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Search for the rare decayK¿\p¿g
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We have performed a search for the angular-momentum forbidden decayK1→p1g with the E787 detector
at BNL. No events were observed in thep1 kinematic region around 227 MeV/c. An upper limit on the
branching ratio for the decay is determined to be 3.631027 at 90% confidence level.
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I. INTRODUCTION

We report on a search for the decayK1→p1g. This is a
spin 0→0 transition with a real photon and is thus forbidd
by angular momentum conservation@1#. This decay is also
forbidden on gauge invariance grounds@2#. Historically, the
absence ofK1→p1g relative to theK1→p1p0 decay
(Kp2) led Dalitz to determine the kaon spin to be zero rat
than two or greater@3#. In 1969, a model of strange particle
and weak decays predicted this decay at a branching rat
231024 @4#; the model was later ruled out by an experime
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tal upper limit of 431026 at 90% confidence level~C.L.!
@5#.

No theory of physics beyond the standard model, if it
based on point-particle quantum field theory, allowsK1

→p1g decay. Current interest in this decay stems fro
speculation that an experimental signature of exotic phys
such as a vacuum expectation value of a new vector field@6#,
nonlocal superstring effects@7#, or departures from Lorentz
invariance@8#, could appear in this decay mode. No speci
theoretical prediction or bound on the branching ratio has
been given.

In previous experiments@5,9# no candidate events wer
detected. The most recent upper limit of 1.431026 at 90%
C.L. @9# was established in 1982.

The new search reported here used the E787 detector@10#
~see Fig. 1! at the Alternating Gradient Synchrotron~AGS!
of Brookhaven National Laboratory~BNL!. E787 is a rare
kaon-decay experiment studyingK1→p1nn̄ @11# and re-
lated decays@12#, using kaon decays at rest.K1→p1g is a
two-body decay with a 227-MeV/c p1 track and a
227-MeV photon emitted directly opposite to it. It is a
sumed that energy-momentum is conserved or that its vi
tion due to exotic physics is tiny and undetectable in t
decay mode.

The main background source isKp2 decay with a branch-
ing ratio of 0.2116 @13# and a p1 momentum of
205 MeV/c. The higher energy photon (.125 MeV) from
the p0→gg decay inKp2 tends to be emitted opposite th
p1 track. Kp2 background events can survive if thep1

momentum is mismeasured to be too large and at the s
time the lower energy photon from thep0 ~or the electron-
positron pair from thep0→ge1e2 decay! is undetected.
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However, the redundant kinematic measurements and
cient photon detection available in the E787 detector
suited to suppress theKp2 and other backgrounds to we
below the sensitivity for the signal.

II. DETECTOR

The AGS delivered kaons of about 700 MeV/c to the
experiment at a rate of (427)3106 per 1.6-s spill. The kaon
beam line@14# incorporated two stages of electrostatic p
ticle separation, which reduced the pion contamination
25% at the entrance of the detector. Kaons were detected
identified by a Cˇ erenkov counter, multi-wire proportiona
chambers and an energy-loss counter. After being slowe
a BeO degrader, approximately 25% of the incident ka
came to rest in an active stopping target located at the ce
of the detector. The 12-cm diameter target, which consis
of 0.5-cm square plastic-scintillating fibers, provided init
tracking of the stopping kaon and its decay products.

Particles emanating from kaon decays at rest in the ta
were measured in a solenoidal spectrometer with a 1
field along the beam axis. The charged decay produ
passed through a layer of plastic scintillation counters s
rounding the target~I-counters! and a cylindrical drift cham-
ber @15#, and lost energy in an array of plastic scintillatio
counters called the Range Stack~RS!. The drift chamber
provided tracking information for momentum determinati
from 12 layers of axial anode-wire cells and six layers of th
spiral-strip cathode foils with a total mass of 331022 radia-
tion lengths. The RS provided a measurement of range
kinetic energy of thep1 track which came to rest in it. The
radial region between 45.1 cm and 89.6 cm for the RS w
segmented into 24 azimuthal sectors and 21 radial la
totaling one radiation length. The RS counters in the fi
layer ~T-counters!, which defined the solid angle acceptan
for the p1 track in the RS, were 0.635-cm thick and 52-c
long; the subsequent RS counters in the second layer~RS2-
counters! and beyond were 1.905-cm thick and 182-cm lon
The RS counter in the sector and layer where thep1 track
came to rest was called the ‘‘stopping counter.’’ All the R
counters were read out by phototubes on the upstream
downstream ends. The output pulse shapes were recorde
500-MHz sampling transient digitizers~TDs! @16#, each of
which was based on two interleaved 250-MHz 8-bit fla
analogue-to-digital converters~ADCs!. In addition to provid-

FIG. 1. Schematic sideview~a! and endview~b! showing the
upper half of the E787 detector. Cˇ : Čerenkov counter; B4: energy
loss counter; I and T: trigger scintillation counters~I-counters and
T-counters!; RSSC: range-stack straw-tube tracking chambers.
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ing precise time and energy information for reconstruct
the p1 track, the TDs enabled us to observe thep1

→m1n decay at rest in the RS stopping counter. Two lay
of straw-tube tracking chambers were embedded in betw
the 10th and 11th RS layers and between the 14th and
RS layers, respectively.

A hermetic calorimeter system, designed primarily to d
tect photons fromKp2 and other decays in theK1→p1nn̄
study, surrounded the central region. The cylindrical ba
~BL! calorimeter covering about two thirds of the sol
angle, and located immediately outside the RS, was use
search for the photon from theK1→p1g decay. It consisted
of alternating layers of lead~0.1-cm thick! and plastic scin-
tillator ~0.5-cm thick! sheets and was segmented azimutha
into 48 sectors whose boundaries were tilted so that the in
sector gaps did not project back to the target. In each se
four radial groups of 16, 18, 20 and 21 lead-scintillator la
ers, respectively with increasing radius, formed BL modu
totaling 14.3 radiation lengths. About 29% of the show
energy was deposited in the scintillators. The BL modul
which were 190-cm in length along the beam axis, were r
out by phototubes on the upstream and downstream e
and the outputs were recorded by time-to-digital convert
~TDCs! and ADCs. The two endcap calorimeters@17# and
additional calorimeters for filling minor openings along th
beam direction, as well as any active parts of the detector
hit by the p1 track, were used for detecting extra particl
including photons. The two endcap calorimeters consiste
143 undoped-CsI crystals, which were read out by fine-m
phototubes in the 1.0-T field into 500-MHz TDs based
charged coupled devices@18#.

III. TRIGGER

The signature ofK1→p1g in the experiment was a two
body decay of a kaon at rest with a 227-MeV/c p1 track in
the RS and a 227-MeV photon emitted directly opposite t
and observed as a single cluster in the BL calorimeter. T
K1→p1g trigger required a kaon decay at rest, followed
a p1 track which came to rest in the RS and a shower clus
in the BL, and no extra particles in the BL, endcap or R
counters.

A kaon was identified in the trigger by a coincidence
hits from the Čerenkov counter, energy-loss counter and t
get. The timing of the outgoing pion~via the I-counters! was
required to be at least 1.5 nsec later than timing of the
coming kaon ~via the Čerenkov counter!. This online
delayed-coincidence requirement guaranteed that the k
actually decayed at rest, and removed contributions fr
beam pions that were scattered into the detector and f
kaons that decayed in flight after the Cˇ erenkov counter. A
single charged track was required to have a coincidenc
the hits from the I-counters and from the T-counter and R
counter in the same RS sector. The track was also require
penetrate to at least the sixth RS layer in the sector with
coincidence of T-counter and RS2-counter hits or in eithe
the next two clockwise RS sectors, in order to select po
tively charged particles. Tracks reaching the outer three
layers ~from the 19th to the 21st layers! were rejected, in
9-2
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SEARCH FOR THE RARE DECAYK1→p1g PHYSICAL REVIEW D 65 052009
order to suppress the muons fromK1→m1n and K1

→m1ng decays. Ap1→m1n decay at rest in the RS stop
ping counter was identified online, based on the pulse sh
information from the TDs on the RS, by an algorithm d
manding either a clear double pulse or an RS pulse with
area larger than expected from its height due to the pres
of the 4 MeVm1 from thep1 decay. The events that faile
the algorithm were rejected, in order to further reduce mu
tracks as well as electron tracks. The number of shower c
ters in the BL calorimeter with energy above 10 MeV w
counted online and was restricted to be one. An event
rejected if the energy observed in the endcap calorimeter
more than 20 MeV or the energy in the RS sectors outs
the region of thep1 track was more than 10 MeV.

The trigger was prescaled by 2450 for taking data sim

taneously with the trigger forK1→p1nn̄. This resulted in a
total exposure of kaons entering the target available for
K1→p1g search to be 6.73108. A total of 1.63106 events
met the trigger requirements. Most of them were due toKp2.

IV. OFFLINE ANALYSIS

A. Event reconstruction

In the offline analysis, the momentum (P), the range
~equivalent cm of plastic scintillator,R) and the kinetic en-
ergy ~E! of the p1 track were reconstructed with the targe
drift chamber and RS information. The momentum was
termined by correcting the measured momentum in the d
chamber for the energy loss suffered by thep1 track with
the observed track length in the target. The range was ca
lated from the track lengths in the target and in the RS. T
kinetic energy was determined by adding up the energy
posits of thep1 track in the scintillators of the target and th
RS, taking account of the losses in inactive materials suc
wrapping and chamber components. The RS energy cali
tion was done for the upstream and downstream end s
rately, using the energy loss in each counter of muons fr
K1→m1n decay. The kinematic resolutions~rms! were
DP52.6 MeV/c, DR51.28 cm andDE53.8 MeV.

The timing, energy (Eg) and direction of the photon wer
determined from reconstruction of the hits in the BL calori
eter and the kaon decay vertex position in the target. Thep1

track in the RS defined the event time reference, and pho
from Kp2 decay were used to calibrate the BL hit time. T
energy calibration of the BL hits was performed using t
energy depositions from cosmic rays, and was verified
reconstructing the energy of thep0 in Kp2 decay. Thez
position ~along the beam axis! of the BL hits was measure
with TDC and ADC information from phototubes on bo
ends of the BL modules, and was used in conjunction w
target information to determine the polar angle of the phot
The energy resolution of the BL calorimeter wasDEg /Eg

56%/AEg (Eg in GeV!. The resolutions of azimuthal an
polar opening angles between the photon and thep1 track,
fp1g and up1g , were determined to beDfp1g52.2° and
Dup1g53.9°, respectively.
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B. Primary cuts

The following selection criteria~‘‘cuts’’ !, called the pri-
mary cuts in the analysis, were imposed on the events
were successfully reconstructed.

A stopping-layer cut accepted only events whosep1

track came to rest in the RS layers beyond the inner
tracking chamber~from the 11th to the 18th layers! for
analysis. This cut was imposed to ensure that the range m
surement included positions determined by the RS track
chambers.

Taking into consideration the limited energy resoluti
and segmentation of the BL calorimeter, the cuts imposed
the energy and direction of the photon in the BL were re
tively loose: Eg>120 MeV, ufp1gu>165° and up1g

>165°. A coincidence cut (6 2 ns! between the times of the
photon and thep1 track was imposed. This cut greatly re
duced the occurrence of photon candidates due to accide
hits. Events in which the photon cluster in the BL show
associated activity in the neighboring RS sectors were
jected by a ‘‘RS preshower’’ cut, so that only those eve
whose total photon shower energy was deposited in the
calorimeter were accepted.

To remove events triggered by kaon decays in flight or
multiple beam particles into the detector, an offline delay
coincidence cut requiring.2 ns between the pion time an
the kaon time measured in the target, and cuts on the tim
and energy of the hits recorded in the Cˇ erenkov counter,
proportional chambers, energy-loss counter and target w
imposed.

A double-pulse fit to the pulse shape recorded in the
stopping counter was made offline to identify pions w
p1→m1n decay at rest; this cut removed contaminati
from K1→m1n, K1→m1ng, K1→m1p0n and K1

→e1p0n decays, as well asKp2 decays whosep1 decayed
in flight before it came to rest in the RS.

C. pg sample andpp0 sample

The following two data sets were made from the eve
that survived the primary cuts.

The set of events with 218<P<234 MeV/c was identi-
fied as the ‘‘pg sample.’’ TheK1→p1g signal region1 was
further specified as the subset of thepg sample with 35.5
<R<40.0 cm and 120<E<135 MeV. These cuts ensure
that thep1 momentum, range and kinetic energy were co
sistent with those of thep1 track from theK1→p1g de-
cay: 227 MeV/c, 38.5 cm and 127 MeV, respectively.

The set of events that were collected by the sameK1

→p1g trigger and whosep1 momentum and range wer
rather consistent with Kp2 decay (197.5<P
<212.5 MeV/c and 27.0<R<35.0 cm) was identified as
the ‘‘pp0 sample.’’ This sample was rich inKp2 back-

1This signal region is the same as that for the search forK1

→p1X0 decay in@11#, whereX0 is a neutral weakly interacting
massless particle@19# and thep1 momentum, 227 MeV/c, is iden-
tical to the momentum forK1→p1g.
9-3
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ground, and was used for evaluating the rejections of cut
the background studies.

V. BACKGROUND STUDIES

After the primary cuts were imposed, the remaining ba
ground events were mostly fromKp2 decay. This back-
ground was due to the disappearance of the softer of the
photons fromp0, either through inefficiency due to ver
narrow gaps between counters, inactive material, etc.~‘‘pho-
ton detection inefficiency’’! or through overlap with the
charged track~‘‘overlapping photon’’!. Both types were stud
ied from the data by establishing two independent sets
offline cuts for each type; one set consisted of the cuts on
p1 momentum, range and kinetic energy, and the other
consisted of ‘‘photon veto cuts’’~for photon detection ineffi-
ciency! or ‘‘ dE/dx cuts’’ ~for overlapping photon!, as ex-
plained in the next subsections. In these studies we sele
events in thepp0 sample or inverted at least one of the
cuts on the events in thepg sample, in order to enhance th
background collected by theK1→p1g trigger as well as to
prevent candidate events from being examined before
background studies were completed. In order to avoid c
tamination from other background sources, all the offl
cuts except for those being established were imposed on
data.2

A. Photon detection inefficiency

In the offline analysis, photon shower activity was iden
fied in the various subsystems, including the BL calorime
and the RS, as hits in the counters in coincidence with
p1 track within a few ns and with energy above a lo
threshold~typically ;1 MeV). Events with extra activity
not associated with thep1 and the candidate signal photo
were rejected by the offline photon veto cut of each s
system.

If two photons from ap0 hit the same or adjacent BL
modules, they form a single high-energy BL cluster oppos
thep1 track and can mimicK1→p1g decay. In such cases
due to the kinematics ofKp2 and subsequentp0→gg de-
cays, the two photons must hit the modules at differenz

2For example, in the study of the photon detection inefficien
dE/dx cuts were imposed on both thepp0 sample and thepg
sample in advance.

FIG. 2. ~a! z discrepancy distribution of the BL clusters in th
subset of thepp0 sample with all photon veto cuts imposed.~b! z
discrepancy distribution of the BL clusters when the other pho
from the p0 decay in Kp2 was detected outside of the cluste
Events above the arrow in each distribution corresponded to m
tiple photon hits and were rejected by the cut at 75 cm.
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positions along the beam axis. The coincidence cut betw
the times of the photon and thep1 track, already imposed a
a primary cut, reduced the number of events with two ph
tons in the same BL module, because the mean of the ar
times of the scintillation light at the upstream and dow
stream ends of the BL module was significantly earlier th
that of a single photon hit. Furthermore, the BL hits in t
cluster were examined and the maximum discrepancy am
the z-position measurements obtained from TDC and AD
information was determined. Figure 2~a! shows thez discrep-
ancy distribution of the BL clusters in the subset of thepp0

sample that survived all photon veto cuts. Comparing this
Fig. 2~b!, which shows thez discrepancy distribution of the
BL clusters when the other photon from thep0 decay inKp2
was detected outside of the cluster, the events with a la
discrepancy in Fig. 2~a! clearly represent the case when tw
photons hit adjacent BL modules. A ‘‘BL cluster’’ cut wa
therefore employed to reject an event if the discrepancy
more than 75 cm.

To evaluate the background rejection of the offline pho
veto cuts including the BL cluster cut, the subset of thepp0

sample whosep1 kinetic energy was also consistent wi
Kp2 decay (97<E<117 MeV) was examined. By imposin
the photon veto cuts on this subset, the background rejec
of these cuts was measured to be 13.8 as shown in Fig.~a!.
Then, in the subset of thepg sample that failed at least on
of the offline photon veto cuts, the kinematic distributions
Kp2 background events3 was studied. Thep1 range versus
kinetic energy plot of these events is shown in Fig. 3~b!;
there are no events in theK1→p1g signal region, and 287
events are consistent withKp2 decay in range and kinetic
energy. This indicates that there are no mismeasured tr
in or around the signal region, and a further backgrou
reduction by 13.8 is expected, assuming thep1 range and
kinetic-energy cuts and the photon veto cuts are independ

,
3The pg sample was made by choosing the events that survi

the p1 momentum cut 218<P<234 MeV/c.

n

l-
FIG. 3. ~a! Kinetic energy distribution of thepp0 sample. The

unhatched and hatched histograms represent the distributions b
and after the photon veto cuts are imposed, respectively. The re
between the arrows indicates theKp2 region.~b! Range versus ki-
netic energy plot of the events in the subset of thepg sample
tagged by the inverted photon veto cuts. The box indicates
K1→p1g signal region.dE/dx cuts were imposed on both th
pp0 sample in~a! and thepg sample in~b! in advance.
9-4
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In estimating the background level ofKp2 in a specific
p1 region in range and kinetic energy, the number of eve
in the region in Fig. 3~b! was divided by the rejection~13.8!
minus 1.4 The number of events in the signal region in F
3~b! was taken to be,2.44 events at 90% C.L.@13,20#
instead of zero. The background levels ofKp2 in the signal
region and in theKp2 region were therefore estimated to b
,0.19 events at 90% C.L. and 22.461.3 events, respec
tively.

Figure 3~b! indicates that no correlation between thep1

range and kinetic energy is visible in theKp2 background
events at the current sensitivity of the search. If we furt
added the assumption that thep1 range and kinetic energ
measurements were indeed not correlated, the backgro
level of Kp2 in the signal region was estimated to b
,0.0007 events at 90% C.L.5

B. Overlapping photon

The above background study could possibly be c
founded byKp2 events in which the shower of the lowe
energy photon from thep0 overlapped some of the counte
hit by thep1 track. The reconstructed kinetic energy of su
tracks could be incorrectly measured due to additional
ergy deposited in the scintillators by the overlapping phot
A set ofdE/dx cuts, which checked the consistency betwe
the measured energy and range in each of the RS coun
was therefore employed to reject this type of backgrou
Events with a RS counter in which the measured energy
larger than expected from the reconstructed range in
counter were rejected by thedE/dx cuts.

To evaluate the background rejection of thedE/dx cuts,
we selected events in thepp0 sample whosep1 kinetic
energy was larger than that fromKp2 decay and was in the
signal region forK1→p1g (120<E<135 MeV). By im-
posing thedE/dx cuts on this subset, the background reje
tion of these cuts was measured to be 36.3 as shown in
4~a!. From the subset of thepg sample that failed at leas
one of thedE/dx cuts, thep1 range versus kinetic energ
plot is shown in Fig. 4~b!; again no mismeasured tracks a
in or around theK1→p1g signal region. The backgroun
level of Kp2 in the signal region was estimated to be,0.07
events at 90% C.L.6 The estimate is limited by statistics.

C. K¿\p¿gg decay

For K1→p1gg decay in thep1 momentum region
greater than 215 MeV/c, a 90% C.L. upper limit of 5.0

4The number of events should be divided by the tagging efficie
of the inverted photon veto cutse, and by the rejection of the
photon veto cutsR. Since e is equal to 121/R, the estimate is
equivalent to the number of events divided byR minus 1.

5The number of events that survived thep1 range cut,,2.44
events at 90% C.L. instead of zero, was divided by the rejectio
the p1 kinetic-energy cut@taken to be 287 from the number o
events in Fig. 3~b!# minus 1, and by the rejection of the photon ve
cuts (13.8) minus 1.

6The number of events in the signal region in Fig. 4~b!, ,2.44
events at 90% C.L. instead of zero, was divided by the rejectio
the dE/dx cuts (36.3) minus 1.
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31027 on the branching ratio has been established@21# ~as-
suming a phase-space kinematic distribution!. Taking into
account further suppression by the trigger requirements,
fline photon veto cuts anddE/dx cuts to theK1→p1gg
decay, its contribution to theK1→p1g search is negligible
at the current sensitivity.

VI. RESULT

A. Events in the signal region

Figure 5 shows thep1 range versus kinetic energy plot o
the events that survived all analysis cuts. No events w
observed in the signal region. The group of 20 events aro
E5108 MeV was due to theKp2 background and was con
sistent with the 22.461.3 events expected from the estima
of the photon detection inefficiency discussed above.

B. Sensitivity

The single-event sensitivity forK1→p1g decay in this
search was obtained by normalizing to the number ofKp2
events collected by theK1→p1g trigger. For theKp2
events, thep1 track in the RS and the higher energy phot
in the BL calorimeter were reconstructed, and the offli
analysis cuts of theK1→p1g search except for those sen
sitive to the photons fromp0 ~the RS preshower cut, photo
veto cuts,dE/dx cuts and target energy cuts! were imposed.
The number of events whosep1 momentum, range and ki
netic energy were consistent withKp2 decay was 3.62
3105.

Acceptance factors were determined from the sample g
erated by Monte Carlo simulation and from the data samp
of Kp2 decays,7 K1→m1n decays and scattered beam pion
which were accumulated by calibration triggers simultane

y

f

f

7The sample ofKp2 decays for measuring acceptance factors
this subsection was accumulated by a calibration trigger that
moved the requirements on the shower and visible energy in
BL, endcap and RS counters from theK1→p1g trigger.

FIG. 4. ~a! Kinetic energy distribution of thepp0 sample. The
unhatched and hatched histograms represent the distributions b
and after thedE/dx cuts are imposed, respectively. The region b
tween the arrows indicates the signal region forK1→p1g. ~b!
Range versus kinetic energy plot of the events in the subset o
pg sample tagged by the inverteddE/dx cuts. The box indicates
the K1→p1g signal region. Photon veto cuts were imposed
both thepp0 sample in~a! and thepg sample in~b! in advance.
9-5
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to the collection of signal candidates. Many systematic
certainties in the measurement of the acceptance factor
K1→p1g andKp2 ~e.g., the fraction of kaons entering th
target that decayed at rest,;0.72) canceled in taking the
ratio of acceptances of these decay modes. The factors
summarized in Table I.

The acceptance factors of thep1 reconstruction cuts~in-
cluding the online requirements in the trigger! and thep1

kinematic fiducial cuts specifying the signal region and
Kp2 region~including the stopping-layer cut! were estimated
primarily from Monte Carlo simulation. The loss when th
p1 track underwent nuclear interaction or decayed in flig
before it came to rest in the RS was estimated by compa
Monte Carlo simulations with these effects turned on and
The p1 acceptance factors of the online and offline c
selecting thep1→m1n decay at rest in the RS stoppin
counter and of thedE/dx cuts were measured from th
sample of scattered beam pions that satisfied the fidu
cuts. The acceptance factor of the target energy cuts
measured from thep1 tracks in the sample ofKp2 decays
tagged by the conversion of both photons from thep0

→gg decay in the BL calorimeter, in order to avoid co
tamination from shower energy due to photon conversion
the target. The acceptance factors of the online and offl
delayed-coincidence cuts and the cuts on the Cˇ erenkov
counter, proportional chambers, energy-loss counter and
get were measured from the sample ofK1→m1n decays;
since these cuts were not related to the kinematic value
p1, these factors were assumed to be the same for both
K1→p1g andKp2 decays.

The acceptance factors of theg reconstruction and fidu
cial cuts were estimated from Monte Carlo simulation. T
acceptance loss of theKp2 events due to the trigger require
ments on the shower and visible energy in the BL, end
and RS counters~‘‘online photon veto cuts’’! was measured
from the sample ofKp2 decays. The acceptance loss ofK1

→p1g due to the online and offline photon veto cuts a
the RS preshower cut, which could detect a part of
shower from the 227-MeV photon in theK1→p1g decay,

FIG. 5. Range versus kinetic energy plot of the events with
analysis cuts imposed. The box indicates the signal region forK1

→p1g.
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must be taken into account. Since a data sample of 227-M
photons from kaon decays at rest was not available, the
ceptance factor was estimated from studies that compared
performance of these cuts on the photons in Monte Ca
simulation and on the sample ofKp2 decays. The acceptanc
loss by the accidental hits in the detector subsystems
measured from the sample ofK1→m1n decays. Acceptance
losses due to the cuts on the BL hits in the cluster~the coin-
cidence cut between the times of the photon and thep1

track and the BL cluster cut! were confirmed to be negligible
from the photons in the sample ofKp2 decays.

With the total acceptances forK1→p1g (0.0143) and
for K1→p1p0 (0.00357) in Table I, the number of surviv
ing Kp2 events (3.623105) and theKp2 branching ratio
(0.2116), the single-event sensitivity forK1→p1g was
(1.4660.09)31027, which is four times better than the sen
sitivity achieved in@9#. The main source of the error(6%)
was due to the systematic uncertainty in the acceptance
of the 227-MeV photon fromK1→p1g due to the online
and offline photon veto cuts and the RS preshower cut.

In order to verify that the sensitivity forK1→p1g ob-
tained from the ratio toKp2 decay was correct, a branchin
ratio for Kp2 relative to the sample ofK1→m1n decays was
measured and the result deviated by16% from the known
ratio of theKp2 and K1→m1n branching ratios. We have
conservatively assigned the shift to be an additional syst
atic uncertainty in the acceptance of thep1 track, most
probably due to the uncertainty inp1 nuclear interaction.
The total estimated systematic uncertainty in this searc
therefore 8.5%.

TABLE I. Acceptance factors forK1→p1g andK1→p1p0,
and the samples used to determine them. ‘‘MC,’’ ‘‘Kp2,’’ ‘‘ Km2’’
and ‘‘pscat’’ mean the sample generated by Monte Carlo simulat
and the data samples ofK1→p1p0 decays,K1→m1n decays and
scattered beam pions accumulated by calibration triggers, res
tively. ThedE/dx cuts, target energy cuts, offline photon veto cu
and RS preshower cut are not imposed onK1→p1p0. (*) not
imposed.

Acceptance factors p1g p1p0 Samples

p1 reconstruction cuts 0.399 0.400 MC,Km2

p1 fiducial cuts 0.830 0.694 MC
p1 stop without nuclear interaction 0.477 0.586 MC

or decay-in-flight
Transient digitizer (p1→m1n) cuts 0.553 0.592 pscat

dE/dx cuts 0.878 ni* pscat

Target energy cuts 0.924 ni* Kp2

Other cuts on beam and target 0.606 0.606 Km2

g reconstruction and fiducial cuts 0.693 0.232 MC
Online photon veto cuts top1p0 ni* 0.264 Kp2

Online and offline photon veto cuts 0.482 ni* MC, Kp2,
and RS preshower cut Km2

to the photon fromp1g

Total acceptance 0.0143 0.00357

ll
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VII. CONCLUSION

A search for the decayK1→p1g was performed with the
E787 detector at BNL as a test of angular momentum c
servation in particle physics. Since no events were obse
in the signal region, in the absence of background and tak
2.44 events instead of zero according to the unified appro
@13,20#, we set a 90% C.L. upper limit 3.631027 on the
branching ratio forK1→p1g decay. The systematic unce
tainty was not taken into consideration in deriving the lim

The current search is statistically limited, and there
good prospects to improve the sensitivity further. A new e
periment E949@22#, which will continue the study of the
K1→p1nn̄ decay at BNL, can yield further gains by virtu
of a larger kaon exposure, trigger optimization and improv
photon detection capability.
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