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We study the possibility of observing T violation in the process K ¥ —#7tu*u™. To this end we define
appropriate T-violation indicators. We find that the measurements of the two-spin correlations can pro-
vide a reliable test of the Cabibbo-Kobayashi-Maskawa mechanism of T violation. The final-state in-
teractions mainly contribute to indicators involving only one spin. We also estimate the size of the con-
tribution of a representative set of extensions of the standard model to T-violation indicators. We find
that their contribution can be important only in models with loosely constrained new parameters.

PACS number(s): 13.20.Eb, 11.30.Er, 12.15.Ji, 13.88.+¢

I. INTRODUCTION

Among a number of phenomena which we observe in
the decays of various particles, the phenomenon of T
violation or CP violation remains intriguing and fascinat-
ing. In the framework of local quantum field theories,
with Lorentz invariance and the usual spin-statistics con-
nection, 7 violation implies CP violation (and vice versa),
because of the CPT invariance of such theories [1]. Ex-
perimentally only CP violation has been observed so far
and this only in kaons [2]. Empirically the violation of
CPT symmetry has not been observed [3]. Still, it will be
worthwhile to remember that outside this framework of
local quantum field theories, there is no reason for the
two symmetries to be linked. Their a priori linkage
through CPT invariance itself is certainly very profound.
Therefore, it would be interesting to directly investigate
T violation, rather than inferring it as a consequence of
CP violation. In this paper, our discussion is within the
context of local quantum field theories; therefore we shall
not make any distinction between the CP and T violation.
But the quantities we shall be calculating will be a mea-
sure of T violation.

Over the years, a number of processes have been sug-
gested where one can look for either T or CP violation,
e.g., kaon decays, B meson decays, rare Z° decays, hype-
ron decay asymmetries, and electric dipole moments of
the electron and the neutron [2]. Until now CP violation
has been observed only in a few decay modes of the kaon
[3]. Because of the new generation of kaon experiments
that are ongoing and the possibility of a kaon factory on
the horizon, various kaon decays will continue to provide
the most fertile territory for such observations.

The standard model (SM) has been unsurpassed in its
simplicity, internal consistency, and its power to shed
light on experimental and observational data [4]. With at
least three families of quarks and leptons, it has a “natu-
ral” place for the T (or CP) violation, in terms of the
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mixing of quarks; however, a more satisfactory and better
understanding of this phenomenon is still lacking. One
impediment in this regard has been that this phenomenon
has only been observed in a very limited number of pro-
cesses. The benchmark process for CP violation has been
the K — 7w decay [2]. Here CP violation is quantified in
terms of the parameters € and €. To date only || has
been measured and the experimental status of €’ is still
confused [5-7]. To enhance our ability to understand
this phenomenon, and to test whether CP violation arises
solely from the phase in quark mixings, or from more
than one source, it is imperative to explore other avenues
where the possibility of observing T (or CP) violation ex-
ists. To achieve this better understanding, the uncertain-
ties in the model’s prediction of T-violation indicators
must be under control. At the moment the techniques
for the computation in the nonperturbative domain of a
realistic model, such as the SM, are not yet well
developed. This leads to uncertainties, which are not
usually under control, in the predictions for the nonlep-
tonic decay modes of the kaon or other hadrons [8]. Un-
fortunately, the above-mentioned CP-violating process is
plagued with such difficulties.

We have already mentioned that the only direct evi-
dence of CP violation comes from kaon decays. In the
K-K system, CP violation can come about in two ways.
First, it can occur in the wave function through K-K
mixing which is parametrized by €. Second, it can appear
directly through the decay amplitude of a process. The
former is often referred to as indirect CP violation, and
the latter as direct CP violation. A charged-kaon decay
mode is a better place to look for direct CP violation
since, in general, in a neutral-kaon decay mode, indirect
CP-violation effects can be significant (one exception is
K; — "% which, however, has the drawback of being
hard to measure as well as being very rare). Until now,
there has been no conclusive experimental evidence [5-7]
about the existence of direct CP violation, i.e., a nonvan-
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ishing value of €’. It would in any case be desirable to ob-
serve T violation directly and test whether the sources of
the two violations (i.e., T and CP) are identical.

From the above discussion we establish the following
criteria for a process to be considered as a good candidate
for the study of the mechanism of T violation: (a) it has a
large enough branching ratio so that enough events can
be collected in a given experiment; (b) the appropriate 7-
violation indicator in the process is “large”; (c) the pre-
diction of the model for such indicators is reasonably
unambigous, i.e., the theoretical uncertainties are under
control; (d) the experiment is feasible in the near future.
We note that these conditions are not completely in-
dependent. A number of processes have been suggested
in the past to look for signals of CP violation. These in-
clude the searches for the rare decays K,
— 7%, K L —> 7%, and the measurement of the longitudi-
nal polarization of 4 in the decay K; —u* ™. None of
these meet the above criteria completely.

Recently, we analyzed the process [9]

K™%, (D

and investigated the possibility of observing T violation
in this decay within the context of the standard model.
Here [ can be either an electron or a muon. We found
that the two-spin correlations in the muon decay mode
are the best T-violation indicators for this process.
Furthermore, from a theoretical point of view, such
correlations provide a clean test of the Cabibbo-
Kobayashi-Maskawa (CKM) mechanism of CP violation.
In this paper, we present the details of the above-
mentioned analysis and discuss the importance of the
measurements. We show that final-state interactions do
not contribute significantly to the two-spin correlations.
However, they can contribute significantly to one-spin-
dependent T-violation indicators. We also analyze the
prospects of probing the physics beyond the standard
model using such indicators. To this end, we estimate
contributions to these indicators in some of the more
popular extensions of the standard model. We find that
typically such models do not give large T-violation effects
with the exception of leptoquark models.

The process K ¥ — 7" [T is a rare decay process. In the
SM, such a process cannot occur at the tree level due to
the absence of flavor-changing neutral currents. Howev-
er, this decay can take place at the one-loop level via the
electroweak penguin and box diagrams as displayed in
Fig. 1. Since in the SM, the weak interaction leads to T
violation, we shall focus on the electroweak contribution
to this process. The strong-interaction corrections to this
process have the potential of introducing theoretical un-
certainties that are difficult to control. Our strategy is to
use as much experimental input as possible, and not con-
front these issues directly. Details are given in Sec. II.
For many T-violation indicators we are studying, this can
be done, and hence they can be calculated fairly reliably
in the standard model. The predictions then come rela-
tively free from theoretical ambiguities, and this process
can provide a good test of the mechanism of T violation
in the standard model.
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FIG. 1. Some one-loop diagrams for the short-distance con-
tribution to the K *— 7" Il decay.

The quantities which we compute suffer from a poten-
tial drawback from an experimental point of view. It is
hard to measure the polarization of fast-moving leptons.
In the case of the electron decay mode, it may be impossi-
ble to make the required measurements. However, in the
case of the muon decay mode, it may be possible to carry
out such an experiment at a kaon factory, e.g., the pro-
posed KAON. Therefore, in this paper our focus is on
the muon decay mode. The polarization measurements
on the ™ have been carried out in the past. The main
experimental challenge will be the measurement of the
polarization of p ™.

In Sec. II, we carry out a general analysis of the decay
K" — 7"l and define various quantities. In Sec. III, we
compute and analyze these quantities in the standard
model. In Sec. IV, we calculate the contribution from
final-state interactions. In Sec. V, we carry out the
analysis for some extensions of the standard model, put-
ting in the most recent constraints on the myriads of pa-
rameters in these models. Finally, in Sec. VI, we address
some theoretical and experimental issues, and present our
conclusions.

II. GENERAL ANALYSIS

We first carry out a general analysis of the process (1)
based on Lorentz invariance. The amplitude for such a
process can be written as [9]

M=Fgu(p;,s w(p;,5)+Fpi(p;,s)ysv(p;,5)
+Fypfulp,s )Vyv(171»§)+FAPfl7(P1,S )Y ¥ sv(P1,5) -
(2)

Here Fg,Fp,F), and F , are scalar, pseudoscalar, vector,
and axial-vector form factors, respectively. These form
factors are functions of Lorentz-invariant quantities. The
PisP P, and p; are the four-momenta of K*,7*,1, and
I, respectively, while the s and 5 are the polarization vec-
tors of the / and 7, respectively. Thus to compute a physi-
cal quantity for such a process, we must have prior
knowledge of these form factors either experimentally or
through some dynamical model.

The invariant amplitude squared is given by
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P=|M|*=|Fs| [ HL>—4m})(1—5-5)+p;s p; 5]+ |Fp| [ LLA1+5-F)—F;s p; 5]
+1Fy 12(2p;py Bypi(1—55)—tmZL¥1—5°5)
+2p s Py By P1*S+ 2Pk S pi Py Br*s —mgPy*s p’S—L*py s py 5]

+|F 4 12[2p;pi By pi (145 F)—LmE(L2—4m})(1+55)
—2pyS PP P1*S — 2Pk S Pi*p1 Br's T mgPy-s py S+ (L —4m})py s py 5]
+2 Im(FsFp )P, 5,5,P1s 2 Re(FgFg)m,(5-p;+p;-s)
+2Re(FsFy)m[py(p;—p X1 —s5)+5p; sp;—5sp,5p;]
+2Im(FsF})e""°py p1.Bip(s +5), + 2 Re(Fs F3)[(L*—4m{)p; (s +5)—P;"s p;*px — P "Pi P15

+2Im(FgF3)me"""°p 5,5,(p; —p;); —2 Im(FpFy )me"**p; s 5,(5; +p;),

—2Re(FpF)[+L py-(5—5)—pic P 1S +Pic Py Pr>s 1 =2 Im(FpF 1)e""py p1By,(s —5),
—2Re(FpF¥)m[—L(mE—mi+L*)(1+s-5)+5p;spi+s5;5pi ]

+2 Re(FyF%)m[ —25py p;-pi +25pi PP —mi (s B —5p;)]

+2 Im(FyF3) [Py Pk € PicuP1SpS o +P1"Pi€™ PP 1505 o

+5pr e PLpiPrSe 5 Pre PP P IPIS o | - (3)

In the above L is the invariant mass of the dilepton system.
We split 2 in two pieces. One contains the pieces contributing to T violation and the other does not. Thus, we write

P=Prc+Prv, (4)
where

Prv=2Im(FsF3)(E;p;-§Xs+E;p;sX5+s5%p, Xp, +5 %P, Xp;)
—2Im(FgFp)mg(s+8)-p, Xp; +2 Im(FgF % )m;mg(p,—P,;)-s X§
—2Im(FpFy)mmg(p;+p;)sX5—2Im(FpF¥ )mg(s—8)-p; XP,
+21Im(F, F%)m2[E,p,-§Xs+E;p,sXs+s%p, Xp, +5%p, Xp,] - (5)

Here the spin vectors are defined in the rest frame of the kaon. Therefore they depend on the momenta of the lep-
tons. For a lepton with momentum p, the spin four-vector s is

s= (PB4 p@

(3
m,; m,(E+m1)p ’ ©

where i is a unit vector in the direction of the spin of the lepton in its rest frame.
Using this we can write the pieces of the amplitude squared that lead to T violation as
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A |p1l2|pzlA A A |P1|2|I_’11 A
Prv=2Im(FgF}) | —E,|p,| p, AXB+E,;|p,| P, AXD— ———D, 80P, XP, + ———p,-20-p, XP
TV sFp) 1P P 718 I8 B +m, P: P: XP; E +m, P: P: XP;
—2Im(FgF¥)mg |p |5, |(B+8)-P; XP, +2 Im(FsF¥ )m;my
A A I§I|2|pll A |P1|2|ﬁll
|p |p AXh— | I’ -ﬁXﬁ-ﬁ-—-—_—‘ﬁ ARD,Xp,——————P, -0 7P, XD
1P P! P m,(E,+m,)p1 P AP m,(E,+m,)p1 P XP:
i AR Ip: 121,
—2Im(FpF})mmy ||p,| P, X0+ P | P, AXE+ ————P,- 80P, XP +—L 2 5 A%5 XD
ply/mmmg 11 Pi 1 mI(El+ml)pI n-p; Xp; m,(E,+m,)pl P: XP;
+2Im(FpF5)mg|p;|lp, (B —10)-p; XP, —2 Im(F, F})mZ |E,|p,| p,-AX0+E, |5, p,-A XA
|P1|ZIP1{ A fl’ﬁ ~ X/'\’
E1+m1 P P XP;
|P1| |P1},\ AA A~ A
+E—1+m—1p1 nﬁ-p,Xp, 7

We notice that P contains two types of T-violation indica
mate the strength of these T-violation indicators, we define

tors: namely, one-spin and two-spin correlations. To esti-
the quantities I, ,7y to characterize the different kind of

correlations. These quantmes represent the relative strength of the coefficient of the appropriate correlation in the dis-

tribution d T /d3p,d*p, in the rest frame of the kaon.

The first category of indicators involves only one spin and can be defined as

1 _ 2[Im(FsF;)_Im(FpF; |p1H§,|Sin9ﬁ
Iipy= F P+ |F 2 7 2 ) (8)
k[(UFyP+IF *)EE;+p;-B))—mi(|Fy|*—|F 4 %]

, 2[Im(FgFy)+Im(FpF%)1lp 1P, sin6;

Tirv= (|Fy 2+ |F 4 I*)E B, +p,-p))—mP(|Fy [P —|F 4 1?) ®
xk[(Fy 4 &y TPrpr) T m Ly 419)]

There are four different indicators in the second category that involve two spin correlations:

o 2{E; Im(FgFg)—mmg[Im(FsF%)—Im(FpF})]+m2E, Im(F,F¥)}|p,l 10)

v mg(|Fy|*+|F *NEE;+p;-B))—m{(|Fy > —|F 41?) ’

2 2E; Im(FgFp)—mmmg[Im(FgFY)+Im(FpFp)]— m,%E,Im(FVFj)}lﬁII an

v mg(|Fy|>+|F (P)EE;+p;-p))—mP(|Fy [P —|F 4 ) ’

e 2{Im(FgFp)+mg[Im(FgF%)+Im(FpFg)]—mE Im(F,F¥) ]Ip,lzlﬁllsin(?”-/(E,+m,) 12)

™ mE(Fy P+ F  PYE B, +pBi) —mi(Fy = |F ,?) ’

. 2{Im(FsF3)+mg[Im(FgF%)—Im(FpF)]+mg Im(Fy F3)} |, p,|sin6; /(E; +m;) 13

™ mE(Fy P+ |F , PNE B, +p-B) —mAFy [P~ |F 4 [?)

Here indicators Iy and I3y correspond to the corre-
lations P, -0 X @ and P,-Ai X0, respectively, while I3y and
I%ry correspond to the correlations (P,-d) (&P, X))
and (P;-@) (8-P, XP;), respectively. In the above 6 is
the angle between p; and p;. We have chosen to normal-
ize these quantities with respect to the dominant part of
Prc which is proportional to the total width of the pro-
cess K" — 7T IT after phase-space integration. These in-

f

dicators are basically the relative probability for the
correlations to exist.

At this stage, these quantities look quite complex.
However, within the context of a specific model, as we
shall see, they can be simplified considerably. For exam-
ple, in the SM the dominating amplitude is proportional
to Fy, and the most important 7T-violation signature
comes from the interference between the Fj and F,
terms. Notice that these indicators are proportional to



the relative phase between any of the two form factors, so
we have to focus on models where such a relative phase
can appear.

There are a number of different sources that might give
rise to a relative phase between the form factors, the most
important one being a phase in the CKM matrix [10].
The electromagnetic interaction among the final-state
particles (FSI), and the strong interaction among the par-
ticles in the intermediate state, can also make contribu-
tions. The last two contributions are usually less interest-
ing, and they could even hide the standard-model signal.
Finally, we consider the models that go beyond the SM
(BSM). In these models there are numerous possibilities
for a relative phase between any of the two form factors,
leading to nonvanishing 7T-violation indicators. We shall
only briefly comment on the potential relative phase from
the strong interaction, but will consider other contribu-
tions in more detail.

To facilitate our discussion, we define

Fg=F§XM4 FESI4 pBSM

Fp=Fg"M+FpS'+ FPSM
Fy=Fy*M+FpS+ FpsM e

F,=F{M+F'+FM

Here various symbols are self-explanatory. In the next
section we shall estimate the CKM contribution to these
form factors.

III. THE CKM CONTRIBUTION IN
THE STANDARD MODEL

As indicated in the Introduction, the electroweak and
box diagrams, displayed in Fig. 1, are the main contribu-
tors to the form factors in the SM. These diagrams do
not give rise to the form factor Fg. The scalar form fac-
tor receives a contribution from a diagram with a two-
photon intermediate state. However, this contribution is
of order Gpa® and it is expected to be much smaller than
the penguin and box contributions to the other form fac-
tors which are of order Gra. We will neglect altogether
the two-photon intermediate state and therefore Fg will
not be considered further in this section. The penguin
and box diagrams have been calculated in Refs. [11-14].
Using their results, we find

Gr o2 f-
FEKM‘:mIVisVi;;VE—Z;f*' 7,? L,(x;),
Gr ¢2
FSKM:stVfﬁ\/_QEfJL("i) , (15)
Gr 2
FiM=V, Vi = f+Lilx)
where
IL(xi)=IZ(xi)+IE(xi)+I£(xi) ’
(16)

Ly(x)=Lfx;)+LEx,) .
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In the above equations, x; =m}/M?3,, where i can be ¢
or ¢, corresponding to the exchange of an internal top
quark and charm quark, respectively. A sum over i is im-
plied in the expressions for Fp, Fy, and F 4. The V;; are
the CKM matrix elements, f_ and f, are the form fac-
tors which are the same as in K;; decays [3]. The func-
tions, I; and L,, are [11-14]

) (25—19x; )x}?
X )=
Llx; 36m(x,—1)°
(3x/—30x 4+ 54x?—32x; + 8)Inx;
_ n , a7
187(x; —1)
4sin’0, —1 x;
ILZ(x,-)=‘+—
sin“6,, 8w
(x; —6)(x; —1)+(3x; +2)Inx;
. , 18
(x,*_l)
x; | 1—x;+Inx;
() =—1 1, (19)
sin’fy, 47 (x;—1)
and
IA(x;)
LA(x;)=——= , LExp)=—Ikx,). (0

4sin’0, —1

Some of these form factors can receive large strong-
interaction corrections. This is especially true of Fy, as
we discuss below. Since the long-distance part of such
corrections cannot be computed in a model-independent
fashion, we shall have to find a way to get its value from
some other means to get a model-independent estimate.
To this end we can use appropriate experimental mea-
surements. In fact F), can be determined by comparing
the theoretical calculation with the experimental value
for the width of the decay mode Kt — 7 e e ™.

After a standard calculation, we find that the
differential decay rate in the K ¥ rest frame to be given by

172
dar 1 Ipgl

4m,2
dEﬂ 967T3 mK

L2

X

3|Fp|’L2+ 12 Re(FpF¥ )mymy(my —E_)
+12|F ;|*’m}m}

+2(|Fy |2+ |F (> )ymE|p, |2

mlz
1+2—
LZ

(21)

To get the width we have to carry out the remaining
integration. This integral does not give any simple closed
analytical result. However, in the case of the electron de-
cay mode, where m, ~0, we get
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5

=(|Fy *+F, )
vl 4 738443

4 2
‘ i

™
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-

™ ] } 22)

As we see this width depends on F), and F ,, which are
given in Eq. (14); the major contribution is from FFXM
given in Eq. (15). The other contributions to these form
factors are of higher order in the perturbative expansion.
In this section, F; stands for F*XM. The contribution of
the diagram with the top quark in the intermediate state
is negligible even for a large top-quark mass. This is due
to the CKM matrix suppression (the contribution of the
diagram with the top quark is proportional to A°, while
with the charm quark it is proportional to A. Here
A=0.22 is a parameter in the CKM matrix). Therefore,
the width of the process K+ —7"e e~ is dominated by
the one-photon-exchange diagram with the charm quark
in the intermediate state. The one-photon-exchange dia-
gram only gives a significant contribution to F, and not
F,. So F, can be neglected in the above expression.
The one-photon-exchange diagram is also expected to
have large long-distance corrections, which remain un-
certain. This contribution can only be calculated in the
context of a model, which will require additional assump-
tions. However, since I', now principally depends on
only one form factor Fy, we can use the experimental
value of ', and Eq. (21) to obtain F), denoted by

1
8

Fg®'.  Experimentally, B(K" —7%ee )=(2.7£0.5)
X107’ [3]. We find that [15] |[F§®=(9+1)x10~ "
(MeV/c?)7%. We can use this value to estimate the

branching ratio of the muon decay mode K " -7 utu”

We find B(K "7 u u")=(5+1)X10"%. This value
agrees with the value estimated by Beder and Dass [16].
We note that here we have assumed that F, is a constant,
in fact there is a momentum dependence in this form fac-
tor. However, one should be able to measure this depen-
dence of F, by analyzing the dilepton distributions of the
decay Kt —>7tete”

Unlike F, the long-distance corrections to F 4 are ex-
pected to be small. This is the case since it contams no
large logarithm [13, 17, 18] of the form In(M}, /u?) as the
dominant term arises from ¢-quark exchanges, where u is
the QCD scale. Hence, there are mo large strong-
interaction corrections to F,. From Egs. (15)-(20), we
notice that F, depends on m,,p, and 7, where p and 7
are the yet undetermined CKM parameters in the
Wolfenstein-Maiani parametrization [19]. Until now we
only have bounds on these parameters. A precise mea-
surement of F, can help us to tighten these bounds. In
fact Im(F ,) depends on 7, while Re(F 4) depends on p.
In the following we will discuss how to extract 1 from the
T-violation indicators.

We saw in the last section that there are basically two
types of muon spin correlations in the decay
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KT 7 u*tu™: one-spin and two-spin. To avoid a
cumbersome discussion we will concentrate on one
representative of each category: Ilpy and Ijpy. As ar-
gued earlier, the denominator of these indicators will be
dominated by F), so we can always neglect F, in the
denominator. We also set F|, to be equal to its experi-
mental value F§*P' in order to avoid the theoretical ambi-
guities. From Eq. (15), we see that if Im(f_ /f, )=0, as
expected from K3, there is almost no relative phase be-
tween FSXM and FGXM. Therefore, we can write

Iy = Im(FgFy) 2|-p#| |P.Isin6,; .
K [F7™T? EE, +tp,P,—m
and,
4 “ —Im(Fp)+mg Im(F%)
IzTV = ‘ mKFic/xpt
21p,/*lp,.Isin6; e

(E,+m,NE,E,+p,P,—m})

The correction to these will be of O(|F ,[2/|Fy|?),
which is several orders of magnitude smaller than the
above leading term. Because of four-momentum conser-
vation, these quantities depend on two variables which
can be taken to be E,, and E#

To measure the 1ndlcator I v one will have to mea-
sure the polarization of the u* perpendicular to the de-
cay plane. However, for Iy, one will have to measure
in addition the helicity of the muon. Obviously the form-
er will be easier to measure. Unfortunately in the stan-
dard model it is very small because to this order
FE&M~0. Therefore the CKM contribution to the one-
spin correlations is not likely to be accessible to experi-
ments. The situation is, however, different in the case of
two-spin correlation.

Using the Wolfenstein-Maiani parametrization [19] of
the CKM matrix, and the values A=0.22, |FJ®!|
=(9+1)X 107! MeV/c?) "% and f, =1, we find, to the
leading order,

2.5

10° R

0.0 T T
100 150 200 250
m, (Gev/c?)

FIG. 2. The allowed region of R as a function of m,.
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FIG. 3. Dalitz plot for the indicator I}yy.
R —Im(FS¥™) 4+ m . Im(FSKM*)

my F®

=(4.1£0.3) X103 42yL(x,) . (25)

Thus we see that I'3yy is directly proportional to 7. We
emphasize that this quantity is relatively free of hadronic
uncertainties. In Fig. 2, we show the dependence of R on
the top-quark mass taking into account one standard de-
viation on the parameters of the CKM matrix [20]. If we
choose m, =200 GeV/c?, we find the maximum value for
the parameter R ~2.1X1073 leading to a value for the
muon decay mode of I35y ~0.5X10"2% when
E,=E,=my /3. In Fig. 3 we give a Dalitz plot of this
indicator which shows its values over the allowed phase
space. From there one can see where this indicator has
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the largest value, I3y ~7.5X 1072, and where a prospec-
tive experiment should focus.

Naturally, the fixing of the CKM parameters is in itself
an important issue. Once we know m,, the above indica-
tors can then give another data point to constrain the pa-
rameter 7. We note here that R depends linearly on 7,
that is expected to be less than 1. On the other hand the
branching ratio of K; —7%%¥ depends on 7% Therefore,
in principle, R is more sensitive to the measurement of
the CKM phase. We note that there are other T-
violation indicators involving two-spin correlations given
by Egs. (10) and (11). These indicators are expected to be
somewhat larger than those estimated above, and were
discussed in Ref. [9]. However, these indicators may be
harder to measure unless one can measure the spins of
the muons event by event.

IV. THE FINAL-STATE-INTERACTION
CONTRIBUTION

Within the standard model, there is another contribu-
tion to the T-violation indicators. It comes from the elec-
tromagnetic interaction between two charged particles in
the final state. The diagrams making such contributions
are displayed in Fig. 4. As we see these are higher-order
diagrams in a perturbative expansion; therefore, their
contribution is expected to be smaller. Furthermore we
are mostly interested only in imaginary part of these con-
tributions.

To estimate the final-state-interaction contribution, we
only need to calculate the imaginary part of the
FESUFESUFTS! and FES!. We follow a procedure analo-
gous to the one used in the case of the K3 decay in Ref.
[21]. After some lengthy calculation we get

Im(FES)=aF§kM p;Dl [p1pulpi+my)—2mipt)+ p;, P2 Pp3+my)—2mp3]+ p;)fmipﬁ
+aFSKM _p%lDl mﬂ(p%—mﬁ)pl (py—pu)+ lDzm (p3— ,2;)172'(172—17,1)
+p§1Dsm#—;-p§pk~(p#—ﬁ,,) ,
Im(FES)=aF§kM p%Dlpl-p#(p%—mz)+$Z—pz-ﬁ,‘<p%+mf)
—aF$kM p%;)lm”(p —m,ﬁ)pl-(p#—pl)-f-p%D2 m,(p3—m})p, (B, —p,)
D, ipi+2aml)
Im(F}3)=aF§¥Mm,, 2D, pi-(p1—p,)+ El’z'(l’z_ﬁp)
+aFgKM p%Dlpl-pp(p¥—mﬁ)+p%;)2pzp#(p mi>+P§D33D§ ;
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1
FSIy— , CKM n — L p.—5
Im(F>)=aFp™"m, 2p P (py pp>+p%D2pz (p2—hy)
1 1 _
+aF M D (p1-pu(pT—m})—2mppil+ i (P2 Pulpi m2)—2mZp3]
11 pag)
1
+ (3D%3+2m?%p3) |, (26)
P%D 3 WP
[
where considered to be the standard model value. Thus, we see
—p 4 —p 45 —p 45 27) that only Fg receives substantial contribution from the
Pv=Px TPy P2=PaTPur P3=PuTPyu> final-state interactions. Therefore only the indicators
and that are proportional to the imaginary part of Fg are
5 , significantly affected. Consequentially it is the one-spin
Dj Z(Pw‘Pp) —mmz, correlations rather than the two-spin ones that are sensi-
2 = 222 28 tive to this mainly QED effect.
Dy=ps Py —mymz (28) One can see from Eq. (13) that F contributes to I3yy.
Di=(p, py) m:; . However, the terms proportional to Fs are expected to be

In the above « is the fine-structure constant. Here we
have taken the electromagnetic form factor of the pion,
F_, to be one. It is straightforward to include its momen-
tum dependence [21]. It is not expected to change our es-
timates significantly.

In the standard model, as we saw, F), has the largest
value among the form factors. Therefore only those
corrections that are proportional to it are significant. We
are assuming here that the largest contribution to F),
comes from the standard model. As we shall see in the
next section, the contribution from extensions of the stan-
dard model are indeed small. Therefore although we are
fitting F), to experimental data, the resulting value can be

|

1,FSI
v

I —m})p,-(py—p,)+

2p,lp, Isiné,
= = 2
(ELE,+p,P,—m})

We notice that the form factor Fj has dropped out,
and this indicator is proportional to a(m,/mg)
~1.5X 1073 This sets the scale for the final-state-
interaction contributions. Figure 5 is a Dalitz plot of this
indicator, and we find that in some region of phase space
we could have I}y, ~1072

V. BEYOND THE STANDARD-MODEL
CONTRIBUTIONS

Despite the successes of the SM, it leaves a number of
questions unanswered. In particular the origin of CP

2

p3D,

2

smaller by a factor of a relative to other terms. Hence
the inclusion of FSI’s will not alter much the estimate we
have given in the previous section for this indicator. It is
easy to show that this is also the case for other indicators
involving two spins.

In contrast with this, one-spin correlations, which are
negligible in the CKM model, are dominated by the
FSI’s. Because of such contributions, one-spin correla-
tions may even be experimentally observable. If we con-
sider that all form factors with the exception of Fg are
the same as in the CKM description it becomes clear that
the main contribution to I}5fM has the form given in
Eq. (23). With the explicit form for Fg and neglecting as
before F , in the denominator, we get

11
(p3—ml)py(py—P,)+—5—5PipPx (P, —P,)
12 123 P§D3 2 1 123

rt

ut

"

u-

o
T

5

ut

T+

FIG. 4. The final-state-interaction diagrams.
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violation is not well understood. In search of answers,
many extensions of the SM, which include the multi-
Higgs-doublet, leptoquark, left-right-symmetric, and su-
persymmetry (SUSY) models, have been put forward. In
this section we will examine the contributions to 7-
violation indicators in these extensions of the SM to see
how that might affect our predictions in Sec. III. Since
many models can be constructed within each class, we
shall focus on the simplest or/and more popular models
relevant to our discussions. In this section, we first study
the charged-Higgs-boson effect in a two-Higgs-doublet
model. Then we explore leptoquark models which con-
tribute to the K+ —n+utu™ decay at tree level.

We also discuss the predictions for the T-violation in-
dicators in various CP-violation models studied by two of
us in Ref. [22]. Here, a class of models which give contri-
butions to a CP-violation indicator, the longitudinal

Ly=-E
YoMy, | v,
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muon polarization P, in the K; —u*u~ decay through
one-loop diagrams were studied. The models include the
multi-Higgs-doublet models with CP-violating neutral-
Higgs-boson exchanges, SUSY models, and left-right-
symmetric models. It is straightforward to show that all
the loop diagrams which contribute to the K; —»u*pu~
decay will contribute to the K +—>7r+y+,u_ decay. As
shown in Ref. [22], these models could lead to sizable
P (K, —»p*u™). Thus it is interesting to examine
whether or not they could also induce large T-violation
indicators in the charged K decays. We will give a de-
tailed discussion on the effect of the CP violating
neutral-Higgs-boson exchanges while the effects of other
models will be generalized from it.

We will see that in some cases the T-violation indica-
tors are enhanced. We will in general assume the stan-
dard CKM description of CP violation and estimate the
additional T-violating effects typical of each model.

A. Charged-Higgs-boson effects

It is well known that the simplest extension of the stan-
dard model is to enlarge the Higgs sector to include an
extra Higgs doublet. Many two-Higgs-doublet models
have been constructed in the literature [23]. Among
them, the most popular one has one doublet ¢, that cou-
ples to up-type quarks and the other, ¢,, to down-type
ones, leading to the so-called natural flavor conservation
(NFC) [24]. It is also necessary to introduce this type of
Higgs doublet in the supersymmetric extension of the
standard model and in models using U(1) Peccei-Quinn
symmetry to solve the strong CP problem. The two-
Higgs-doublet model has one physical charged Higgs sca-
lar H whose coupling to fermions is given by

g Uy +U Uy H+__ U, +5
—'H RMUVDL+;2— ULMDVDR+;2—H NLMEER +H.C. ’ (30)

where v; are the vacuum expectation values (VEV’s) of ¢;, ¥ is the CKM matrix,

u d Ve e
U= |c|, D=|s|, N= Yy | E=|u|,
b v, T
and
m, 0 my 0
My= m, , Mp= m , Mg=
0 m, 0 my,

We now discuss the charged-Higgs-boson effects on the
form factors F;(i=S,P,V, A). The charged-Higgs-boson
contributions to the decay K ¥ —7+utu~ come from the
penguin and box diagrams, analogous to the SM, with the
charged Higgs boson replacing the W boson in the loop.
These diagrams make no contribution to the form factor

(31

m, . (32)

Fyg just as in the SM. It is easy to show that
FH << Fgret | (33)

This is essentially because the coupling of the charged-
Higgs boson to quarks is proportional to the quark mass,
and therefore we can take FF™~0 in our discussions.
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The contributions to F{* and FSH are dominated by the
Z penguin graphs since the box diagram contributions
have a suppression factor of mft /M3, and they are given
by

Gr ¢2 f-
FS=mV Vs it 1= L
(34)
CH_V ld‘/24 f+ I x’yi)’
where, y,=m?/M}% and M, is the charged-Higgs-boson
mass, and
1 v, |’ x, y; | 1—y;,+Iny
Ly = |2 | St |2
sin“Qy, | U, 2 4xw (y;—1)
(35)
Since there is still no relative phase between F5H and F{!

in Eq. (34) as in the CKM form factors, FSXM and F{XM
in Eq. (14), we expect that there is no significant contri-
bution to the one-spin T-violation indicators, I,py, from
the charged-Higgs boson. For the case of two-spin corre-
lation, using the same notations as the SM, we have

= 12 .
. 2(p,|*Ip,lsiné ;R cy

Iy =—% = — N (36)
(E,+m,NE.E, +p,P,—m})
with
Rcoy=(4.11£0.3)X10734%y[L,(x,)+ L x,,y,)] . (37)

We note that the charged-Higgs-boson term in Eq. (37)
has the same sign as the standard one [25]. Thus we ex-
pect that the value of I3y may increase due to charged-
Higgs-boson effects. For instance, with parameters ob-
tained by fitting the experimental constraints such as
|V, /V.|, the CP-violating parameter € and the BJ-BY
mixing in Ref. [26], we find that

Iiry <0.05 and I3y, <0.1, (38)

for (My, m,, v,/v;)=(150 GeV, 100 GeV,1) and (150
GeV, 200 GeV,1), respectively.
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B. Leptoquark models

There are four scalar leptoquarks which could give
contributions to the decay K " —#7 u*u~ through the
tree diagrams. The quantum numbers of these lepto-
quarks under the standard group SU(3).XSU(2),
XU(])Y are ¢1=(3,1,_%), ¢2=(3,3,_%), ¢3
=(3,2,1), $,=(3,2,1). To see the possible large effect
on T-violation indicators we will concentrate on ¢, and
we will remark on the other leptoquarks effects at the
end. The general coupling of ¢, with fermions is given by

L= \idiefp,+H.c. , (39)

ij

where i, are family indices. Here the coupling constants
AY can be complex and thus T violation could arise from
either the Yukawa interactions in Eq. (39), or from the
phase in the CKM matrix. We assume that CP violation
in K —mm decays can be accounted for by the nonvanish-
ing CKM phase, and investigate the effect on the correla-
tions of the additional CP-violation interaction terms
given in Eq. (39).

The contributing Feynman diagram is shown in Fig. 6.
The effective interaction from this diagram is

)\'ZZ(AIZ)*

L =
eff aM}

(1 —yuE(1+ys)d+H.c. (40)

where M 8, is the mass of ¢,. Using the Fierz transforma-
tions,

25(1%ys)ab(1 Fys)d =—5y (1 F y5)dby*(1+ys)a ,

we obtain the form factors

FE®=0, FfR=m,,

)\'22( }\'12 )t
4M 4,

(42)
FiR=-m, F?= +m, .
We note that the CP-violating muon polarization in the
K; —p ™ decay cannot be induced by the effective in-
teraction in Eq. (40) because of the vanishing Fg form
factor. From Egs. (40)-(42), we find

Tt Gr . ) 4205 ) m[AZ(A2)*]  Re[A%(A12)*] 2|p#||§#|sin6”ﬁ “3)
1TV v2 4 2 (Fexpt)Z M Mil EuE#—{-p‘u.ﬁ#—mi
and
— 12 .
fto  [ImAZA2] 1 218, 1P, sin6, , @)

MZ 4Fexpt
¢

(E,+m,E,E,+p,P,—~m})



45 STUDY OF T VIOLATION IN K *—7*u*u~ DECAYS

FIG. 6. A diagram due to leptoquark interactions.

where we have assumed |F5Q| < F&*'. To estimate I 452

and I%5Q we need to find out the bounds on the parame-
ters:

I4m[)\.22()\,12)* ]

ang Re[AZ(12)*]
x .
M3

2
M¢1

(45)

The coupling in Eq. (39) could induce several rare pro-
cesses such as (g—2),u—ey, uN—eN, K; —pe,
p*u”, and the CP-violating parameter € which may put
constraints on the parameters in Eq. (45).

Generally speaking, Eq. (45) contains five independent
parameters. One can put tight constraints on these pa-
rameters using existing experimental data, provided we
make some additional assumptions. For example, we can
assume A~ |AY|, i.e., ignore the generation index. Then
using the experimental bound [3] of T(uTi
—>eTi)/I‘(,uTi——>all)|exp,<4.6>< 107!2 one finds that
[27,28]

)\,2

<107 Gev 2. (46)
M¢1

This constraint in turn implies very small contribution
to the T-violation indicators. We get

I3 R <3.4x107¢, (47)
and
IR <2.0X1072 (48)

from Eqs. (43) and (44), respectively, for m, <200 GeV.
Of course, the parameters in Eq. (45) could escape some
experimental constraints since a priori there are no rela-
tions among the couplings corresponding to either
flavor-diagonal or flavor-changing interactions. For in-
stance, the limit in Eq. (46) depends on k”(?\.lz)*/le; to

get the direct constraints on A*2(1'2)* we must know the
ratesof K™ 7 utu™, K, —p ", and Kg—ptu~.

For the decay K; —»u*u™, we use the limit of the
short-distance contribution to the branching ratio given
in Ref. [20], which is

B(K, —pfi)sp<2X107°. “
This leads to
2209 12y%
I_lﬂw <2X10710 Gev~2, (50)
M
4

Similarly we find

lIm[AZZ(AIZ)* ]I

5 <6X1078 Gev™2, (51)
M¢l

2393

by using B(Kg—pufi)e <3.2X 1077 [3]. The assump-
tion |FEQ| < FE™! implies

2209 12)%
I—%l <3.6X107° Gev 2. (52)
4

The constraints from Egs. (49)—(51) lead to the bounds
IKR <9.5x1073, (53)

for m, <200 GeV. On the other hand the two-spin indi-
cator is not constrained since for the same value of m, we
get
= |2 .
2|p,,| |p,lsin6,;
7 T = _ 2
(E”+m,‘)(E#EM+pu-py m#)

IERR < (~1)X

(54)
which can clearly be larger than the CKM contribution.
This should be expected since there are hardly any
significant bounds on Im[A?%(A!2)*]. Finally we note that
the results above can be generalized to other leptoquark
models.

C. Scalar-pseudoscalar mixing effects

In a class of models, the CP symmetry is violated spon-
taneously. We will consider the implications of the CP
violation in the neutral-Higgs-scalar sector through mix-
ing of scalar and pseudoscalar bosons in multi-Higgs-
boson models [29,30] on the T-violation indicators. The
simplest model displaying this source was emphasized in
Ref. [22].

The most stringent constraint on the parameters of the
model comes from the experimental limit on the neutron
electric dipole moment (EDM) [31], d*'<1.2
X107% ecm. We find that the stronger bound on
X /M?%v? is from the chromo-EDM of the quarks at two-
loop level [32] which gives

5 <LO0X107° GeV™*, (55)

Mo
where the parameter X is the product of couplings of neu-
tral scalars with the quarks and leptons, and M, is the
mass of the lightest scalar particles. Here we assume that
My~1GeV <<m,~100 GeV.

The relevant effective interaction is given by

NH GF . — —
Ly ~:/——2—zgsps(1+7/5)dy(1+y5),u+H.c. , (56)
with
2
X msmymc 2 2\
~ (mZ /My )sinf. , (57)
&sp M(z,vz 4 fm w c

where f(m2/M})~1. We have neglected the contribu-
tion from the ¢ quark. Using the matrix element

2
m
(r 50ty d|K ) =fy—5 (58)

s

we find that
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2
NH _ ; GF mg

P l‘/z

FH=FYH_0 .

NH _
Fg'= 8spf+—
mS

(59)

From these form factors and Egs. (8) and (13), we can
write the neutral-Higgs-boson effects as

INH Im(F§™) 2|_p#| |B,lsin6, e
mgFy® || EE, +p, P, —m]
and,
TNH - Im(Fp™) _ 2|§#\2|1_)#|sin9#ﬁ
mygFy® | | (E,+m NE,E, +p,P,—m)
(61)
With the constraint in Eq. (56), we estimate that
IMNF <4.1x107%, 62)
and
I4NH <2.1x 1074 63)

We remark that in contrast with these small values, the
CP-violating longitudinal muon polarization P; in the
K, —utu~ decay is predicted to be at a level of 1% [22].

D. Supersymmetric models

CP violation in supersymmetric models has been stud-
ied as a test of effects beyond the standard model [33].
For the minimal standard CP-violation SUSY model in
which only the CKM phase is considered, one can show
that the standard results given in Sec. III basically do not
change. In general, there are many more new sources of
CP violation in addition to the CKM phase. As in Ref.
[22], we only discuss the SUSY E; model inspired by
superstring theory, where CP violation comes from loop
diagrams with scalar leptoquarks exchanges. The contri-
bution of these loop diagrams turns out to have a similar
structure as the neutral Higgs case given in Eq. (57). For
this SUSY model, we find

IS9SY <5.4%x107°, (64)
and
I3595Y <2.8%x107°3 . (65)

Here we have used the model which could give the muon
polarization in the K; —u*u™ decay up to 7% as shown
in Eq. (45) of Ref. [22].

E. Left-right-symmetric models

CP violation in left-right-symmetric models have been
studied extensively in the literature [34]. In contrast with
the standard model, the physical phases, contributing to
CP violation, can be introduced even for two generations
of quarks because of the existence of right-handed

AGRAWAL, NG, BELANGER, AND GENG 45

currents. Without going through the details of the calcu-
lation, since the discussion is similar to the neutral-
Higgs-boson case, we state our result that the T-violation
indicators are once again small. More precisely, in the
left-right-symmetric models in Ref. [22] we find, from
the left-right box diagram shown in Fig. 4 of Ref. [22],

IR <1.6x1073, (66)
and

T4ER <8.3% 100" . (67)
We note that this model gives P; (K; —»p ™) <2%.

VI. DISCUSSION AND CONCLUSIONS

Throughout our discussion above we have tacitly as-
sumed that Fj, has negligible imaginary part. In the ex-
pression given in Eq. (15), it is indeed true. However, if
we consider the strong-interaction corrections to it, the
situation might alter. Such corrections have been calcu-
lated within the context of chiral perturbation theories
[35]. There an imaginary part of F), emerges when the
invariant mass of the two-lepton system L is above the
two-pion threshold. So we see that if a search for T-
violation is focused in that part of the phase space where
L <M(mm), then our assumption is perfectly valid.
Quantitatively, about 55% of the phase space is below
this threshold. However, we see that T-violation indica-
tors with two spins take their largest value when
L > M (). These two-spin correlations provide the best
indicators to explore the CKM mechanism. Therefore
one may have to find an optimum area in the phase space.
Even above the two-pion threshold, over most of the
phase space, the imaginary part has been found in the
above calculation [35] to be at least about a factor of 2
smaller than the real part for the most of the phase space.
Furthermore, the imaginary part and the real part have
opposite signs. Therefore, near the “edge” of the phase
space, where the imaginary part of the F), can be impor-
tant, our predictions for two-spin correlations can be
enhanced by about a factor of 2-8. This numerical factor
will depend on the value and sign of the undetermined
parameter p. Therefore measurements near the “edge” of
the phase space will be more sensitive to hadronic uncer-
tainties. Away from this region, the effect of including
the imaginary part of F}, is not large. As we discussed
extensively in Sec. IV, the final-state interactions make
negligible contributions to the imaginary part of F},, and
to the indicators for two-spin correlations.

Another important issue is the potential dependence of
Fy, on L. In extracting Fj, from experimental data, we
took F to be a constant. However, the incorporation of
this dependence in our analysis does not represent any
special problem. One can extract such dependence by ap-
propriate measurements for the decay K™ —ntete ™,
e.g., by measuring dI" /dL. Furthermore, within the con-
text of chiral perturbation theory [35] this dependence
has been found to be weak. Here it was shown that F,
could change by less than a factor of 2 over allowed range
of L. Therefore, our predictions are not expected to
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change much after this incorporation. Our predictions
for two-spin correlations also depend on the form factor
F,. The strong interaction correction to this had been
computed, and may change our estimates by about
10-20 %.

The next question that one may ask is how good this
process is compared to other proposals to look for T(CP)
violation in kaon decays? For this we can refer to the cri-
teria mentioned in the Introduction. Apart from the
measurement of €', the candidates are K —7%% and
K; —7%*e ™, together with the process discussed here,
ie, Kt >atu*ty~. The decay KT —7Tete ™ is ruled
out because of the potential experimental difficulties in
measuring the polarization of the electron. Measuring
the difference in the partial decay rate K" —>7"e e
and K~ —m e te ™ is difficult due to the small rate and
the inability to determine the systematic uncertainties to
the required level. Furthermore this asymmetry is too
small to be measurable. There are still theoretical as well
as experimental controversies about the measurement of
¢'. Therefore we look at the last three processes. The
first two of these processes, the decays of neutral kaons,
are expected to have rather small branching ratios, i.e., of
order 107!, One will also have to separate the effects of
direct and indirect CP violation in these two processes.
In addition, the exact contribution of the CP-conserving
part in K; —7% *e ™ is still not settled. It can be argued
that from a theoretical point of view the best processes
are K" >7 u"u~ and K, »7%%. This is because the
long-distance part of the contribution is under control.
Therefore these two processes can be considered to be
more attractive candidates from the point of view of our
criteria. The relative usefulness of these two processes
will depend on the experimental issues involved. In one
case, one has to measure the spins of two muons, while in
the other there are neutrinos that one cannot observe and
one relies solely on detecting 7° in the final state which is
difficult. The appropriate observations in the two cases
are in one sense complementary. In the K; —7’vv decay
one is looking for CP violation, whereas T violation is be-
ing looked for in K* -7 u"u~. In fact, among the
processes mentioned here, it is only in K+ —7tuty”
where one can see T violation directly, rather than taking
it as a consequence of CP violation. As far as testing
CKM mechanism is concerned, the branching ratio of
K; —7°v¥ depends on 7? while the T-violation indicator
inK*—7"u*u" depends on 7.

In this paper, we focused on the indicators Ilyy and
I3ry. To measure the first, one will have to measure the
spin of the antimuon perpendicular to the decay plane.
To measure the I'31y, apart from the above measurement,
the helicity of the muon will have to be measured. The
measurements of I3y and I3ry are similar. However, it
appears that unless one can measure the spin of
(anti-)muons in each event, it may be harder to measure
the indicators Iy and I3;y. These last two indicators
are expected to have somewhat larger value than I3y
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and I%;y, and were considered in Ref. [9]. As we have
emphasized in the relevant sections, from the point of
view of probing the CKM mechanism, it is the indicators
with two-spin correlations that will have experimental
significance. The CKM contribution to indicators with
one spin are several orders of magnitude smaller. How-
ever, these indicators receive significant contribution
from the final-state interaction. So the measurement of
these indicators is less interesting.

We find that in the extensions of the standard model,
the T-violation indicators with one spin are not enhanced
significantly. However, the indicator involving two-spin
correlations could reach a value of order 1 in the lepto-
quark models with the present constraints on the parame-
ters. It is also enhanced by the charged-Higgs-boson
effect. Other models such as the model with multiple
Higgs bosons, supersymmetry, or left-right-symmetric
models predict unmeasurably small values for the two-
spin indicators. This is to be contrasted with another
CP-violation indicator, the longitudinal polarization of
muon in K; —ufi, where with a light neutral Higgs bo-
son one can have a signal at the percent level. However,
we note that these estimates are model dependent, and
can be further reduced when the parameters involved are
further constrained with future experimental data.

As mentioned above, the measurement of the interest-
ing indicators require the measurement of the polariza-
tions of two final-state leptons. This means that it will be
hard to measure these indicators. However, the polariza-
tion of the = and u* have been measured in the past.
The measurement of p~ polarization with sufficient
efficiency will be a real challenge. But if this can be ac-
complished, the rewards are there. If observed, it will not
only be the first place where T violation has been ob-
served, but it will also provide an opportunity to test the
CKM mechanism of such violation. A kaon factory, e.g.,
KAON is the most likely place, where such an experi-
ment can be conducted.

In conclusion, we have pointed out that in the process
K* 7 utu~ the T violation from the CKM phase is
large enough so that an experiment for such observation
may be feasible. Such measurements will be very valu-
able because the theoretical predictions are relatively
clean. Appropriate measurements can help us to test the
CKM mechanism of T violation, and help determine the
unknown parameters of the CKM matrix. If a signal
larger than the SM prediction is found then it will be a
clear signal for the physics beyond the standard model.
Furthermore such an observation may very well be the
first to see T violation directly.
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