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The longitudinal polarization of muons in the decay K; —u *u ™ is considered in the pres-

ence of nonelectroweak interactions.

The decay K; —utu~ occurs with a branching
ratio B(K; —>ptp™)=(9.1£1.9)x10~° (Ref. 1).
Although it can be accounted for by the usual elec-
troweak interactions, the possibility that new types
of interactions are also involved cannot be ruled out.
As the precise value of the electroweak contribution
is uncertain,’ it would be difficult, if not impossible,
to discern the presence of a new interaction on the
basis of the decay rate alone. In this paper we wish
to explore what information one could obtain from a
measurement of the longitudinal polarization of the
muons.

Assuming CPT invariance, the K state can be ex-
pressed in terms of the CP eigenstates K, and K| as

KL =K2+€K1 )
(1)
e~(2X 1073 )explin/4) ,

where we have kept only the first-order term in €
and used the Wu-Yang phase conventions.® We
shall consider first the contribution of the CP= —1
state K, to the muon polarization. The effects of
the K| component will be discussed at the end of the
paper.

The most general matrix element for K, decaying
into a negative and a positive muon of four-
m?menta p_ and p_, respectively, can be written
as

MKy—ptuT)=ayi(p_)ysv(p )

+ibyit(p_Jv(p,), (2)

where a, and b, are complex numbers.> The ampli-
tude a, is CP conmserving (u*u~ in a 'S, state),
whereas the b, amplitude is P- and CP-violating
(w*u~ in a °P, state). It follows that Ky,—uptu~is
a parity-conserving decay if CP invariance holds. In
particular, a nonvanishing muon longitudinal polari-
zation in K,—ptp~ cannot arise from a CP-
invariant effective quark-lepton interaction.

27

CPT invariance, which we shall assume to hold,
requires that b, and a, be relatively real, apart from
“unitarity phases” arising from absorptive parts of
the contributing Feynman diagrams.® In the follow-
ing we shall choose the common phase of the ampli-
tudes so that b, and a, are real in the absence of
such phases.

The decay probability in the K, rest frame,
summed, for example, over the u™* variables, is
given by

—

mgr
dW=gﬁ( lay [2+7%] by | D1+ 27-£)dq, ,

(3)

where  T=P_/|B_|, r=01—4m,/m)?
=0.905, mg and m,, are the masses of the kaon and
the muon, respectively, and ¢ is the polarization
vector of 1~ in the rest frame of u~. Z is the de-
gree of longitudinal polarization of y~,

Np—N_

P= ,
Nr+Np

where Ng (Np) is the number of p~’s emerging
with positve (negative) helicity. In terms of the de-
cay amplitudes

2r Im(bya3)
lay |?+7%| by |2

mygriim(b,a})

where T is the K,—>p+u~ decay rate,
megr
F=—"=(|ay |+ |5, |2). (5)
87

The longitudinal polarization of positive muons is
the same, given by Eq. (4).
We shall write the amplitudes a,,b, as sums of
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FIG. 1. Electroweak contributions to K; —-utu~. (a)
2y-exchange contribution; (b) induced Z° contribution; (c)
box diagram.

contributions a"” b%® from the electroweak interac- -

tions and of possible nonelectroweak contributions
a’.bs" (Ref. 7),

a, _a(e)+a(n)

(6)
by=b%" +b3" .

Figure 1 shows the lowest-order contributions
from the electroweak interactions [in the standard
SU(2); X U(1) model]. Possible nonelectroweak con-
tributions are shown in Fig. 2. From the elec-
troweak contributions only the two-photon-exchange
diagram (a) has an absorptive part. Ignoring possi-
ble contributons from multiboson exchanges (not
shown in Fig. 2) involving light bosons, the lowest-
order nonelectroweak amplitudes are real. As a re-
sult,

Rea,=Reay +ay" , N
Ima,=Imay’ [=Im(a¥’),], (8)
Reb,=Reb¥ +b5" )
Imb, =Imb¥ [=Im(b5"),,] . (10)

In the followmg we shall neglect the amplitude
b, Imbz can receive a contribution only from di-
agram (a) in Fig. 1, dominated presumably by the
process K2—>77'1T——+1/7/(CP=+1)—>/1,+/1,".8 Thus
[since CP violation in K, — 7 is constrained by the
experimental limit |€'/€| < B 5 (Ref. 9)] one expects
|Imb(e)/Ima(e)] <107% On the same grounds one
expects | Re(b5)., /Reas” | <107 for the contri-
bution of dlagram (a) to Reb§o. D1a rams (b) and
(c) in Fig. 1 do not contribute to Reb" in the stand-
ard SU(2);, X U(1) electroweak model, 10 as they lead
to an effective nonderivative four-fermion interac-
tion involving only vector and axial-vector cou-
plings.>!! Using Egs. (7)—(10) with b¥’ =0, the
muon polarization can be expressed as
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FIG. 2. Possible nonelectroweak contributions to
K; —u*p~. (a) Contribution of a flavor-changing gauge
boson; (b) flavor-changing Higgs-boson contribution; (c)
leptoquark contribution.

myr? (n (&)
_ n e
P=— yym Fb Im(ay”)y, - (11)

The magnitude of Im(a%’),, can be calculated in

a model-independent way using the unitarity rela-
tion. Keeping only the dominant two-photon inter-
mediate state one has'?

m
llm(a(e)) | = __1__a_ 1+r
mg

p” " |ReF; |, (12)

where F, is the K,— 2y decay constant
| Fy | ~[647T (K, —2y)/mg]'? .

The contribution of the absorptive part of the
K; —2y amplitude to I'(K; —2y) is expected to be
1.12 Neglecting it and using

small.
(K} —27)exp~6.2X 10712 eV
[from
(K, —2y)/T(K, — all)gp~4.9x 104
and
(K, — al)~1.27x10"% eV],

one obtains!?

| Im(a‘®),, | ~2Xx 10712, (13)
It follows that
| 2 | ~(5.7x10') | b5 | . (14)

The experimental K; —u*p ™ rate,!
DKy —p e )exp~1.16 X 10716 eV

implies the bound
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172
|b(2")|=% %’K%—<Ima‘z"”)2—<Reaz)2
172
<l 87rI‘_(Ima(2e))2]
r mKr
~1.7%10"12 . 15

The muon ;))olarization for the maximum allowed
value of b5 (corresponding to Rea,=0) would be
about | Z | ~0.96.

The actual value of | 77 | depends on the magni-
tude of b3". To consider the latter, we shall assume
that the interaction which would give rise to b3" can
be represented by an effective Hamiltonian of the

form
G Svavedii sivediii
H, ="_/—’2—(gAAs7’M’5 ByrYsit+8ppS iYsadiiysi

+gsp§i')/5dﬁﬂ)+H.C. , (16)

where g,4, gpp, and gsp are constants, and
Gm,?~10~°. Equation (16) is the most general
Hermitian four-fermion coupling not involving
derivatives of the fermion fields that can contribute
to Ky—putu~ and K| —p*u~. It accounts for the
important cases of K, ;—u*u ™ mediated by the ex-
change of single gauge bosons, Higgs bosons, or lep-
toquark bosons. Note that (16) does not contain
terms involving Zy,p and oy, u, as the hadronic
part of the K; ,—>utpu™ matrix element is propor-
tional to the kaon four-momentum p, (p,p, in the
case of the tensor term), and p*Ey,u=0,
p*p Hos,n=0.

The contribution of (16) to the K, —u+u~ ampli-
tudes is given by

Gmg?
as =i\/§Gm”mKaA Regu4 +i——7;—ap Regpp ,

(17)
b(zn)z—iGLKzaP Regsp , (18)
V2
where a4 and ap are defined by
(0|572vsd +drayss | Ky(p))
=imga pr/V2mg , (19)
(0|5iysd+diyss | Ky(p)) =mg’ap/V/ 2mg .
(20)

The constants a4 is related to the K +——>‘u+v“ decay
amplitude as

(0|5yaysd +drayss | Ko(p)) =v2(0 |5y, ysu |[K+)
=V2fxpr/V2my ,
Q1)

while ap can be expressed in terms of a, using the
relation

3Msyaysd +dyayss)
=(my+my)Fiysd +diyss) . (22)

One finds'*
a,~0.49 , (23)
ap=asmg/(mg+my)~1.5 . (24)
Consequently,
a™~(4x107")i Regsy +(3X107%)i Regpp , (25
b™~(3%107%)i Reggp , (26)
and
| Z | ~(1.8 X 10°)Reggp - @n

We shall turn to consider now some possible
mechanisms which would give rise to an interaction
of the form (16), concentrating on the amplitude b 3"
which enters the expression for the muon polariza-
tion.

(1) Flavor-changing gauge-boson exchange [dia-
gram (a) in Fig. 2]. An example is a flavor-
changing gauge boson associated with possible hor-
izontal gauge symmetries. The effective quark-
lepton interaction corresponding to the exchange of
a gauge boson is a linear combination of vector and
axial-vector type couplings. These give no contribu-
tion to the b amplitude, and consequently £ =0 for
this mechanism.

(2) Flavor-changing Higgs-boson exchange [dia-
gram (b) in Fig. 2]. In the standard SU(2); X U(1)
model with only one Higgs doublet the Higgs-
boson—fermion couplings conserve flavor and the
Higgs boson couples to scalar rather than pseudos-
calar densities. In the standard model with more
than one Higgs doublet the Higgs-boson—fermion
couplings do not conserve flavor in general, and
pseudoscalar-type couplings are in general also
present.

Let us consider the contribution of a Hermitian
Higgs field ¢ to & (Ref. 15). The most general cou-
pling of ¢ to (sd) and (uu) is of the form

L =fsiu+fpRiysp+fs5d +fr5ivsd)e
+H.c. (28)

The constants fg and fp can be chosen to be real



without loss of generality. We shall take also fg'
and f5 to be real, for simplicity.!® The Lagrangian
(28) leads to an effective interaction of the form (16)
with

V2 fefP

8rP =" mg? (29)
V2 fifp

8sp="¢ mg? (30)

(and g4 =0), where my is the mass of the Higgs bo-
son. The bound (15) (which follows from the experi-
mental K; —p+u~ rate) implies

my > (1.3X 1024 fsfi) 2 /VG ] . (31)

Recall that the equality sign in (31) would corre-
spond to | 2 | ~0.96.

The interaction (28) leads also to a AS =2 nonlep-
tonic term
1 P2
glas=2 _1

eff 2 mH2

Siysdsiysd +H.c. (32)

which gives a contribution

f?
(Amg)g=-"2(R°|5iysd Siysd |K°)  (33)
my

to the K, -Kg mass difference. An estimate of (33)
using the vacuum insertion method gives'’

" 2 2
(fp)2 mg fx'mg
| (Amg)y | = my? 1-11 my+my 12
LU
~(1.3x10 )——7 GeV-, (34)

mgy

where fx~1.23 m, (Ref. 18) is the K ¥ —pu*v decay
constant. Barring cancellations among the various
contributions to Amg we have

(Amg )y <(Amg)ep=3.5X 107" GeV ,

which yields

my > (6X10% | fp| GeV . (35)
Substituting (35) to (27) yields the bound

| 2| <(6X107°) | fs/fF | (36)

for the muon polarization.

In the presence of two or more Higgs doublets,
the couplings of the Higgs bosons to fermions are
undetermined. Special cases include the following'®

(a) Higgs-boson—fermion couplings are governed
roughly by the mass of the fermions they couple to,
i.e.,
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L =2V G (my+my) Py +BraysiPd
+H.c. (37)

(b) Higgs-boson—fermion couplings are propor-
tional to the mass My of some heavy fermion in the
theory, i.e.,

szZI/“\/ﬁMF%(KIZ—#pn‘;@)¢2+H.c. (38)

In (37) and (38), a1y, P12, K12, and p;, are some com-
binations of mixing angles in the fermion and Higgs
sectors.

In case (a) one has

f5=2"VGmyay, ,
fp2V"G (my+my)By
and (39)

fs /f}':"zl.:;a‘m/ﬂsd .
The bounds (31) and (35) are in this case

myg >0.35( | &ty Bsq | )12 Tev
and

my>3.9|By| TeV,

respectively. The upper limit in (36) would coincide
with the maximal | Z | (about 0.96) allowed by the
bound (15) for |a,,/By | ~125. ,

Taking in case (b) f;=2""Gm,a, and
f=2Y%Gmyp,,*° we have

fs/fp=~0.4x./py . (40)
The bounds (31) and (35) read now

myg >5.5( | k,pp | )1/? TeV
and

my>116|p, | TeV,

respectively. #~0.96 would be possible if
| k./pp | =~440.

To summarize, if the pattern of Higgs couplings
corresponds to cases (a) or (b), the muon polarization
could be large (of the order of 1) provided that the
ratio of the pertinent combinations of mixing angles
in the quark and the leptonic sectors would be of the
order of 1072—1073,

It should be noted that the constraint (35) from
the K; -K; mass difference might be weaker due to
possible cancellations among the various contribu-
tions to Amg including those from different Higgs
bosons.2! The uncertainties surrounding an estimate
of (33) have to be also kept in mind.

(3) Leptoquark exchange [diagram (c) in Fig. 2].
K; —»utu~ could also be mediated by leptoquarks
(bosons causing quark <> lepton transitions). Lepto-
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quarks appear in theories which unify the strong
and the flavor interactions. In a class of models due
to Pati and Salam? they might be sufficiently light
to cause observable effects in rare K decays. Rela-
tively light leptoquarks appear also in extended-
hypercolor models.?

Phenomenological constraints on leptoquarks
have been studied recently by Shanker.’* The
strangeness-changing interactions mediated by lepto-
quarks are not constrained significantly by the K -
K mass difference, since in lowest order leptoquark
exchange does not generate a nonleptonic interac-
tion. Leptoquark exchange leads (after a Fierz
transformation) to an effective interaction of the
form (16). For pseudoscalar-leptoquark exchange
(appearing in hypercolor theories) the coupling
strength g;; (kl=AA,PP,SP, . . .,)is

V2
gkz=7(f2/MP2)

(Mp=mass of the pseudoscalar leptoquark), with f2
expected to be of the order of

mygms
(250 GeV)?

(mg,ms=fermion masses). For vector-leptoquark
exchange

‘/_
gu~—(g?/M?)

(M= mass of the vector leptoquark) with g2~0(a).
Shanker finds'® that the K, —u*u~ rate can be
reproduced with Mp~1 TeV (assuming ms~m;=1
GeV) and M~60 TeV. Constraints from other pro-
cesses give comparable bounds on Mp and M. It fol-
lows that if the leptoquark-fermion couplings violate
CP invariance, leptoquark exchange could lead to a
large (of the order of 1) muon polarization in
Ky—u*tu~.

In our discussion so far the K; component of K;
has been neglected. When included, the K; —u*u™
matrix element becomes

MKy —ptu~)
=ait(p_)ysv(p)+ibia(p_J(p,) (41)

with
a=a,+iea;,

b=b,+tieb, , (42)

where a;=a¥+a{”, b;=bP+b{” are the

Ki—putu~ amplitudes. They would be real in the
absence of absorptive contributions. Neglecting
terms of order €2, the muon polarization is given by

mKr2

47T

mKr2

= 4nT

where the first term has already been considered.
The second term, which requires CP violation also
in the K, —»u*u~ matrix element, is presumably
less important, in view of the factor €. The last
term, proportional to Im(ieb;a3), we know gives a
nonvanishing contribution to &: it contributes also
in the absence of nonelectroweak interactions and it
does not require the presence of a further CP viola-
tion, beyond the one involved in the K°-K° mass
matrix. The term (Ima ?)(Imb{*)Ree in Im(ieb,a3),
which contains only absorptive amplitudes, can be
calculated with relative confidence. Using®

Imb!® =7.58x 101 (44)

P = Imba*

Im(b,a5 —i€*b,a} +iebas), (43)

and (13), one obtains

—4
|2 |t tmag =T 11074 45)

The remaining electroweak terms in Im(ieb,a})
should be of comparable magnitude.

We are now ready to summarize our conclusions.

A muon polarization larger than about 10~3
would suggest the presence of a nonelectroweak in-
teraction. As gauge-boson exchange gives no contri-
bution to &2, the nonelectroweak interaction would
presumably originate from Higgs-boson exchange or
leptoquark exchange. Values of | Z | near to 1 due
to either of these interactions are not ruled out. A
large polarization would most likely originate from
the K,—pu*p~ amplitudes and thus require the ex-
istence of a CP-violating nonelectroweak quark-
lepton interaction.
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