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K factories will open the way for high-precision CP tests in K,3 decays. The standard model does not
predict CP breaking in this process. We consider here the effects of nonstandard interactions mediated
by vector and scalar particles and by leptoquarks. We show that, for the only experimentally measur-
able quantity, vector particles alone never induce CP violation, and give a general expression for the CP

breaking induced by scalars and leptoquarks.
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According to the standard model, there is a single
source for CP violation—the Kobayashi-Maskawa (KM)
matrix. CP is violated in processes which involve several
KM matrix elements whose relative, convention-
independent phase is nonzero. Some such typical pro-
cesses are K-K mixing and nonleptonic K decays, where
CP breaking has indeed been seen. In contrast, the de-
cay of a charged kaon to n/v (a pion, a lepton, and a
neutrino) involves a single KM matrix element whose
phase is convention dependent and cannot induce any CP
breaking. A similar statement applies to the decay of
neutral kaons, but in this case one must be careful to iso-
late CP breaking in the decay process itself from CP
breaking induced by K-K mixing. This is done by identi-
fying the decaying particle as a K if the final state in-
cludes a positively charged lepton (/™) and as a K° if
the final state includes an / . If the decaying particle is
so identified then CP is again conserved for this process
according to the standard model. (Here we assume the
AS =AQ rule in K° and K° decays, that is, we neglect
contributions which are second order in the weak in-
teractions.) Therefore if, in the future, CP violation will
be seen in any K;3 (K— rlv) decay, the inevitable con-
clusion will be that new, beyond-standard physics is re-
sponsible.

Motivated by the prospects for high-accuracy CP tests
in K factories, we analyze in this Letter the contributions
to K,3 (K— muv) decays' of generic intermediate non-
standard particles: vectors, scalars, and leptoquarks.
There is only one measurable CP-violating quantity in
this case—the component of the muon spin orthogonal to
the decay plane in the kaon rest frame. We will show
that the contributions of intermediate vectors to the or-
thogonal spin cancel and will give a general expression
for the contributions of intermediate scalars and lepto-
quarks.

For completeness we begin with the standard-model
effective interaction relevant to our process:

1
.,Lsmnd=\/§GFSin6C§'}’pﬂ‘7u7pTysu+H'c' a)

Gr is the Fermi constant and O¢ is the Cabibbo angle.
All the parameters in the standard-model interaction are

real and CP is therefore conserved.

Note that £ js proportional to the hadronic vector
current sy’u. In general, the effective standard-model
Lagrangian includes another term, which is proportional
to the axial-vector current 5§y”ysu. However, this other
term does not contribute to K— muv decays as the ma-
trix element {x|5y”ysu | K) vanishes, due to parity. For
this reason, in the following we will ignore effective in-
teractions that are proportional to the hadronic axial-
vector current. Similarly, we may ignore interactions
(induced by, e.g., nonstandard scalars) that are propor-
tional to the pseudoscalar §ysu.

The effective interaction induced by the standard W
may be significantly modified once we allow nonstandard
physics. This is because neutrinos in a nonstandard
model are usually massive and have a nontrivial KM-
type matrix. The Lagrangian (1) is then modified to

1 —_—
LY = 3G sinOcFy u XU, Vi yp—z—“ u+He., ()

where i is an index running over neutrino mass eigen-
states and the U,’s are the KM leptonic matrix ele-
ments, which satisfy the unitarity relation

> Uil 2=1. 3)

If the neutrinos are of Dirac type, one could choose a
phase convention in which all the %,;’s are real and £ w
is then CP conserving. If the neutrinos are of Majorana
type, only one overall phase could be removed. The rela-
tive phases are CP breaking. However, this CP violation
will not have any effect on K3 decays, as the various
U,i’s contribute to different processes (U,; contributes
to K— muv;) and never mix.

We will now introduce the effective interactions in-
duced by various intermediate bosons in a generic non-
standard model. .L" describes the effect of intermediate
vectors, including the standard W,

y1=7s y1tys

LY =5yPud vy, | Al + B;
7 2 2

u+H.c. 4)

Here we do not include the contributions of vector lepto-
quarks, which will be discussed later. 4} B} are com-
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plex parameters. 4} is dominated by the contribution of
the standard W boson, while BY gives the effects of
right-handed currents. Theoretical bounds on B! in the
framework of left-right symmetric models are very
strong?3 and, in practice, imply that we could ignore its
contribution to K,3 decays altogether. However, these
bounds depend on some assumed relations between the
left- and right-handed KM matrices and can be evaded
(the stronger bounds® require further assumptions on
neutrino mass matrices), so we shall retain B/.

The effective interaction introduced by intermediate
scalars is

1+ 1 —
275+B,-S 2“ p+He, (5)

LS=5uXv; | A7
i

where, again, we do not yet include the effects of lepto-
quarks. The effective interactions of leptoquarks may be
rewritten by applying Fierz transformations. The contri-
butions of vector leptoquarks may then be included in
LV and LS. Those of scalar leptoquarks contribute to
LV and L5, as well as generating a new “tensor effective
interaction:”

1+
LT=56"uY,vio,, | A" Ys
T

1_
+BT— U | y+He (6)

2 2
We cast LY, £5, and L7 into the effective Lagrangian,
Leg=LY+LS+LT. @)

Clearly, the CP-violating quantities of this Lagrangian
are the relative phases of 47, 475, A7, B/, BY, and B
for every fixed neutrino flavor i. Parameters associated
with different neutrino flavors contribute to different pro-
cesses and their relative phase is irrelevant in our case.
We have divided our parameters into “A type” and “B
type.” In the m(v;)— O limit, 4; and B; contribute to
different processes and their relative phase does not in-
duce CP breaking. In this limit, (1—1y5)/2 and
(1+ ys5)/2 are projection operators onto left- and right-
handed neutrino states, respectively. A’s then contribute
to K— nu(v;); decay and B’s to K— mu(v;)g decay.
When m (v;)=0, the CP breaking induced by the relative
phase of an 4; and a B; is suppressed by powers of
m(v;)/E, where E is some energy scale characteristic to
the process. Assuming m(v;) <0.25 MeV * and E ~100
MeV we find suppression by 2.5x10 "% or by a still
smaller factor. This observation has important conse-
quences. In particular, it implies that CP violation in-
duced by intermediate vectors alone is strongly
suppressed. One suppression factor is m (v;)/E, which is
due to the fact that such CP breaking arises from the rel-
ative phase 47 and BY. The other suppression is by a
factor of (My/Mg)?, typical to effects that depend on
right-handed currents (M is the standard W mass, and
My, is the mass scale of these currents). If CP breaking
is seen in K,3 decays at the level of ~10 ~3 it will be a
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signature of a nonstandard scalar or leptoquark. This
fact was pointed out by Cheng® a few years ago. Here
we will carry his result further and show that the contri-
butions of the vectors alone to the orthogonal spin of the
muon completely cancel. Therefore, if CP breaking is
seen at any level, it must be the effect of a scalar or a
leptoquark.

For every fixed helicity state of every neutrino flavor,
the orthogonal spin of the muon, 5., is a CP-violating
quantity. However, we do not observe the neutrinos
directly and so cannot distinguish between their various
states. The only CP-violating quantity we can measure
is the average of s, over neutrino flavors and helicities.
It is the averaging over helicity states that wipes out the
effects of the relative phase of 4" and BY. To prove the
last statement, we introduce some notation. Following
Lee and Wu® we work in the center-of-mass frame of the
two leptons. In this frame the three-momenta of the
muon and the neutrino are opposite and the three-
momenta of the kaon and the pion are equal. All mo-
menta lie in one plane. The transformation to the kaon
rest frame is accomplished by a boost along its direction
of motion. Such a boost does not change the plane of the
momenta, so that the “orthogonal direction” is identical
in both frames. The kinematics is completely specified
by g2, the mass squared of the two-lepton system, and a,
the angle between the pion and the muon.

For fixed g2 and a we define A;(h,h') to be the am-
plitude for a muon with helicity 4/2 and a neutrino of
flavor i and helicity A2'/2. The amplitudes A;(k,k') obey

.)qi(h,h')"‘_‘hh‘.)q.,’("h,_h')IAHB, (8)

where by 4<>B we mean the interchange of AV B/,
A< Bf, and A7« B/. Equation (8) is due to the fact
that A;(h,h') and A;(—h,—h') are related to each
other by a parity transformation followed by 180° rota-
tion around the orthogonal direction. (Under this opera-
tion the momenta are unchanged, the helicities are
flipped, and the 4 and B parameters are exchanged in
the Lagrangian.) The factor Ak’ on the right-hand side
of (8) reflects the phase (—1) that a fermion gains un-
der a 360° rotation. Strictly speaking, one should be
careful when applying parity to Majorana fermions. We
may do that by endowing them with imaginary internal
parity: np(v) =i. When we apply parity, the factors of i
(one from the Majorana particle in the final state and
one from the Majorana field in the Lagrangian) cancel
each other and do not modify Eq. (8).

The CP-violating quantity s, averaged over v; helicity
states is given by (see Ref. 6)

ImXYyA; (+,h')A¥(—,h'")
Zh,h' l ‘Al'(h9h') l 2

9

(sf)=

Let us study the numerator in the right-hand side of Eq.
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(9). We may apply to it the following chain of identities:
Im;.ﬂi(+,h').ﬂ}"(—,h') = —Img.ﬂi(—',h’).ﬂ}"(+,h’)
= —Im;ﬂi(—, —h)AF(+,—h')
=Im§[.>4,~(+,h').>4f(—,h')]|AHB. (10

The first two steps are trivial mathematical manipulations. Note that in the second step we used the fact that 4’ is a
dummy index, namely, we used the averaging over neutrino helicities. The last step follows from (8). Equation (10)
implies that the numerator in the expression for (s ) is symmetric under A<« B interchange.

Consider now the contributions of intermediate vectors only. The amplitudes A;(h,h') are linear in the parameters
A!,BY. The numerator expression (9) for s’, must therefore be proportional to Im[4} (BY)*1, which is clearly an-
tisymmetric under 4+« B interchange. The obvious conclusion is that (s’, ) vanishes in this case. CP violation induced
by vectors alone disappears when we average over neutrino helicities and is therefore not detectable.

We now proceed to give the general expression for the orthogonal spin of the muon including the effects of the scalars
and leptoquarks. To this end we present the amplitudes A;(h,h') for K+ (or K°) decay. Up to an overall constant
they are given by

m, m m m,
A (+,=)=—frsina |4 +BY £ + frsina |4 L — +BF
| S+ E ol Bt ol ) /e A ol B R ]
m m, m, my,
Ai(—,=)=—A——F—(fo+f+cosa) + B ———( cosa) (11)
: TErIpl St B TpT VoS weosa)fs | 40— B T o
m m
+ AF+BT - .
Jreosa | AT B g 0T But Ip]
The other two amplitudes, A;(—,+) and A;(—,—), |
are determined by the identity (8). Here m, and m, are We will make a few approximations. First, terms of
the masses of the neutrino and the muon, E, and E, are second order in m (v;)/E will be neglected. In particular,
their energies, and p=k, = —k,. f+, fo, fs, and fr are this means that we neglect the effect of the various neu-
functions of g2 and are related to the hadronic matrix trino masses on the kinematics. The average of the or-
elements in the center-of-mass frame of the two leptons thogonal u spin over neutrino flavors and helicities is

through then,

lsytulK)=2[ki|fo, ImIE, 5oy (+, B AF (=, 1)
— i k' s i\,

r3 = <S L) = (1 3)
(m|§yu | K)=2k:f+, Zinn| Ai(h,n')|?
(w|5u| K) =2 kil /s, 12 Next, we will neglect terms that are of second order in
(n]|56%u | K) =2ikfT, BY, A5, B, AT, and BT, namely, we will ignore second-
— i _ order effects induced by nonstandard intermediate bo-
(z|50"u| K)=0. sons. In this approximation we may consistently replace
v H : d
The last matrix element in (12) vanishes by straight- A7 by the contribution of the standard W:
for\fvard tensor analysis.' It is impossible to construct an AV =2GrsinbcU,,; . (14)
antisymmetric tensor with the single three vector (k)
that we have. | Substituting the amplitudes (11) into expression (13),
we get
Scu*.
(s1) —smaz Im £ — S+fs 5
\/—GFSHIOC (f+sma) +R“(f0+f+cosa)

, (15)

Im Alu; ]fT[f+cosa—(f+cosa+f0)R,,]

V2Grsindc | (f+sina)?+R,(fo+ f+ cosa)?

where R, =m; 2/q%. The unitarity relation (3) was used in (15). We should remark that by using unitarity we intro-
duced st111 another approximation: The sums on the i index in expressions for {s,) extend only over these neutrinos
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which are light enough, so that the decay K— nuv; is
kinematically allowed, while the sum in the unitarity re-
lation extends over all neutrinos. Use of unitarity in
(15) is justified only under the assumption that the mix-
ing parameter U, is negligible when the ith neutrino is
very heavy.

Before we describe the present experimental situation
and speculate about future results we should note the fol-
lowing: The orthogonal spin of the muon is actually a
measure of T breaking, rather than a direct test of CP,
and 7 symmetry only implies that s, vanishes at tree
level.” Standard-model electromagnetic loop effects in-
troduce s, ~a in Kf; decays® and 5, < 10 "% in K;j de-
cays.” Experiments designed to test CP in K3 decays in
the region s, =< 10 2 will need to concentrate on K * de-
cays or to measure As, =s, —§,, where s, is the or-
thogonal spin of the u* in K° decay and 5, is the or-
thogonal spin of the u~ in K° decay. As, has the ad-
vantage of being a direct CP (and not 7) test and it is a
truly CP-violating quantity which gets no contributions
from electromagnetic loops. To include the loop effects
in the formulas given in this paper one should replace s,
by L As, everywhere.

At present, experimental results'® are consistent with
CP conservation, as predicted by the standard model:
(s.)=(—1.85%3.60)x1073. The error is controlled
by statistics and the same experimental setting in a K
factory could observe s, values as small as 10 73,

If nonvanishing s, is observed, we will be able to
determine if its origin is 47 or A7 interaction. This will
be done by analysis of the dependence of s, on the
kinematical variables g2 and & and comparison to Eq.
(15).

In most theoretical beyond-standard models the pre-
dicted contribution of leptoquarks to {s.) is too small to
be detected. This is because leptoquarks are required to
be very heavy in order to avoid their mediating various
rare decays. As for nonstandard intermediate scalars,
their coupling to a fermion pair is usually suppressed by
my/Mywy, where my is the mass of one of the two fer-
mions. A7 is then suppressed by msm, /M@ ~2x10"°
relative to Gr. Such suppression will make (s} hope-
lessly small and render the effect undetectable. Howev-
er, in some Weinberg-type models the Higgs scalar is

1970

much lighter then the W and consequently A7 is
enhanced by (My/Ms)? relative to Gr. It was ar-
gued®!! that such light scalars could induce (s ) of the
order of 10 ~3.

In summary, CP violation in K,3 decays may only be
induced by nonstandard physics and here we considered
the effects of intermediate nonstandard vectors, scalars,
and leptoquarks. We showed that the CP-breaking
effects of the vectors completely cancel. If nonvanishing
orthogonal spin of the muon is seen, comparison of (15)
with the observed dependence of s, on ¢? and a could
give us some clue about the nature of the underlying
physics responsible for this CP-violating phenomena.

I thank Gordy Kane for pointing out to me that one
could search for nonstandard physics by looking for CP
breaking in semileptonic K decays, and for useful com-
ments during the course of this work. For related issues
discussed by him and collaborators see Ref. 12.
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