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Rare kaon decays due to the loop-induced standard model opﬁra@giLELy“vL are examined. Isospin-
violating mass effects and electroweak radiative corrections are shown to ré&#ce— =" vv) and
B(K_ — mvv) relative toB(K™— 7%e"v,) by 10% and 5.6%, respectively. Predicted branching ratios for
(K_.—vvy) and K, —vv) (if neutrinos have magsare given. The sensitivity of “missing energy” raie
decays to new interactions or the emission of light weakly interacting neutral particles, other than neutrinos, is
also briefly discussed.

PACS numbgs): 13.20. Eb, 12.15.Lk

In the standard model, flavor-changing neutral current A thorough study of theC; has been carried out by
amplitudes are absent at the tree level due to the GlashovBuchalla and Buralt,7]. From their work, one finds that the
lliopoulos-Maiani(GIM) mechanisni1]. They are, however, C,, i=e,u, are well approximated by the following expres-
induced at the quantum loop lev&,3]. An interesting case sion which depends on the Wolfenstein parametrizaf®&in
is thesd— v;v;, i =e,u, 7, transition amplitudes. They give \, A, p, 5 of the CKM matrix

rise to the effective interaction Lagrangian
2
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where
G,=1.166391)x10° GeV 2 ) 2+y 3y—-6
iz ’ ! Xt(y)ZOQS% y_—1+ W Iny|. (7
a(m,)=1/128, €) _
The 2.4£0.5x10 # term in (6) stems from charm quark
sirf 6,y =0.23, (4)  loops and the error is due to charm mass and QCD uncer-
tainties[4]. In the case of = 7, the 7-lepton mass enters the
1—ys loop calculations such that
V=50, (5)
ReC,=ReC,—7.6x10 °, ImC,=ImC.. (8)

and theC; are complex coefficients which depend on the _

charm and top quark masses, Cabibbo-Kobayashi-Maskawa Employing m,=m,(m,)s=170 GeV, whereMS denotes
(CKM) quark mixing matrix elements, and perturbativethe modified minimal subtraction scheme\=0.22,
QCD correctiong4—6). A=0.83(the producth°A2=|V,{/|V¢,|? currently has an un-
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certainty of about- 15%) along with the less certain central that regard, “redundant” checks are very useful, since differ-
valuesp=0, »=0.36, one finds ent processes may depend on the same standard model pa-
rameters, but exhibit different sensitivity to the “new phys-

1.1ReC,|=7.81x10 %, 9  ics.”

_ The two best known predictions which follow frogi)
ImCi|=2.01x10"%, i=e,u,r. (100 are the branching ratios fat* —=*vv and K, — 7%vv.
Both of those semileptonic decays are very clean theoreti-
cally because they involve the hadronic vector currenfl)n
which is conserved in the limit of zero quark masses. Renor-
malization due to strong interactions is therefore of second

|ReC|=[ReC

M|:

Those quantities currently carry aboutZa40% uncer-
tainty, primarily because and » are only constrained to lie
in the (correlated range[9]

—0.37=p=<0.29 (11y ~ order in SU3) breaking and thus small. In addition, those
’ decays can be related by isospin to the well measirgd
0.22< =<0.45. (12)  decay rates; a prescription generally followed in the litera-

ture. However, as we shall show, isospin violating quark
Testing the standard model prediction(l) is extremely mass effects and electroweak radiative corrections must be
important. Doing so confronts the underlying structure ofincluded for precise predictions.
guark mixing andCP violation. A deviation from expecta- From the interaction ir{1), the predicted branching ratio
tions would signal the presence of “new physid€0]. In  for K* =7 vv is given by

_ G2 a?(my)
S e G Z) Kt gy12 |2
B(K T YY) 19273 47728in40W'f+ (0)] |(mK+1mw+)TK+(i=e%T|C|| >, (13
where
m,\3 (1
I(mg,m,)=(mg—m,)> 1+m—) fdx(1—x)3/2(1—ax)3’2(1+o.oaax)z, (14
K/ Jo
me—m, |2 me—m, |2
(D’ a5
mK+m7T m77—
|
is a phase-space integral and Kes decays which have &1+ 2(a/m)In(mg/my)] short-
distance enhancement due to electroweak radiative correc-
"7 (0)=0.96, (1  tions[13] .
From the formulas and parameter value$lig)—(19), one
finds
T+ =1.8795< 10" MeV ™1, (17
my+=493.65 MeV, (18) B(K"— 7" vr)=5.23% 105(_ |ci|2), (20)
i=eu,7
m,+=139.57 MeV. (29

where the 5.2% 10" ° coefficient has about & 3% uncer-

The deviation of the vector form fact(ﬁﬁ+”+(0) from 1 tainty [11] due to neglected electroweak correctign®n-

. . . ot
is due to SW3)-breaking quark mass effects. We have takerf€@ding logs, the uncertainty _'”ft(r (0) and other small
the specific value in(16) from a study by Leutwyler and €ffects. Modulo uncertainties in th@ from the Wolfenstein
Roos[11] assuming‘K+"+(0):fKo"+(0) Deviations from parameters(20) represents a very precise prediction.

i) + + .

nat cqualty arc cxpecte 1 be smal bt e have not " “L=721% rEScrolon generaly emloyed n place o
athjroantltaUv'e st'udy. That situation is to be contrast(.ad Wlﬂlnput, since it is related t& * — 7+ »» by isospin. That pro-
f% 7 (0) which is larger by about 2.2% due t##— 7 mix-  cedure gives

ing via isospin violation[11,12. We note that our use of

fK7(0) from Leutwyler and Roofl1] is consistent with the B

employment of\ =0.22 which is also taken from their analy- B(K*— 7" vv)

sis. We also note that there are no short-distance electroweak 2 + o+

radiative corrections of the foril + c( e/ m)In(m;/m,)] to . “ (mz) B(K"—~7'e Ve)(
the interaction in(1). That situation is to be contrasted with 2 sin Oy \? i

|ci|2) @1

=eu,T
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TABLE |. Relative size of the phase space intedi@h, ,m.), |f.(0)|2, and short-distance electroweak
radiative correction foK — 7vv decays in comparison witk* — 7% v,. In the case oK, the effect of
the electron mass is included.

EW radiative correction

-1
Decay mode (Mg ,m;)/1(mg+,m_o) |f§”7(0)|2/|f|§_+”0(0)|2 1+2_‘V In(my /my)
K
Kt —atvy 0.9614 0.9574 0.979
K — vy 1.0522 0.9166 0.979

up to isospin violating quark mass effects and electroweakancement oB(K, — #°vv) relative toB(K™— 7le ™ v,);
radiative corrections. EmployinB(KSJ“—wTOe+ ve)=0.0482  however, it is more than offset by a8.34% reduction due
leads to a coefficient of 5810 ° in (20) rather than to a signifi et eKO70 12 K0, Ay 2

g . : gnificant deviation inf ™ (0)|%/|f; ™ (0)|* from 1
5.23x10°. They differ by 10%. That difference can be due to 7°— » mixing. Indeed they are each shifted away

traced to three isospin breaking effects all of which reduce KO+ K+t _
B(K* —m* v) relative toB(K* — %" »). Those effects from fi " (0)=f% ™ (0) by equal but opposite amounts.
are: (1) A factor of 0.9614 phase-space reduction factor dug” Tally, Othf short-distance leading log radlatlv(()a correction to
to the #'—7° mass difference. (2) A factor — e v, effectively suppresse8(K_ —m"vv) by a

of 0-957:|f}i+”+(0)/f5+wo(0)|2 which comes primarily i(?1.9_r7619b;‘::1cltor. All those isospin violating factors are illustrated
from 7% » mixing and is first order inmy—m, [11]. (Iso- Employing the centraC; values in(9,10, one finds, from
spin violation may also reduce slightly the 0.03 slope factor(zo) and (21)

in (14), but that effect is expected to be0.1% at the '

branching ratio level and therefore neglectd®) A relative

reduction factor of 0.979 because there are no leading log B(K*"— 7" vr)=0.96x10 10 (25
short-distance electroweak radiative correction&lipwhile

the s_y,u v y*e_ amplitude which contributes td<* o — L

— %" v, is enhanced by a factdl+ 2(a/m)In(mz/my)] B(K =7 vr)=2.78<10" " (26)
=1.02. Those correction factors are illustrated in Table I.

K+Longo glstance electrgwezk ra?_la(tjlve hcorrecthns 0 Those predictions currently carry about a factor of 2 un-
—m € ve are assumed to be applied to the experimental.o iainy mainly from the uncertainty in and 7. There is

data[11]. We will not address that issue here, but note that itcurrently also about & 30% error due to correlated uncer-

should b_e revisiteq._lndeed, given the important role.<g§ tainties in\ andA, that will hopefully be reduced by better
decays in determiningV,J=X\, the electroweak radiative determinations ofV,|. B(K*— " »7) has an additional

corrections and precise values [6£7(0)] should be care- . 1594 yncertainty due to its dependence on the charm quark
fully scruUmzeter. In adodmon, new experimental measure-mass and perturbative QCD.

ments of botiK g5 andK e areKwarranted. Together, they can  an ongoing experimentE787 at Brookhaven National
better determine tha and [f7(0)] values. In any event, |aporatory has lowered the bouf@i4] on K*— 7" vv to

(20) rather than(21) clearly provides a better prediction for B(K*— 7*1)<2.4x 1079 and expects to eventually ob-

B(K —m"vy). o — . . serve that rare decay if it actually occurs at the devel.
~ In the case ofK, — " vv, the branching ratio formula Their next step would be a measurement of the branching
in (13) must be modified by replacingC;| by ||0moci|: ratio to about+20%, thereby determininfC;| and|V,4| to

T+ by 7 =4.18r¢+, and f§+"+(0) by <™ (0) an experimental accuracy of abotit10%. The underlying
:0_97g§+w+(0) (due tom— 7 mixing). Also, the phase- theoreﬂcal uncertainties mV?/r;]tloned ablovedare Whell matched
space integral must be evaluated using to such a measurement. en completed, such a program
would cleanly determingp to roughly =0.10 (assuming
m =497.67 MeV, 22) |Vcp| is better knowin o . _
L Recently, there has been growing interest in trying to
measureB(K, — 7°vv) because it probes dire@P viola-
tion unambiguously15]. In addition, it is even cleaner theo-
_ retically thanK * — 7 * v, since it exhibits almost no depen-
In that way, we find dence on the charm quark mass or QCD uncertainties. Thus,
it could be used to determiney. A bound of
(24) B(K, — mvr)<5.8X 10 ° has been sdtl6] and efforts are
underway to mount a dedicated experiment capable of reach-
ing the prediction in(26). Such a measurement is even more
where the coefficient again has abau8% uncertainty. That challenging tharK* — 7 vv becauseK, decays in flight
prediction is about 5.6% smaller than the result usuallyand the final state kinematics are, therefore, more uncertain.
quoted usingd(K*— %' v,) as input and assuming iso- By-products of searches fé&r— 7+ missing energlyare
spin. In this case, phase-space actually gives a 5.22% exeonstraints on nonstandard new interactions which might be

M= 134.97 MeV. (23

B(K — m%vv)=2.29x10 4| [ImC;|?

i=eur
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v B(K —vvy)gpy=2x10"13, (29
y . ! + y d v For completeness, we also give the approximate photon
K v K energy spectrunineglecting form factor attenuatipn
d d Y
v 1_ dF(KL*)VV’}/)SDVZZ(:xxs_XAl),
i F(KL—=vry)spy dx
FIG. 1. Structure dependent contributions to the decay (30)
KL —vvy.
where
induced by horizontal gauge bosons, leptoqudig, ex- x=2Ey/mKL. (31
tended technicolor, etc. Such interactions could give rise to
an amplitude The structure dependent axial-vector SDA contribution to
K_— vvy goes through diredE P violation in (1). That con-
Ge m tribution is suppressed by 1#MnC;|?/|ReC;|?=1/64 relative
2( a Sm(a+ bys)dv y v, (27)  to SDV.

Our result in(29) is five orders of magnitude larger than
the previous estimatfl9]. It is, however, still outside the
wherev and»’ may or may not be the same flavor alds  eaim of experimental accessibility. Nevertheless, it might be
the scale of the new physics. fis of ordeg 1, then a mea- seful to search for that decay or place a bound on its occur-
surement of B(K"—m"vv) at the 10" level probes rence. It is possible that such a decay might be enhanced in
A=30 TeV and a measurement @(K.—m°»v) at  some models. For example GP-violating axial vector had-
3x10"" probes A=57y|Ima|TeV. “Missing energy”  ronic amplitude would not contribute #— v decays but
searches can also be used to const[&in0,18 K decays could give rise to' (K, — v7y)spa-
into neutral weakly interacting particles other than neutrinos,  |f neutrinos have mass, the interaction(in can give rise
such asK— r+axion, familon or photinosxy). to K_— vv via the hadronic axial-current ifl). That decay
Next, we would like to discuss two not so well-known amp“tude is propor“ona] tm,,, S0, On|y they m|ght g|Ve a
decays of th&k (or Ks at an even more suppressed I@vel non-negligible contribution. Its mass boumd <24 MeV
that follow from (1), K —vvy and K —vv (if neutrinos leaves some room fd(K, — v,7,) at the 101°Ievel as we
have mass Both are likely to only be of academic interest, shall see. In addition, aLreIatgveTIy heavryy ~10 MeV has

since they would be even harder to detect tiam 7vv. b q | | &
Nevertheless, we feel that a discussion is useful for comP€€n suggested in some cosmologica scengaith ,
To compute the rate foK, —vv, one must distinguish

pleteness as well as the off chance that it may inspire experi-

mental creativity. Also, searches for those modes may proVg(lajorana and Dirac neutrino cases. In the massless limit, the

useful for uncovering or bounding other “new physics” sce- WO cases are the same, but when mass plays a crucial role,
narios. they will differ [22,23. For a given neutrino mass, we find

We first consider the radiative decéy — vvy. An ear- that the decay rate into Majorana neutrinos is a factor of 2

lier study[19] of that decay considered only doubly weak larger than the case of Dirac neutrinos. That overall factor
amplitudes  corresponding to  the  decay chamreSUItS from a factor of 2 enhancement of the amplitude

K. — yZiua— yv» and found an extremely small branch- which gets squared timesfor identical particles in the final
ing ratio of ~107 8. That contribution is, however, not the State:

leading effect. The diagrams in Fig. 1, which follow from the Ffro?fthequal—vector ?qdromc current interaction(1n,
interaction in(1), are in fact dominant. Those amplitudes are'Ve€ find for vajorana neutrinos

analogous to what are called “structure-depende{8D) 2¢2 a2(my)

amplitudes irkK " —e* v,y decay{20]. Both proceed through B(K, — v, ,,i): " 3K |ReC{|?my¢ m?

a chainK— yK%. . followed by K*,. ., decay to lepton Sirt* Gy b

pairs and are therefore not helicity suppressed. We can by- am?2 \ 12

pass hadronic form factors by relatiblg — vv+y to the well x| 1- ZVi) T (32
studied SD part oK * —e* v,y. The hadronic vector current K, L

in (1) dominates. It is approximately related to the structure
dependent vector (SDV) current contribution to (For Dirac neutrinos, that quantity should be multiplied by

K*—e* vy via 1/2.) From(32), we find
1( a(my) |2 2 4m2 \ V2
7 12 L, )=1.3x 108 12 i _ i
F(KL—> VV')/)SDV )\2(77 S|n26W) (i=;”u”7- |R&|| ) B(KL*) L4 V|) 13 10 |R&|| 1 MeV miL
XT(K*—e"vy)gpy. (28 2 am2 \ 12
. P . =8X10" 18 ——— - —
Using B(K™ —e" vey)spy=1.2X10"", 7 /7¢+=4.18, 1 MeV mi,

and the values of R& in (9) then implies (33
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If the neutrino mass is~10 MeV, one expects a acting neutral particles that could contribute to
B(K_— vv)=10 % Trying to measure that branching ratio K, —nothing For example, photinosy) with masses
would be extremely difficult. First one must tag tkg and ~ ~100 MeV might be emitted with-10"2 branching ratio,
then determine that it actually decayed into “nothing.” depending on the loop structure and magnitude that induces
Given the long lifetime of the<, , such a determination is Sdyy interactions[27]. We note, however, that photinos in
perhaps impossible at the 18 level. that mass range present cosmological problems.

For comparison, we recall the branching ratio for [0 conclusion, we have refined the predictions for

. . . . + . i i -
m%— v,v; in the case of massive Majorana neutrinos —m vy and K —a"vp in the standard model by in
cluding isospin violating quark mass effects and some elec-

K+

2 Am?2 \ 12 troweak loop differences witK .3 decays. Those interesting
B(7%— 1) =3X 10" 12 i ( - 2”‘ rare decays can serve as theoretically clean laboratories for
1 MeV mz measuring quark mixing parameters and searching for new
(34) physics. The experiments are very challenging, but within

the realm of being possible and certainly worth the effort. We
have also given standard model predictions Kgr— vvy
and K, — vv (if neutrinos have magsThose decays would
be interesting to explore, but their detection looks essentially
possible. New ingenious experimental ideas are required.

That formula is a factor of 2 larger than those in the
literature [24,25 which were derived for Dirac neutrinos.
Bounding that decay is easier because’aan be efficiently
tagged and once that has been done, the shbtifetime .
guarantees it must decay in the detector. Nevertheless, evih
in that case, reaching the 1t level is extremely challeng- The authors thank the National Institute for Nuclear
ing. Current experiments probe8.3x10 ' [26]. Theory for its hospitality during the completion of this work.

It is possible that some new interaction contributes towe also thank F. Botella, P. Herczeg, L. Littenberg, and S.
K,_—vv (or 7%= vv) and enhances its branching ratio. If it Wasserbaech for discussions related to this work. This manu-
were in the sd axial-vector current, it would allude script has been authored under Contract No. DE-AC02-
K— mvv searches. Also, there might be other weakly inter-76CH00016 with the U.S. Department of Energy.
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