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Evidence for the DecayK1 ! p1nn̄
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An event consistent with the signature expected for the rare kaon decayK1 ! p1nn̄ has been
observed. In the pion momentum region examined,211 , P , 230 MeVyc, the backgrounds are
estimated to contribute0.08 6 0.03 events. If the event is due toK1 ! p1nn̄, the branching ratio is
4.219.7

23.5 3 10210. [S0031-9007(97)04229-4]

PACS numbers: 13.20.Eb, 12.15.Hh, 14.80.Mz
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The decayK1 ! p1nn̄ has attracted interest due to
its sensitivity tojVtdj, the coupling of top to down quarks
in the Cabibbo-Kobayashi-Maskawa quark mixing ma
trix. Theoretical uncertainty in the branching ratio i
minimal because the decay rate depends on short dista
physics and because the hadronic matrix element can
extracted from the well-measured decayK1 ! p0e1n.
After next-to-leading-logarithmic analysis of QCD effect
[1], calculation of isospin breaking, phase space diffe
ences, and other small corrections to the hadronic ma
element [2], and calculation of two-electroweak-loop e
fects [3], the intrinsic uncertainty is only about 7% [4]
Based on current knowledge of standard model (SM
parameters, the branching ratioBsK1 ! p1nn̄d is ex-
pected to be in the ranges0.6 1.5d 3 10210 [5]. Long-
distance contributions to the branching ratio (i.e., meso
photon exchange) appear to be negligible (10213) [6,7].
SinceK1 ! p1nn̄ is a flavor changing neutral curren
process that is highly suppressed in the SM, it also ser
as a hunting ground for non-SM physics. The signatu
K1 ! p1 “nothing” [6,8,9] includesK1 ! p1nn̄ with
non-SM intermediate states (such as virtual supersymm
ric particles),K1 ! p1nn̄0 (a lepton flavor violating fi-
nal state),K1 ! p1X0X00

where X0 and X00

are not
neutrinos, andK1 ! p1X0 whereX0 is a single, non-
interacting particle. Initial results from the E787 exper
ment [10] at the Alternating Gradient Synchrotron (AGS
of Brookhaven National Laboratory gave 90% confiden
level (C.L.) upper limitsBsK1 ! p1nn̄d , 2.4 3 1029

and BsK1 ! p1X0d , 5.2 3 10210 for a masslessX0
2204 0031-9007y97y79(12)y2204(4)$10.00
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[11]. In this Letter, we report on the analysis of a new
data sample with 2.4 times greater sensitivity, taken
1995 using an upgraded beam and detector.

The signature forK1 ! p1nn is a K1 decay to
a p1 of momentum P , 227 MeVyc and no other
observable product. Definitive observation of this signa
requires suppression of all backgrounds to well belo
the sensitivity for the signal and reliable estimates of th
residual background levels. Major background sourc
include the copious two-body decaysK1 ! m1nm (Km2)
with a 64% branching ratio andP  236 MeVyc and
K1 ! p1p0 (Kp2) with a 21% branching ratio and
P  205 MeVyc. The only other important background
sources are scattering of pions in the beam andK1 charge
exchange (CEX) reactions resulting in decaysK0

L !

p1l2n, wherel  e or m. To suppress the backgrounds
techniques were employed that incorporated redunda
kinematic and particle identification measurements an
efficient elimination of events with additional particles.

Kaons of 790 MeVyc were delivered to the experi-
ment at a rate of7 3 106 per 1.6-s spill of the AGS.
The kaon beam line (LESB3) incorporated two stage
of particle separation resulting in a pion contaminatio
of about 25%. The kaons were detected and identifie
by Čerenkov, tracking, and energy loss (dEydx) coun-
ters. About 20% of the kaons passed through a d
grader to reach a stopping target of 5-mm-square plas
scintillating fibers read out by 500-MHz CCD transien
digitizers [12]. Measurements of the momentum (P),
range (R, in equivalent cm of scintillator), and kinetic
© 1997 The American Physical Society
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energy (E) of charged decay products were made usi
the target, a central drift chamber [13], and a cylindric
range stack with 21 layers of plastic scintillator and tw
layers of straw tube tracking chambers. Pions were d
tinguished from muons by kinematics and by observi
the p ! m ! e decay sequence in the range stack usi
500-MHz flash-ADC transient digitizers (TD) [14]. Pho
tons were detected in a4p-sr calorimeter consisting of
a 14-radiation-length-thick barrel detector made of lea
scintillator and 13.5 radiation lengths of undoped C
crystal detectors (also read out using CCD digitizers) co
ering each end [15]. In addition, photon detectors we
installed in the extreme forward and backward region
including a Pb glasšCerenkov detector just upstream o
the target. A 1-T solenoidal magnetic field was impos
on the detector for the momentum measurements.

In the search forK1 ! p1nn̄, we required an iden-
tified K1 to stop in the target followed, after a delay o
at least 2 ns, by a single charged-particle track that w
unaccompanied by any other decay product or beam p
ticle. This particle must have been identified as ap1

with P, R, and E between theKp2 and Km2 peaks. A
multilevel trigger selected events with these character
tics for recording, and off-line analysis further refined th
suppression of backgrounds. To elude rejection,Km2 and
Kp2 events would have to have been reconstructed
correctly in P, R, and E. In addition, any event with a
muon would have to have had its track misidentified as
pion—the most effective weapon here was the measu
ment of thep ! m ! e decay sequence which provide
a suppression factor1025. Events with photons, such a
Kp2 decays, were efficiently eliminated by exploiting th
full calorimeter coverage. The inefficiency for detectin
events withp0s was1026 for a photon energy thresh-
old of about 1 MeV. A scattered beam pion could hav
survived the analysis only by misidentification as aK1

and if the track were mismeasured as delayed, or if t
track were missed entirely by the beam counters afte
valid K1 stopped in the target. CEX background even
could have survived only if theK0

L were produced at low
enough energy to remain in the target for at least 2 ns
there were no visible gap between the beam track and
observedp1 track, and if the additional charged lepto
went unobserved.

The data were analyzed with the goal of reducing t
total expected background to significantly less than o
event in the final sample. In developing the required r
jection criteria (cuts), we took advantage of redunda
independent constraints available on each source of ba
ground to establish two independent sets of cuts. One
of cuts was relaxed or inverted to enhance the backgrou
(by up to 3 orders of magnitude) so that the other gro
could be evaluated to determine its power for rejectio
For example,Km2 (includingK1 ! m1nmg) was studied
by separately measuring the rejections of the TD parti
identification and kinematic cuts. The background fro
Kp2 was evaluated by separately measuring the rejecti
g
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of the photon detection system and kinematic cuts. T
background from beam pion scattering was evaluated
separately measuring the rejections of the beam cou
and timing cuts. Measurements ofK1 charge exchange in
the target were performed, which, used as input to Mo
Carlo studies, allowed the background to be determin
Small correlations in the separate groups of cuts were
vestigated for each background source and corrected fo
they existed.

The background levels anticipated with the final ana
sis cuts werebKm2  0.02 6 0.02, bKp2  0.03 6 0.02,
bbeam  0.02 6 0.01, and bCEX  0.01 6 0.01. In to-
tal, b  0.08 6 0.03 background events were expecte
in the signal region [16]. Further confidence in the bac
ground estimates and in the measurements of the ba
ground distributions near the signal region was provid
by extending the method described above to estim
the number of events expected to appear when the
were relaxed in predetermined ways so as to allow
ders of magnitude higher levels of all background type

FIG. 1. (a) RangeR vs energyE distribution for theK1 !
p1nn̄ data set with the final cuts applied. The box enclosi
the signal region contains a single candidate event. (b) T
Monte Carlo simulation ofK1 ! p1nn̄ with the same cuts
applied.
2205
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Confronting these estimates with measurements from
full K1 ! p1nn̄ data, where the two sets of cuts fo
each background type were relaxed simultaneously, te
the independence of the two sets of cuts. At appro
mately the 20 3 b level we observed 2 events wher
1.6 6 0.6 were expected, and at the level150 3 b we
found 15 events where12 6 5 were expected. Under de
tailed examination, the events admitted by the relaxed c
were consistent with being due to the known backgrou
sources. Within the final signal region, we still had add
tional background rejection capability. Therefore, prior
looking in the signal region, we established several set
ever-tighter criteria which were designed to be used o
to interpret any events that fell into the signal region.

Figure 1(a) showsR vs E for the events surviving
all other analysis cuts. Only events with measured m
mentum in the accepted region211 # P # 230 MeVyc
are plotted. The rectangular box indicates the sig
region specified as range34 # R # 40 cm of scintil-
lator (corresponding to214 # Pp # 231 MeVyc) and
energy 115 # E # 135 MeV (213 # Pp # 236 MeVy
c) which encloses the upper 16.2% of theK1 ! p1nn̄

phase space. One event was observed in the signal re
The residual events below the signal region clustered
E  108 MeV were due toKp2 decays where both pho
tons had been missed. The number of these events is
sistent with estimates of the photon detection inefficien

A reconstruction of the candidate event is shown
Fig. 2, and the momentum and timing of the candida
event are shown in relation to enhanced background
tributions in Fig. 3. Measured parameters of the event
cludeP  219.1 6 2.9 MeVyc, E  118.9 6 3.9 MeV,

FIG. 2. Reconstruction of the candidate event. On the lef
the end view of the detector showing the track in the targ
drift chamber (indicated by drift-time circles), and range sta
(indicated by the layers that were hit). At the lower right
a blowup of the target region where the hatched boxes
kaon hits, the open boxes are pion hits, and the inner trig
counter hit is also shown. The pulse data sampled every 2
(crosses), in one of the target fibers hit by the stopped kaon
displayed along with a fit (curve) to the expected pulse sha
At the upper right of the figure is thep ! m decay signal in
the range stack scintillator layer where the pion stopped. T
crosses are the pulse data sampled every 2 ns, and the c
are fits for the first, second, and combined pulses.
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R  36.3 6 1.4 cm, and decay timesK ! p, p ! m,
and m ! e of 23.9 6 0.5 ns, 27.0 6 0.5 ns, and
3201.1 6 0.7 ns, respectively. No significant energ
was observed elsewhere in the detector in coincide
with the pion [17]. The event also satisfied the mo
demanding criteria designed in advance for candid
evaluation. This put it in a region with an additiona
background rejection factor of 10. In this region
b0  0.008 6 0.005 events would be expected from
known background sources while 55% of the final acce
tance for K1 ! p1nn̄ would be retained [18]. Since
the explanation of the observed event as backgrou
is highly improbable, we conclude that we have like
observed a kaon decayK1 ! p1nn̄.

To calculate the branching ratio indicated by this o
servation, we used the final acceptance forK1 ! p1nn̄,
A  0.0016 6 0.0001sstatd 6 0.0002ssystd derived from
the factors given in Table I, and the total exposure

FIG. 3. Enhanced background distributions. (a) The h
togram shows the momentum spectrum with backgroun
enhanced by an order of magnitude by loosening the ran
photon, and TD particle identification cuts. The peaks a
due to Kp2 and Km2. The candidate event (vertical arrow
is shown in relation to the accepted region (horizontal ba
(b) The time differenceDt between thep1 and theK1 signals
in the stopping target for the candidate event (vertical arro
and for a sample of events identified as scattered beam p
(solid histogram). Also shown is the delay timing cut positio
(horizontal arrow) and the measured time distribution for ka
decays (dotted histogram). The straight line shows theK1

lifetime.
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TABLE I. Acceptance factors used in the measurement
K1 ! p1nn̄. The “K1 stop efficiency” is the fraction
of kaons entering the target that stopped, and “other kin
matic constraints” includes kinematic particle identification an
dEydx cuts.

Acceptance factors

K1 stop efficiency 0.75
K1 decay after 2 ns 0.813
K1 ! p1nn̄ phase space 0.162
Solid angle acceptance 0.386
p1 nucl. int., decay-in-flight 0.502
Reconstruction efficiency 0.956
Other kinematic constraints 0.713
p 2 m 2 e decay acceptance 0.247
Beam and target analysis 0.659
Accidental loss 0.747

Total acceptance 0.0016

NK1  1.49 3 1012 kaons entering the target. Where
possible, we employed calibration data taken simultan
ously with the physics data for the acceptance calcu
tion. We relied on Monte Carlo studies only for the soli
angle acceptance factor, thep1 phase space factor, and
the losses fromp1 nuclear interactions and decays i
flight. Figure 1(b) shows the simulatedR vs E distri-
bution for K1 ! p1nn̄ with final analysis cuts applied.
The systematic uncertainty in the acceptance was e
mated to be about10%. This was confirmed by compar-
ing a parallel measurement of theKp2 branching ratio to
the world-average value. If the observed event is due
K1 ! p1nn̄, the branching ratio isBsK1 ! p1nnd 
4.219.7

23.5 3 10210.
The likelihood of the candidate event being du

to K1 ! p1X0 (MX0  0) is small. Based on the
measured resolutions, thex2 C.L. for consistency
with this hypothesis is 0.8%. Thus, using the ac
ceptance for K1 ! p1X0, AsK1!p1X0d  0.0052 6

0.0003sstatd 6 0.0007ssystd, and no observed events in
the region 221 , P , 230 MeVyc, a 90% C.L. upper
limit of BsK1 ! p1X0d , 3.0 3 10210 was derived.

The observation of an event with the signature
K1 ! p1nn̄ is consistent with the expectations of th
SM which are centered at about1 3 10210. Using the
result for BsK1 ! p1nn̄d and the relations given in
Ref. [1], jVtdj lies in the range0.006 , jVtdj , 0.06
[19]. E787 has recently collected additional data and t
experiment is continuing.

We gratefully acknowledge the dedicated effort o
the technical staff supporting this experiment and
the Brookhaven AGS Department. This research w
supported in part by the U.S. Department of Energ
under Contracts No. DE-AC02-76CH00016 and N
W-7405-ENG-36, and Grant No. DE-FG02-91ER4067
by the Ministry of Education, Science, Sports and Cultu
of Japan, and by the Natural Sciences and Engineer
Research Council and the National Research Council
Canada.
f

-

-
-

ti-

o

-

f

e

f
s

y
.
,

g
of

*Also at Physics Department, State University of New
York at Stony Brook, Stony Brook, NY 11794-3800.

†Deceased.
[1] G. Buchalla and A. J. Buras, Nucl. Phys.B412, 106

(1994).
[2] W. J. Marciano and Z. Parsa, Phys. Rev. D53, R1

(1996).
[3] G. Buchalla and A. J. Buras, Report No. SLAC-PUB-7575

TUM-HEP-280/97, hep-ph/9707243.
[4] A. J. Buras and R. Fleischer, Report No. TUM-HEP

275-97, hep-ph/9704376; “Heavy Flavours II,” edited b
A. J. Buras and M. Linder (World Scientific, Singapore
to be published).

[5] G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Re
Mod. Phys.68, 1125 (1996).

[6] J. S. Hagelin and L. S. Littenberg, Prog. Part. Nucl. Phy
23, 1 (1989).

[7] D. Rein and L. M. Sehgal, Phys. Rev. D39, 3325 (1989);
M. Lu and M. B. Wise, Phys. Lett. B324, 461 (1994);
C. Q. Geng, I. J. Hsu, and Y. C. Lin, Phys. Lett. B355,
569 (1995); S. Faijfer, Nuovo Cimento110A, 397 (1997).

[8] Y. Grossman and Y. Nir, Phys. Lett. B398, 163 (1997);
G. Couture and H. König, Z. Phys. C69, 167 (1996);
I. I. Bigi and F. Gabbiani, Nucl. Phys.B367, 3 (1991);
K. Agashe and M. Graesser, Phys. Rev. D54, 4445
(1996); M. Leurer, Phys. Rev. Lett.71, 1324 (1993); S.
Davidson, D. Bailey, and B. Campbell, Z. Phys. C61,
613 (1994); S. Bertolini and A. Santamaria, Nucl. Phy
B315, 558 (1989).

[9] F. Wilczek, Phys. Rev. Lett.49, 1549 (1982).
[10] M. S. Atiya et al., Nucl. Instrum. Methods Phys. Res.

Sect. A321, 129 (1992).
[11] S. Adleret al., Phys. Rev. Lett.76, 1421 (1996).
[12] D. A. Bryman et al., Nucl. Instrum. Methods Phys. Res

(to be published).
[13] E. W. Blackmoreet al.,Nucl. Instrum. Methods Phys. Res

(to be published).
[14] M. Atiya et al., Nucl. Instrum. Methods Phys. Res., Sec

A 279, 180 (1989).
[15] I-H. Chiang et al., IEEE Trans. Nucl. Sci.NS-42, 394

(1995).
[16] An order of magnitude improvement in backgroun

suppression was obtained relative to Ref. [11]. TheKm2

(Km2g) and Kp2 backgrounds were reduced due to
factor of 2 better momentum resolution (see [13]) an
to improved photon detectors (see [15]). The beam a
CEX backgrounds were reduced, in part, due to improv
timing resolutions (see [12]).

[17] There are a few scattered hits off the track in the dr
chamber which are consistent with being due to rando
noise.

[18] The background estimates in the region with the tighte
cuts werebKm2  0.004 6 0.004, bKp2  0.001 6 0.001,
bbeam  0.002 6 0.002, andbCEX  0.002 6 0.002.

[19] These limits include the values ofjVtdj consistent with
the unitarity of the quark mixing matrix, the range o
BsK1 ! p1nn d given in the text, and the ranges o
Vcb , mc, mt , and LMS given in Ref. [4]. However, they
are independent of (and consistent with) information o
jVubyVcb j, B 2 B mixing, or CP violation in the K
system used in other estimates of the range ofjVtdj.
2207


