PHYSICAL REVIEW D

VOLUME 51, NUMBER 1

1 JANUARY 1995

Analysis of transverse muon polarization in K+ — 7#°u*v and K+ — ptvy
decays with tensor interactions
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The T-violating transverse muon polarizations in K™ — 7°u*v and K+ — p*vy decays due to
tensor interactions are studied. The magnitudes of these polarizations over the allowed phase space

are presented.
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Although the standard model has been an enormous
success in explaining experimental data, it is generally
anticipated that there is new physics in higher energy re-
gions. One of the long-shot efforts to exploring such new
physics could be searches for CP violation (or T viola-
tion) outside of the Cabibbo-Kobayashi-Maskawa (CKM)
paradigm [1].

It is well known that measuring a component of
muon polarization normal to the decay plane in K+ —
mutv [2] or K+ — ptvy [3] decays would signal T vio-
lation. These muon polarizations, called transverse muon
polarizations (P, ), are related to the T-odd triple corre-
lations:

Sy (Pu X Px) and s, - (P X Py) (1)

for the decays K+ — n%u*v and K+ — ptvy where s,
is the muon spin vector and p; (¢ = p, 7, and «y) represent
the momenta of the muon, pion, and photon in the rest
frame of kT, respectively. It has been shown [4,5] that,
for K¥ — w%u*v decay, the transverse muon polariza-
tion defined by Eq. (1) is equal to zero in any theory
of C'P violation with the decay process via intermediate
vector bosons (including the standard CKM model). It
is also expected [6] that the CKM phase does not induce
the muon polarization in K+ — p*vy decay. Therefore
measurements of these polarizations could be clear signa-
tures of physics beyond the standard model. There are a
number of different sources that might give rise to these
polarizations, the most important ones being the weak
CP violation from some kinds of nonstandard CP viola-
tion models. The electromagnetic interaction among the
final state particles can also make contributions, which
are usually less interesting and could even hide the signals
from the weak C'P violation [7]. We shall refer to these
final-state-interaction (F'SI) contributions as theoretical
backgrounds.

In this paper we will study the transverse muon polar-
izations in K* — 7% *v and K+ — p*vy decays in the
presence of tensor interactions. We emphasize that these
tensor interactions would undoubtedly be signals of new
physics. Recently there has been considerable interest in
the possibility of having tensor interactions in weak de-
cays in connection with the experiments on © — e~y [8]
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and K+ — w%*v [9], in which tensor interactions have
been introduced to explain the data. An analogous ten-
sor interaction in K+ — tvy (I = e,p) decays was
discussed in Ref. [10]. For the decay K+ — n°utwv,
we remark that the muon polarization induced by the
tensor interactions have been investigated previously, for
example, in Refs. [4,5]. Here we shall give a detailed
analysis on distributions of the transverse muon polar-
izations in terms of Dalitz plots and derive general con-
straints on the form factors. For the completeness, we
will also include the scalar interactions in our discussions
on P, (Kt — n%utv).
We start by writing the decays as

K*(px) = 7°(@x) 1™ (Pu, su)v(p0), (2)

and
K*(pr) = pt (P, 8u)v(00)7(P4), (3)

where p;(i = K, 7, pu,v,7) are the four-momenta and s,
is the four-spin muon polarization vector, respectively.
For the decay K+ — m°u*v, we use the most general
invariant amplitude adopted by the Particle Data Group
[11]:

M = MM 4 MNSM, (4)

where

MM = % sinfc[f+(a%)(Pr + Pr)®
+7-(¢*)(Pk — Px)*BVa(l —y5)v  (5)

and

MNSM — Grpsinfgo [mesﬂ(l - ’}’5)1/

fr _

+—M;P?(P?rﬂ0aﬂ(1 —s)v (6)
are the amplitudes from the standard and nonstandard
interactions. Here fs and fr, known as the scalar and
tensor form factors, are related to the effective scalar and
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tensor interactions, respectively, and we have included
the nonstandard scalar part in the amplitude for the com-
pleteness. We note that in the case of K+ — n%e*v
decay, a fit of the experiment [9] gives that |fs/f+| =
0.070+0.016 and | fr/f+| = 0.53195. These experimen-
tal values could also suggest large interactions of Eq. (6)
in KT — 7% % v decay, which indeed have not been ruled
out from the experimental data [11].

The probability of the decay as a function of the four-
momenta of the particles and the polarizatin four-vector
s, of the muon can be written as

dw= (1+s,-P)®p/(2EK), (7
where @/ is a phase space factor,

dp-dp.dp, .4 _s
= 2P 54 (pg — pr — P — Po)(27) 5,
N 2E,2E,2E, (Px = Pr = P = p0) (27) ®)

and P is the four-vector muon polarization. In the kaon
rest frame, the transverse component of P, i.e., trans-
verse muon polarization, is given by

1
Mg

2

[my

P, = (ZImfs +
—2My (Eu — Ev)]Im fT) % (9)

with

™
@:(MK—EW—E“) 2Eu—M—K

1 m2
_§(M,"’( + M2 —m?2 — 2E,. Mk) (1 - 4]\/‘;‘12{), (10)
where we have used f; ~ 1 and f_ ~ 0. Clearly, the
nonzero contributions to P, = |P,| in Kt — nutv
could arise if there are some nonstandard effective scalar
and/or tensor interactions.

At present the best bound on the transverse muon
polarization in Eq. [9] comes from the experiment at
BNL [12] with the value of (—3.1 &+ 5.3) x 1073, lead-
ing to the upper limit being about 102 at 90% C.L.
In the absence of the tensor form factor in Eq. [9],
contours for the magnitude of the transverse muon po-
larization, P, are shown in Fig. 1. Similar contours
with assuming fs = 0 are depicted in Fig. 2. From
PP (Kt — 7%tv) < 1072 and Figs. 1 and 2, we find
that

Imfs| < 1073 and |[Imfr| < 1073, (11)

Therefore, the transverse muon polarization in K+ —
70T v could be 1072 without conflicting with the exper-
imental constraints.

The muon polarization effects from these effective non-
standard structures could be accessible to the underway
experiment of E246 at KEK [13,14], in which a sensitiv-
ity of 0.05% in P, (Kt — #%u*v) will be obtained, and
future experiments in a kaon factory [15] as well. The
well-known examples which could give rise to the effective
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FIG. 1. Dalitz plot of P, (KT — n°u*v) for Imfr=0 with
the values of contours: (a)—(e) being 0, 0.8, 1.4, 2.4, and 6.0
in the unit of [Imfs|, respectively.

scalar interactions in Eq. (6) are the multi-Higgs-boson
and leptoquark models [5,16,17,4], while the tensor ones
could be induced from leptoquark models [5,4].

Finally we remark that the theoretical backgrounds,
i.e., FSI contributions, to the transverse muon polariza-
tion, can be ignored since they are expected to be ~ 10~°
arising from two-loop diagrams [18].

We now study the decay of K+ — u*vvy. In the frame-
work of the standard model, the amplitude of the decay
can be written as

M = Mip + Msp, (12)

where Mg and Mgp are the so-called wnner
bremsstrahlung (IB) and structure dependent (SD) terms,
give by

”\f; sinOcm, freeti(py) (1 — s)

P 9Y* +2p;
g (A A 7R PYT (13)
(pq 2p.q (Pu)

Mip =

and
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FIG. 2. Dalitz plot of P, (Kt — w°u*v) for Imfs=0 with

the values of contours: (a)—(f) being 0.2, 0.1, 0, 0.3, 1.0, and
4.0 in the unit of |Imfr|, respectively.
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Here ¢ is the photon polarization vector, fx is the K de-
cay constant, and F4 v are the axial, vector form factors

defined by
. F
(Y|Evayss|K) = —zeM—Aea(pqgaa — Ppa);
K
Fy
(VBEvas|K) = eM—VEaBp,\GquPAa (15)
K

respectively. At the one-loop level in chiral perturbation
theory, the form factors Fs v are found to be [19]

Fy = —0.0945, F4 = —0.0425 (16)

which agree with experiments. It is easily seen that the
standard matrix elements in Egs. (13) and (14) do not
generate the T-odd triple correlation term in Eq. (1) for
K+ — ptvvy decay because there is no relative phase be-
tween them at the tree level. It is clear that to have
nonzero transverse muon polarization, a nonstandard
matrix element of new physics is needed. One possible
candidate for such new phisics in K+ — utv+y is to have
a tensor interaction given by

Gr . _ - o
% = 9E sinbo fvapsiio™ (1 vy, (17)

V2

where fr is a constant form factor. The possibility of
having the interaction in Eq. (17) for K+ — ptvy has
been explored recently in Ref. [10] motivated by the ex-
perimental results [8]. With some arbitrary hypothe-
ses [10] and results from the pion decays with PCAC
(partial conservation of axial vector current) approxima-
tion [20], the form factor fr is expected to be less than
6.2 x 1072, From Eq. (17), one obtains [10]

ieGF . 0 ax B _

7 sin 0ce®*¢° Frii(p,)oap(1 + vs5)v(py), (18)

MT =
where the form factor Fr is defined by
_ . Frl
(VNATapyss|K) = —ie3 (catp — ) (19)
T

with the form factor Fr being
|Fr| <2.2x1072 (20)

assumed in [10]. We note that the tensor interaction in
Eq. (17) in principle could also lead to a contribution to
K+ — 7%y decay [4]. However, the matrix element
corresponding the Eq. (17) is suppressed by PCAC [10]
unlike the relation in Eq. (19) for the case of K+ — ptvy
mode. We therefore believe that the decay of KT —
utvy is a more interesting one than K+ — w%u*v to
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probe the tensor interaction of Eq. (17).

Similar to the discussions of P, (K* — 7%u*v), the
transverse muon polarization for KT — putvy aris-
ing from the interferences between the tensor term in
Eq. (18) and the IB and SD terms in Eqgs. (12)—(14) is
found to have the form

_ 4(1 — /\) 2 2m‘2be
PJ_-—"':E— (FV FA).’L' MIS{A
PuXPy 1
xImFpr——-—" 21
"ML o) &4
with
__2E, _2E,
T = MK’ Yy = MK )
m,
)\=(a:+y—1—r,‘)/a:,r,‘=m—2, (22)
K

and p(z,y) is the normalized Dalitz plot density given by

p(z,y) = pis(x,y) + psp(z,y) + piBsp (2, y)
+pr(z,y) + piBr(Z,¥) + pspr(z,y),  (23)

where

2
pIB(an) = 27‘,‘ (%) fIB(33,y),
psp(z,y) = S[(Fv + Fa)’fsp+ (2, v)

+(FV - FA)szD_ (1" y)]»
piBsp(Z,y) = 2Tp7£—K[(FV + Fa)f+(z,9),
K

+(Fv — Fa)f-(z,9)],
pr(z,y) = 2|Fr|? frr(z,y),

piBr(Z,Y) = 4\/7‘_;:%116(1’7')]‘137'(%2/),
pspr = 2,/TuRe(Fr)(Fv — Fa)fspr(z,y) (24)

with
1-y+
fiB(z,y) = 7/\13 Tu (wz +2(1—z)(1—r,)
_2ru(1—7y)
A ’

fsp+ (2,y) = 2A[(Az +74)(1 —z) — 4],
fsp-(z,y) = 2(1 = N)[(1 - 2)(1 —y) + 7],
1—

Fol@my) = 210~ 2) 12— ) + 7,

@y = S5 f ),

Frr(z,y) = Az?(1 - ),

finr(z,y) =147, - A= 22,

fspr(z,y) = Az?(1 — A). (25)

In Fig. 3, we show the contours for the magnitude of the
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FIG. 3. Dalitz Plot of P, (Kt — ptvy). The contours
(a)—(d) are 0.5, 1.5, 3.0, and 6.0 in the unit of [ImFr|, respec-
tively.

transverse muon polarization in Eq. (21) induced by the
tensor interaction. From the constraint in Eq. (20) we
conclude that P, (K+ — ptvy) can be as large as 10%.

Although there is only one charged final-state parti-
cle for the decay K+ — putvvy like K;:., mode, the FSI
due to electromagnetic interaction arises at one-loop dia-
grams because of the existence of the photon in the final
state. Therefore it is expected [21] that the theoretical

background, i.e., FSI, for the polarization in Eq. (21) is
large, unlike the case in K ;’3 where the FSI is at the two-
loop level. Recently, we have performed [22] a detailed
calculation on the FSI contribution to the polarization
and found that PFSI(K+ — pu*uy) is at the level of 1073
in most regions of the decay allowed phase space.

Finally we note that the experiment E246 at KEK
could also measure the muon polarization [14] in Eq. (21).
Sensitivity at the level of 1073 may be possible [23]. This
will be a useful calibration for the experiment.

In summary, we have examined the T violating trans-
verse muon polarizations in Kt — n°%utv and K+ —
pt vy decays in the presence of nonstandard interactions
such as the tensor interactions. We have shown that the
polarizations are expected to be large without conflicting
with the current experimental data and they could be
accessible at future experiments such as the underway
experiment of E246 at KEK. Measuring the transverse
muon polarizations in K+ — 7% v and K+ — ptuy
will be a clear indication of physics beyond the standard
model and provide some insights into the origin of CP vi-
olation. In particular, these measurements could indicate
the existence of the tensor interactions.

The author would like to thank P. Depommier, J.
Imazato, T. Inagaki, Y. Kuno, W. Marciano, and S. Sug-
imoto for discussions. This work was supported in part
by the National Science Council of Republic of China
under Grant No. NSC-83-0208-M-007-118.

[1] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963); M.
Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652
(1973).

[2] J. J. Sakurai, Phys. Rev. 109, 980 (1958).

[3] Cf. D. A. Bryman et al., Phys. Rep. 88, 151 (1982).

[4] M. Leurer, Phys. Rev. Lett. 62 1967 (1989).

[5] G. Bélanger and C. Q. Geng, Phys. Rev. D 44, 2789
(1991).

[6] C. Q. Geng, Talk presented at the Third KEK Topical
Conference on CP Violation, KEK, 1993 (unpublished).

[7] N. Byers, S. W. MacDowell, and C. N. Yang, In Proceed-
ings of the International Seminar in High Energy Physics
and Elementary Particles, Trieste, Italy, 1965 (Interna-
tional Atomic Energy Agency, Vienna, Austria, 1965), p.
953; L. B. Okun and I. B. Khriplovich, Yad. Fiz. 6, 821
(1967) [Sov. J. Nucl. Phys. 6 598 (1967)].

[8] V. N. Bolotov et al., Phys. Lett. B 238, 308 (1990); A.
A. Poblaguev, ibid. 238, 109 (1990).

[9] S. A. Akimenko et al., Phys. Lett. B 259, 225 (1991).

[10] E. Gabrielli, Phys. Lett. B 301, 409 (1993).
[11] Particle Data Group, K. Hikasa et al., Phys. Rev. D 45,

S1 (1992).

[12] M. K. Campbell et al., Phys. Rev. Lett. 47, 1032 (1981);
S. R. Blatt et al., Phys. Rev. D 27, 1056 (1983).

[13] KEK E246 Collaboration, J. Imazato et al., KEK-PS Re-
search Proposal, KEK-91-8 (unpublished).

[14] Y. Kuno, Talk presented at the Third KEK Topical Con-
ference on CP Violation [6].

[15] Y. Kuno, Talk presented at the Workshop on Science at
the Kaon Factory, Vancouver, 1990 (unpublished).

[16] H. Y. Cheng, Phys. Rev. D 26, 143 (1982).

[17] R. Garisto and G. Kane, Phys. Rev. D 44, 2083 (1991).

(18] A. R. Zhitnitskii, Sov. J. Nucl. Phys. 31, 529 (1980).

[19] J. Bijnens, G. Ecker, and J. Gasser, Nucl. Phys. B396,
81 (1993).

[20] V. M. Belyaev and I. I. Kogan, Phys. Lett. B 280, 238
(1992).

[21] W. Marciano, BNL Report No. BNL-48760 (unpub-
lished).

[22] C. Q. Geng, S. K. Lee, and B.-L. Young (in preparation).
(23] Y. Kuno and J. Imazato (private communication).



