CP-
violating interactions in the decays of % 7 and 7',
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. n.n — 3y

The decays P — 3v, where Pisa ' = +1 pseudoscalar meson, are forbidden
in the limit of C-invariance. They can be induced by a P-violating CP-conserving
interaction, or by an interaction which violates C and CP. Since the first mecha-
nism is provided by the usual weak interaction, the main interest m P — 3v i3 in
connection with the CP-violating mode.

- 3y

The present experimental limit for the branching ratio B(x® — 3v) =
[(7® - 3v)/T(x° — all) is [7]

Bir® - 3v) < 3.8x1077 (90% cl.) (7.1)

Before considering #® — 34 due to some new interaction, it is important to
have an estimate of B(m® — 37) due to the usual CP-conserving weak interaction.
We shall denote the latter contribution B(x® — 3v),. An estiinate of B(7® — 3v),,
was given by Dicus [54] based on a quark-loop model. He finds

B(r® = 37)y =~ I(n° = 37),/T(x" - 2v)
~ (1.2 x 107%)a(27)*G¥mi(m,/m)® (7.2)

where (7 is the Fermi constant, and m is an effective quark mass. The high power
of mpe/m in Eq.(7.2) is due to the fact that the simplest =ffective Hamiltonian for
7% — 3+ contains seven derivatives [55]. This renders 7 — 35 extremely sensitive
to the value of m. In Ref. [54] m = my (my = nucleon mass) was chosen, yielding
B(r® — 3v), =~ 1073%% where 10%% is a guess of the error involved in the
estimate. Form = (1/3)mpy one would obtain B(7® — 3v), ~ 7 x (10728%8),
‘There is some indication that m in quark-loop calculations may have to be taken
as light as 120 - 150 MeV [56]. With m = (1/7)my Eq.(7.2) would yield B(#° —
37)w ~ 6 x(10725%%),  As can be seen from here, the size of B(n® — 3+), is
quite uncertain, but it appears that it is not likely to be larger than ~ 107'8,

The CP-violating coutribution to B(7® — 3+) in the minimal standard model
is negligible relative to B(x® — 3v),. There are two sources of C'P-violation in
the minimal standard model: the 8-term in the effective QCD Lagrangian and the
Kobayashi-Maskawa (KM) phase § in the quark mixing matrix.

The 8-term does not contribute, as it is C-conserving, and the KM CP-violation
contributes to #® — 34 (and to any favor-conserving nonleptonic process) only in
second-order in the weak interaction [57).
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Considering CP-violating contributions from possible new interactions, it can
be shown [58] that in renormalizable gauge mcdels with elementary quarks the flavor
conserving nonleptonic interactions of the quarks do not ccntain in first order a P-
conserving CP-violating component. The CP-violating contributions to B(#® —
37) in such models are therefore also negligible relative to B(7® — 3v),. In
models with composite quarks P-conserving CP-violating effective interactions may
conceivably be present at the quark level, but their strength is ost likely weaker
than that of the weak interaction.

The conclusion of the above discussion is that in the current theoretical frame-
work m® — 3v is not expected to occur at an observable level. But let us free
ourselves now of all theoretical prejudices and allow for the existence of a flavor-
conserving C- and ('P-violating interaction (H ), or for the existence of a C- and
('P-violating photon-hadron interaction (Hem) with strength (f and fom respec-
tively) constrained only by experiment. Such interactions have beea invoked in the
sixties to account for the observed CP-violation [59]. The most stringent bound
on f and f,, comes from the experimental limit [60]

D, < 2.6 x 107 ecm (95% c.l.)  (7.4)

for the electric dipole moment of the neutron D,. A rough estimate of D, due to
s [61)

D, =~ (e/mn) (Gm% /4m)f (7.5)
where mpy is the nucleon mass. Thus | f | < 1.3 x 1075, The same Lound is
obtained for f.,,. Allowing an order of magnitude error in this estimate, we take
the limits for f and fon to be | f | < 107* and | fer | < 1074 7% — 3y due to
H and H,,, was investigated by Tarasov [62]. The ratio I'(7® — 34)/1'(n® — 2v)
is proportional to (m,/#i)!? rather than to (m,/m)!, since now ['(m® — 3y) does
not involve the Fermi constant; 7i is an effective mass, taken in Rel. [62] to be of

the order of the hadron masses into which #° dissociates. Tarasov argues that for
values of lis parameters, which correspond here to | f | < lor| fem | < 1, the

m® — 34 branching ratio can be B(n’ = 3y) < 107°. Thenfor | f| < 107* (or
| fem | < 107*) one would have

B(r® =35 q. < 10717 (7.6)

- a branching ratio again much too small to be ohservable.
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7 — 3y

B(n — 37) is expected to be enhanced relative to B(x® — 37) because of the
high power of (mp/ra.,¢) (mp = mass of the decaying meson) involved in the
P — 3y rate [63]. An estiamte of B() — 37), can be obtained from the estimate
of B(m® — 37)u of Dicus by replacing m, by m,, and m by another eflective mass
m. If we take m = (1/5)mpy we obtain [64]

B(n — 37)w ~ 3 x 10719%8 (7.

-1
-1
~—

For n — 3y due io H or H,,, the guess is
B(n —3y)g 5., ~039B(x" = 3)g 7. (m,/m.)'? <1071° (7.8)
The present experimental limit for B(n — 3vy) is (7]

B(n — 3Y)ezpr <5 x 1074 (90% c.l.). (7.9)

72— 3y

Using the estimate of Dicus, and taking %mN for the eflective quark mass — a
slightly larger value than for n — 3y in (7.8) - we obtain (using I'(y' — all) >~ 240
KeV (7)) B(n' — 3¥)w <2 x 107198,

For ' — 3 generated by H or H.m we have from (7.8) B(n' — 3y)<3x107°
if T(n' — 39)/I'(n' — 2v) ~ (my/m,)"*T(n — 3v)/U'(n — 2v). However this is
probably an overestimate, since the effective intermediate hadron mass for n' — 3+
is presumably larger than that for n — 3+.

The present experimental limit for the n' — 3y branching ratio is B(y' —
3y) < 1074 (90% c.l.) [65].

n—ontr”

This decay violates simulataneously P- and C'P-invariance [66]. It can be in-
duced by a P-, CP-violating interaction (Hp,cp), or by a P-conserving C'P-violating
interaction (Hcp) through interference with the usual weak interaction.

The present experimental limit for B(n — #*7~) = ['(y — v 7"y — all)
is 7]

Bn—=tr")<15x107? (90%c.l.). (7.10)

A rough estimate of then — m*

to Ks — 2r. We expect

m~ rate can be obtained by comparing n — 2r

Rog = T(n = 2m)/D(Ks = 2m) > (GPm /GEmica) | £ 1P (T.11)
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where s, = sin8,, (8; are the quark mixing angles), and f is the strength of Hpc~p
relative to the weak interaction, or the strength of Hcp relative to the strong
interaction. If Hop is due to Hem then § >~ e f..; otherwise f = f (see the
discussion of 7 — 3v earlier). From (Dy)ezpe (Eq. 7.4) we have | f | < 107%(] f |

< 10~ %e? in the case of _ﬁ,m), so that R, g <3 x 1077 and therefore

B(n—-wtr7)<15x107" | (7.12)
*#~ in the minimal standard model. The contribution
due to the KM phase § is negligible, since it appears only in second order (one
expects (Ry i )s = (Gm2 /31 V2)*(s}s29335)? implying B(n — =¥ 77) <1072 [67]).
C'alculations [68,69] of n — ¥ 7~ due to the §-term yield Bin — n¥ 7~ ) ~ 906>,
The contribution of the #-term to D, can be estimated in the same framework.
The result is [68] D, ~ (3.6 x 107!%)fecm, so that § <7 x 1071, It follows that

Let us consider n — =

B(n —ntr )e<5x 10717 | 7.13)
n <

A different estimate (A. Soni, Ref. 2) using the QCD rules of Ref. [70] yields a five
times larger upper bound.

Examples of models where CP-violation in the flavor-conserving nonleptonic
sector occurs already in first order are left-right symmetric models [71] and Wein-
berg’s Higgs model {72]. B(n — 2r) in these models have not been, to my knowl-
edge, estimated. The strength of the relevant CP-violating interactions in these
models is constrained to be less than ~ 10~* relative to G (in left-right symmet-
ric models by (Dy)ezpe and (€'/€)ezpt (73], in the Higgs model by (Dn)erpe (74]).
B(n — 27) should obey therefore the bound (7.12). In view of the surrounding
uncertainties the possibility of somewhat larger values for B(n — n*7~) cannot be
ruled out.

n —2r

The o' — 27 rate has not yet been estimated, to my knowledge, in any model.
A rough estimate, as for 7 — 2r in (7.11), comparing n' — 27 to Ks - 27 yields
B(n' — 27) <6 x 10717

An experimental limit of B(n' — 7%7%),., < 1072 (90% c.1.) has been estabh-
lished [65] for the branching ratio of n' — #°7%. For B(n' — #*n ") no experimental
limit is available as yet.
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n—rlete . n =2 2'xtr— nn > wtr~

The decay n — 7%te~ and the C-violating asymmetries in n — 7%~ n+ and
y 1 g

7,71' = m* 7~ have been investigated in the past to set limits of f and f., [75)].

Let us consider n — w%*e~ with the interaction H. Using the results of Ref.
76 and the present experimental limit B(1) — #%*e™)ezpe < 5 x 107% [7] we find
(identifying f with the ratio of the pnr andpnm coupling constants) | f | <3Ix1072,
About the same limit follows for f.,, for an isovector H.n. For | f | <107* (the
rough limit from D, ) we would have B(n — n%¢*e~) <4x107!°. The CP-invariant
contribution from two-photon exchange is expected at the level of 107 —10~° [77).
An experimental limit on B(p — 7%%e™) at the 107® level would set an upper
bound of ~5x 10"* on | f | and | fem |.

The asymmetries in 7 — mrx and 7 — xny (see Refs. 76 and 78) are (unlike
B(n — x%%e™)) linear in f (or fom). The asymmetries in 7 — 7w+ x~ Lave been
measured with a sensitivity of ~ 10~ [7], implying | f | < 10~? and a comparable
upper limit for | fem |. The upper limit on the C-violating asymmetry in n —
7+ n~~ is of the order of 10~2 [7], which does not provide a significant limit. The
asymmetry in ' — mry is about an order of magnitude more sensitive than in

i) — wxy [78] but it has been searched for so far only with a sensitivity of ~ 10~!
[
(75].

to ization jn P — €+¢~

An interesting ohservable in P — (*{~ decays (P = pseudoscalar meson} is
the degree of longitudinal polarization P of the ¢* (or €~). The amplitude is
given by Eq. (2.1). If the meson is an eigenstate of CP, the parity-conserving
amplitude is CP-conserving and the parity-violating amplitude is CP-violating [79).
As a consequence, the leptons can have a longitudinal polarization only in the
presence of a CP-violating quark-lepton neutral current interaction (80]. In the
minimal standard model P therefore vanishes. The polarization (defined as P =
(NrR— NL)/(NR + Np), where Np(N_) is the number of 4~'s (or u*’'s) emerging
with positive (negative) helicity) is given by

_ mur?[m(ba*)

anT (7.14)
where T is given by Eq. (2.2). Since b = b is real, we can write (7.14) as
P= _'""'"2 b Imal*! (7.15)
4
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The experimental P — (*¢~ rate s bounds on :c(P (defined as =) in Eq. 2.6).
Since » | 5™ |< 249 | Ima'®) |, we have
P

€)]
22,

Pl —F—
1+ (2))?

(7.16)

The largest upper bound corresponds to z(P” = 1. Note that P = 1 for Rea'®) +a(™

=0,z = L.

The actual size of P depends on the strength of the SP-couplings in the effective
neutral current interaction.

Let us cousider Pin 7% — e*e~ [5]. The amplitude 5" is given by Eq. (2.12).
The interactions that give rise to the gg,l-term contribute also to the electric dipole
moment of the electron and to the electric dipole moment of the neutron (in orders
Gg(; and C'g pa for leptoquark exchange and Higgs exchange, respectively). We
find that (Dpn)ezpt (Eq. 7.4) indicates, roughly, | g(') | <10~ 1 1072 It follows
that

Pro_ie+e- <08 . (7.17)

The upper limit in (7.17) corresponds to | g'p |~ 107! and Rea(®) + o'™ ~ 0 (and
therefore to B(n? — ete™) ~ 5 7T < 1078).

The b-amplitude for n — ete~ is given by Eqs. (2.31) and (2.33). The rough
limits for (c) and f-(') are | f(') | <1072 = 107! and | f(') | <0(1). It follows
that

| Ppoete- | <1 (7.18)

The upper limit in {7.18) corresponds to Rea'¢) + a'™ = 0,rb™) = Ima!® (i.e. to
¥V =1). The branching ratio would be then B(n -+ ete™ ) ~ 3.5 x 107°,

Even at the level of P ~ 1 a search for lepton polarization in 7% — ete~
or in n — e*e” (even for the anticipated higher n-fluxes) would be forbiddingly
difficult because of the small branching ratios and the small analyzing power for
e*-polarization measurements.

A search for muon polarization in n — u*u~ might be less demanding, because
of the possibility to measure muon-polarization through muon-decay {81}, and also
because of the relatively large branching ratio. Pinn — u*u~ is sensitive to the

and f-(“)-type couplings (cf. Eq. 3.4). (Dp)ezpe indicates | f(“) | <1072-10"!

and | f-(s';-,) | <0(1), implying
| Poceuy | £0.2 (7.19)

The limit | f“) | <0(1) involves the assumption that the contribution of a coupling
involving the s-quark to the neutron dipole moment is suppressed (for equal coupling
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strength) by a factor of 10 relative to the contribution of an interaction invalving
the v — and d-quarks. If the suppression is stronger, P,_,,, could be larger than
(7.19).

The vanishing of P for n — ut ™ (and 7® — ete™, 7 — e*e™) in the minimal
standard model is in contrast with P in A -» p*p~. Pk, .., is nonzero in the
minimal standard model due to the fact that i’y is not a ('P-eigenstate. The
e-term in K = K, + ¢k gives rise to | Px, —,, [~ 1073 [82], which sets the level
below which one could not search for new physics. Pg,_,, provides, of course,
information on other types of CP-violatiig interactions than P o _.. or P, _¢.

8. Conclusions

The main purpose of the analysis contained in this talk was io prepare ourselves
to give an answer to the question of which experiments in the field of the rare
and forbidden decays of the x%, and 7', excluding decays with forbiddingly small
branching ratios, could give us new information on possible physics beyond the
minimal standard model. We conclude with the following, most likely incomplete
list:

o Searches for n — ete~ below the present experimental upper limit of 3 x 10~4
for the branching ratio.

The electromagnetic contribution to B(n — e*e~) is expected at the level of
~2x107° - 10"% An experimental upper limit on B(n — e*e~) of the order of
10~® would yield upper bounds of ~ 4 x 10~2 on I=0 pseudoscalar e — u, d couplings
and upper bounds of the order of one on I=0 pseudoscalar ¢ — s couplings.

o Improving the iimits on B(n® — X), B(n — X), B(n® — v;i5;), and setting
limits on B(n' — X) end B(n.n' — vib;). Also, setting limits on B(y,n' —
MX)(M = meson or mesons).

This would constrain neutrino-quark couplings for both the known neutrinos
and also for possible new neutrinos. The P — X limits would in addition set limits
on the branching ratios into other possible weakly interacting light particles.

e Improving the limits on B(y — =°u*u=),B(n' — nutp~) and B(y) -
nutu”).

This would extend the searches for light Higgs hosons.

o Searches for n — pe with a sensitivity to branching ratios of ~ 10°* — 10 '
and smaller,

These would provide new information on possible muon-number violating in-
teractions.
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e Searches for n — mev, and n — w1, at the branching ratio level of 107° —
1071% and below.

These would set new limits on second-class vector current couplings. Searches
with a sensitivity ~ 107 !! and better would provide also new limits on scalar charged
current quark-lepton couplings. In renormalizable gauge theories with elementary
quarks second class current must be absent. Charged scalar current couplings can
arise for example in the standard model with an extended Higgs sector.

o Searches for 1 — 3y and 3’ — 3y at the branching ratio level of 107'° and
below.

In current theories a C'P-violating contribution to B(n — 37v) is expected to -
be smaller than the contribution from the CP-conserving weak interactions. A
guess for the latter is B(n — 3v) =~ 3 x 107'%*%,  However, phenomenologically
B(n — 34) ~ 107!° cannot be ruled out. It should be noted that the interpretation
of a null result in terms of a limit on a ('P-violating coupling constant would be
difficult because of the large uncertainties in estimates of B(n — 3v).

o Improving the limit on B(n) — m%e¢* e~ ) and on the C-violating asymmetries in

n - mrtr" and n' — rry.

In current theories the C'P-violating contribution to n — n%ete™ as well as the
C-violating asymmetries are expected to be negligibly small. Phenomenologically,
the experimentt . limit on the electric dipole moment of the neutron indicates that
the CP-violating contribution to B(n — m%*e™) should be below the contribution
of 2y-exchange, and that the C-violating asymmetry in 7 — 7%+ x~ should be less
than 10", Nevertheless, limits on f and f,,n (for the definitions see the discussion
of #¥ — 3v) independent of the dipole moment would be useful.

o Searches for muon polarization in n — utp~ at the ~ 107! level and below.

Such studies would provide information on CP-violating muon-quark neutral
current interactions.
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