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We deduce an experimental upper bound 2 [I (vr ~p+e ) +I (m ~p e+)]/ I (n ~all)
&7X10 (90% C.L.) on the branching ratios of m ~p—+e+ decays from available data. We con-
sider the existing constraints on the underlying muon-number-violating interaction and find that the
present experimental information on p ~e conversion in sulfur implies an upper limit on the
~ ~p +—e + branching ratios which is not likely to be larger than 10

I. INTRODUCTION

In the minimal standard SU(2)1. XU(l) gauge theory of
the electroweak interactions' (the standard model with a
single Higgs doublet) muon-number violation can arise
only if the neutrinos have mass. In this theory, if there
are no further lepton families beyond the three we know,
the largest possible branching ratios for muon-number-
violating processes (such as prey, p X—&e

I(:I.~pe) are orders of magnitude below the present ex-
perimental limits. ' This is due to the suppression factorsI /Mii contained in the amplitudes, and the experi-
rnental limits on the neutrino masses. However, the
branching ratios of muon-number-violating processes
could be larger in many theoretical schemes that go
beyond the minimal standard model. The possibilities in-
clude: existence of flavor-changing neutral gauge bosons
(for example, the gauge bosons associated with horizontal
gauge interactions, or the gauge bosons present in extend-
ed hypercolor theories ); existence of flavor-changing neu-
tral Higgs bosons (in the standard model this would re-
quire the presence of more than one Higgs doublets );
composite models; muon-number violation mediated by
light leptoquarks (present in some grand unified theories
and in extended hypercolor theories ); muon-number
violation mediated by supersymrnetric partners of the usu-
al SU(2)L XU(1) gauge bosons existence of new elec-
troweak interactions. " Muon-number violation may be
stronger also in the minimal standard model if further
lepton families, involving heavier neutrinos, exist.

The relative size of the rates of various muon-number-
violating reactions depends on the mechanism of muon-
nurnber violation, and also on the model and its parame-
ters. It is therefore important to search for all possible
muon-number-violating processes.

The purpose of this paper is to investigate the decays
~0—+p —e~, potentially interesting for facilities with high-
intensity pion beams. ' A preliminary report on this
study was given in Ref. 13. Subsequently, the decays
m. —+p—+e + have been investigated in Ref. 14.

In Sec. II we deduce an experimental upper limit on the
branching ratios of m ~p —+e from existing data. In Sec.
III, the m —+p —+e + amplitudes are given for a general local
effective interaction. In Sec. IV we explore what con-
straints are imposed on the coupling constants of the ef-
fective interaction (and thus on the vr ~p +e+ br—anching
ratios) by the present experimental information on
p —+e conversion in nuclei. We consider here also the
effective interaction in the light of possible sources of
muon-number violation suggested by current theories.
The last section contains our conclusions.

II. EXPERIMENTAL LIMIT
ON THE m —+p —+e + BRANCHING RATIOS

To date, no experiment has been carried out to search
for the decays ~ ~p+—e+. ' To determine the best exist-
ing limit for the branching ratios

B(n ~p +e+)= I'( i~—r— p+e+)/I —(n ~all)

we have examined all past experiments that might have
been sensitive to m ~p —+e . An ideal experiment would
have a copious source of m. 's and some means of identify-
ing the particles in the final state. The best limit we can
find comes from a high-statistics experiment' ' designed
to study K—+~m. +m e —+v, decays. This experiment,
which was sensitive to about 10 charged-kaon decays,
also searched for various rare decay modes of the charged
kaon, including E +—~m. —+p e —. The E +—~m. +—m. decay
mode, with a branching ratio of 21%, provided a copious,
tagged source of neutral pions. The decays m ~p—+e
would appear in charged-kaon decays through the cascade
It.'—+'—+m'—+ 'm. ~m'—+ 'p—+e ~. The experiment used two seg-
mented threshold Cherenkov counters to identify e +—with
the same sign of charge as the decaying kaon. The excel-
lent electron identification enabled them to search for
K+~n.+e+p and E ~n. e p+ without requiring a
cut on the )Me effective mass. Their limit on
I (IC+~~+e~p+) and the fa—ct that 56% (44%) of their
data had incident positive (negative) kaons' yields

As

0.56I (E+~m'+e+p )/I (X'+~all)+0. 441(K ~m p+e )/I (K ~all) & 1.4X 10 (90% C.L. ) .
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I (K+~n+e+p )/I'(K+~all) &B(n.~p e+)I (K+ +—m+m )/I (K+~all),

I (K n e p+)/I (K all) &B(m. p+e )I (K m n. )/I (K all),

and since

r(K+ m+7r )/I'(K+ all)=r(K 1T 1T )/I (K all)

(Ref. 18), the bound (1) implies's

—,[B(vr ~p+e )+B(m. ~p e+)],„~~&7X10 (90% C.L. ) . (2)

An experiment specifically designed to search for n. ~p ec—ould improve the sensitivity to this process. For exam-
ple, an experiment designed to detect K+~n.+p+e(R—ef. 19) could search for m ~p +—e+ through the cascade
K+~n.+no~a. +p e+. T—he detection of the m+ with the right kinematics to indicate a missing mass of 135 MeV/c
tags the m . The experiment of Ref. 19 hopes to be sensitive to —10" K+ decays. Since 21% of all K+ decays are into
the m+m channel, it may be possible to search for m —+p—+e with a branching ratio as low as 10 ' . A more sensitive
search for m.o~p —e+ would require a higher-intensity kaon beam than is presently available.

III. THE m ~p +—e + AMPLITUDES

Diagrams describing some possible mechanisms for the decays m —&p —e + are shown on Figs. 1 and 2. Regardless of
the underlying decay mechanism, the amplitudes are of the general form

M(m —+p+e )=Cu(p )iys U(q+ )+Du(p )U(q+), (3)

M(n ~p e+) =Cu(q )iys U(p+ )+Du(q )U (p+ ), (4)

where p,p+,q, q+ are the momenta of e,e+,p,p+ and C,D, C,D are constants. The decay rate for m ~p+e is
given by

I (m ~p+e )= [(1 r, )+r& —2rz (1+r,—)]'~ (1 r, r& )— —
8m'

X /C[' 1+2 ',~, +/D/' 1 —2
p e1 —T —I' 1 —f' —I"

p e

(1 r„')'(
[
C—

f
+

/

D
f ),

where r, =m, /m and r&
——m„/m (m„m&, and m are

the masses of the electron, muon, and pion). The same
expression holds for I (m ~p e+), but with C and D re-
placed by C and D, respectively. '

In the following we shall assume that the muon-
number-violating quark-lepton interaction responsible for
~o~p +—e+ can be represented by a local Hermitian ' ef-
fective Hamiltonian of the form

H ff [(fvAey p+fAAey ysiJ )Jx
2

J~ =
2 (uy~ ys u —d,„„d),A

J = ,'(uiysu —diysd—) . (8)

The interaction (6) is the most general local nonderivative
four-fermion coupling that can contribute to mo~p —+e+.
It accounts for the contribution of the diagrams of Fig. 1

(cf. Sec. IV), and also for the contribution of the diagrams
in Fig. 2 unless the square of the mass of the mediating
boson is comparable to or smaller than the square of the
four-momentum it can carry. We shall comment on the

+(fspep+fppeiysp)J ]+H.c. , (6)

where f~A, fAA, fsp, and fpp are constants, G—= Fermi
constant (=10 mp ), and Jq, J are isovector opera-
tors given by
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FICx. 1. Electroweak contributions to m ~p —e . (a) &o& di-
agrams; (b) induced Z contribution.

FIG. 2. Nonelectromeak contributions to m —+p —e+. (a)
Contribution of a neutral flavor-changing gauge boson; (b) neu-
tral flavor-changing Higgs-boson contribution; (c) leptoquark
contribution.
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C = [f~(m, +m&)m pz+fppm pp],
6 2

2

D = [lfvg(me —mp)mug +fspm~ Pp]
6 2

2

(9)

(10)

latter possibility in Sec. V.
The Hamiltonian (6) gives rise to the following

~ ~p+-e ~ amplitudes:

leptons comes from experiments searching for conversion
of negative muons into electrons in nuclei. Among
these we find the most constraints for?r0~p +—e + to be the
results of a recent search for p ~e conversion in
sulfur. "

In the experiment of Ref. 26 no electrons were seen in
the momentum range 96—112 MeV/c. This implies a
limit

C= [f~(m, +m&)m pq+fppm pp],&2
&„","("S).,P(

——[I „","(' S)/I „",'("S)]„P(

& 7 X 10 " (90% C.1.. ) (21)
D = [lfvg(mp —m )m Pg +fsp??l Pp),

6
2

where p~ and pp are defined by

&o
I
z,"

I
~'(s)) ='m p~p),

&0
I
J I?r (J?) ) =m pp .

(13)

(14)

The constant pz is related to the charged-pion decay con-
stant f [defined by

&old) a, u l~+(p)= flp„,
f =131.9 MeV (Ref. 22)] as

p„= f„/m V 2=—+0.7 .

p~ can be related to p~ using the equation

a'J~ =m„ugly, u —m, dI, y, d,

on the branching ratio of the coherent conversion process
[the process in which the nucleus remains in the ground
state, and consequently the electrons are monoenergetic,
with the maximum possible energy (E, '"=104.7 MeV
for a S target)]. In Eq. (21), I „"„'( S) is the total
p + S—+v&+ P capture rate.

Coherent p ~e conversion would take place if the
muon-number-violating interaction contained terms in-
volving scalar or vector quark densities. Such terms do
not contribute to m —+p +—e~ decays. To contribute to
coherent conversion on S the couplings must also be iso-
scalar, the ground state of S being an I=0 state. For
couplings of the forms

~v =
2

(fvve1'"P+f~vel' 1'5P) 2 (?TX?.& +d1'2.d)
(22)

pp ——pram /(m„+md) . (16)

where m„and md are the (current) masses of u and d.
One finds23

and

~s='= (fsseP+fpse l)'3? ) 2 (u~+dd»
2

(23)

Hence we obtain (neglecting the mass of the electron)

I
C

I

=
I
c

I
=

I
(g && 1o ')f~+ 1o '~fPP I,

ID
I

=
I
D

I
= I(»&10 ')?fr+10 'cofsP I,

(17)

and

gcoh(32S ) 76 3(
I f(0)

I

2+
I f(0)

I

2) (24)

the branching ratios of coherent p + S~e + S con-
version are

where we have denoted 0?=m /(m„+md). The corre-
sponding branching ratios are [using I (?r ~all)=7.9 eV
(Ref. 24)]

8(?r ~)M+e )=B(m. ~p e+)

~coh(32S) 69 1(
I

f(0)
I

2+
I

f(0)
I

2)

consequently, the limit (21) implies

(
I

f"'
I

'+
I

f'"
I

')'" &9 6X 10-'

(25)

(26)

=67&&10 "( If~~+I 3~fPP '

+ I?fr+I 30?fsP I') .

and

( Ifss'I'+ Ifps'I')'"& 1o ' (27)

It follows that the experimental limit (2) constrains the
coupling constants of (6) as

( If~+ .3~fPP I'+ I ?fr+1 3~fsP I')'"&10. (20)

IV. CONSTRAINTS ON THE
MUON-NUMBER-VIOLATING COUPLINGS FROM

p —+e CONVERSION

Could m. —+p —+e ~ occur with a branching ratio near the
experimental limit (2)? To give an answer, we have to in-
vestigate what constraints are imposed on the muon-
number-violating couplings by other data. To date, the
only further direct information on strangeness-conserving
muon-number-violating couplings between quarks and

The experiment of Ref. 26 constrains also the coupling
constants of the interaction (6). For couplings of this type
the conversion strength is not concentrated at the end of
the electron momentum spectrum but instead the average
electron energy is expected to be around 80 MeV, as the
average neutrino energy in ordinary muon capture.
The electron spectrum in Ref. 26 was measured for elec-
tron momenta above 80 MeV/c. Bounds on the muon-
number-violating coupling constants could be obtained by
calculating capture rates to particular excited states of S
and comparing the results with experimental upper limits
for these rates, deduced from the measured electron yields
and the theoretical electron momentum spectrum due to
known processes. For our purposes it will be sufficient to
concentrate on the quantity
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8„,("S;80MeV/c) =I.„,("S;80MeV/c)/r„", '("S)
p maX

X
p =80 Mev/c

r„,("s;p )/r„"„'("s),

(28)

i.e., on the branching ratio corresponding to the sum of
branching ratios of p, —+e transitions over the full
momentum range in which the electrons were searched
for. The experimental electron momentum spectrum
agrees with the expected spectrum above 80 MeV/c from

p decay in orbit and from radiative p capture in both
shape and rate to within -20%. Taking this as an esti-
mate for the largest p ~e signal which could be
present in the data, we find

B~,( S;80 MeV/c), „p, (4X 10 (29)

Since for a given nucleus a substantial fraction of all

p ~e transitions is expected to result in electrons with'
momenta above 80 MeV/c, the experimental limit (29}en-
ables us to set a rather secure upper bound on the total
p —+e conversion rate r&,'( S), a quantity which can
be estimated without the knowledge of the nuclear wave

I

functions. Assuming that I &, ( S; 80 MeV/c) accounts
for a half or more of all p ~e transitions, (29) implies

at't("S),„„—=[r„",'("S)/r,"„'("S)/],„„&8x 1O-'. (3O)

The contribution of (6) to I z,'( S) can be estimated us-
ing the closure approximation, which gives a good
description of total rates for ordinary muon capture for a
wide range of elements. ' For the total JM

—+e conver-
sion rate on a nucleus of charge Z and atomic number A
we find, following the procedure of Ref. 29,

I „",'(Z, A)

m E 2 2

Z A
I y~ I,„A, 1 — 5'"'

16m (137) 2A

(31)

where E is the average electron energy,
I p& I,„represents

an average of
I y„ I [tp„= muon wave function normal-

ized as q&&(0)=1] over the nuclear volume, and 5'"' is a
nucleon-nucleon correlation parameter, analogous to the
quantity 5 appearing in the closure formula for the total
p +Z—+v&+(Z —1) capture rate. The quantity A, is
given by

3gq +g~(gq+m„gp) +(gz+m„gp) (E/2M) (
I fv„ I

+
I f„„I

)+hp (E/2M) (
I fop I

+
I fpp I

)

+hp(E/M) g~ + (g~™,gp } ~ «(~fv~fsp f~Afpp) ~-
2M

(32)

In Eq. (32) M is the nucleon mass and g~,gp, hp are the form factors in single-nucleon matrix elements of J~ and J
(~(p')

I
Jg

I
&(p) &=&(p')[g~(q'))'a 5+gp(q')xsq~]

(33)

(N(p')
I
J

I
N(p)) =&(p') hp(q )~y5 &(p),

2

evaluated at q =m„—2m„E (q =p —q }.
To estimate r&,'(Z, A) we shall take E=80 MeV, sug-

gested by the magnitude of the average neutrino energy in
ordinary muon capture. It follows that qz= —0.5m&~.
Thus

go =go(q = —0.5m& )

=(1+0.5m& /mz ) gz(0)=1.25,

m„gp(q = —0.5m„')=—10.7 . (36)

hp(q~)=(co/m )[2Mg&(q~) —q gp(q )], (37)

hp can be estimated using the relation (15). Neglecting
the isoscalar contribution (proportional to m„—mq), we
find

and consequently
(34)

where we have used mq ——1.07 GeV (Ref. 33) and
g~(0)=1.26 (Ref. 34). For gp we shall use the PCAC
(partial conservation of axial-vector current) prediction

m„gp(q')= v2f g~xx-
m~ —q

+(4m „mm/„')g, (0), (35)

where g ~~ (=13.4) (Ref. 36) and f (=131.9 MeV) (Ref.
22) are the pion-nucleon coupling constant and the pion
decay constant, respectively. Consequently,

hp ——hp(q = —0.5m& )=13.2co, (38)

where, as before, co=m /(m„+md). Using (34), (36),
(38),

I y I,„0.53 (Ref. 37), 5'"'=3 (Ref. 32), and
I~„'( S),„~,=(1.352+0.003)X10 sec ' (Ref. 31), we ob-
tain

a„",'("s)=(1.9xlo-')( Ifv~ I'+ If~~ I'}
+(1.6x lo-')(

I fsp I
'+

I fpp I
'}~'

+(4 7X1o ')~Re(&fv~fsp f~fpp} . —(39)

Hence the experimental bound (30) implies
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+ If» I
)+(g 2X10 )ro ( Ifsr' I

+ If~~ I
)+(2 5X1 ')~Re(~fv&&» f»fI'&)]' (40)

for the coupling constants of (6).
Let us consider now the consequences of the bound (40)

on the m. —+p —+e + branching ratios.
For a pure axial-vector-type coupling (40) yields

( Ifv~ I'+ If» I')'"&2X1o '. (41)

As a result, we obtain the bound [cf. Eq. (19)]

B(m ~p —e+) &3X10

For the pseudoscalar-type couplings the constraint is

( Ifsi I'+ If~~ I')'"&(7X1o ')/~ (43)

implying

B(n. ~p +e+) &6X—10 (44)

independent of the quark masses.
To conclude this section, we shall consider yet briefly

some possible sources of the effective interaction (6).

A. The minimal standard model

n 36mj
U„'1 U,J

fs~ =f~~ =o

m Mg2 2

1+ ln +-
m~ mj

(45)

where U,j, U&j are elements of the neutrino mixing ma-
trix, mj are the neutrino masses, and n is the number of
fermion generations.

With only the three known lepton families, the largest
possible neutrino mass is given by the upper limit of 250
MeV for m 3 (Ref. 4). Using the constraint

U 3U~3 I
& 10 valid for 35 MeV & m3 & 300 MeV

(Ref. 41), we obtain

Ifv~ I

= If» I
&1o ' (46)

and consequently B(m ~p +—e+) &10 If' I If» I

could be larger than the upper bound (46) if further lepton
families exist. It should be noted however that for a wide
range of values of the heavy-neutrino mass B(prey)
and B&',"( S) are more constraining for fvz, f» than
Btot( 32S)

B. Extended electroweak models

An attractive extension of the standard model is a
gauge theory of the electroweak interactions based on
SU(2)1 XSU(2)~ XU(1). In some versions of these
models muon-number-violating processes may have large
rates even in the three-generation case, due to the presence
of heavy right-handed neutrinos. " The dominant dia-

The lowest-order diagrams describing the transitions
uu ~p+e +,gg ~p —+e ~ relevant to m —+@+—e are shown
in Fig. 1. Their contribution to the effective coupling
constants of the Hamiltonian (6) is given by

fv~ = —f»

C. Flavor-changing neutral-gauge-boson
exchange [diagram (a) in Fig. 2)

Examples are the gauge bosons associated with possible
horizontal gauge interactions. The simplest possibility is
horizontal interactions governed by a U(1) gauge group.
The associated gauge boson Y is Hermitian and couples to
the fermion mass eigenstates as

gg( g vny3Q + Ig Qy+ 5Q +gvdygd

+ gzdyqysd '+Pvsy3. d +
+~vi y~e+~~I X~r5e

+pvey3e+ )Y' +H.c. , (47)

where g~ is the horizontal gauge coupling constant, and
the quantities gv, gz, . . . , depend on the U(1) quantum-
number assignment and on the various mixing angles and
phase parameters. In the absence of generation mixing
the interaction (47) is flavor conserving. The Lagrangian
(47) generates an effective four-fermion interaction (as-
suming mr &&P3 ', Pr ——four-momentum of &) of the
form (6), with

fv„——v 2ga cbrit('re —gg)/Gmr (k = V, A) . (48)

Values of fv„,f» as large as the bound (41) cannot be
ruled out. The bound (41) implies
m &»5' I f1~ —4~ I

'"(
I

harv

I

'+
I

tT~
I

') '"TeV
Flavor-changing neutral color-singlet gauge bosons are

present also in extended hypercolor models. Since they
generate the masses of the ordinary fermions, their masses
(unlike those of the horizontal bosons discussed above)
cannot be arbitrarily large. p —+e conversion in the ob-
servable range is expected, unless the pertinent mixing
angles are too small.

D. Flavor-changing neutral-Higgs-boson
exchange [diagram (b) in Fig. 2)

In the standard model of the electroweak interactions
with more than one Higgs doublets the interactions of the
neutral Higgs bosons with the fermions contain in general
flavor-changing terms. The coupling of a Hermitian

grams for uu~p—+e,dd~p —+e are expected to be the
same as those in Fig. 1, but with the left-handed gauge bo-
sons replaced by their right-handed counterparts. The
corresponding coupling constants fv„and f» are propor-
tional to

[(Mt —M2 )/mg„](mg /ms )

(M &,M2 are heavy-neutrino masses), "and could be larger
than the bound (46). To our knowledge, sufficiently de-
tailed calculations are not available, but also in these
models B(prey) and B", ( S) are expected to constrain
fv~,f» more than I &",( S) for a wide range of values of
the heavy neutrino masses.
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Higgs field PH to the leptons and the quarks has the gen-
eral form

~PI=(gs"''uu +gp"'ut'ysu +gs dd+gp d'ysd

+gs(')sd+ -. - +gspe+gseI

+gppiyse+gpeiysp+ ' ' )PH . (49)

The corresponding effective constants fsp, fpp are (assum-
ing m~ &&PH )

fkp=~&gk(gp gp )/Gnta (50)

Values of fsp and fpp as large as the bound (43) are not
ruled out. Unlike in the model with one Higgs doublet,
the Higgs-field —fermion couplings are undetermined. In
one special case they are proportional to the heaviest fer-
mion mass in the given charge sector. As-
suring gs ——gp=2 6 I, gp =2 G mg, gp

1/4 (+) 1/4 (d)

=2'~ v G mb (ignoring mixing angles), the bound (43)
would imply [with m„=4.2 MeV, rnid ——7.5 MeV (Ref.
23), and assuming m, =30 CxeV] IH & 1.4 TeV.

Contributions to the effective interaction (6) may also
come from Higgs bosons associated with extensions of the
standard model. In extended hypercolor theories the
states corresponding to Higgs bosons are the color™singlet
pseudo-Goldstone bosons.

Thus limits on f;„(i= V, A) and f;p (i =S,P) can be ob-
tained in this case also from coherent p —+e transitions
sensitive to isovector couplings. The best existing limits
(barring cancellations among the contributing terms in the
p —+e amplitude) come from the experimental results
of Ref. 27, and are comparable to the bounds (41) and
(43).4'

The effective interaction due to spin-zero leptoquark
exchange is of the same form as (51) but involving scalar
and pseudoscalar, rather than vector and axial-vector den-
sities. In the Fierz-transformed form fJ~ —— fv'tv-,
fv'q —— f„'tv—, fs$'=fp$', fpg=fs$' (q =u, d), so that limits
on fvv tv (fss fps) aPPly to f»,fv& (fpp fsp) also in
this case. The novel feature is the presence of tensor cou-
plings

- I[{gTT'e~t, i +gTr"'~~1. tysi )u~'"u]v2

+ [u ~d] I +H. c,

(which contribute to incoherent ILt ~e conversion, but
not to ~' p~e') with gp', =gsy' and g' p''=ig,'&'

(q =u, d).

V. CONCLUSIONS

E. Leptoquark exchange [diagram (c) in Fig. 2]
Our main results are the experimental limit (2), and the

(considerably lower) phenomenological upper bounds (42)
alld (44) oil the 1r +p 8 b—ranching ratios.

The bounds (42) and (44) would be weaker if the aver-
age electron energy and/or the ratio I &, ( S; 80
MeV/c)/I z",{ S) were smaller. However, the values of
these quantities are not likely to differ appreciably from
those we took. Effective coupling constants exceeding the
bounds (41) and {43)are not completely ruled out also be-
cause there could be cancellations among the various pos-
sible contributions to p —+e conversion.

The bounds (42) or (44), which correspond to the local
interaction (6), could be violated considerably if—a re-
mote possibility —the qq ~pe ( q =u, d) transition is
mediated by a light boson of mass (ms) near m, ex-
changed in the s channel. The right-hand sides of (42) or
(44) would have to be multiplied then by the factor
[(m~ +0.5m„)/(ms —m )], arising from the
momentum-transfer dependence of the boson propaga-
tor. Other nonlocal terms can be present in the effective
muon-number-violating interaction from nontree contri-
butions, but is unlikely that their effect would be appreci-
able.

%'e conclude that the present experimental information
on p —+e conversion" implies an upper bound on the
w ~p —+e+ branching ratios which is not likely to be
larger than about 10 ' . Such branching ratios cannot be

' ruled out in some extensions of the three-generation
minimal standard model. They are however too small to
be experimentally accessible in the foreseeable future.

Note added in proof. It has recently been brought to
our attention that the experimental limit on m ~pe ob-
tained by Bryman (Ref. 14) is, in fact,

Leptoquarks are present in grand unified theories and
also in extended hypercolor theories. In extended hyper-
color theories and also in some classes of grand unified
theories they are sufficiently light to mediate some rare
processes with rates in the observable range. In lowest
order leptoquark exchange generates only semileptonic in-
teractions. Both spin-one and spin-zero leptoquarks
occur.

The most general four-fermion interaction for
uu~p +—e~ and dd~p+—e~ transitions arising from the
exchange of a spin-one leptoquark is of the form (assum-
ing rnlq »ply )

Ff,tt= [(nvv'uyl ikey u +n»uylysPey ysu
2

+nv~uy&ey Ysu +n~v" y'lysPey ")

(51)+(u ~d)]+H. c.

+(fss~P+fpseiysP) 2~ (uu —dd)]+H. c.

(52)

With the fields rearranged in the el';pql Jq order, the
Hamiltonian (51) is a sum of V-, A-, S-, and P type cou--
p»ngs wlthff~=fX fP~=fAv fPR fs$ fsS fPk'
(q =u, d). As a consequence f» ——fvv, fvz f„v, ——
fpp =fss and fsp = fps where the co—nstants fvv, f~v,
fss, and fps are defined by

2
[{fvvey P+favey ysP) 2 (uytu —dyld)
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g(mo~p+e )+JJ(no~-p e+) &7X10 ' (90% C L )

We have verified this by examining the experiment from
which Bryman obtained his limit. This limit is a factor of
2 more sensitive than our limit [Eq. (2)]. We thank Pro-
fessor T. G. Trippe for pointing out this to us.
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