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Transverse muon polarization in K+ → µ+νµγ: scanning over the Dalitz plot

F. L. Bezrukov,∗ D. S. Gorbunov,† and Yu. G. Kudenko‡

Institute for Nuclear Research of the Russian Academy of Sciences,

60th October Anniversary prospect 7a, Moscow 117312, Russia

(Dated: April 15, 2003)

We study the potential of the measurement of the transverse muon polarization PT in the K →

µνµγ decay with the sensitivity of δPT ∼ 10−4. It is shown that the forthcoming experiment can
measure the contribution of the electromagnetic final state interactions to PT that gives a possibility
to unambiguously determine the signs of the sum of the kaon form factors FV and FA even without
fixing their difference. We also estimate the sensitivity of this experiment to the new physics,
which could give rise to T -violation: multi-Higgs doublet models, supersymmetric extensions of the
Standard Model, left-right symmetric model and leptoquark models.

PACS numbers: 13.20.Eb, 11.30.Er, 12.60.-i, 12.39.Fe

I. INTRODUCTION

In spite of remarkable progress in study of CP -
violation phenomena in both K and B sectors it remains
an interesting issue. The Standard Model (SM) suc-
cessfully describes existing experimental data by a single
phase of the CKM matrix, although it is hard to believe
that this phase is the only source of CP -violation. For
example, the baryon asymmetry of the Universe can not
be explained by the CKM phase only and at least one
additional source of the CP -violation is required.

A good place to look for new CP -violating phases is a
measurement of processes where the SM CP -violation is
vanishing or very suppressed while additional or alterna-
tive sources of CP -violation can produce a sizable effect.
Such interesting observables are the electric dipole mo-
ment of neutron which is extremely small in the SM, and
the transverse lepton polarization in three-body decays
of kaons and B-mesons [1–3].

In this paper, we study the T -odd muon polarization
in the decay K+ → µ+νµγ (Kµ2γ). Namely, we inves-
tigate the possibility to measure the vector and axial-
vector kaon form factors, FV and FA, from the T -odd
muon polarization emerging due to the electromagnetic
final state interactions (FSI). Also we analyze potential
contributions to PT from various extensions of the SM.
In this study we focus on the Dalitz plot region where
Kµ2γ events have a large angle between photon and muon
momenta. This is the region, where T -odd muon polar-
ization exhibits the best sensitivity to FV and FA. More-
over, we found that in this region the ratio of the possible
contribution to PT from new physics and FSI contribu-
tion to PT becomes the largest. Hence, the analysis of
the Kµ2γ events at large θ will provide the best accuracy
in measurement of the relevant parameters of the new
physics or the strongest constraints on them.
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It is found that PT dependence on the kaon form fac-
tors gives a possibility to unambiguously determine in
Kµ2γ decay the signs of the sum of the kaon form factors
without fixing their difference. Combined with measure-
ment of the normal muon polarization, which is very sen-
sitive to FV and FA [13], this allows the values of the kaon
form factors to be unambiguously extracted with 1% ac-
curacy from this experiment. Investigating the prospects
of new experiments in searching for new physics we show
that, generally, they are limited mostly by the uncer-
tainty in FSI predictions rather than by the anticipated
statistical error.
The outline of the paper is as follows. In Section II

we introduce the parameters describing muon transverse
polarization PT in the Kµ2γ decay, recall the relevant
formulae and estimate the expected sensitivity to PT in
forthcoming experiments. In Sec. III, an approach to de-
termine the signs of the sum of the kaon form factors from
the FSI polarization is discussed and the accuracy of this
method is estimated. In Sec. IV we study the discov-
ery potential of the PT measurements in search for new
physics. Specifically, we estimate the upper bounds on
the PT in multi-Higgs doublet models, supersymmetric
extensions of the Standard Model, left-right symmetric
model and leptoquark models. Sec. V contains conclu-
sions and final remarks.

II. TRANSVERSE MUON POLARIZATION IN

Kµ2γ DECAY

A. General description

Introducing three unit vectors

~eL =
~pµ
|~pµ|

, ~eN =
~pµ × (~q × ~pµ)

|~pµ × (~q × ~pµ)|
, ~eT =

~q × ~pµ
|~q × ~pµ|

,

with pµ and q being the four-momenta of µ+ and γ, re-
spectively, one can define longitudinal (PL), normal (PN )
and transverse (PT ) components of the muon polariza-
tion as the corresponding contributions to the squared
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matrix element of the Kµ2γ decay,

|M |2 = ρ0[1 + (PL~eL + PN~eN + PT~eT ) · ~ξ ] ,

with ~ξ being a unit vector along muon spin and ρ0 is

ρ0(x, y) =
1

2
e2G2

F |Vus|2(1− λ)×

{fIB(x, y) + fSD(x, y) + fIBSD(x, y)} ,

where the internal bremsstrahlung (IB), structure de-
pendent (SD) and interference contributions (IBSD) are
given as follows [3–5]

fIB =
4m2

µ|fK |2
λx2

[

x2 + 2(1− rµ)
(

1− x− rµ
λ

)]

, (1)

fSD = m4
Kx2

[

|FV + FA|2
λ2

1− λ

(

1− x− rµ
λ

)

+ |FV − FA|2(y − λ)

]

, (2)

fIBSD = −4mKm2
µ

[

Re[fK(FV + FA)
∗]
(

1− x− rµ
λ

)

− Re[fK(FV − FA)
∗]
1− y + λ

λ

]

. (3)

Here we used the standard notations λ = (x + y −
1 − rµ)/x, rµ = m2

µ/m
2
K , and x = 2Eγ/mK , y =

2Eµ/mK with Eγ , Eµ being the photon and muon en-
ergies in the kaon rest frame, respectively; GF is the
Fermi constant, Vus is the corresponding element of the
Cabibbo–Kobayashi–Maskawa (CKM) matrix and fK =
159.8 MeV is the kaon decay constant. In terms of these
variables the differential decay width reads

dΓ(~ξ ) =
mK

32(2π)3
|M(x, y, ~ξ )|2dx dy .

The transverse muon polarization PT is determined using
the partial decay width

PT =
dΓ(~eT )− dΓ(−~eT )
dΓ(~eT ) + dΓ(−~eT )

≡ ρT
ρ0

. (4)

This is a T -odd observable (both PL and PN are T -even),
hence in the T -invariant theory its value equals zero at
tree level. Moreover, PT does not have tree-level contri-
butions from the CP -violating phase in the CKMmatrix.
These two features make PT a very promising observable
for new CP -violating physics searches. At the same time,
as will be seen in the Sec. III, analysis of loop contribu-
tions from the Standard Model (FSI) is also of a special
physical interest.

B. Experimental sensitivity to PT

For the following analysis let us estimate the level of
precision which could be achieved experimentally.

, degreesθ
0 20 40 60 80 100 120 140 160 180
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ta
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-3x10

FIG. 1: Branching ratio for Kµ2γ decay for 10◦ wide bins in θ;
Eγ > 20 MeV, Eµ > 200 MeV. Dependence of this branching
ratio on the values of the FV , FA form factors is quite weak.

The running E246 experiment at KEK [6] dedicated
for a measurement of PT in the decay K+ → π0µ+ν
has only a limited sensitivity of about 10−2 to PT in
Kµ2γ [7]. There is a proposal for a new experiment in
which a statistical sensitivity PT ≤ 10−4 in Kµ2γ can
be reached [8]. The main features of this experiment
include a high resolution measurement of neutral parti-
cles from Kµ3 and Kµ2γ decays, usage of an active muon
polarimeter which provides information about stopped
muons (stopping point, momentum), positron direction,
and also detects photons, and a highly efficient photon
veto system covering nearly 4π solid angle. This ap-
proach allows to accumulate Kµ2γ events for all θ an-
gles between photon and muon momenta due to efficient
photon veto detector. This system eliminates Kπ2 decays
which are the main background source at large θ.
Using parameters of the proposed detector [8] and the

kaon beam intensity of about 107 K+ per second ex-
pected at the JHF [9] one can estimate the sensitivity to
PT which could be achieved in this experiment. With the
analyzing power of the detector ∼ 0.3 and the kinemat-
ical attenuation factor ∼ 0.8, the expected sensitivity to
PT in some region R of the Dalitz plot can be expressed
as

δPT (R) ≃ 1

0.3 · 0.8
√

NKµ2γ
(R)

, (5)

where NKµ2γ
(R) is the number of Kµ2γ events in the

region R. In this experiment, the most effective suppres-
sion of background events are anticipated in the kine-
matic region with Eγ > 20 MeV, Eµ > 200 MeV. There
the number of Kµ2γ events accumulated for one year run-
ning period is estimated to be 3 × 1010. In what follows
we adopt these cuts as well as the number of events.
The branching ratio of this decay for Eγ > 20 MeV

and Eµ > 200 MeV integrated over 10◦ wide bins in θ is
presented in Fig. 1. From this plot one can estimate the
sensitivity to PT in various θ regions.
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III. FSI AND PINNING DOWN THE KAON

FORM FACTORS

A. Predictions and experimental data

Due to lack of understanding of the QCD low-energy
structure, there is no definite prediction for the values
of the FV and FA form factors: the calculation of them
is a model dependent procedure. So, the measurement
of these form factors would give a possibility to make a
choice between various candidates for the correct descrip-
tion of the QCD low-energy limit.
The distribution of the Kµ2γ decay width over Dalitz

plot allows only the absolute values of the sum and dif-
ference of the kaon form factors to be measured, since the
term fIBSD (see Eq. (3)) is small. The terms with linear
and quadratic dependence on FV and FA give the compa-
rable contribution in some regions of the Dalitz plot that
could, in principle, make it possible to measure the signs
as well as the magnitudes of the form factors. Unfor-
tunately, in the region where the linear terms grow, the
dominant contribution to Kµ2γ (internal bremsstrahlung
(1), which depends only on fK) also increases, that sig-
nificantly reduces the sensitivity of Dalitz plot measure-
ments to the kaon form factors. In practice, the situation
is even worse, since only the absolute value of the sum of
the kaon form factors has been measured with good ac-
curacy in these measurements, while their difference still
has only lower and upper bounds [10, 11]:

|FV + FA| = 0.165± 0.013 , (6)

−0.24 < FA − FV < 0.04 . (7)

Recently, both vector and axial-vector form factors
have been measured in K+ → µ+νµe

+e− and K+ →
e+νee

+e− decays [12]. These decays are generalizations
of Kl2γ for the case of a virtual photon in the final state,
so the kaon form factors FV and FA are believed to be
the same in all these processes. The combined fit for both
four-body decay experiments results in

FV = −0.112± 0.018 , FA = −0.035± 0.020 . (8)

These values are in a good agreement with O
(

p4
)

pre-
dictions [4, 14] of the chiral perturbation theory (ChPT)

FV = −0.096 , FA = −0.041± 0.006 . (9)

B. Dependence on Q2

It is worth to note that actually FV and FA are not
constants, but some functions of the momentum of the
lepton pair, Q2 ≡ (pK − q)2, with pK being kaon four-
momentum. In ChPT Q2-dependence emerges due to
higher order corrections, which have not been calculated
yet. Their magnitude can be estimated as

∆FV,A

FV,A
∼ Q2

m2
V,A

= (1− x)
m2

K

m2
V,A

,

where mV and mA are masses of the first strange
hadronic vector (K∗) and axial-vector (K1) resonances,
respectively. This estimate implies corrections as large
as 25%, hence the experimental data on Kl2γ should be
fitted with at least two additional parameters, that gen-
erally decreases the chances to determine FV and FA in
Kl2γ experiments.
In K+ → l+νle

+e− both vector and axial-vector form
factors get additional dependence on the non-zero q2 that
also increases the bias in the corresponding fitting proce-
dure. In Ref. [12] experimental data was fitted assuming
constant form factors and form factors depending on Q2

and q2

FV,A(Q
2, q2) =

FV,A

(1− q2/m2
ρ)(1 −Q2/m2

V,A)
, (10)

with mρ being mass of ρ meson. This dependence ap-
pears in the approximation of dominance of the contri-
bution of lowest lying resonances [14]. The experimen-
tal data favors the dependence (10) over the constant
FV,A, though the accuracy achieved in this experiment
did not allow definite confirmation or rejection of Q2-,
q2-dependence.
The determination of the Q2-dependence of the form

factors may be done in future experiments. In particular,
analysis of the PN muon polarization in Kµ2γ decays can
improve knowledge about the FV,A behavior for sure [13].
However, at present, the unknown Q2-dependence im-
ports some uncertainty into predictions for muon asym-
metry to be measured in future experiments. This con-
cerns FSI contribution as well as possible contribution
from new physics, since both are functions of the kaon
form factors.
To avoid all these difficulties one can try to find a

physical observable which strongly depends on FV and
FA and can be measured with an accuracy sufficient to
distinguish the signs of kaon form factors in the Kµ2γ

decay. This implies that: (i) the observable we are inter-
ested in should exhibit linear dependence on FV and FA

in some region of the Dalitz plot; (ii) in this region the
differential partial width should be sufficiently large; (iii)
the Q2-corrections in this region should be small enough
to unambiguously determine the sign of the kaon form
factors.
Below we consider the transverse muon polarization

calculated in the framework of the Standard Model as a
physical observable, which pins down the signs of kaon
form factors in Kµ2γ decay.

C. Final state interactions

In the framework of the Standard Model, the contribu-
tion to PT emerges only at loop levels due to the FSI. This
contribution has been recently calculated [15] at one-loop
level. The expression for ρSM

T (x, y) can be read out from
Ref. [15] after changing the definitions of the form factors:
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F
[15]
V → −mKFV and F

[15]
A → mKFA. The asymmetry

is positive at any relevant (x, y) and its absolute value
ranges from zero to 1.5× 10−3. The Dalitz plot distribu-
tion of PT for several values of the form factors satisfying
(6), (7) is presented in Fig. 2.

D. Experimental prospects for determination of

the form factors

The transverse muon polarization emerging from the
FSI exhibits the behavior we are looking for to pin down
the signs of the kaon form factors. Indeed, the muon
transverse polarization is sensitive to the signs of FV and
FA, especially at large angles θ between photon and muon
momenta.
To illustrate this point we present the PT values in-

tegrated over 10◦–intervals as a function of θ in Fig. 3.
The value of PT associated with a bin θ1 < θ < θ2 is
determined as

PT (θ1 < θ < θ2) =

∫

cuts, θ1<θ<θ2

ρT dx dy

∫

cuts, θ1<θ<θ2

ρ0 dx dy
, (11)

where the additional relevant cuts are Eγ > 20 MeV,
Eµ > 200 MeV. We evaluate PT for four different sets of
the form factors corresponding to the boundaries of the
allowed intervals (6), (7). One can see that the predic-
tions for PT differ significantly, and in the region of large
angles, θ > 120◦, the sign of FV + FA can be unambigu-
ously determined from the PT analysis only. Suppression
of Kπ2 decays becomes less efficient at very large θ angles
because of low efficiency of the detection of low energy
photons from asymmetrical π0 decays, so we adopt the
region 120◦ < θ < 160◦ as the realistic region with the
best sensitivity to the kaon form factors. The difference
between the PT values increases with θ and reaches its
maximum value at θ ∼ 150◦, as seen from Fig. 3. Al-
though the differential Kµ2γ branching ratio decreases at
large θ, its value is still reasonable at large θ, see Figure 1.
The fraction of the Kµ2γ events within 120◦ < θ < 160◦

is about 7%. By making use of Eq. (5), the statistical
sensitivity to PT in this Dalitz plot region is estimated
to be

δPT (120
◦ < θ < 160◦) ∼ 1.0× 10−4 , 1σ level. (12)

To unambiguously determine the sign of FV +FA with-
out any additional data on the difference of the form
factors one has to be able to distinguish the PT val-
ues with FV + FA = 0.165, FA − FV = −0.24 and
FV +FA = −0.165, FA−FV = 0.04 (the two closest lines
in Fig. 3). For these two sets of the form factors, the dif-
ference between PT values in the region 120◦ < θ < 160◦

is 1.6×10−4, that allows determination of the sign of the
sum of the form factors at the level of 1.6 σ. Note, there
is no usual degeneracy related to the signs of the sum of

the form factors, that provides a possibility to pin down
the sign of the sum without fixing the difference.
If the difference between the form factors is measured

with better precision than in Eq. (7) one has to compare
the situations with equal FA − FV and different signs of
the sum of the form factors, that gives the difference in
PT values in the same region (120◦ < θ < 160◦) of (2.6÷
3.6)× 10−4 depending on the precise value of FA − FV .
Then the statistical sensitivity (12) allows to determine
the signs at the level of 3÷ 4 σ.
So, measurement of PT allows signs of the form factors

to be distinguished. It is worth to note in passing, that at
large θ the main contribution to the PT (FSI) comes from
the Dalitz plot region x > 0.4, where the uncertainty
associated with the momentum of the lepton pair Q2 is
.15%. This uncertainty is small enough to be neglected,
because it is significantly less than the difference in PT

for the form factors of different signs, see Fig. 3.
Recently we found [13] that the normal muon polariza-

tion PN is extremely sensitive to the values of the form
factors. Since measurement of PT pins down the sign of
the form factors, it will provide a possibility of an inde-
pendent cross-check of the results from measurement of
PN in the future experiment [8], which will determine FV

and FA with accuracy as high as 1% [13] basing only on
its own experimental data.

IV. NEW PHYSICS

A. Standard parameterization

For a general investigation of possible contribution of
some new CP -violating sources to the transverse muon
polarization in Kµ2γ we first introduce the most general
four-fermion interaction

L = −GF√
2
V ∗
uss̄γ

α(1− γ5)u · ν̄γα(1− γ5)µ

+GV s̄γ
αu · ν̄γα(1 − γ5)µ+GAs̄γ

αγ5u · ν̄γα(1− γ5)µ

+GS s̄u · ν̄(1 + γ5)µ+GP s̄γ5u · ν̄(1 + γ5)µ+ h.c. ,

where GS , GP , GV , and GA, arising from new physics,
denote scalar, pseudoscalar, vector, and axial-vector cou-
pling constants, respectively. Their contribution to Kµ2γ

decay amplitude may be taken into account by the redef-
inition of the usual kaon form factors as follows,

fK → fK (1 + ∆P +∆A) ,

FV → FV (1 + ∆V ),

FA → FA(1−∆A),

with

∆(P,A,V ) =

√
2

GFV ∗
us

(

GPB0

mµ
, GA, GV

)

.

The constant B0 is related to quark condensate as
〈0|q̄q|0〉 = − 1

2B0f
2
π0 and may be evaluated from the
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FIG. 2: PT distribution for different FV + FA and FA − FV values. The imposed cuts Eγ > 20MeV, Eµ > 200MeV and the
region 120◦ < θ < 160◦ are also shown.
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T
P

0

0.02

0.04

0.06

0.08

0.1

0.12

-2x10
=-0.24V-FA=-0.165, FA+FVF
= 0.04V-FA=-0.165, FA+FVF
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FIG. 3: PT (FSI) asymmetry for 10◦ wide bins in θ. Upper
region corresponds to negative FV + FA and lower one — to
positive.

masses of kaon and quarks, B0 = M2
K0/(md + ms) ≈

2 GeV. The scalar type interaction GS does not con-

tribute to Kµ2γ decay because of parity, and will not
be considered below. Note, however, that it contributes
to the transverse muon polarization in the K → π0µνµ
(Kµ3) decays (while the pseudoscalar interactionGP does
not).

The imaginary parts of the new coupling constants are
responsible for CP -violation and could give rise to the
tree-level contributions to the muon polarization [3–5],

ρT (x, y) =− 2e2G2
F |Vus|2m2

Kmµ
1− λ

λ

√

λy − λ2 − rµ

×
{

Im[fK(FV + FA)
∗]

λ

1− λ
×
(

1− x− rµ
λ

)

+ Im[fK(FV − FA)
∗]

}

.

It is convenient to rewrite PT (x, y) as

PT (x, y) = PV
T (x, y) + PA

T (x, y)
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with

PV
T (x, y) = σV (x, y) Im(∆A +∆V ) ,

PA
T (x, y) = [σV (x, y)− σA(x, y)] Im(∆P ) , (13)

where

σV (x, y) = 2e2G2
F |Vus|2m2

KmµfKFV

×
√

λy − λ2 − rµ

ρ0(x, y)

[

λ− 1

λ
−
(

1− x− rµ
λ

)

]

,

σA(x, y) = 2e2G2
F |Vus|2m2

KmµfKFA

×
√

λy − λ2 − rµ

ρ0(x, y)

[

λ− 1

λ
+
(

1− x− rµ
λ

)

]

.

B. Distribution over the Dalitz plot

To illustrate the sensitivity of the transverse muon po-
larization to new physics we adopt the experimental val-
ues (8) for the kaon form factors and plot the integrated
over 10◦ θ-intervals PT values as a function of θ (see
the definition (11)) in Fig. 5. The distribution of PV

T
and PA

T over the Dalitz plot are completely determined
by the functions σV (x, y) and [σV (x, y) − σA(x, y)], pre-
sented in Fig. 4. Indeed, the values of new CP -violating
coupling constants provide only the normalization fac-
tors, see Eqs. (13). To understand the general behavior
we present PV

T and PA
T values for 10◦ wide bins in θ at

Im(∆V +∆A) = Im(∆P ) = 1 in Fig. 6.
Comparing Figs. 5 and 6 one can realize that while

both FSI and new-physics contributions are peaked at
large θ, the slope is steeper in the former case:

PV
T (θ ∼ 150◦)

PV
T (θ ∼ 20◦)

≃ 20 ,
PA
T (θ ∼ 150◦)

PA
T (θ ∼ 20◦)

≃ 35 , (14)

PFSI
T (θ ∼ 150◦)

PFSI
T (θ ∼ 20◦)

≃ 4.5 . (15)

This shows that the sensitivity to new physics increases
the region of Dalitz plot with large θ angles. Indeed, the
best way to distinguish FSI and new-physics contribu-
tions is to compare the θ-dependence and PT averaged
over the large angles, θ = 120◦÷ 160◦. For this range we
obtain

PV
T (120◦ < θ < 160◦) = 0.14 · Im(∆V +∆A) , (16)

PA
T (120◦ < θ < 160◦) = 0.15 · Im(∆P ) . (17)

Taking into account the expected experimental sensitiv-
ity (12) one may hope to detect effects of new physics
leading to Im(∆V +∆A) or Im∆P as small as 0.7×10−3

at 1 σ level.
In the estimation of the sensitivity presented above we

neglected the contribution to PT from the FSI. This is
possible if one reduces the uncertainty in the prediction

of PFSI
T to values smaller than δPT . To this end careful

determination of the FA and FV form factors from other
experiments is needed. For example, from K → lνle

+e−,
see Eq. (8), or from the measurement of the normal muon
polarization PN in Kµ2γ decay, which is also a very sen-
sitive to the form factors observable [13]. Simultaneous
measurement of both PN and PT in one experiment with
the same statistical sensitivity provides good opportunity
for accurate determination of FA and FV from PN and,
therefore, precise calculation of the FSI contribution to
measured PT and clear separation the non-SM PT from
physics background.
The values of ∆V , ∆A and ∆P are completely deter-

mined by the physics beyond the Standard Model. Below
we consider several extensions of the SM and present the
corresponding bounds on ∆V , ∆A and ∆P from existing
experimental data.

C. Two-Higgs-doublet models with suppressed

FCNC

In a general two-Higgs doublet (2HD) model [1] up-
and down-type quarks, as well as leptons, couple to both
two-Higgs doublets. The up- and down-type quark mass
matrices cannot be diagonalized simultaneously, that is
the reason for flavor changing neutral current to be in-
duced at tree level. The relevant terms read [5]

L2HD =
zmµ

4M2
H

s̄
∑

i

[ξ̃D∗
i2 V ∗

ui (1− γ5)− ξ̃U∗
i1 V ∗

is (1 + γ5)]u

× ν̄ (1 + γ5)µ (18)

where MH is the mass of charged Higgs boson, zmli are
coupling constants of charged Higgs boson and corre-

sponding leptons and ξ̃U,D
ij are mixing matrices parame-

terizing up- and down-type quark interactions with the
lightest neutral Higgs boson. This interaction results in
the muon transverse polarization

PT = −[σV −σA]
B0z

2
√
2GFM2

H |Vus|
∑

i

Im[V ∗
is ξ̃

U
i1+V ∗

uiξ̃
D∗
i2 ] .

(19)
The measurement of the b → sγ gives MH >

315 GeV [16], perturbativity bound (see, e.g., [17]) im-
plies z < 2 GeV−1 and, if the only relevant terms in
Eq. (19) are ξ̃U11 and ξ̃D22, neutral kaon system constrains

them to be . 10−2
√

MH/GeV [5]. With account of
Eq. (17) this favors the limit

|PT (120
◦ < θ < 160◦)| . 3× 10−2

(

315 GeV

MH

)3/2

×
(

z

2 GeV−1

)

(

Im[ξ̃U11 + ξ̃D∗
22 ]

10−2

)

.

It is more than 300 times larger than the expected exper-
imental sensitivity to PT [8]. Note, that without special
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FIG. 5: FSI contribution to PT for 10◦ wide bins in θ; the
kaon form factors are equal to the measured values (8).

fine-tuning between Im[ξ̃U11] and Im[ξ̃D∗
22 ], the strongest

limit on PT comes from the search for transverse muon
polarization in K → π0µν decay [21], since the interac-
tion (18) generally provides both GP and GS of the same
order [18] (see Sec. IVA). This yields

|PT (120
◦ < θ < 160◦)| . 3× 10−3

at 95% CL.
On the other hand, depending on the structure of the

mixing matrices ξ̃U , ξ̃D, the lower bound on PT in 2HD
model can be as large as 0.1.

D. Three-Higgs-doublet models

In these models three different Higgs doublets (hu, hd,
hl) couple to up-, down-type quarks and leptons, respec-
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FIG. 6: PT for 10◦ wide bins in θ at Im(∆V + ∆A) =
Im(∆P ) = 1; the kaon form factors are equal to the mea-
sured values (8).

tively. The relevant interaction between SM fermions and
charged Higgs bosons for Kµ2γ decay reads

L =

√
GF
4
√
2

2
∑

i=1

{

h+
i [αiūV Md (1 + γ5) d

+βiūMuV (1− γ5) d+ γiν̄Ml (1 + γ5) e]

}

+ h.c. ,

(20)

where V is the CKM matrix, Md, Mu and Ml are diag-
onal down-type quark, up-type quark and lepton mass
matrices, respectively, and αi, βi and γi (i = 1, 2) are
complex mixing parameters in Higgs sector. This inter-
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action results in [18]

PT = −[σV − σA]

(

m2
K

m2
1

− m2
K

m2
2

)

×
(

Im γ1α
∗
1 −

mu

ms
Im γ1β

∗
1

)

(21)

where mi are the masses of charged Higgs bosons. The
current experimental constraints on the parameters of the
theory (see, e.g., Ref. [19] for a collection of relevant for-
mulae) give the same order bound on PT as from [21] for
PT in K → π0µν decay (as far as GP and GS emerging
from Lagrangian (20) are generally of the same order),

|PT (120
◦ < θ < 160◦)| . 3× 10−3 , 95% CL .

This upper limit is about 30 times larger than the ex-
pected sensitivity of the new experiment.

E. Supersymmetric models with R-parity

In the minimal supersymmetric extension of the Stan-
dard Model (MSSM) the relevant four-fermion interac-
tions emerge due to W-boson and charged Higgs bo-
son exchanges with couplings being enhanced by squark-
gluino loops.

Right-handed current interaction is generated by the
diagram with gluino, stop and sbottom particles running
in the loop with left-right mass insertions both for stop
and sbottom. This gives rise to the effective interac-
tion [20]

LI=−C
GF√
2
s̄γα (1 + γ5)u · ν̄γα (1− γ5)µ+ h.c. , (22)

C=I0
mtmb (At − µ cotβ) (Ab − µ tanβ)

M4
g̃

× αs[MSUSY]

36π
V UR

31 V DR∗
32 V SCKM∗

33 ,

where At and Ab are the soft supersymmetry breaking
trilinear terms for stops and sbottoms, µ is Higgs su-
perfield mixing parameter, tanβ is the ratio of the two
Higgs vacuum expectation values, Mg̃ is gluino mass,
V UR and V DR are the rotations in the generation space
between up-type right-handed squarks and down-type
right-handed squarks and corresponding quark partners,
respectively; V SCKM is the super CKM matrix associ-
ated with W-squark-squark couplings, and I0 is given by
the integral

I0=

∫ 1

0

dz1

∫ 1−z1

0

dz2
24z1z2

(

1 +
(

m2

t̃

M2
g̃

− 1
)

z1 +
(

m2

b̃

M2
g̃

− 1
)

z2

)2 .

For W-boson exchange, the interaction (22) provides the

polarization

PTW
= −σV I0

mtmb (At − µ cotβ) (Ab − µ tanβ)

M4
g̃

× αs[MSUSY]

18π

Im[V UR

31 V DR∗
32 V SCKM∗

33 ]

|Vus|
. (23)

Current experimental constraints on the parameters of
the theory [11] leads to

|PTW
(120◦ < θ < 160◦)| . 0.8× 10−3 , (24)

where we set mt̃ = mb̃ = Mg̃/2, tanβ ≃ 50, Mg̃ ≃ Ab ≃
µ ≃ At ≃ 500GeV, and Im[V UR

31 V DR∗
32 V SCKM∗

33 ] ≃ 0.5.
The charged Higgs boson exchange enhanced by gluon-

stop-sbottom loops gives rise to the effective interac-
tion [20]

LII =−C1
GF√
2
s̄ (1 + γ5)u · ν̄ (1 + γ5)µ

−C2
GF√
2
s̄ (1− γ5)u · ν̄ (1 + γ5)µ+ h.c. ,

C1=
αs[MSUSY]

3π
I1

mtmµ tanβ

M2
H+

At cotβ+µ

Mg̃
V UR

31 V DL∗
32 V H∗

33 ,

C2=
αs[MSUSY]

3π
I1
mbmµ tanβ

M2
H+

Ab tanβ+µ

Mg̃
V UL

31 V DR∗
32 V H∗

33 ,

I1=

∫ 1

0

dz1

∫ 1−z1

0

dz2
2

1 +
(

m2

t̃

M2
g̃

− 1
)

z1 +
(

m2

b̃

M2
g̃

− 1
)

z2

,

where V H is the mixing in the coupling between charged
Higgs and up-type right-handed and down-type left-
handed squarks, V UL and V DL are the rotations in the
generation space between up-type left-handed squarks
and down-type left-handed squarks and corresponding
quark partners, respectively. This results in

PTH
=−(σV − σA)

αs[MSUSY]

3π
I1

B0mt tanβ

M2
H+

At cotβ + µ

Mg̃

× Im[V UR

31 V DL∗
32 V H∗

33 ]

|Vus|

− (σV − σA)
αs[MSUSY]

3π
I1

B0mb tanβ

M2
H+

Ab tanβ + µ

Mg̃

× Im[V UL

31 V DR∗
32 V H∗

33 ]

|Vus|
. (25)

With the estimate Im[V UR

31 V DL∗
32 V H∗

33 ] ≃ 0.5 and

Im[V UL

31 V DR∗
32 V H∗

33 ] ≃ 0.5 and the same settings as listed
below Eq. (24) both terms in Eq. (25) are of the order
10−2.
So, PTW

and PTH
are 10 and 100 times larger, respec-

tively, than the expected experimental sensitivity.
Note in passing, that without a special cancellation

associated with light superpartners, charge Higgs boson
gives large contribution to b → sγ. This yields the bound
MH > 315 GeV [16], which decreases the upper limit on
PTH

by an order of magnitude.
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F. Supersymmetric models without R-parity

In this section we consider the supersymmetric exten-
sions of the Standard Model with the violation of the
R-parity and the lepton number. The relevant superpo-
tential is given by

WRV =
1

2
λijkLiLjE

c
k + λ′

ijkLiQjD
c
k

with Li and Ec
i being the chiral superfields of lepton dou-

blets and singlets, and Qi, D
c
i denote chiral superfields of

quark doublets and down-type singlets, respectively. In
this model the contribution to Kµ2γ decay arises due to
the interaction

LRV = −λ∗
2i2λ

′
i12

4M2
ẽLi

s̄(1 − γ5)u · ν̄(1 + γ5)µ ,

where MẽLi
are masses of the left-handed sleptons. The

resulting transverse muon polarization reads [5]

PT = (σV − σA) Im[λ∗
2i2λ

′
i12]

B0

mµ|Vus|
1

2
√
2GFM2

ẽLi

.

(26)
The strongest relevant experimental limit on the pa-
rameters of the model comes from the measurement of
KL → µ̄µ decay rate [22], and one can obtain from
Eqs. (17), (26)

|PT (120
◦ < θ < 160◦)| . 1.5× 10−5 (27)

×
(

(

Im[λ∗
212λ

′
112]

3.8× 10−7

)

(

Mν̃1

MẽL1

)2

+

(

Im[λ∗
232λ

′
312]

3.8× 10−7

)

(

Mν̃3

MẽL3

)2)

with Mν̃i being sneutrino masses. This contribution (27)
is obviously too small to be detected. Note in passing
that in models with relevant hierarchy in slepton sector
or in models with some cancellation of the sparticle con-
tributions to KL → µ̄µ decay, one could expect PT in
Kµ2γ at the level of 10−3.

G. Left-right symmetric models

In models with left-right gauge symmetries SU(2)L ×
SU(2)R×U(1)BL

[23] the four-fermion interaction which
contributes to Kµ2γ decay is given by

LLR = −GF√
2

(

gR
gL

)

ξV R∗
us s̄γµ(1 + γ5)u · ν̄γµ(1− γ5)µ

where ξ is left-right complex mixing parameter, V R is
right-handed CKM matrix and gL,R are coupling con-
stants of SU(2)L and SU(2)R, respectively. This inter-
action results [5] in

PT = 2σV
gR
gL

Im(ξV R∗
us ) . (28)

With the current experimental constraints on the param-
eters of the theory [24] one can obtain from Eqs. (16),
(28)

|PT (120
◦ < θ < 160◦)| . 2× 10−3

×
(

gR/gL
1

)

Im

[(

ξ

0.033

)(

V R∗
us

|Vus|

)]

,

that is 20 times larger than the expected statistical un-
certainty of PT (12).

H. Leptoquark models

There exist two leptoquark models contributing to PT

in Kµ2γ decay. The quantum numbers of the leptoquarks
under the Standard Model group are

φ1 =

(

3, 2,
7

3

)

, (Model I) ,

φ2 =

(

3, 1,−2

3

)

, (Model II) ,

and the general couplings involving these leptoquarks are
given by

LLQI
=

(

λ1

2
Q̄ (1 + γ5) e+

λ′
1

2
ū (1− γ5)L

)

φ1 + h.c. ,

LLQII
=

(

λ2

2
Q̄ (1 + γ5)L

c +
λ′
2

2
ū (1− γ5) e

c

)

φ2 + h.c. .

The relevant terms read

LKµν
LQI

=
λ22
1 λ′1i∗

1

4M2
φ1

s̄ (1 + γ5)µ · ν̄i (1 + γ5)u+ h.c. ,

LKµν
LQII

=
λ2i
2 λ′12∗

2

4M2
φ2

s̄ (1 + γ5) ν
c
i · µ̄c (1 + γ5)u+ h.c. ,

where Mφ1
are leptoquark masses, and they provide [5]

PTI
= − (σV − σA) Im[λ22

1 λ′1i∗
1 ]

B0

mµ|Vus|

√
2

8GFM2
φ1

, (29)

PTII
= − (σV − σA) Im[λ2i

2 λ′12∗
2 ]

B0

mµ|Vus|

√
2

8GFM2
φ2

. (30)

With the current experimental constraints on the pa-
rameters of the models with leptoquarks, the strongest
limit on PT comes from the measurement of the PT in
K → π0µν decay [21] (supposing that GP and GS con-
stants are generally of the same order in this theory),
that yields

|PT (120
◦ < θ < 160◦)| . 3× 10−3

at 95% CL. This bound is larger than the expected ex-
perimental sensitivity by a factor of 30.
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V. CONCLUSIONS

The analysis presented in this paper concerns the in-
formation which could be drawn from the experiment on
the measurement of the transverse muon polarization PT

in K → µνγ decay.
It was found that the FSI PT distribution over the

Dalitz plot is sensitive to the values of the kaon form fac-
tors. The best sensitivity is exhibited in the region of
large angles θ between muon and photon. The PT calcu-
lated in this region allows to pin down the signs of the
kaon form factors in spite of the uncertainties associated
with the unknown dependence of the form factors on the
momentum of the lepton pair. To this end the statistics
of ≥ 109 Kµ2γ events with large θ > 120◦ is required.
It was recently demonstrated [13] that the normal

muon polarization PN is very sensitive to the signs and
the values of the kaon form factors. Since PN emerges at
tree level, the statistics expected in the new experiment
proposed at JHF allows to determine for sure the kaon
form factors with a few percent accuracy. The unknown
dependence of the form factors on the momentum of the
lepton pair should be determined by fitting the experi-
mental data on the PN Dalitz plot distribution.
Finally, it was shown that possible new-physics con-

tributions and the FSI contribution to PT show different
behavior over the Dalitz plot. In particular, at large θ the

new-physics contributions to PT grow by one and a half
orders of magnitude, that suggests to consider this region
as the most interesting to probe the new physics respon-
sible for T -violating effects. In most cases the contribu-
tion from new physics can exceed the measurable level of
PT by one or two orders of magnitude. Moreover, extrac-
tion of form factor values from PN allows the background
contribution from FSI to the non-SM T-violating muon
polarization to be determined with small uncertainty.

It is worth to note, that the signs of pion form fac-
tors Fπ

V and Fπ
A have not been measured yet [11]. The

experimental situation there is similar to kaons, though
Fπ
V has a definite CVC prediction and the pion form fac-

tors are almost constants over the whole Dalitz plot. The
FSI contributions to PT is of the order of 10−4 (10−3) for
πµ2γ (πe2γ) [25]. From the analysis given above, we can
suggest that the measurement of the transverse lepton
polarization in πl2γ would allow to pin down the signs
of the pion form factors, if possible contributions to PT

from physics beyond the Standard Model are negligible.
This issue will be considered elsewhere.
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