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Constraints on s\dg from radiative hyperon and kaon decays
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The quark-level processb→sg has been used extensively to place constraints on new interactions. These
same interactions can also be constrained from the enhancement they induce in the quark-levels→dg transi-
tion, to the extent that the short distance contributions can be separated from the long distance contributions.
We parametrize what is known about the long distance amplitudes and subtract it from the data in radiative
hyperon and kaon decays to constrain new interactions. These constraints complement existing ones from other
rare processes although in most cases they are weaker.

PACS number~s!: 12.60.2i, 13.25.Es, 13.30.Eg
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I. INTRODUCTION

The decay modeb→sg has been used to place constrain
on physics beyond the standard model@1#. The mode is par-
ticularly useful, constraining new interactions which remo
the chirality suppression that occurs in the standard mo
In this case the amplitude is enhanced by factors of a he
mass scale relative to theb quark mass. The same type
new physics enhances thes→dg transition by a factor of a
heavy mass scale relative to the strange quark mass. In m
els in which the enhancement is as large as one can expe
dimensional grounds, that ismb /ms;30, it is possible to
place interesting constraints on the new physics froms
→dg even though the decay modes involved are domina
by long distance physics@2#.

After introducing our notation for the effective interactio
responsible for thes→dg transition, we study the physica
radiative hyperon decay amplitudes and the radiative k
decays of the formK→ppg. In both cases we expect th
amplitudes to be dominated by long distance physics.
describe this long distance physics guided by chiral per
bation theory and subtract it from the physical amplitudes
order to constrain the new, short-distance, interactions.

In the last two sections we illustrate two types of mod
in which the short distance transition can be significan
enhanced with respect to the standard model.1 We are not
interested here in the specific details of the models, and
this reason, we only consider the effective low energy ope
tors that the new models may generate. We illustrate
effects of left-right symmetric models@4,5# and of general-
ized supersymmetric theories@6#.

II. SHORT DISTANCE s\dg IN THE STANDARD
MODEL

The low energy effective Hamiltonian responsible for t
s→dg(g) transition can be written as

1These modes also enhance the transitionsd→d8g and were dis-
cussed in Ref.@3#.
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He f f5A2GF

Vid* Vis

16p2
d̄@~gsc11

i TaGa
mn1ec12

i Fmn!smn~msPR

1mdPL!#s1H.c., ~1!

whereGa
mn andFmn are the gluon and photon field streng

tensors respectively, andPL,R[(17g5)/2. In the standard
model~SM!, the coefficientsc11

i andc12
i are given at the one

loop level without QCD corrections by@9#

c11
i 5

xi~215xi2xi
2!

4~12xi !
3 1

3xi
2

2~12xi !
4 ln xi

c12
i 5

xi~725xi28xi
2!

12~12xi !
3 1

xi
2~223xi !

2~12xi !
4 ln xi , ~2!

wherexi5mi
2/mW

2 . This contribution toc12 from charm and
up quarks is negligibly small. Nevertheless, QCD correctio
enhance the charm contribution considerably as first
cussed in Ref.@7#; we find c12

c '0.13.
We assume in this paper that any contribution beyond

SM is due to heavy degrees of freedom which are integra
out at theW mass scale and obtain the coefficients at a h
ronic mass scalem;1 GeV using the expressions@8,9#

c12~m!5c12
SM~m!1c12

new~m!,

c12
new~m!5h16/(3322nf )c12

new~mW!

1
8

3
~h14/(3322nf )2h16/(3322nf )!c11

new~mW!, ~3!

where h5as(mW)/as(m), and nf is the number of active
quarks.

For our phenomenological discussion of physics beyo
the standard model we will find it convenient to use inste
the effective Lagrangian
©2000 The American Physical Society03-1



op
or

i

ts

e

l b

e
in

f

hey
In

of
o

-

Eq.
ic

the

d

s

xi-
iral

a
rs

in

XIAO-GANG HE AND G. VALENCIA PHYSICAL REVIEW D 61 075003
L5
eGF

2
cd̄smn~11g5!sFmn, ~4!

in terms of which the standard model reads

cSM5
A2ms

16p2 (
i

Vid* Visc12
i . ~5!

Although we will refer to the coefficientc as if it were
unique, new interactions may induce this operator with
posite chirality. The distinction, however, is irrelevant f
our purpose. Numerically we will useas(mZ)50.119, the
Cabibbo-Kobayashi-Maskawa~CKM! matrix of Ref.@10# in
the Wolfenstein parametrization, andms5150 MeV. This
corresponds tocSM'0.04.

III. RADIATIVE HYPERON DECAYS

The effective Lagrangian for radiative hyperon decays
usually written in the form

L~Bi→Bfg!5
eGF

2
B̄f~a1bg5!smnBiFmn . ~6!

Each decay mode is then characterized by the constana
andb which have both real and imaginary~absorptive! parts.
The two observables are the decay rate and the asymm
parameter, which are given in terms ofa, b and the photon
energy,v, by

G~Bi→Bfg~v!!5
GF

2e2

p
~ uau21ubu2!v3

dG

d cosu
;11a cosu

a5
2Re~ab!!

uau21ubu2
. ~7!

The latest numbers found by the Particle Data Group@10#
are shown in Table I. Some of these measurements wil
improved by the KTEV experiment at Fermilab.

The long distance contributions to these decays have b
studied within the context of chiral perturbation theory
Refs. @11,12#. The authors of Ref.@11# find that the imagi-

TABLE I. Radiative hyperon decay data. We present the P
ticle Data Group values@10# for the rate and asymmetry paramete
as well as the corresponding value forA(uau21ubu2) .

Mode G31015

MeV
v

MeV
A(uau21ubu2)

MeV
a

L→ng 4.3860.38 162.22 16.07 -
S1→pg 10.1360.41 224.59 15.00 20.7660.08
J2→S2g 0.5160.09 118.06 8.83 1.061.3
J0→Lg 2.460.4 184.13 9.85 0.4360.44
J0→S0g 7.9460.91 116.57 35.54 0.2060.32
07500
-

s
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nary parts ofa andb are well known and that the real part o
b is also known. They also find that the real part ofa cannot
be predicted or even estimated reliably. For this reason t
treat a as a free parameter and attempt to fit the data.
Table II we summarize these results.

To construct Table II we have used the imaginary parts
a andb from Ref. @11#, which are reliable, and we have als
used their estimate2 for the real part ofb. The column labeled
aR(fit) shows the required value ofaR to reproduce the mea
sured rates when combined with the known values ofaI , bI
and bR . It is not possible to fit the measured rate forJ2

→S2g in this way. In the column labeledaSD„SU(6)… we
show the short distance contribution from the operator of
~4! using SU(6) wave functions to compute the hadron
matrix elements.

In most cases the new physics contribution toaR will be
identical to the contribution tobR , so we can bound the
coefficient c by requiring thataSD„SU(6)… be less than
aR(fit)/A2. The best bound is obtained from the modeL
→ng and it is

uc~m!u&12 MeV. ~8!

We have not used the asymmetry parameters because
only one that is well measured is not understood@11#.

IV. RADIATIVE KAON DECAYS

In this section we look at decays of the formK→ppg.
We start with the decayKL→p1p2g in which the ‘‘direct
emission’’ has been measured~bremsstrahlung is subtracte
from the full amplitude!. AssumingCP conservation we can
write this direct emission amplitude in the form

M5 ig8

2A2eGFl f p
2

MK
3

jM~z,n!emnabp1ap2bknem. ~9!

We use the notation of Ref.@13#: l'0.22 is the sine of the
Cabibbo angle andg8'5.1. jM is a form factor that depend
on the photon energy in the kaon rest frame,z5Eg /MK ,
and on a pion energy difference,n5(Ep12Ep2)/MK . At

2Except that we allow a larger uncertainty by doubling the ma
mum value used for the unknown counterterm that occurs in ch
perturbation theory@11#.

r-

TABLE II. Radiative hyperon decay amplitudes as described
the text in units of MeV. An entrance 0! indicates that a fit is not
possible.

Mode aI bR bI aSD„SU(6)… aR(fit)

L→ng 20.68 11.1161.2 11.21 A3/2 c 2.8618
S1→pg 6.18 21.21 20.53 21/3 c 13.669
J2→S2g 21.55 27.26 212.34 25/3 c 0!

J0→Lg 0 22.4762.12 0 21/A6 c 9.5610
J0→S0g 0 2.5261.22 0 5/(3A2) c 35685
3-2
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leading order in chiral perturbation theory, it is just a co
stant which can be fit to the data to obtain@13#

jM[
MK

3

8p2f p
3 FMei (d1

1
2d0

0)

uFMu50.9460.06. ~10!

Unfortunately, the analysis of this decay mode is more co
plicated than this. There is experimental evidence for sign
cant variation of the form factor withz. In particular, if we
introduce only a slope term into the form factor,

jM[
MK

3

8p2f p
3 FM~11cMEg /MK!ei (d1

1
2d0

0). ~11!

E731 has extracted a value ofcM521.760.5 @14# which
changes the overall constant toFM51.4960.04. A careful
analysis in Ref.@15# parametrizes the long-distance contrib
tions toFM in terms of one constant~their kF), finding that a
typical range is 0.3,FM ,LD,0.9. This analysis, however
might change in view of the latest results from E799@16#.

In this case it is not possible to separate long distance
short distance contributions toFM . To be conservative
therefore, we demand that any new physics contribution
FM be at most equal to the measuredFM . As we have seen
there is a large uncertainty at present in the extraction ofFM
which can range from 0.3 to 1.5. For definiteness we us

uFMunew,1. ~12!

The decayK1→p1p0g also has long distance contribu
tions that are not known precisely and it is not as well m
sured asKL→p1p2g. The decayKL→p0p0g has not been
seen, and in chiral perturbation theory, starts at orderp6 @17#,
making a separation of long and short distance contributi
even harder. For these reasons we do not consider addit
constraints from these modes.

To place a bound on new physics we need to estimate
contribution of the short distance operator of Eq.~1! to FM .
This requires a calculation of the matrix eleme

^p1p2ud̄smn(1,g5)suK&. Here we use naive dimension
analysis@18# to match the operator into a meson operator
the form

OM5g
eGFl

A2
emnab]mp1]np2FabK. ~13!

Following Weinberg@18# we obtain the order of magnitud
estimate@19#

g5
4p

A2l

c

L2 . ~14!

There are many possible chiral Lagrangians that have
same transformation properties as the short distance oper
Eq. ~1!, that give rise to a meson operator like the one in E
~13!. For example, guided by dimensional analysis, we c
write down atO(p4) the following effective Lagrangian:
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L5g
eGF

A2
l f p

3 emnabTr@h]mS]nS†~SFRab1FLabS!#

~15!

where the matrixh is a 333 matrix with h2351 and all
other elements zero to accomplish theDs51 transition. No-
tice that Eq.~15! has the same transformation properties
the short distance operator and is not suppressed by li
quark masses as is appropriate for the new physics inte
tions of interest, Eq.~4!. Within the standard model, th
short distance operator is suppressed by light-quark ma
and this results in a different effective chiral Lagrangian
volving the usual chiral symmetry breaking factor. Howev
the standard model short distance coefficient is small eno
to completely neglect its contribution. We have also includ
a Levi-Cività tensor to select the contribution of new physi
to the magnetic transition. For the radiative decays in qu
tion we replaceFRmn5FLmn5eQFmn whereQ is the quark
charge matrix andFmn the photon field strength tensor.

After using the chiral Lagrangian, Eq.~15!, to calculate
the amplitude forKL→p1p2g, we find

uFMunew5
p

2A2l

c

f p
~16!

which, from Eq.~12!, implies

uc~m!u&18 MeV. ~17!

This is comparable to the bound obtained from radiative
peron decay, and can be improved with an improved de
mination ofFM .

It is easy to check that Eq.~15! gives a similar contribu-
tion to the decayK1→p1p0g, but as argued before, thi
does not place additional constraints. Similarly, Eq.~15!
does not contribute toKL→p0p0g in accordance with the
fact that this amplitude starts at orderp6.

V. RIGHT HANDED W COUPLINGS

Left-right mixing is the obvious case in which the ligh
quark mass suppression of the operator, Eq.~1!, can be re-
moved, and turned into an enhancement from a heavy
quark mass. Left-right symmetric models have been stud
in the context ofb→sg in detail @4#. For our purpose it
suffices to look at the effective Lagrangian at theW mass
scale that results after integrating out a heavy right han
W. This can be done easily following the formalism of Pe
cei and Zhang@20#. In unitary gauge the new coupling o
interest is

Leff5
g

A2
VUDkR

UDŪRgmDRWm
11 H.c. ~18!

In writing Eq. ~18! we have assumedCP conservation and
ignored modifications to the left-handedW couplings which
do not lead to enhanced effects. In generalkR

UD will be dif-
ferent for eachUDW coupling.
3-3
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This interaction has been considered before in the st
of b→sg @5#, and also in the study ofCP violation in B
decays@21#. A trivial generalization of those results leads

c11
i 52

mi

ms
kR

isFGR~xi !,

c12
i 52

mi

ms
kR

isFAR~xi !, ~19!

wherei 5u,c,t, xi5(mi /mW)2 and

FGR~xi !5
6xi

~12xi !
3log~xi !1

3~11xi !

~12xi !
2 11

FAR~xi !5
xi~223xi !

~12xi !
3 log~xi !1

5xi
2231xi120

6~12xi !
2 .

~20!

In this case, the intermediate charm and top quark st
lead to a value ofc much larger than in the standard mod
If we assume that theVUD matrix elements of Eq.~18! are
the same as the CKM elements in the SM, and use the
proximate Wolfenstein parametrization for the CKM ang
with r50, we find, at theW mass scale~in units of MeV!,

c~mW!'210kR
cs22kR

ts . ~21!

These numbers are reduced by about a factor of 2 atm51
GeV when we use Eq.~3!. We findc(m)'26kR

cs21.4kR
ts .

If we assume thatkR
cs , kR

ts are of the same order of mag
nitude, then the charm-quark contribution is dominant. O
strongest constraint from the radiative hyperon deca
uc(m)u,12 MeV, implies that

ukR
csu&2

ukR
tsu&8.5 ~22!

which are not as restrictive asb→sg. In fact, if we use the
result of Ref.@22# and require that the predicted branchi
ratio to be within the 95% C.L. allowed range@23# 2
31024,BR(b→sg),4.531024, we find

ukR
csu&0.95

ukR
tsu&0.02. ~23!

Similarly, using the results of Ref.@21# and requiring that
new contributions toK-K̄ mixing be less than the standa
model charm-quark contribution we obtain

ukR
csu&0.2

ukR
tsu&2.2. ~24!

The constraints we obtain from radiative hyperon decay
not quite as good. Nevertheless, additional assumptions
implicit in Eqs. ~23!, ~24!. For example they have been o
tained by taking only one non-zero coupling at a time and
07500
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ignoring possible counterterms in the effective theory at o
loop. For this reason we regard our constraints as be
complementary to existing ones.

VI. SUPERSYMMETRIC MODELS

Another class of models in which the coefficientc is natu-
rally large is the general supersymmetric~SUSY! extension
of the standard model. In this class of models one can g
erate the operator at one loop via intermediate squarks
gluinos. The enhancement is due both to the strong coup
constant and to the removal of the chirality suppression
results in a gluino mass replacing the light-quark mass in
~1! @24#.

In the interaction basis, the down-quark-squark-glui
vertex is given by

L52A2gs~ d̄L
i Tag̃a•D̃L

i 2d̄R
i Tag̃a•D̃R

i ! ~25!

wherei is the generation index. Soft SUSY breaking squa
masses will in general induce mixing between different g
erations of squarks. The interaction eigenstatesD̃L,R

i are then

different from the mass eigenstatesD̃k inducing flavor
changing neutral currents. Here we stay away from spec
models and follow Ref.@6# to write the contributions to the
s→dg transition in the mass insertion approximation. T
result found in Ref.@6#, after introducing an overall normal
ization to match our definition ofc11,12 in Eq. ~1!, is

c115
A2asp

GFmq̃
2
Vtd* Vts

Fd12
LLS 1

3
M3~mg̃

2/mq̃
2
!13M4~mg̃

2/mq̃
2
! D

1d12
LR mg̃

ms
S 1

3
M1~mg̃

2/mq̃
2
!13M2~mg̃

2/mq̃
2
! D G

c125
A2asp

GFmq̃
2
Vtd* Vts

8

9 Fd12
LLM3~mg̃

2/mq̃
2
!

1d12
LR mg̃

ms
M1~mg̃

2/mq̃
2
!G , ~26!

where the loop functions are given by

M1~x!5
114x25x212x~21x!ln x

2~12x!4 ,

M2~x!52
524x2x212~112x!ln x

2~12x!4 ,

M3~x!5
2119x19x2217x316x2~31x!ln x

12~x21!5 ,

M4~x!5
2129x19x21x326x~11x!ln x

6~x21!5 .

~27!

The parametersd128 characterize the mixing in the mass in
sertion approximation@6#, x5mg̃

2/mq̃
2 , and mg̃ , mq̃ are the
3-4
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average gluino and squark masses, respectively. In gen
the quark-squark-gluino interactions also generate ths
→dg transition with different chiralities. This can be ob
tained by replacingd12

LL andd12
LR by d12

RR andd12
RL in the above

expressions.
As anticipated, there is an enhancement factormg̃ /ms in

the term proportional tod12
LR and this is the term with a

potentially large contribution tos→dg.
In Table III we illustrate some representative values foc

both at a scalem51 GeV and at theW mass scale. The rea
part of d12

LR is constrained fromDmKS-KL
to be typically less

than a few times 1022 @6#. This is to be compared with ou
constraint forx50.3:

d12
LR&0.14. ~28!

The imaginary part is more severely constrained frome8/e
@6#. Even though our constraint is not as good as that fr
K-K̄ mixing the two are complementary in a general mod
Our bound would be important, for example, in models t
try to avoid theK-K̄ mixing bound through an interplay o

TABLE III. c ~in units of MeV! in generalized SUSY model
due tod12

LR with mq̃5500 GeV for different values ofx5mg̃
2/mq̃

2 .

x c(m) c(mW)

0.3 88d12
LR 73d12

LR

1 57d12
LR 60d12

LR

4 24d12
LR 32d12

LR
D

07500
ral

l.
t

d12
LR andd12

RL . Notice that, unlike the case of right-handedW
couplings, in the supersymmetric caseb→sg constrains dif-
ferent parameters of the model.

VII. CONCLUSIONS

We have studied radiative hyperon decays and radia
kaon decays of the formK→ppg with the aim of constrain-
ing new interactions. Guided by chiral perturbation theo
and dimensional analysis we have parametrized the long
tance physics that dominates these modes and in this wa
have quantified a bound on possible contributions fr
short-distance new physics. We found that these proce
can place additional constraints on certain models in wh
thes→dg transition is significantly enhanced with respect
the standard model. The constraints that we find are, in g
eral, not competitive with those from other rare proces
like b→sg or K-K̄ mixing. The constraints are, howeve
complementary and may become important for sufficien
detailed probes of new models.
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