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From a retroactive data analysis, we obtain the first upper bound on the |AL|=2 kaon decay
KY—>rn pu*tu*: BKY—>rn"u*u*)<1.5x10"% We also discuss K*— 7 p*e™* and |AL| =2 de-
cays of D and B mesons. We suggest experiments which can improve our limit and discuss the connec-
tion with direct searches for heavy neutrinos in K5 decay.

PACS numbers: 13.20.Eb, 11.30.Hv, 13.20.Fc, 14.60.Gh

The related issues of the conservation of total lepton
number, possible neutrino masses, and possible lepton
mixing remain of fundamental importance. The decays

KY—aza71t1t, ()
where / and /' denote e or u, are of interest in this regard
because they violate total lepton number and lepton fami-
ly number. The up mode in (1) is the most interesting
here, since it is a probe of lepton-number violation which
is not constrained by the stringent limits which have been
set on neutrinoless double beta (0v2B) decay of nuclei or
the conversion process pu~ +(Z,A)— et +(Z—2,4)
[1]. To our knowledge, there has not been any report of
an experimental search for, or an upper limit on, this uu
mode.

We have therefore carried out a retroactive analysis of
data on K ¥ decays for this purpose. Counter experi-
ments which measured or searched for other decay modes
had triggers which, as far as we can tell, would have ex-
cluded any events from the decay K ¥ — 7z " u u*. Asis
well known, bubble-chamber experiments, as usually
operated, do not have this drawback. From our examina-
tion of bubble-chamber experiments on K & decays, we
derive the most stringent limit from the data of a
Maryland-Rutgers experiment at Brookhaven National
Laboratory which used the 30-in. BNL-Columbia hydro-
gen bubble chamber [2). This experiment searched for
K ~— nte e 7, utilizing a sample of 65000 K ~ decays.
We reproduce the spectrum of K ~— ntx “x ~ events
from this experiment in Fig. 1 as a function of p=m2/m?
(see Ref. [2] for details of the data analysis). All
(charged) three-prong events with momentum imbalance
transverse to the K~ direction of <30 MeV/c were
assumed to correspond to decays of the type K~
— z¥x “x . The spectrum of Fig. 1 was then calculat-
ed on this assumption. In accordance with its aim, this
experiment subjected only events having p=m2/m}? to a
further kinematic fitting program. A Monte Carlo simu-
lation indicates that the resolution in m? for the
xtu " p~ channel is about 15% worse than that for the
¥ n " xn~ channel, the resolution of which is evident from
Fig. 1. The center of the distribution of possible
z¥u "u” events is at p=0.572; integrating the resolu-
tion function from p=0.5 to 0.65, one includes 97.7% of
the entire distribution. This interval of the experimental

plot includes five events. Assuming Poisson statistics, a
sample of 9.27 events will fluctuate down as far as 5
events 10% of the time. Dividing the 9.27 by 0.977, we
thus obtain a 90%-C.L. upper limit [3] of 9.5/65000, i.c.,

BKY—>r u*ut)<1.5x1074. 2

Clearly our direct limit (2) can be greatly improved by
a dedicated experiment, which we suggest. Neither of the
high-sensitivity Brookhaven K * decay experiments E777
[4] and E787 [5] reported any limits on decays of type
(1). The proposals for upgrades of these experiments,
E865 and E787 (extended), do not mention any search
for decays of type (1) [6]. However, with the requisite
modifications, they could perform this search. Sensitivi-
ties of order 10 ™7 in branching ratio should be possible
[7]. Even in advance of dedicated experiments, however,
one may observe that in E787, the existing data sample
can be analyzed for possible K*— 7z u*u* events.
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FIG. 1. The event distribution for K ~— z¥x "x ~, as a

function of m2/m} from Ref. [2].
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The possible sensitivity with the current data is of order  (yy,...,xx)k. M, and Mg are 3x3 and kxk sym-
10 ~% in branching ratio. metric Majorana mass matrices, and Mp is a 3Xk Dirac
How large might the branching ratios for decays (1) mass matrix. The diagonalization of (3) yields, in gen-
be? In the extension of the standard model to allow gen- eral, 3+k nondegenerate Majorana neutrino mass eigen-
eral neutrino masses, one includes, in addition to the states. There may exist a subset of these corresponding
three left-handed lepton doublets, some number & of neu- to mass eigenvalues which are degenerate (in magnitude);
trino singlets y; g, j=1,...,k. The neutrino mass terms these would form Dirac neutrinos. Taking into account
in the Lagrangian are given by the respective mixing of neutrino and charged lepton
mass eigenstates to form weak eigenstates, we define the
| |ML. Mp 1% lepton mixing matrix via the charged current J;
_Lm=_2'(VL i) M} Mg +Hec., 3) —]lnP,‘w, with v, =X 2k U;v; [where P =0 F y5)/

2].
where v, and yg denote the respective three-dimension- The diagrams which contribute to the decays (1) to

al and k-dimensional flavor vectors (v(,,vy,v,)[ and | lowest order are shown in Fig. 2. Diagram 2(a) yields, in
standard notation,

Ampl2()) =2G2 [k [x(VuaVus)* 2 WijUr;)* pi aprplL i (pr.pr) — 8L (pr,pi)] (4a)
7
where
Li(py,pr) =m,[q 2 ~mvzl.] e (p) yeyPPro(pr) | (4b)

where g denotes the momentum carried by the virtual v;,. Graph 2(b) cannot be evaluated so easily, because the ha-
dronic matrix element which occurs,

f dixddye PP P TP X 1 () yaug )15 () yaur GOVK Y (5)

cannot be directly expressed in terms of measured quantities, unlike the matrix elements 0|5, y‘,uLlK *) and
(m~|dLypur|0) in graph 2(a). The resultant uncertainty in the rate will not be important here. For the moment, let us
consider the case where m, is not 3100 MeV (this is the case of interest for direct searches in K} decay; see below).
Then, taking (lg”—m]]~ "~ mg 2, we estimate roughly that in this extension of the standard model,

B(K*Y— = 1* ") ~10~ 20,3 U, Upim, /(100 MeV) |2 (6)
J

The factor ry is a relative phase-space factor with nor- I
malization r.. =1. that which enters in the amplitude for neutrinoless double
For the ee mode, one can use the fact that the leptonic beta decay of nuclei, although the hadronic matrix ele-
part of the amplitude for K*— 7 e *e* is the same as ments and (g?) values are different. Substituting in (6)
the constraint from Ov2B decay that [1,8] |X;Ufm, |
Sfew eV, we estimate that B(K* — " e*e ™) <102
(For the case where a given m,>>100 MeV, the corre-
sponding term from the neutrino propagator in nuclear
0v2B decay would behave like U,,/mv rather than
~Um, /l{g?=(100 MeV)?], and hence Eq. (6) would
have a different form. However, since the same leptonic
term appears in nuclear Ov2B decay and in K7¥
— " e*e™, the upper limit on the latter decay would
not change significantly.) For the uu mode, let us as-
sume, for illustration, that a single v; dominates the sum
in (6), with a mass m, =200 MeV (see below); then
given the limit from searches for neutrino decays [11],
|U2;1*<3%107% (90% C.L.) for this assumed m,,, Eq.
. (6) yields B(K* —z " u*) <1072, With the same
'(\l“"’.l ) in d 2 X 8
put and the 90% C.L. limit [1] IU.il <1x107% for
m,, =200 MeV, we find B(K* -z u"et)<107%. In
view of these tiny branching ratios, it is not necessary for

-8, (4= 1")

—<
5 .
our present purposes to calculate them more precisely
(b) than in our rough estimates.
FIG. 2. Graphs contributing to K ¥ — z [ *I'*. Thus, the theoretical estimates (6) in the simplest ex-
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tension of the standard model are far below our new limit
(2) [and the known experimental limits [1,91 B(K™*
—a"ete?)<1x107% and [10] B(K*—z"pute*)
<2.8x10 8. Of course, these estimates depend on the
new physics which is assumed [11]. For example, if one
considered a model with right-handed weak currents as
well as Majorana neutrino masses [e.g., an_ SU(2),
xSU(2)g xU(1) modell, then the amplitude (4) would
not be simply proportional to neutrino masses. In this
model or others with new physics it is possible that the
branching ratios for the decays (1) could be larger than
those given by (6). Moreover, although the theoretical
estimates in the extension of the standard model that we
considered yield a very small effect, we believe that ex-
perimental limits on conservation laws such as total
lepton number are of intrinsic and fundamental value.
They are analogous to bounds on, e.g., u— ey or
KP— u *e * . where the same extension of the standard
model again yields branching ratios much smaller than
experimental limits, or to bounds on, e.g., electric-charge
nonconservation, nonzero photon mass, or CPT violation,
where the theoretical expectation is that the effect would
be exactly zero.

Our limit (2) is also relevant in another context. There
are now good bounds on possible massive neutrinos which
occur, via lepton mixing, in K5 decays [1,12,13] (and in
x5 decays [1,12,14,15]1). Since measurements of the Z
width at the CERN e *e ~ collider LEP show that there
are “‘only three light neutrinos,” and since one knows that
[1,16] m(v,) <9.3 eV, m(vy) <0.27 MeV, and m(v3)
<35 MeV (where v;, i=1,2,3, are the primary mass
eigenstates in the weak eigenstates v,, v,, and v,, respec-
tively), one might naively conclude that there is no fur-
ther interest in experiments to search for heavy admixed
neutrinos (where kinematically allowed) in K7} and nf
decays, at least for massive neutrinos heavier than 35
MeV. This naive conclusion is wrong; there is still
motivation for such a search. The point is that the LEP
experiments really indicate that there are only three weak
T=1%, T3=1% neutrino eigenstates with dominant mass
eigenstates having masses smaller than mz/2. The actual
number (3+k) of mass eigenstates of which these weak
eigenstates are composed is unknown. Thus, it is still
worthwhile to search for a massive neutrino signal in K3
and n5 decays, | =pu or e, even (where kinematically al-
lowed) for m(v;) > 35 MeV. However, a neutrino with
m(v;) > 35 MeV would necessarily be a Majorana state,
since possible Dirac states are indeed limited to three by
the LEP result. Hence one must examine the implica-
tions of such a heavy Majorana neutrino, and herein lies
the connection with K+ — 7"y u* decay.

Here we concentrate on K*— p*v; for heavy (and
hence Majorana) v; [17]. Our reason is that for
m(v;) 2 50 MeV, data already collected by BNL E787
may have the sensitivity [18] to probe well below the lim-
its set previously. Given the new LEP results and the
resultant implication that a neutrino in this mass range

must be Majorana, it is further necessary to check that
such a neutrino is not already ruled out by any other
data. Such a neutrino would, indeed, contribute to
K*— 2" u*u™*, but substituting the existing limit [1]
|Uyj|*<1x1077 for m(v;)=150 MeV into (6), one
finds that the branching ratio is many orders of magni-
tude smaller than the upper bound (2) which we have de-
rived. Hence, our new limit (2) does not preclude an ob-
servable heavy neutrino signal in K, decay.

We can obtain an upper bound on the mode K*
— z~u*e™ which improves upon the current limit not-
ed above [10] by observing that the leptonic part of the
amplitude for this decay is related by crossing to the lep-
tonic part of the amplitude for the conversion process
u~+(Z,4A)—et+(Z—2,4). The best bound on the
latter process is [1,191 o(u "Ti— e*Ca)/o(u ~Ti
— capture) < 1.7x10 "' Although the hadronic ma-
trix elements are not the same for the u ~— et conver-
sion and the K ¥ — 7~ u*e* decay, with reasonable esti-
mates we deduce from this limit the resultant bound

BKY—rx"putet)Sfewx107°. @)

Of course, this is not a direct limit since it requires a
theoretical estimate of the hadronic matrix element as in-
put.

One may also consider decays of the type

K=l a1 " oratatl 1"}, ®)

where again / and /' denote e or u. These decays do not
provide a useful probe for the uu mode since this mode
has almost zero phase space. However, they could be
used to search for the ue mode. There have not, to our
knowledge, been any experimental searches for this latter
decay. In particular, the current high-sensitivity K de-
cay experiments E791 at BNL [20] and E137 at KEK
[21] concentrated on a search for K?— u e ¥ and fur-
ther measurement of K — p*u ~. We suggest that a fu-
ture K decay experiment could carry out a worthwhile
search for the ge mode of (8). For example, this might
be possible with a requisite modification of the approved
upgrade, E871, of E791.

There are also several decays of heavy-flavor mesons
analogous to (1) and (2), e.g., the mixing-angle favored
decays DY—K“I1*I'Y, DK x7itI't, DF
— g It'tY, BY DI I'Y, B§—D "z 1tI't, and
BY—{D K~ or D,z }1*I't. (Further, there are
various mixing-angle suppressed decays, such as D7
— a7 1*1I'*, etc.) There are also corresponding decays
with 1~ daughter mesons or higher-multiplicity final
states, e.g., DYT—1{k*" or K 2° or K%~ or
K " x%%1*1I't, etc. To our knowledge, there have not
been any searches for, or published bounds on, any of
these decay modes. From recent CLEO searches for
charm- and b-flavor-changing neutral currents [22,23],
we estimate that is should be possible to establish upper
limits of ~10 ~3-10 ~* for these |AL| =2 decays.
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In conclusion, we have set the first upper limit on the
|AL| =2 decay K*— x u*u™*, and an improved limit
on Kt— " u*e*. The very-high-statistics BNL K de-
cay experiments provide an excellent opportunity to im-
prove these limits (as an auxiliary output of the data
analysis). We think that this opportunity should not be
missed.
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