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Phenomenological aspects of the decay m°— e *e ~ are discussed in the presence of a general neutral-current

interaction.

The high-flux pion beams in meson factories
and other new experimental facilities open the
possibility of observing the hitherto undetected
rare decay m~e'e”.! This process is of interest
as a probe of the m%yy vertex,? and also as a po-
tential source of information on possible nonelec-
tromagnetic interactions between electrons and
hadrons.®~® Examples of the latter are the neutral-
current interactions predicted by many unified
theories of the weak and the electromagnetic in-
teractions,’ or the effective electron-hadron cou-
plings arising from the exchange of leptoquark
bosons (bosons causing quark — lepton transitions),
which appear in theories attempting to unify the
strong and the nonstrong interactions.® In the
following we shall refer to any nonelectromagnetic
electron-hadron coupling as “neutral-current in-
teraction.”

The purpose of this note is to give a phenomeno-
logical discussion of the process m°—e'e” in the
presence of a general neutral-current interaction
which is allowed to violate CP invariance. The
implications of the present experimental upper
limit on the 7° ~e*e™ decay rate on the coupling
constants of the most general nonderivative effec-
tive Lagrangian are discussed, taking into ac-
count constraints provided by other available data.
We point out that a large CP-violating amplitude,
of the order of magnitude of the CP-conserving
one, is not excluded in this decay by present data.
Aspects of 7°~e*e” decay in the presence of
neutral-current interactions have previously been
discussed in Refs. 3-6.

The decay m°~e*e” is expected to occur via the
conventional electromagnetic interactions in fourth
order, as shown in diagram (a) of Fig. 1. In the
presence of a neutral-current interaction, it can
also proceed according to diagram 1(b) and/or
diagram 1(c).°

The most general matrix element for a 7° decay-
ing into an electron and a positron of four-mo-
menta p_ and p,, respectively, can be written as'®

M(n® ~e*e™)=au(p_)vsv(p,) +ibup_)v(p,), (1)
where a and b are complex numbers. The ampli-

tude a represents the P~ and CP-conserving part,
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while the b term is P- and CP-violating. Hence,
the decay is parity-conserving if CP invariance
holds.

Since a common phase factor is irrelevant, the
process M ~e*e” is in general characterized by
three real numbers: the magnitudes of the ampli-
tudes a and b and their relative phase. These can
(in principle) be determined from the decay rate
and from the various polarization effects. The dif-
ferential decay probability in the n°-rest frame
ile
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where 7 =(1 —4m?/m?)"2, m and m, denote the
electron and the pion mass, ¢. and £, are the
electron and the positron polarization vectors in
their respective restframes,n=p_/[p-|= - 9./ D, |.
The parameters &, §, and 7 are given by

-~ 2rReba*

a= [+ 72 B ° (3a)

~ 2v Imba*

B— |a|2+72|b|2 ’ (3b)
2 _2[pl2

_laf? 7?1 30)

" la el
They are not independent but satisfy the relation
&%+ f%+7=1. The decay rate is

m

T = G2 laf+ 7o) (4)

Given &, f, and 7, one can compute the ratio of
the amplitudes a and b: a/b=7(&-i8)/(1 - 7). The
common multiplicative factor is then determined
by I'.

In the following discussion we shall treat the
neutral pion as a pure P=-1, C=+1 isovector
state. The effects of small admixtures of other

states will be considered at the end of the paper.
CPT invariance, which we shall assume to be

valid,'® requires that b and a be relatively real,
apart from “unitarity phases” arising from the
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FIG. 1. Diagrams contributing to the decay m° —e*e™.
(a) The lowest-order electromagnetic contribution; (b)
contribution due to the exchange of a neutral intermed-
iate boson; (c) leptoquark contribution.

existence of real intermediate states.!* The com-
mon phase of the amplitudes will be chosen so
that both b and a are real in the absence of such
phases.

We shall write

a=d®+d" (5)

b=b+b™,

where a®,b® and a™ ™ represent the contri-
bution of the electromagnetic and the neutral-
current interactions, respectively. We consider
the process m—~e*e” in lowest order in the electro-
magnetic and the neutral-current interactions
[diagrams (a), (b), and (c) of Fig. 1]. Since dia-
grams 1(b) and 1(c) have no absorptive parts, we
have Ima™=Imb™ =0. Furthermore, there appears
to be no term in the electromagnetic interactions
which is P- and CP-violating,'s so that =0,
Hence,

Rea=Red® +a™ , (6a)
Ima = Ima® , (6b)
Reb=b™ | (6¢c)
Imb=0, (6d)
and the parameters &, f, and 7 simplify to

. 2rb™Rea

a= TP 72w® (7a)
B ()
a2 = 72?

Y= W . (7¢)

The magnitude of Ima’® can be calculated in a
model-independent way, using the unitarity rela-
tion. To order a? only the two-photon intermedi-

ate state contributes and one obtains'®

1 m 1+7
|- — 5 22 F
ma® |- g a 2 (m1_7)| |

(8)
~2.6x1077.

In Eq. (8), F is the 7°~ 2y decay constant: |F)|
= [647T(1° = 27) /m, ]'/?. The signof Ima® depends
on the unknown sign of F.

Red® is, on the other hand, model dependent.
The available calculations? give values in the
range

|Rea® |~5%x1078 -5x1077. 9

Since |a| is unknown, to test for the presence of
the b amplitude (and thus for CP violation), it is
necessary to measure at least one of the param-
eters @, 5, or ¥. As we can consider Imd® to
be known, the knowledge of § and I would already
be sufficient to determine the magnitude of both

a and b. (See, however, the discussion at the
end of the paper of possible contributions to
Imb and possible additional contributions to
Ima.) The parameter B can be determined
through the measurement of the degree of longi-
tudinal polarization of either e~ or e*, and thus it
is relatively the most accessible. Summing the
decay probability (2) over the spin states of , for
example, the positron one obtains

> aw= gz (lal*+ v bl (1 + BT )dRn ,  (10)
e* spin

so that

- N,-N
e =L
A Ng+Np '’ (11)

where N (N.) is the number of electrons emerging
with positive (negative) helicity.

The only experimental information available at
present on the decay 7°-e*e” is an upper limit

B(m® ~e*e”)<8x107° (12)
on the branching ratio
B(m°~e*e”)=r(m° - e%e™)/T(1°~all),

deduced from existing data which are sensitive to
this process.> Hence [with I'(n°~all)=7.8 eV (see
Ref. 17)]

I'(1°~e*e”)<6.2x 1075eV (13)

[for comparison, the unitarity lower bound for
I(m°—~e’e”) is 3.6x1077 eV], so that
lal? + 2|2~ |a)? + [BP<1.2x 1071, (14)

As a consequence, one obtains the following

bounds on the magnitude of the amplitudes a™ and
b("):
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la™ | <|Rea®|

+[1.2x107H - (Ima'?)? - p?)is2 (152)
< IRea(e) [+[1.2x 107" = (Ima(e))z]l/z
~ |Red®|+3.4x107¢ (15b)

and
6| <[1.2x107" - (Ima®@)? - (Rea®+a™)?]/2 (16a)
< [1‘2x10-11 - (Ima(e))Z]llz

To get some feeling for the meaning of the above
limits, we shall consider as a model of the elec-
tron-hadron neutral-current interaction the most
general effective Lagrangian not containing
derivatives of the lepton fields. For 7°-e*e”™ we
have to consider only an isovector term; also,
as discussed before, there are no contributions
from P=+1, CP=~1 and P= -1, CP=+1 parts.
The P=+1, CP=+1 and the P=-1, CP=-1 com-
ponents of the Lagrangian have the following form:

~3.4x1078, (16b)
- - G e - — .
eF=+.CP=ty 1) = Nl (g7"er ey, +giev  vied], +g55eed §+ g5 eiy,ed L + g T Te0" Yed T,) (17)
- - - G [ aya= -  AV— - . .
gh=-L.cP==y1-1) ool (&7%er" eJ}), +25Ver! viedy, +85FeeKs + gi5eiv,eKs + gL Teio"y,eKy,,) . (18)

In (17) and (18) g¥7,g44,5Y4, ... are constants
characterizing the strength of the corresponding
terms relative to 27Y%G (G ~10"°n,”%). The quan-
tities JY,, J4, J5, J5, JI, and similarly J},, J4,,
K$, Ky, KJ,, are hadronic densities transforming
as a vector, axial-vector, scalar, pseudoscalar,
and tensor, respectively. In isospin space they
all transform as third components of I (Zisospin)
=1 operators. J},, J4,, J3, J3, Jguvs K? K5,
KT, are first-class densities and JY,J# are sec-
ond-class densities according to Weinberg’s
classification.’® The hadronic densities are
chosen to be Hermitian, so that all the constants
g and g are real. We normalize the currents J;‘u
and J}, so that with g#4=1,

g¥7=(1 -4sin?9,)(1 - 2sin%g,)

(and g§5=gFP =gTT=0), (17) is identical to the
parity-conserving part of the Lagrangian in the
Weinberg model'® in the case when J3, and J#, are
third components of the isotriplet to which the
usual charged weak currents belong.
The interactions (17) and (18) give the following
contribution to the 7°~e*e”™ amplitudes®:
n _ o GMam m
™ = 2T g (m

Gm*°
837Ky +'75L gng}(,n)
~(1.1x 107%)g 4,0 1 (1.4x107)gPPiD | (19)

B = %"_z_ﬁ 2SPAD
~(1.4X1077) g SPAD | (20)
where the dimensionless constants K(:) , Kg'), and
AP are defined by
T2 m(p)y=m. kD p, , (21)
O|JP|7(p)) = —im, 2D, (22)

(O|KP| 7% p)) = im, 2 XD . (23)

r

In terms of the coupling constants the inequalities
(15b) and (16b) read (assuming that |Rea® |<6x1077,
as suggested by Refs. 2)

|lg24KD +127gPP yf| < 3640, (24)
|g5PxXD | <24 . (25)

These constraints summarize the information on
the neutral-current interaction couplings which
can be obtained from the existing upper limit on
the 71°~e*e™ decay rate alone. We shall turn now
to consider other available data which have a bear-
ing on the possible size of the constants g44, gF?
and g5F,

Much more restrictive information than the
bound (24) on the possible magnitude of g24 is pro-
vided by the hyperfine splitting v of the ground
state of the hydrogen atom,? which is known ex-
perimentally to an accuracy of one part in 10'?
(see Ref. 22). Requiring that the contribution
AVye/ AV of the gA4term in (17) be less than 2 ppm,
which approximately is the theoretical uncertainty
in the conventional calculation of the hyperfine
splitting,?? one obtains®

lg a4l | <22, (26)
where k% is defined by
(PITE DY =T, KDy, vou, (27)

([p) = proton state). If J%, belongs to the same
isotriplet as the usual charged weak axial-vector
currents Az, then kK =1g,~0.62 and «?
=fz/mV2=0.7 (f, and g, are, respectively, the
charged-pion decay constant and the neutron -
decay axial-vector coupling constant), so that

from (26) one has
,gg“l <36 (28)

and
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FIG. 2. Diagrams contributing to the electric dipole
moment of the neutron. (a) Lowest-order contribution
of the neutral-current interaction; (b) example of a dia-
gram of order GglT'a

lg4 KPl<25. (29)

Further information on g#4 is obtained by com-
paring data on deep-inelastic e”p and ¢*p scat-
terings,?* where the presence of an axial-vector
interaction leads to a difference in the correspond-
ing cross sections.?® Using the parton-model
formulas given in Ref. 6, and taking the ratio of
the u- and the d-quark momentum distribution
functions to be ~3, as suggested by the data,? the
present experimental results® imply (for the case
whenJ$,=A,,) that

Ig;“|< 20 (30)
and thus that
lg24KPl<14. (31)

This appears to be the best available limit on g#4.
However, in view of the model dependence, it is
less reliable than (28) and (29). For comparison,
recall that in the Weinberg model*® g24=1 and
gA4" ~ 0.7,

It may, of course, be that Jj, is built up from
quarks which are different from the valence quarks
in the nucleon and the pion, in which case its
effect on the e*p/e”p ratio (and also on the scaling
behavior of the structure functions®?) is expected
to be negligible in the kinematic region so far
studied, and «%, K” <1 presumably.?® In any
event, the magnitude of g4 (and also of g£% and
25%) cannot be larger than about 100, without dis-
turbing the approximate constancy of

R = o(e*e” —~hadrons/o(e*e™ - pu*u”)

in the energy region 5 GeVS E ., <7.8 GeV.?

The best limit on the possible size of the scalar-
pseudoscalar coupling constant gss” is obtained by
considering its contribution to the electric dipole
moment of the neutron D,.3° Diagrams contributing
to D, in orders Gg5¥ and Gg5Pa are shown in
Fig. 2(a) and Fig. 2(b). It is easy to show that the
£5% coupling does not contribute to diagram 2(a);
consequently, the expected magnitude of D, is
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~(4x1073) g5Pp® ecm, (32)

where M is the nucleon mass and p{® is a number
expected to be of the order of unity when K§ con-
tains valence quarks of the neutron and much
smaller than unity otherwise.?® Comparing (32)
with present experimental upper limit®

DJ® <3x107%* ecm (33)
we conclude that??
lgsFePl<0.1. (34)

Thus, if p~ AP, which is not implausible in the
case when the densities J% and K? have similar
structure, the contribution of the gssp coupling to
the m°~e*e™ amplitude is expected to obey

|gsPhAP|<0.1. (35)

Values of g$°A somewhat larger than the upper
bound in (35) are, of course, not excluded, since
the magnitude of D, given by (32) represents only
a very crude estimate.

The constraint (15a) with the bounds (29) and
(35) leads to (assuming that |Rea® |<6x1077)

lgxF kP <30, (36)

which (provided that x{’ is of order one) appears to
be the best available limit on the pseudoscalar-
pseudoscalar coupling.

The bound (35) allows for large CP-violating ef-
fects to be present. Thus, if gS7A” ~ 0.1 and
azlma(”), for example, the degree of longitudinal
polarization of the electron would be about 10%.
However, to have a chance to observe it even at
such a level, the presently anticipated event rates!
would have to be increased by at least five orders
of magnitude. 3

In our discussion so far, 7° was assumed to be
apure P=-1, C=+1, I=1 state. We shall con-
sider now briefly the possible effects of admixtures
of states with other quantum numbers. Apart from
isospin mixing, parity impurities should also be
present in view of the evidence for parity violation
in the effective hadronic interactions (at the level
of first-order weak interactions or possibly
stronger).®* Additional impurities would be intro-
duced by possible CP violation in the effective ha-
dronic interactions. In trying to estimate these
effects, one is on extremely uncertain grounds,
since with the exception of isospin mixing and
apart from some data on 0** states the nature and
properties of the contributing states are unknown.
Including the possible admixtures, the neutral pion
state will be
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0. Pt P! z =
a —1[2+€11r1+€1':71+€21l'2+‘,€2172 N

with 7, representing the dominant J°=0"" state,
7, 7/, m), and 7, the 077, 0*~, 0**, and other 07*
states.

The most important from other 0™* states is,
presumably, the n meson, for which Ree, =1072,
Ime, ~1077.3% Lacking information, we shall rep-
resent the 7, 7], and =, states as resonances of
masses m,, m;, m, and widths y,, y;, and y;. Thus

El =<1f1 IIfP:+ 1,CP=—1I 172)/[("12 —mx)_(z/z) (72 - Y[)] ’

where HP=+1:¢P="1 ig the effective P-conserving,
CP-violating hadronic interaction, etc. Regarding
the admixture of 07~ states, the limit (33) on the
electric dipole moment of the neutron suggests
that the strength of HP=*1:¢P="! j5 less than 2x107*
relative to the strong interactions,*° and therefore
one expects

I<,‘T1|HP=+1,CP=-1|,”2> |<2X10_4m

where m, is some mass. Withm,=1 GeV,
Am=m, -m, 21 GeV, Ay/Am<0.5 GeV, one would
have |Ree,|<5x1075, |Ime,|<2Xx1074,3

A much more stringent limit is imposed on ad-
mixtures of P=+1, C=+1 states m,. In this case
(33) leads to

[(my | HP=71:CF= "1 1) | <107 GeV,

so that [Ree]|<2.5X107*! and |Ime}| <107%,

For admixtures of P=+1, C=-1 states, present
evidence on parity violations in nonleptonic nuclear
processes®® suggests

[{m!|HP="1CP=*1 ) | 550 G m,3/4n .

Taking again m,=1 GeV, Am=>1 GeV, and Ay/Am
<0.5 GeV one obtains |Ree;|<5x1075,
[Ime![<1.2x1075,

In the presence of the admixtures, the 1°—e*e”
amplitudes become

a= a2 + amixing

- I 1ol o & A

=a,+€,a,+€,a,+€,a,+€,a,
and

b=bg+bmixing

— He th N
=b,+€b,+€b,+€b+€,D, ,

where a, and b, are given by Eqgs. (19) and (20);
a, al,al,a,and b, b!, bl b, represent the m,, n!, 7},
7i,~e*e ('S,) and the m, v}, n;, T,~ e e (*P,) ampli-
tudes. Inspecting the possible types of couplings
that could contribute in each case and ignoring
contributions whose upper bound is relatively
small, one obtains with the bounds for the mixing
parameters given above,’’
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[ReA ising | < (2%1077) 1, "2 | NG} |
+(3x107%)m, "2 [NTY|

(TX1079)m, "2 [N, (37)
Imlamixing I s (7X 10'1°)m "_2 lﬁ(};})l

+@x107)m, RGP, (38
]Reb mixing I = (4)( lo—lo)mﬂ_—z ,Nfsnpjl

+(3x107%)m, 2| NP |

(1107 m 2 NEPL, (39)
| 1B i | < (7 1072%) 1, 2 | 53|

+(2X107°)m, 2 [N TP, (40)

where, for example, N@=(0|J%|n(p?=m,2)) with

P (=first-class isoscalar hadronic density) cou-
pled to a pseudoscalar leptonic density,
N=(0|J"|n,(p*=m,>2)) with J* (=second-class
hadronic density of arbitrary isospin) coupled to
a scalar leptonic density, etc.

Assuming that

NG, INGRLL 1RGSR, LRGP, (RGP, 1RG0 <m,?
(41)

one would have
|Rea mixing | <2X1077 (42)
| IMa rixing | S9X 10720 (43)
|Rebmixing | <4Xx107° (44)
[Imb e | <9X10720 (45)

Values larger than (41) for the matrix elements N,
and consequently upper bounds for the mixing con-
tributions exceeding (42)-(45), cannot be, of
course, ruled out.

To summarize our discussion, with CPT invari-
ance assumed to be valid, the information one
could obtain from a detailed experimental study
of the decay 71°~ e*e” consists of the magnitude
and the relative phase of the quantities

a=Red®+(1.1x107°) g #4174 (1.4 x 1077) g PPx'D)
+Reamixing+i (Inla(e)"'hna mixing) ’ (46)
b=(1.4X1077) g sPA™ 4 Rebumixing +7 Imb mixing , (47)

where |Ima®|=2.6x1077,

As far as one knows, the various terms con-
tributing to Rea could be of comparable magnitude.
The bounds (29) and (35) indicate, however, that
the presence of gA4x" and/or gs" (") cannot in-
crease the decay rate more than by a few percent
(or perhaps about 30%, if we allow for the possi-
bility that g5Px’~ 1) above the unitarity lower
bound T',= (m ,7/87) (Ima‘®)?= 3.6 x10™" eV. Hence,
to the extent that (41) and thus the bounds
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(42)-(45) hold, a m°~e*e” decay rate considerably
larger than I, would signal the presence of a large
Red® or gPP K7, or both. As follows from (42),
the bound (36) on g77 3 is not affected appreci-
ably by the possible presence of the mixing con-
tributions. The limit(43) indicates thatapossible
violation of the unitarity bound should be limited to
not more than about 1% in the rate, adeviation which
would be difficult, if not impossible to isolate from
possible effects of P,C-conserving higher-order
corrections. A decay rate lower than I', by more

than about 40% [corresponding to N2 =~ N§)~1GeV?
in Eq. (38)] would suggest the possible presence of
a CPT-violating neutral current interaction.3®
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The notation employed here is analogous to the one
used in Eqgs. (17) and (18). Thus G P5/v2, for ex-
ample, represents the strength of a pseudoscalar-
leptonic—second-class-scalar-hadronic coupling of
arbitrary isospin, Ggj FP/V2 refers to the strength of
a pseudoscalar—isoscalar-pseudoscalar coupling, etc.;
ﬁ;'g: (0| FP|m, (p*=m,?), where JP is a second-class
pseudoscalar density coupled toa scalar leptonic den-
sity; 2vuvse (011 71(p* = m,2) =2 v, vseNT Pus ete.
Note that Rea{”, Rea{™’, Ima{"’, and Ima( are the
absorptive parts of a{”, a{"’, a{’, and ¢/ and there-
fore vanish in lowest order. With the mixing parame-
ters given in the text, and with [344|,|3 77|, |§Ss|
]gssl lgPl, 1257, ]gpsl 100 (from data on e*e”
—hadrons; see Ref. 29), |gSF|<0.1 (from D), |gi*4|
<40 (suggested by the hydrogen ground-state hyper-
fine splitting), |z4Y|<0.1, |gP5| <107 (see Ref. 32),
g4V <1 (suggested by data on atomic parity violation
[cf. P. E. G. Baird et al., Nature 264, 528 (1976)1),
one obtains the bounds (37)-(40), neglecting contribu-
tions whose upper bound is relatively small.
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Inspection shows that the contributions from the
two-photon intermediate state to apyzing a0d byyygine have
negligible effect on the limits (42)-(45). The largest
allowed contribution is to Reap,,,, from the n meson.
Assuming |Rea(p?=m,?%)| = IReaz‘ge)I < 10/Imas®’|, one
would have |Re(€,a®)| ~ |Ree, Rea!®| < 4 x 10'8 (The
contribution to Ima,y ., is much smaller: The term
Ree, Ima'® in Im (e, <‘)) is already included in Eq. (8),
since now | F|= [(F2+F Ree,)?+ (F, Ime,)?]1/2
~ F,+ F, Ree,; consequently [Im(e,,a,,e))l <3x10713)

38Present data do not rule out large violations of CPT
invariance in the amplitudes a and 5. We shall denote
the strength of the contributing CPT-violating neutral-
current-interaction couplings by (G/v2)g{4’,
(G/V2)gf®" (contributes to Ima), and (G/V2)g*F (con-
tributes to Imb) in analogy with the notation used in
Egs. (17) and (18). The most restrictive informa-
tion on gasp ‘ is obtained by considering its contri-
bution to the quantity &4 =~ [m(K?) — m(K)]/ (my—mg)
[for a discussion of tests of CPT invariance see
L. Wolfenstein, Nuovo Cimento 63A, 269 (1969)].
lowest order 8; ~ (a/7)(g SP)(G®/G), where G rep-
resents the strength of the parity-violating strange-
ness-conserving hadronic interactions. Data on the
K'-R system imply [8l= (1/VZ G55+ Bo)l< 6 x 107 [cf.
K. Kleinknecht, Annu. Rev. Nucl. Sci. 26, 1 (1976)],
where 8, ~ [y () —YE)/ [y (&) + ¥ &), T () and v (&)
are the decay widths of X° and K. Assuming that
[Y &) —y®)/ [y &)+ y B~ [y (K*) =y K ")/
[y(K*)+v(K )] =Ag and using the experimental limit Ay
<1073 [F. Lobkowicz et al., Phys. Rev. Lett. 17, 548
(1967)], one infers that | 68| < 4 x 10, and consequent-
ly that [g$1< 4|G/G,,|. With G, ~50G (cf. Ref. 34)
one has {ga SPi|< TllT Note that if a CP-invariant parity-
violating semileptonic neutral-current interaction of
strength Gg exists, one would have|gS?/|< min[ (4
x107%)/g,4G/Gy).

For the CP-conserving couplings g3 ’ and gP Pr
significant bound follows from 6. The best upper
limit appears to be |gf*’|,|gF?’| <100, indicated by
data on e¢'e” —hadrons (cf. Ref. 29).

The strength of a possible CPT-violating electro-
magnetic interaction is limited in the P-conserving,
C-conserving case by DE® to be less than ¢/10 (cf.
Ref. 30), and in the P-violating, C-conserving case by
58® to be less than 107e.

Additional contributions would come from possible
CPT-violating components in the interactions involved
in @piying 20 bpiyine. Inspection shows that these would
not change significantly the bounds (42)—(45), with the
exception of the bound (43) for Imay,jyy,,, Which could
be of the order of 10”7 in the presence of a CPT-vio-
lating gfP-type neutral-current interaction.



