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KL’S—m-rm/; decays within and beyond the standard model

Cheng-Wei Chiantyand Frederick J. Gilmdn
Department of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213
(Received 14 July 2000; published 12 October 2000

The deCﬂyg(L'S—)’ﬂo’ﬂOV; and KL'SH7T+777V7inVO|Ve the weak transition from a strange to a non-
strange quark. Although they have considerably smaller branching ratios than those for the corresponding rare
processes involving single pions, some may be more distinguishable experimentally from background pro-
cesses and thus could provide another probe o$the v v transition. Using the recent knowledge of the CKM
matrix elements and measurements of related processes, we give improved predictions for their branching
ratios both within and beyond the standard model.

PACS numbes): 13.20.Eb, 11.30.Er, 12.15.Ji, 12.39.Fe

I. INTRODUCTION precision experimental tests of the standard model and cor-
respondingly as places to look for new physics if the stan-
Historically, rare kaon decays have provided a crucialdard model failg4,5]. Because of this, they are being pur-
testing ground in which to study flavor-changing neutral cur-sued experimentally in spite of very difficult experimental
rent (FCNC) and CP-violating phenomena. Within the con- backgrounds.
text of the standard model, the observation of such decays The rare decay& | g— mmvv that we study in this paper
gives us further information on the Cabibbo-Kobayashi-have the same advantage of allowing a theoretical clean

study of thes—dww transition, although some of the rel-
Nyant semileptonic matrix elements are not as accurately
asured experimentally. As shown previously?] in the
andard model, they unfortunately have the serious disad-
antage that their predicted branching ratios are several or-
ers of magnitude smaller than for the decays involving a
single pion. It is nevertheless interesting to pursue them be-

other measurements, such as those of semileptonic dec
andB-meson decays. They also serve as a good place to lo
for physics beyond the standard model. Even if new physic'\s/
is first observed outside the kaon sector, we will want toy
know the footprint it leaves in rare kaon decays and specifi

cally or? thes—d weak transition. o 0. — cause they involve different combinations of the
In this paper we focus on the decag s~ 7 m°vv and - p_nsenving ands P-violating parts of thes—d v tran-
KLs—m 7 vv. As noted previously1,2], at the quark sjtion, and they thus provide additional handles on both the
level these FCNC processes involve e dvv transition.  real and imaginary parts of amplitude. Furthermore, from an
In the standard model, this transition is dominated by shortexperimental point of view, some or all of these decays may
distance contributions involving loop diagrams that containprove to be more susceptible to the extraction of a signal
W and Z bosons and heavy quark8]. With the top quark from the background.
mass much greater than that of the charm quark, the imagi- In this paper, we significantly refine the predictions for
nary part of the amplitude for this transition arises almost —, 7711 decays in the standard model using the recent
entirely from loop diagrams with top quarks and the resultingknowledge of the CKM matrix elements and measurements
amplitude is then proportional to the CKM factor of decay rates for related processes. We also examine how
IM(VigVis)- o o large these branching ratios could be for physics beyond the
The decaysK*— =" vv and K_— 7°vv are both gov- standard model and find that there are significant, model-
emed by the same—dvv transition. The latter decay is indep_endent limits from other measurements. The paper is
CP-violating and dominated to high accuracy by the short-0rganized as follows: In Sec. Il, we provide the general
distance contribution. As noted above, its amplitude is conframework for studying the— dvv transition and the con-
sequently proportional to InV},V,) in the standard model. tributions to it both within and beyond the stangard model.
For both decays, the hadronic matrix elements of the relevargection Il sets forth its relationship to tile— w7vv decays
weak current can be related to ones which enter chargeghder discussion, th€ P properties of the amplitudes in-
current semileptonic decays, whose direct measurement byolved in those decays, and the connection of the relevant
passes any theoretical uncertainty in the hadronic matrix elhadronic matrix elements to measured semileptonic decays.
ement as well. The branching ratios that are predicted in th8lumerical results are given in Sec. IV, followed by some
standard model lie roughly between 8 and 10 . wWith  conclusions in Sec. V.
negligible long-distance contributions and little hadronic un-
certainty, these decays have been pointed to as crucial for

Il. GENERAL FRAMEWORK

*Electronic address: chengwei@andrew.cmu.edu The effective Hamiltonian fos—dwv transitions takes
Electronic address: gilman@cmuhep2.phys.cmu.edu the form
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X (vy*(1—ys)v)]+H.c.,

Wqd (57,(1— y5)d)

oY)

where the short-distance physics is lumpedifs. In the
standard model, one-loop contributionsff are dominated
by penguin and box diagrams with intermediate charm an
top quarks:

Wikl

AEX(Xe) + NEgX (%), (2)

where )\Ld—v Vig, with VIl belng the appropriate CKM

matrix element, and;=m?/M3,. The QCD corrections to
the short-distance contribution§(x;) have been calculated
some time ago in leading ord¢6,7] and then in next-to-

PHYSICAL REVIEW D62 094026

|Re(Uye) IM(Uye)|<1.3x10°°, (8)

[IM(U4e)|<1075. 9)
The bound on|Ug arises from the decaK™— =" v,
whose width is proportional td\y¢?. It can be improved by
using the most recent measuremébB], of the branching

gatio, BRK ™ — 7" vr)=1.5"34x 1071 This value is con-
sistent with what is expected in the standard model and cor-
responds tdWyg=0.98"38%< 1073, If we were to assume
that the total branching ratio were due to new physics arising
from Uy, then the bound 0¢Uds| would be reduced from
that in Eq.(7) to |U4d<1.6x10°.
(ii) Supersymmetry: A dominant supersymmetric effect

arises from penguin diagrams involving charged-Higgs plus
top-quark intermediate states or squark and chargino inter-

leading ordef8,9]. Since the top-quark mass is comparablemediate states. These give additional pieces to the effective

to the weak scale, these corrections are very smalKtey),
as can be seen explicitly in the values gi&8] for X(x;)
when written as<(x;) = 7:Xo(X;), with the QCD-uncorrected
top quark contribution3]

X¢| X¢+2

n 3Xt_6
8 Xt_l

Xo(X) = (x—1)2
t

log(xy) |, )

and the QCD correction factoy;= 0.994. On the other hand,
these corrections have considerable importanceX{er).

The quantityX(x,) is roughly three orders of magnitude
larger thanX(x.), and since ImS4=—Im\L,, the top con-
tribution completely dominates in the imaginary part of
W3, However, Ra\L;<Re\S,, allowing the charm contri-
bution, although still smaller in magnitude than that from

Hamiltonian of the form{ 14]

2

W H (XtH) + (10)

- X ,
MWt n?/a 96"
where targ is the ratio of the two Higgs vacuum expectation
values andk,;=m?Z/M 2. The quantityH(x) is given by

X2

H(X)=§ —

lo
gX n
(x—1)2

(11)

1
x—=1
The parametek, can be bounded by similar considerations
to those that were used fddys. The observed branching

ratios for the decayX, —u*u~ and K*— =" vy have
been used to set the limif44]

top, to be roughly comparable and to interfere constructively

in the real part o5,

As illustrative examples of physics that lie beyond the
standard model, we consider two very different possibilities:

(i) Effective flavor-changing neutral curre(RCNQ) in-
teraction: Such an interaction, as formulated by Nir and Sil-
verman[10,11], takes the form of an extra term in the effec-
tive Lagrangian of the form:

LO=— Ugedy,(1—ys)s ZX. (4)

4 cosbyy
When combined with the coupling of the Z boson to
neutrino-antineutrino pairs, one finds that

2
NP _

=——U
ds \/EGFM\ZN ds

as the new piece d#Vy in the effective Hamiltonian that

corresponds to the basic prOC%S?dVV

Upper bounds forUys have been determined by other
processes involvindK mesons and were summarizet?]
recently to be

=0.93x10° Uy (5)

|Rg(Ugg)|<107°, (6)

[Ugd =3%10°%, (7

09402

|Re\,|<0.21, (12)

IX{=0.35. (13

The most recent branching ratio fé&¢" — 7" vv could be

used to revise the last limit {0 <0.16.

As we will see shortly, the limitations imposed by experi-
ments on the parameters of both these examples of physics
beyond the standard model lead to similar restrictions on
how large the branching ratios can be for the processes we
are studying.

ll. K—mmvy DECAYS

When the effective four-fermion operator relevant for the
decay we are considering is sandwiched between the initial
and final states, it factorizes into a product of matrix ele-
ments of the hadronic current and the leptonic current. We
will use isotopic spin to relate the hadronic matrix elements

relevant toK, s—mmvv to those forkK “— mwe* v, where
the correspondlng branching ratiéand hence squares of
matrix elementshave been measured.

We consider first the process, — #°#°vv. The m°m°
pair forms aCP-even state, and has total isosgis; 0. The

v;pair, created by a virtuat®, is CP even as well. Since

6-2
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there must be one unit of orbital angular momentum to allO\NBR[KLH(’IT*—’]T_M _ovv]
the total angular momentum of the final state to be that of the B

initial K, , namely zero, the final state @P-odd. The over- 3a?|ReWyd? Tk

all decay process is the@P-conserving for the major =2.—ds2 LBR(K*-mr"w"eJrv). (16
-0 iece of the and the resulting amplitude is wl Vusl ™ Tk +

(CP-0dd pi f thek,, and th lting amplitude i m2sint 0| Vyd? 7

proportional to the real part o#ys. The opposite result T .
holds for the piece of th& that is proportional tae and This sﬂuimo_n |s_sllghtl_y more complicated fo_r _the case
CP-even; the corresponding decay proces€ Rviolating ~ Where thqu m par T)as. |sosp|nl,=1.hThemr pair1s St'.ILl
and the amplitude is proportional to the imaginary part ofC P-€Ven, but it must be in p-wave. There are two possible

W,s. It is thus suppressed on two counts and is completelyfaYs In which the total angular momentum of the final state
negligible. can be zero, which correspond to the relative orbital angular

Using the relationship, momentum of ther7 and vv pairs being zero or one. As is
expected when there is such limited phase space, the latter
amplitude is strongly suppressed by centrifugal barrier ef-
fects compared to the formg2]. So we are left with a single
amplitude where the relative orbital angular momentum is

<7TO7TO|(§d)V—A|Ko>:<7070|(§J)V—A|K+>1 (14

we find that zero. TheCP of the final state is even and the transition
involving the major part of th&, is CP-violating. Using the
BR(K,— 7°m°vv) relationship,

3a2|Rers|2 K, \/§<(7T+777)| = 1|(§1)V—A|K0>:<(777 7°), = 1|(EU)V—A|K(?!7)

B 2’7Tzsin40\/v|vu5|2 TK+

BRK*—=m°7%e"v), (15
we find that

where the factor of 3 accounts for the three species of neu- BRK — (7 77) = 11/7]

trinos.
. . . . 2 2
By relating the desired branching ratio to a measured one, _ 3a®[lm Wy -
we have avoided having either to do a calculation of the - 47rzsir140W|Vus|zBR(KL_>7T m°e7v). (1§

hadronic matrix elements or to perform a detailed analysis in

terms of invariant amplitudes, as was done in previqus angly—rhe total branching ratio fdk, — m* 7~ »vis then found by
ses[1,2]. Of course, the final results for the branching ratio . . i - =
must be consistent, since both approaches agree with ttaPlY adding the two results abovBR(K —m 7 vv)
available data on charged-current semileptonic decays, ardBRIKL— (7" 77), - ovv]+BRIK — (7" 77), - qvv].

in particular those for the decay rate for the proc&ss The corresponding formula fd€s— 7" 7~ vv can again
— %" v. For the purposes of this paper of discussing thebe obtained by the interchange of Ry and ImWy4 and
absolute and relative size of the various branching ratiosnultiplication of the right-hand side byKS/rKL.

within and beyond the standard model, it is considerably

ea_sier to formu!ate thg results directly in terms of' relation- IV. NUMERICAL CALCULATION
ships to branching ratios for measured semileptonic decays.
A similar formula can be obtained forBR(Kg To obtain numerical predictions we have used a set of

707%up), but with ReW, replaced by InW,, and 7 parameters taken from the Particle Data Grpifl, includ-
L ing the fine-structure constant at the weak scale,1/129;

] i My=280.3 GeV; siﬁﬂw=0.23; and the measured semilep-
gnd the. major part of thK g gorrespor_lds to a transition .that tonic branching ratios needed in E¢s5), (16) and(18). We

is CP violating, this branching ratio is orders of magnitude correspondingly find that

smaller than that foK| — 7#°7°vv. Although the part of the _

K state proportional ta corresponds to & P-conserving BR(K_— 7°m°vv)=[(3.120.6) X 10" ']|ReWy4?,
transition, the smallness af still gives rise to a net decay _

amplitude that is much smaller than that for t8®-even  BRIKL— (7" 7)), —ovv]=[(6.2£1.2X 10" ][ReWqs/?,

part of theKs. L — -

The analysis for the deca§, — =" 7~ vv can be carried BRIK = (7 7)1 - ] =1(0.9320.09 X107
out analogously. It is convenient to break it up into the cases X [Im Wg4?, (19
where ther™ 7~ pair in the final state has total isospin zero
and one, since there is no interference between them in thehere the error bars come from those of the experimental
decay rate. For the isospin zero case, the argument about theeasurements of the relevant semileptonic branching ratios.
CP properties of the final state is the same as given befora)fe have not taken into account radiative corrections or

replaced berS. Since theKg has a much shorter lifetime

and we simply have a factor of two in the rate for thé isotopic-spin violating differences in form factors and phase
final state compared to that for the 7° final state discussed space, as has been done for the case of the decays involving
above: a single pion[16], given the(largep uncertainties in other

094026-3



CHENG-WEI CHIANG AND FREDERICK J. GILMAN

TABLE |. Branching ratios of variousKL,SHmwj modes
within and beyond the standard model.

Processes B 10 9

SM New physicg§maxima)
K —m0m%vp 1.4+0.4 10
Ks— m0m%vp (1.9+0.8)x 10 * 8x10 3
Ki—mtm vy 2.8+0.8 20
KS—>7T+777V? (11+2)x 104 2%10°2

PHYSICAL REVIEW D62 094026

For the representative examples of physics beyond the
standard model, we also show in Table | values for the
branching ratios that correspond to the maximal values one
could obtain consistent with the bounds in Eg~(9) and
(12) and(13), respectively. These maximal values are similar
in both cases and arise when the parameters of the new phys-
ics are chosen to maximizé&/\! consistent with the con-
straints coming from knowrK physics. Among these con-
straints is the recent branching ratio measurementkfor

— vy, which is equally sensitive to both the real and
imaginary parts of the totalWWys with minimal theoretical
assumptions. Hence, similar maximal valuesM)! are ob-

parts of input at this stage of the analysis of these decayé$@ined in any model of new physics. Note that when taking
Formulas similar to Eq(19) hold for the related decays of ratios to the standard model branching ratios, a much bigger

the Kg to the same final states.

For the specific calculation diVy in the standard model
we need the values of(x;) and of X(x.) in next-to-leading
order[8,9], and that of the CKM matrix elemenf47]

ReV,;4=0.0076+0.0015,
Im V4= 0.003% 0.0008, (20
and Vis=—V,,=—0.040-0.002, aside from the well-

known matrix elements connecting the first and second ger{ﬁ—n

erations. Using this and WitEt= 1665 GeV, we find that
WiM=[(-6.7+1.0+i(1.950.5]x107%, (21

factor is possible when the new physics enters the imaginary
part ofW'S“dP, and isCP-violating, since the imaginary part
of W3} is considerably smaller than the real part.

V. SUMMARY

We have used recent information on the CKM matrix to
narrow the range of the predicted branching ratioskprs

— 7% and K_s— 7" 7 vv decays in the standard
odel. These branching ratios are in the neighborhood of
— 4x10 Bfor the K, decays, which make them possi-
bly observable at the few event level in the next round of
experiments that are setting out to see @R-violating de-
cays with a singler® in the final state. These branching

and the branching ratios for the various processes shown iratios could be larger by up to about an order of magnitude

Table I.
In K, decays the contribution of the isospin oné 7~

in theories that go beyond the standard model.
The branching ratios for thK g decays are in the neigh-

final state is negligible, since it is already suppressed comborhood of 1017—10 %€ in the standard model and seem

pared to that with isospin zero from E@.9) and the magni-

unlikely to ever be observed. Here new physics could boost

tude of the real part diV3) is considerably greater than that the branching ratios by more than an order of magnitude,

of the imaginary part. Thus the ratio betweeri 7~ and

although even then the maximum branching ratio of around

m°7° rates is very close to the factor of two characteristic of10~** is still beyond the limits of observation. For bokis

isospin zero.

Our results are given in Table |, and badth branching
ratios lie between 10 and 10'2 Our predictions in
the standard model foBR(K, — #°7°vv) are consistent
with the previous calculatiof2] of 1—3x 10 % and those
[1,2] of 1.1-5x10 1 and 2-5x10 ¥ for BR(K,

andK decays, increased experimental accuracy in the mea-

surement of the branching ratio f&" — 7" vv, assuming it
remains consistent with the standard model, will put more
stringent restrictions on non-standard-model physics in the

s—dwv transition and limit the deviations from the standard
model that can be observed in the decays under discussion

— "7~ vv), but the allowed range is now considerably re-here as well.

stricted. TheKg branching ratios are in the 16" range in

the standard model. The dec&y— " vv gets impor-
tant contributions from both=0 andl=1 = final states
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