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T VIOLATION IN K* — 7n%utv AND K* — ntptpu”

Table 1: T violating correlations in (1) K* — x%s*v and (2) K+ — v ptp~ decays.
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T violating muon spin involved correlations in K+ — x%:*v and 70
o omtuta- s <6t /9. .
K m*u*p” decays are discussed. The predictions on these ,_/)\._7;) where p; (i = K*, m, p(E), v) and s, are the four-momentum and muon spin

effects in various CP violation models are presented. i 3 . ) L
polarization vectors, respectively. There are three possible typies of T violating cor-

relations in K+ — x%* v and K* — rtu*u~ decays as shown in Table 1 where the
momentum and spin vectors are in the rest frame of K*.> The muon polarizations in
(a), so called transverse muon polarizations, involve only one muon spin while those in
(b) and (c) both u* and s~ spins. To study these T violating muon polarization effects
we first carry out a general analysis based on Lorentz invariance. The most general
invariant amplitudes can be written as '

One of the most intriguing and fascinating phenomena in particle physics is T-
violation or CP-violation. In the framework of local quantum field theories, with
Lorentz invariance and the usual spin-statistics connection, T-violation implies CP-
violation (and vice versa), because of the CPT invariance of such theories. Exper-
imentally, only CP-violation has been observed so far and this only in the neutral
kaon system. But the origin of this violation remains unclear. In the standard model
the phenomenon arises from a unique physical phase in the Kobayashi-Maskawa (KM)
quark mixing matrix.! To ensure that this phase is indeed the source of CP violation or
T violation, one needs to look for new decay modes, especially that outside K°

M = (i(PV) 3 f’(pfn Jﬁ)) [F.S + iFI’ 5+ Fv PK“‘Tu + F:l PKu7u75]u(pua3u) (3)

It would be particularly interesting if the time reversal symmetry is directly

violated

——————1Gr (1) and (2), where Fs, Fp, Fy and F, are scalar, pseudo-scalar, vector and axial-

vpctor form factors, respectively. If we define Pfy (k = a, band ) to be the coefficients

in these modes, rather than inferring it as a consequence of CP violation, since uutsi.de L, e of the T violating correlations in Table 1 in the differential decay rates, respectively,
the framework of local quantum field theories there is no reason for the two symmetries | \{i *OCATiOMe find that

to be linked although our discussion is within the context of such theories and.there- ... ey

fore we shall not make any distinction between the CP- and T-violation. Within kaon P, « mg[-Im(FsFy)+ Re(FpFy)], (4)

physics, the most promising T violating effects which would be accessible t
experiments are muon polarizations in K+ — #%*v and K+ — x¥ptpu~. In
1 will present recent studies on these effects.™*
We start by writing the decays as
K*(px) — =°(px) p*(puysu) v(p.)

and

K*(px) = 7% (ps) b (Pussu) p(Pir 32)

2Talk presented at the KEK workshop on rare kaon decays, KEK, Dec. 10-11, 1991.
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Phy o [~ 22 (Re(FsFf) + miIm(FyF3) — muc(Im(F5F) + Re(FeF3))], (5)

fy o [~(Re(FsF3) = miIm(FyF})) + m(Im(FsF3) - Re(FeF3)).  (6)
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We now explore Pfy in K* — n%*p and P in K+ — rtpty

hodel and its various extensions.

in the standard

T b

bThe P and T violating triple correlations 5 - (7, * px) do not exist for 3-body decays because
B+ A= 0 (75 # k).




K+t — ity

The decay has been well measured® with Br(K* — 7% v)eep = (3.18 £ 0.08)%.
The three possible tree-level contributions, through s, ¢ and u channels, to the decay
correspond to intermediate bosons of electric charges 1, 3 and —3, respectively. The
standard, left-right-symmetric, and horizontal-symmetry and the multi-Higgs models
which can have gauge boson and scalar charged Higgs exchanges, respextively are
the examples of s-channel contributions while the t, u-channel diagrams arise only in
leptoquark models with intermediate leptoquark exchanges. It is easy to see that among
the various models the standard contribution to the decay branching ratio dominates.

For the standard model the transverse muon polarization is expected to be zero
because of the abhsence of the KM phase in the diagram. This can be shown in terms
of Eq. (4). The V — A structure of the standard model gives

Fs = iFp= %Gpsin&m,.,
Fy = —F,=Grsinb, (7)
which leads to
Im(FsFy) = Re(FpF3) =0, (8)

and therefore P2, (K+ — n%%*v) = 0. It is straightforward to extended this result to
arbitrary models with effective V or A interactions such as the left-right-symmetric and
horizontal-symmetry models. Hence, the existence of a non-zero value of P¢, (Kt —
7w%u*v) will be a definite signature of new physics beyond these models.

However, P§,(K* — x%u*v) is sensitive to some multi-Higgs and leptoquark mod-
els. For the Weinberg three Higgs doublets model in which CP violation arises purely
from a phase in the charged Higgs boson mixing, we find*

Im(a,87)| v3 B,
P?V(K* = 7r°y+v) I 1(wzl Jlﬁmumk - |-l.’ux - — (9)
H 3 [Bu + |Pulity - A1, - ;5]
estimated to be
. ) .
Piy(K* = xuty) ~ 26 x 107° % (10)
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which yields an upper bound around 8.4 x 10~*. For the multi-Higgs models in which
the KM matrix has a non-zero phase we find that it can easily reach a level of 10~
without conflicting with experimental constraints. In some classes of leptoquark models
a large PP, (K* — 7%*v) would also be achieved.

The muon polarization effects predicted from these models are accessible to the
recently approved experiment: E246 at KEKS® in which a sensitivity of 0.09% in
Py (K* — n%*v) will be obtained® and future experiments in a kaon factory.”

Finally we remark that the theoretical backgrouds, i.e., Final-state-interaction
(FSI), to the polarization effect, can be ignored since they are expected to be 0(107¢)
arising from two-loop diagrams®

K+ = xtptp-

This decay has not been observed yet and the current experimental limit® is Br( K+ —
wtutp~) < 2.3 x 1077, In the standard model it occurs at the one-loop level via the
electroweak penguin and box diagrams. As is well known, the decay is dominated by the
one-photon piece, which has large albeit uncertain long-distance corrections. The decay
branching ratio is around 5 x 107® determined by the measurement of K+ — w*ete
mode. The form factors in Eq. (3) are found to be

Fg ~ 0,
Fy ~ FF"=(941)x 107" MeV 2,
iFp = muFy ~ ViV S alt (i (0). (1)

Here the contribution to Fg from two photon intermediate states has been neglected
and those to Fi and F, (Fp) are dominated by the one photon exchange diagram
which is fixed by the measurement of K* — x*eé and by the Z-penguin and W-box
diagrams involving t-quark, respectively. From Egs. (4)-(6) and (11) we find that
P2, (K* — x*p*pu~) is vanishingly small whereas Pey could be large depending on
the parameters m, and 7. For example, we get*

Piy(K* = wtptu™) = (4.1£0.3) x 10724% L%+ B (m}/M},)

2|pallPul sin 6,5
) ((E"‘ + mu)(EuEﬁ * iu * ﬁﬁ S mfn)) (12)

reaching a2 maximum value 7.5 x 107* for m; = 200 GeV and some particular area of
phase space as shown in Ref. 4.

The contributions to Pfp¢(K* — wtu*p™) from the final state electromagnetic
interactions between the pion and the muons at one loop level have been examined.
We find that the one-spin correlations in (a) receive significant contribution from FSI
and we estimated P§,(K* — ntp*u~)|rs; = O(107). However, the contributions to
the two-spin correlations in (b) and (c) are much smaller than that in the standard
model.

“The current upper limit is about 10~? from BNL experiments.®
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The muon polarization effects have been also studied in various CP violation theo-
ries beyond the standard model. We find that in the extensions of the Standard Model,
P#(K* — w¥ptpu”) is not enhanced significantly. However, the polarizations involv-
ing two-spin could reach a value of O(1) in the leptoquark models with the present
constraints on the parameters. They are also enhanced by the charged Higgs effect.
Other CP viclation models such as the multi-Higgs doublet, supersymmetry, and left-
right symmetric models predict unmeasurably small values for Py (K+ — wtutp™).

Clearly, to test the KM mechanism in the standard and charged Higgs models
and/or leptoquark, the measurement of the polarizations of both u* and p~ in K+ —
w*utu” is required. These effects could be measured in a kaon factory experiment.®

We conclude the talk as follows:

@ The muon polarizations can directly test T violation.

& The processes are outside the neutral K-system.

¢ Measuring the transverse muon polarization in K+ — 7%*v will be a clear in-
dication of CP violation beyond the standard model and test CP violation in the
multi-Higgs and leptoquark models.

© Measuring the muon polarizations involving two-spin in K+ — atptu~ will test
the KM phase in the standard and charged Higgs models and CP violating leptoquark
models.
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