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Forward-backward asymmetry in K¿\p¿l¿lÀ
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We study the forward-backward asymmetries in the decays ofK1→p1l 1l 2 ( l 5e andm! in the presence of
scalar or tensor terms. We find that with the scalar@tensor# type interaction the asymmetry can be up to
O(1023) @O(1021)# and arbitrarily large for the electron and muon modes, respectively, without conflict with
the experimental data. We also discuss the cases in the minimal supersymmetric standard model where the
scalar terms can be induced. In particular, we show that the asymmetry inK1→p1m1m2 can be as large as
O(1023) in the large tanb limit, which can be tested in future experiments such as the CKM experiment at
Fermilab.
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I. INTRODUCTION

The flavor-changing neutral current processes ofK6

→p6l 1l 2 ( l 5e,m) are suppressed and dominated by
long distance contributions involving one photon exchan
@1–4# in the standard model~SM!. The decays have bee
successfully described within the framework of chiral pert
bation theory~ChPT! @5# including electroweak interaction
atO(p6) @6# in terms of a vector interaction form factor fixe
by experiments. However, it is important to compare
measurements in the two decays to see if there are di
ences in the form factors, since they would indicate n
physics. Recently, the vector form factor has been de
mined by a high precision measurement on the elec
mode by the BNL E865 Collaboration@7# at the Brookhaven
Alternating Gradient Synchrotron~AGS! with a sample of
10300 events and branching ratio~BR! of @2.9460.05(stat)
60.13(syst)60.05(theor)#31027. For the muon channel, i
was first observed by BNL E787@8# at the AGS with the
measured branching ratio being (5.060.460.9)31028,
which is too small to accommodate within the SM. Howev
two subsequent experiments of BNL E865@9# and HyperCP
~E871! @10# measured BR(K1→p1m1m2)5(9.2260.60
60.49)31028 and (9.861.060.5)31028, respectively,
which are all consistent with a model-independent analy
based on the data for BR(K1→p1e1e2). However, there is
still room for new physics, particularly in the muon mode

In Refs. @11#, @12#, P and T violating muon polarization
effects inK1→p1m1m2 were discussed in various theore
ical models. In this paper, we study the forward-backw
asymmetry~FBA! in the decay ofK1→p1l 1l 2 with l 5e
or m. It is known that the FBA inK1→p1l 1l 2 violatesP
like the longitudinal lepton polarization but it vanishes in t
SM and can exist only if there is a scalar-type interaction
the multi-Higgs-doublet models such as the most popu
two-Higgs-doublet model~2HDM! of type II @13#, where
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two Higgs scalar doublets (Hu and Hd) are coupled to up-
and down-type quarks, respectively, the scalar type of f
fermion operatorss̄RdL l̄ l can be generated at the loop lev
@14,15#. This type of operator is particularly interesting in th
minimal supersymmetric standard model~MSSM! @16# since
it receives an enormous enhancement for a large ratio
vu /vd5tanb wherevu(d) is the vacuum expectation value o
the Higgs doubletHu(d) . Recently, there has been conside
able interest in the large tanb effects inB decays such as
B→m1m2 and B→Km1m2 @14,15,17#. In the report, we
will discuss the large tanb scenario in the MSSM forK1

→p1l 1l 2.
The paper is organized as follows. In Sec. II, we pres

the general analysis for the forward-backward asymmet
in K1→p1l 1l 2 ( l 5e and m!. In Sec. III, we discuss the
experimental constraints on the asymmetries. We estim
the asymmetries in the MSSM in Sec. IV. We present o
conclusions in Sec. V.

II. GENERAL ANALYSIS

We write the decay as

K1~pK!→p1~pp!l 1~p!l 2~ p̄!, ~1!

wherepK , pp , p, and p̄ are the four-momenta ofK1, p1,
l 1, and l 2, respectively. The most general invariant amp
tude for the decay can be written as@11,12,18#

M5FSl̄ l 1 iF Pl̄ g5l 1FVpK
m l̄ gml 1FApK

m l̄ gmg5l , ~2!

whereFS , FP , FV , andFA are scalar, pseudoscalar, vecto
and axial-vector form factors, respectively. The different
decay rate in theK1 rest frame is given by@11#
©2003 The American Physical Society29-1
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d2G

dE dĒ
5

1

24p3mK
F uFSu2

1

2
~s24ml

2!1uFPu2
1

2
s

1uFVu2mK
2 S 2EĒ2

1

2
sD 1uFAu2mK

2 S 2EĒ

2
1

2
s12ml

2D 12 Re~FSFV* !mlmK~E2Ē!

1Im~FPFA* !ml~mp
2 2mK

2 2s!G , ~3!

where ml is the lepton mass,E (Ē) is the energy ofm1

(m2), and s5(p1 p̄)252(ml
21EĒ2p•p̄) is the invariant

mass of the dilepton system. In terms of the invariant m
and the angleu between the three-momentum of the ka
and the three-momentum of thel 2 in the dilepton rest frame
we can rewrite Eq.~3! as

d2G

ds dcosu
5

1

28p3mK
3 b ll

1/2~s!H uFSu2sb l
21uFPu2s

1uFVu2
1

4
l~s!~12b l

2 cos2 u!

1uFAu2F1

4
l~s!~12b l

2 cos2 u!14mK
2 ml

2G
1Re~FSFV* !2mlb ll

1/2~s!cosu

1Im~FPFA* !2ml~mp
2 2mK

2 2s!J , ~4!

where l(s)5mK
4 1mp

4 1s222mp
2 s22mK

2 s22mp
2 mK

2 and
b l5(124ml

2/s)1/2 with s and cosu bounded by

4ml
2<s<~mK2mp!2, 21<cosu<1. ~5!

Here, we have used that

E5
s1mK

2 2mp
2 1b ll

1/2~s!cosu

4mK
,

Ē5
s1mK

2 2mp
2 2b ll

1/2~s!cosu

4mK
. ~6!

By integrating the angleu in Eq. ~4!, we obtain

dG

ds
5

1

28p3mK
3 b ll

1/2~s!H uFSu22sb l
21uFpu22s

1uFVu2
1

3
l~s!S 11

2ml
2

s D 1uFAu2F1

3
l~s!S 11

2ml
2

s D
18mK

2 ml
2G1Im~FPFA* !4ml~mp

2 2mK
2 2s!J . ~7!
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From Eq. ~4! and the definition of the forward-backwar
asymmetry

AFB~s!

[
*0

1d cosud2G/ds dcosu2*21
0 d cosud2G/ds dcosu

*0
1d cosud2G/ds dcosu1*21

0 d cosud2G/ds dcosu
,

~8!

we find that

AFB~s!5
1

28p3mK
3 2mlb l

2l~s!Re~FSFV* !S dG

dsD 21

. ~9!

As seen from Eq.~9!, to get a nonzero value ofAFB , it is
necessary to have a scalar interaction. However, in the
the contributions fromFS to the decay widths ofK1

→p1e1e2 and K1→p1m1m2 are about seven and fou
orders of magnitude smaller than those fromFV @19,20#,
respectively, and therefore the forward-backward asymm
tries are expected to be vanishingly small.

III. EXPERIMENTAL CONSTRAINTS

To study the experimental constraints onAFB in K1

→p1l 1l 2, we consider the amplitude adopted in Ref.@7#:

M5
aGF

4p
f VPm l̄ gml 1GFmKf Sl̄ l 1GFf T

Pmqn

mK
l̄smnl ,

~10!

wheref V,S,T are dimensionless form factors of vector, scal
and tensor interactions, respectively,P5pK1pp , and q
5pK2pp . It is clear that, in Eq.~10!, the vector term arises
from the one-photon exchange in the SM, which gives
dominant contribution to the decay rate, whereas the sc
and tensor ones come from some new physics beyond
SM @21#.

For the form factorf V , we take the form derived in the
ChPT@6#, given by

f V~s!5a11b1

s

mK
2 1vpp~s!, ~11!

wherea1 andb1 are free parameters andvpp is the contri-
bution from the pion loop diagram given in Ref.@6#. The
experimental measurement ofK1→p1e1e2 at BNL E865
@7# has determined the parameters ofa1 and b1 to be
20.58760.010 and20.65560.044, respectively. The scala
and tensor form factors in Eq.~10! for K1→p1e1e2 are
also constrained by the experiment@7# and the results are tha

u f Su,6.631025 or u f Tu,3.731024 ~12!

for the existence of either a scalar or tensor interaction.
note that so far there are no similar constraints onf S,T for
K1→p1m1m2 and they can be quite different for the tw
channels in theoretical models.

It is easy to see that the amplitude in Eq.~10! can be
simplified to
9-2
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M5
aGF

4p
f V8 Pm l̄ gml 1GFmKf s8 l̄ l ~13!

with

f V85 f V2
8p iml

amK
f T , f S85 f S2

ib ll
1/2~s!cosu

mK
2 f T .

~14!

By comparing the amplitude in Eq.~13! with the general one
in Eq. ~2!, we get

FV5
aGF

2p
f V8 , FS5GFmKf S8 , FP,A50. ~15!

From Eqs.~4!, ~7!, and~15!, we obtain

d2G

ds dcosu
5

GF
2

28p3mK
3 b ll

1/2~s!H u f Vu2
a2

16p2 l~s!

3~12b l
2 cos2 u!1u f Su2sb l

2mK
2

1u f Tu2
sl~s!

mK
2 S cos2 u1

4ml
2

s
sin2 u D

1Re~ f V* f S!
amlmK

p
b ll

1/2~s!cosu

2Im~ f Vf T* !
al~s!

p

ml

mK

2Im~ f Sf T* !2sbl1/2~s!cosuJ ~16!

and

dG

ds
5

GF
2

28p3mK
3 b ll

1/2~s!H u f Vu2
a2l~s!

4p2

1

3 S 11
2ml

2

s D
12u f Su2sb l

2mK
2 1u f Tu2

2sl~s!

3mK
2 S 11

8ml
2

s D
2Im~ f Vf T* !

2al~s!

p

ml

mK
J . ~17!

Similarly, from Eq.~9! we find

AFB~s!5
GF

2

28p3mK
3 b l

2l~s!FRe~ f V* f S!
amlmK

p

2Im~ f Sf T* !2sG S dG

dsD 21

. ~18!

From Eq.~17!, one can check that the bound forf S or f T in
Eq. ~12! yields at most a few percent of the decay rate
K1→p1e1e2. Moreover, the last term in Eq.~17! is neg-
ligible for the electron channel no matter whetherf T is real
or imaginary, due to the electron mass suppression. Howe
for the muon case this term could be large and spoil
07402
er,
e

vector dominant mechanism if the imaginary part off T is not
small. In Fig. 1, we show the differential decay rate a
forward-backward asymmetry as functions ofŝ5s/mK

2 for
the decay ofK1→p1e1e2 by using the upper value off S
in Eq. ~12! and f T50. In Fig. 2, we display them by assum
ing that f S;2431025i and f T;231024. As illustrations,
in Figs. 3 and 4 we also givedG/dŝ and AFB in K1

→p1m1m2 with the same sets of parameters as those
Figs. 1 and 2, respectively. It is clear that, as mention
earlier, since there is no direct strict experimental constra
on f S or f T in the muon mode,AFB(K1→p1m1m2) can be
arbitrarily large.

IV. SUPERSYMMETRY

In the MSSM, the one-loop effective down-type Yukaw
interaction is given by

Leff5d̄RYd@Hd1~e01eYYu
†Yu!Hu* #QL1H.c., ~19!

FIG. 1. ~a! Differential decay rate and~b! forward-backward
asymmetry forK1→p1e1e2 as functions ofŝ5s/mK

2 with f S

56.631025 and f T50.
9-3
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where Yu,d are 333 Yukawa coupling matrices ande0,Y ,
defined in Ref.@15#, are typicallyO(1022). In the diagonal
Yd basis of (Yd) i j 5yi

dd i j , the interaction in Eq.~19! be-
comes

Lmass
eff 5vdd̄R

i yi
d@~11e0 tanb!d i j 1eYVik

† ~yk
u!2Vk j#dL

j 1H.c.,
~20!

whereV is the Cabibbo-Kobayashi-Maskawa~CKM! mixing
matrix. By writing the effective Hamiltonian in the transitio
s→dl1l 2 induced by the scalar type of interaction as

HS
eff5~CSs̄RdL1CS8d̄RsL! l̄ l , ~21!

from Eq. ~20! one has that@15#

CS52
GF

2

4p2

msmlmt
2l̄21

t tan3 b

~11e0 tanb!

1

MA
2

mA f~xmL ,xmR!

M
t̃ L

2 ,

FIG. 2. Same as Fig. 1 but f S;2431025i and
f T;231024.
07402
CS8.
md

ms
CS , ~22!

whereA is the coupling of the soft-breaking trilinear term
and

l̄21
t 5l21

t F11tanb~e01eYyt
2!

11e0 tanb G2

,

f ~x,y!5
1

x2y Fx ln x

12x
2

y ln y

12y G , f ~1,1!5
1

2
,

~23!

with

xmL5
m2

M
t̃ L

2 , xmR5

M
t̃ R

2

M
t̃ L

2 , l21
t 5Vts* Vtd , ~24!

andyt being the top quark Yukawa coupling. By comparin
Eq. ~21! with Eq. ~10! and using

FIG. 3. Same as Fig. 1 but forK1→p1m1m2.
9-4



ntal
es
u-
-

-
ere

in

eri-
ca-

the

n
tal
imal
can

p-

-

FORWARD-BACKWARD ASYMMETRY IN K1→p1l 1l 2 PHYSICAL REVIEW D 67, 074029 ~2003!
^pud̄~11g5!suK&.
mK

2

ms
f 1 , ~25!

we find

f S
MSSM.2

GF
2

8p2

mKmlmt
2l̄21

t tan3 b

~11e0 tanb!2

1

MA
2

mA f~xmL ,xmR!

M
t̃ L

2 ,

~26!

where we have neglected the small terms related toy1,2
u and

usedf 1.1.
To estimate the scalar form factor in Eq.~26! in the

MSSM with large tanb, we take e0;1/100@eYyt
2 and

tanb550r , and we get

f S
MSSMu l 5e;1.131029~12 r̄2 i h̄ !

r 3

~11r /2!2

3S 200 GeV

MA
D 2S mA f~xmL ,xmR!

M
t̃ L

2 D ,

FIG. 4. Same as Fig. 2 but forK1→p1m1m2.
07402
f S
MSSMu l 5m;2.331027~12 r̄2 i h̄ !

r 3

~11r /2!2

3S 200 GeV

MA
D 2S mA f~xmL ,xmR!

M
t̃ L

2 D , ~27!

wherer̄5r(12l2/2) andh̄5h(12l2/2) with l, r, andh
being the Wolfenstein parameters of the CKM matrixV.
Since the values off S

MSSMu l 5e,m in Eq. ~27! are about three
and one orders of magnitude smaller than the experime
bound in Eq.~12!, the scalar contributions to the decay rat
in the MSSM are negligible. Moreover, the scalar contrib
tion to the FBA inK1→p1e1e2 is also suppressed. How
ever, inK1→p1m1m2 the FBA can be as large as 1023 as
shown in Fig. 5 usingr̄;0.2 @22# and assumingr;1, MA

;200 GeV, and mA f(xmL ,xmR)/M
t̃ L

2
;2. We note that

AFB(K1→p1m1m2)5O(1023) is accessible to future ex
periments such as the CKM experiment at Fermilab, wh
on the order of 105 events can be produced@23#.

V. CONCLUSIONS

We have studied the forward-backward asymmetries
the decays ofK1→p1l 1l 2 ( l 5e andm! in the most gen-
eral amplitudes. In particular, we have explored the exp
mental constraints on the asymmetries by including the s
lar and tensor interactions. We have found that with
scalar@tensor# term the asymmetry can be up toO(1023)
@O(1021)# and arbitrarily large for the electron and muo
channels, respectively, without conflict with the experimen
data. We have also discussed the asymmetries in the min
supersymmetric standard model where the scalar terms
be explicitly induced. We have shown that the FBA inK1

→p1e1e2 is negligibly small due to the electron mass su
pression, but inK1→p1m1m2 it can be as large as
O(1023) with large tanb, which can be tested in future ex
periments such as the CKM experiment at Fermilab.

FIG. 5. Forward-backward asymmetry inK1→p1m1m2 as a
function of ŝ in the MSSM with large tanb.
9-5
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