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Abstract

We have searched for tHe™ — 7ty y decay in the kinematic region with™ momentum close to the end point. No events
were observed, and the 90% confidence-level upper limit on the partial branching ratio was ol@akéd> 7 +yy, P >
213 MeV/c) < 8.3 x 10~9 under the assumption of chiral perturbation theory including next-to-leading order “unitarity” cor-
rections. The same data were used to determine an upper limit dtrthe- 7+ branching ratio of 3 x 10~9 at the 90%

confidence level.
0 2005 Elsevier B.V. All rights reserved.

PACS 13.20.Eb; 12.39.Fe; 11.10.Nx
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We report the results of a search for the rare
decay K™ — mTyy in the 7 momentum region
P > 213 MeV/c from the E949 experimenfl]
at the Alternating Gradient Synchrotron (AGS) of
Brookhaven National Laboratory. The first obser-
vation of the decay in ther™ momentum region
100-180 MeVc¢ was reported2] by the E787 ex-
periment at the AGS with a partial branching ratio of
B(KT — ntyy, 100 MeV/c < P < 180 MeV/c) =
(6.0 + 1.5(stap + 0.7(sysh) x 10~7. In the region
P > 215 MeV/c no K™ — ntyy decays were ob-

tionto K — 7Ty y orits neutral counterpaﬂ’g —
7%y the leading contributions start @ (p*) [5].
For KT — ntyy, both the branching ratio and the
7t spectrum shape a@(p*) are sensitive to the un-
determined coupling-constafitThere is no complete
calculation at the next-to-leading orde?,(p®). The
dominant effect§6] are one-loop “unitarity” correc-
tions, deduced from an empirical fit to the decay am-
plitude of K™ — 7w Tn 7~ and containing the same
constanté, and vector-meson exchange. Kit —

7 Tyy vector-meson exchange is expected to be neg-

served and, assuming a pure phase-space kinematidigible compared to unitarity corrections. The correc-

distribution, a 90% confidence-level (C.L.) upper limit
of 5.0 x 10~/ was set on the total branching rafgj.
This established that th&*™ — 7Ty y background to
the rare decak ™ — = Tvv [3] was negligible.

In an effective-field approach to low-energy ha-
dronic interactions called chiral perturbation theory
(ChPT)[4], there is noO (p?) (“tree-level”) contribu-
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tions result in a slightly different prediction for the
mt spectrum Fig. 1). Separate fits to the measured
7T spectrum from{2] with and without the unitarity
corrections yielded = 1.8 + 0.6 and¢ = 1.6 & 0.6,
respectively, but slightly preferred their inclusion. For
K% — 7%y, the amplitude a0 (p*) is determined
without any undetermined coupling-constant, but the
measured branching rati¢].41 + 0.12) x 1076 [7],
is twice as large as predicted @(p*); the vector-
meson contribution in the next-to-leading order calcu-
lation (sometimes parametrized by an effective cou-
pling constant,) is considered to be important to this
decay[8].

One of the consequences of the unitarity correc-
tions to K™ — 7 Tyy is a non-zero amplitude in
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227 MeV/c, where the two-photon invariant mass
my, =0 MeV/c2, as shown inFig. 1 The partial
branching ratioB(K™ — ntyy, P > 213 MeV/c),
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be 6107915 x 10-% for ¢ = 1.840.6 including unitar-

ity corrections and @9"5-43 x 107° for ¢ = 1.6+ 0.6
without the corrections. Observation of the decay at
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a partial branching ratio larger than predicted would slowed by BeO and active degraders, and came to rest
indicate the contribution of vector-meson exchange and decayed in a scintillating-fiber target. The expo-
or other new dynamics t& * — 7 *yy. The kine- sure of kaons in each spill was recorded by a scaler
matic region close to the end pointlﬂg — 1%y is which counted the number of kaons entering the tar-
known to be crucial to understand the CP-conserving get during the time the data acquisition system was
component to theK? — nY%7Te~ decay through the  ready to accept datdig. 2 shows a diagram of the
K® — 7%y — n0+e~ amplitude, but experimental ~ apparatus. Measurements of charged decay products
results ona, in K2 — 7%y [9,10] are inconsistent ~ Were made using the target, a central drift chamber,

(see Refs[11,12]for theoretical discussions). and a cylindrical range stack (RS) composed of 18 lay-
E949 was designed primar”y to measure the de- €rs of plastiC scintillator with two embedded Iayers of
cay K+ — m v [13]. The AGS delivered kaons of tracking chambers. The RS counters in the first layer
710 MeV/c to the experiment at a rate of B2x (T-counters irFig. 2) were 0.635-cm thick and 52-cm
%06 per 2.2-s spill. Kaons, detected and identified by long; the subsequent RS counters were 1.905-cm thick

Cerenkov, tracking, and energy-loss counters, were and 182-cm long. The pion from th&* — 7 ¥yy
decay was identified by observation of the” —

ut — e decay sequence in the RS using 500-MHz
waveform digitizers based on flash analogue-to-digital
converterqg14]. Trigger counters surrounding the tar-
get (I-counters inFig. 2 which were 0.64-cm thick)
and the T-counters surrounding the drift chamber de-
fined the fiducial region. Counters (0.95-cm thick) sur-
rounding the RS helped to suppressed the muons from
' KT = utv and KT — putvy decays by identify-
e ing long-range muons that had completely traversed
the RS. A hermetic calorimeter system surrounded the
central region. The photons frokit — 7 *yy were
Fig. 1. Predictions for ther™ momentum for the ChPT para- detected in a lead/scintillator sandwich barrel detector
meter¢ = 1.8 including unitarity corrections (solid line) and for ~ (BV) surrounding the RS, while two endcap calorime-
o o 1 i rcg e b ol (15,20 other subsystems (colr, UPY. D" and
gion P > 213 MeV/c, ingicated by the argrow, to the total branching "DPV"in Fig. 2) were useq for detecting e.Xtra part-
ratio are 577 x 10-3 and 0515 x 103, for & = 1.8 andé = 1.6 cles. A solenoid surrounding the BV provided a 1 T
respectively. magnetic field along the beam line.
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Fig. 2. Schematic side (a) and end (b) views of the upper half of the E949 de@dBmrenkov counter; B4: energy-loss counters; | and T: inner
and outer trigger scintillation counters; RSSC: RS straw-tube tracking chambers. New or upgraded subsystems for E949 (shaded) included the
barrel veto liner (BVL), collar, upstream photon-veto (UPV), active degrader (AD), and downstream photon-veto (DPV).
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The AGS proton-beam intensity, and the E949 The momentum, equivalent range in plastic scintil-
beam line and apparatus were improved over those lator (R), and kinetic energyK) of the charged track
used in E78715] for the K™ — =Ty y study, which were reconstructed with information from the target,
was performed in 1991 The new beam ling16] in- drift chamber and RS. Tracks were accepted for the
corporated two stages of electrostatic particle separa-region defined by 213 MeX < P < 234 MeV/c,
tion which improved the acceptance for kaons as well 335 cm < R < 413 cm, and 116 MeV< E <
as theK ™ to =+ ratio. The target, central drift cham- 135 MeV, where the lower limits corresponded to
ber, and RS tracking chambers were replaced by anew3.3, 2.3, and 2.6 standard deviations, respectively,
target consisting of 0.5-cm square fibers, a new low- above theK,, peak (P = 205 MeV/c, R = 30.4 cm,
mass drift chambefl17], and straw-tube chambers, and E = 108 MeV). The larger search regio®
respectively. One third of the RS scintillation coun- 213 MeV/c) compared with E787K > 215 MeV/¢)
ters were replaced to increase the light output. A new resulted from improved kinematic reconstruction,
photon detector, the barrel veto liner (BVL), was in- which also removed the requirement of a constrained
stalled to add 2.3 radiation lengths of lead/scintillator fit for consistency withk * — 7 *yy kinematics that
sandwich material to the BV. The endcaps were re- was used in E78[2].
placed by new fully active detectors consisting of The timing and energyH, ) of the photons were
undoped-Csl crystald.8] with significantly increased  determined by grouping adjacent hit modules in the
light output, and both the target and endcaps were BVL and BV to classify isolated photon showers
read out using 500-MHz waveform digitizers based on (“clusters”). The hit position in each module along
charged coupled devicg$9] to improve timing and the beam axisz() was calculated from the end-to-end
double-pulse resolution. Additional ancillary photon- time and energy differences; the azimuthal angle (
veto systemf0] and a flasher system of light emitting  of the hit position in the end view of the detector
diode to aid in the RS energy calibration were also in- was determined by the segmentation of the modules.
troduced. The location of the photon shower inand ¢ was

The 2002 data set used for this analysis derived obtained by an energy-weighted average of the hit po-
from a total exposure of kaons entering the target sitions and was used, in conjunction with the kaon-
Nk = 1.19 x 10'2. The trigger required a kaon at decay vertex position in the target, to determine the
rest in the target to decay at least 1.5 ns later into a polar and azimuthal angles of the photon as well as the
positively charged particle which subsequently came opening angles between the photon and the charged
to rest in the RS, accompanied by coincident elec- track in the side view+,) and in the end view
tromagnetic showers in both the BVL and BV, and (¢,+,). In approximately half of the&k™ — 7 *yy
no extra energy in the endcap or RS counters. The decays the two photons were unresolved and appear
decay particle was required to penetrate the RS to as a single cluster in the BVL and BV, since the open-
at least the 16th layer to suppress backgrounds froming angle between two photons from+ — ntyy
the monochromatik * — 7t70 decay(K,») with gets smaller for the events with™ momentum close
P =205 MeV/c, and no further than the 17th layerto to the kinematic end point. The events with either
suppress decays into muons. In the RS counter whereone or two clusters were accepted; at least one clus-
the particle came to rest, called the “stopping counter”, ter with 50 MeV < E, < 320 MeV, 6;+, > 155,
an™ — put decay was identified online based on the and¢,+, > 155 was required. For events with two
pulse shape information from the waveform digitizers clusters, the lower-energy cluster had to hae >
on the RS. An improved trigger systef@1] includ- 10 MeV.
ing a programmable trigger board reduced the online  Background sources from kaon decays at rest were
dead time. A total of 1L x 10’ events met the trigger  classified into three types:
requirements.

“mismeasured”: K2 decays with mismeasurements
of thex* and the two photons,

7 Many of the improvements were made in the E787 apparatus = Overlap™ Ky d_ecays with the |(_)W9r'energy ph(_)ton
after 1991. overlapping ther ™ track in the RS, causing
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the kinetic energy of reconstructed- track
to be incorrectly measured, and

K™ decays with au™ misidentified as a
7T and with photons in the final state (e.g.,
Kt — utvy, Kt — 7%ty and K> with
7T decay in flight).

“muon”:

E949 Collaboration / Physics Letters B 623 (2005) 192—-199

calorimeters were accepted. Cuts @B /dx in the

RS to reject events with a RS counter in which the
measured energy was larger than expected from the
reconstructed range in that counter were imposed to
suppress theverlap background[22]. The cuts on
the relation between the range measured in the RS
and the momentum measured in the drift chamber as

Another background source was due to kaon decay in well as the cuts on the™ — 4™ — ™ decay se-

flight:

“DIF": K> decay-in-flight before the kaon came to

rest in the target.

Beam-related backgrounds (e.g., multiple beam parti-

cles scattering into the detector) were found to negli-
gible.

quence, recorded in the RS stopping counter, were also
imposed to suppress tmauon background. Th®IF
background was suppressed by requiring a delay of at
least 2 ns between the time of the kaon coming to rest
in the target and its subsequent decay, and by impos-
ing the cuts on the timing between the" in the RS
and thek * in the Cerenkov counter.

To study and measure these backgrounds, two in-

These backgrounds were studied from the data by dependent sets of cuts were established for each back-

imposing offline selection criteria (“cuts”). The re-
quirements on ther™ momentum, range and kinetic
energy provided large suppression of all of the back-

grounds from kaon decays at rest. Several cuts, re-

ferred to as ¥ selection cuts”, were imposed to sup-
press thenismeasured background. These included
cuts on the following quantities:

e the cut on the invariant mass of two photons
to reject events with two clusters and,, >
100 MeV/c?,

e the cut on additional coincident energy to reject
events with activity not associated with the"
and the candidate signal photdhand

e the cut on the photon clusters to reject events with
two photons from ar® which hit the same or ad-
jacent modules in BVL and BV and form a single
clustef [22].

In addition, only those events whose total photon-
shower energy was deposited in the BVL and BV

8 The extra activity was identified in the various subsystems, in-
cluding the RS, as hits in the counters in coincidence withrtie
track within a few ns and with energy above a threshold of typically
1 MeV.

9 Due to the kinematics af ;2 and subsequent® — yy decays,
the two photons must hit the modules at differemqtositions along
the beam axis. An event was rejected if the maximum discrepancy
among thez-position measurements in the modules of the cluster
was larger than 113 cm.

ground source. At least one of these cuts was inverted
to enhance each background collected by ke —
xTyy trigger as well as to prevent candidate events
from being examined before the background studies
were completed. To avoid contamination from other
background sources, all the cuts except for those be-
ing studied were imposed on the data. Possibilities of
a correlation between the two sets of cuts or of a biased
estimate of the effectiveness of the cuts were studied,
and were found to be negligible. The signal accep-
tance and background levels were studied as a function
of cut severity. A comparison of the observed back-
ground levels near but outside the signal region was
made to the predicted background in these regions. All
of these studieR3] were performed in the same man-
ner as thekK+ — m*vi analyses of E78724] and
E949[13]. Table 1summarizes the background lev-
els measured with the final analysis cuts and the two
sets of cuts for studying each background source. In
total, 0197+ 0.070 background events were expected
in the signal region.

The acceptanceA( and the single event sensi-
tivity (SES) for K+ — 7 Tyy in the kinematic re-
gion P > 213 MeV/c were derived from the accep-
tance factors iffable 2and the total kaon exposure
Nk = 1.19 x 102 times theK *-stopping efficiency,
which is the fraction of kaons entering the target that
came to rest before decaying. The efficiency was mea-
sured to be @544 0.024 with theK ;> events col-
lected with theK™ — nTyy trigger and selected
using all the analysis cuts except those designed to
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Table 1
Expected background levels in the signal region and the two sets of cuts for studying each background source. The total background was
0.1974+ 0.070 events

Source Background level Two sets of cuts

Mismeasured 0.017+ 0.006 7T accepted regionk, R, E) y selection

Overlap 0.065+ 0.065 =+ accepted regionR, R) xt dE/dx

Muon 0.090+ 0.020 7T accepted regionk, R, E) gt s put>et
7+ range-momentum relation

DIF 0.025+ 0.014 Delay in the target R&-timing

Table 2

Acceptance factors for th&+ — 7ty y decay in the kinematic regioR > 213 MeV/c, for ¢ = 1.8 including unitarity corrections (“UC”)

and for¢ = 1.6 without the corrections (“yio UC”), and the samples used to determine them. “MC” in the rightmost column means the sample
generated by Monte Carlo simulationk”, “ K,.2", “ K52", and “rscaf mean the data samples of kaons entering the tadget— putv
decays,K 2 decays, and scattered beam pions, respectively; these samples were accumulated by calibration triggers simultaneous to the
collection of signal candidates

Acceptance factors uc o UC Samples
Trigger Q00623 00407 MC,K
7+ reconstruction and fiducial cuts 980 Q935 MC,K 2
7+ accepted regionR, R, E) 0.912 0667 MC
7T stop without nuclear interaction 492 Q524 MC

or decay-in-flight
dE /dx and kinematic cuts 837 Q537 K2, Tscat
7T+ — /J,+ — e+ cuts 0349 Q349 TTscat
y reconstruction and fiducial cuts .530 Q0492 MC,K 2
y selection cuts 216 Q177 MC,K >
Other cuts on beam and target .507 Q507 K,
Total acceptance 99 x 1074 1.10x 1074
remove K, events. Thus the sensitivity fak+ — events aroundk = 32 cm andE = 110 MeV are due

7Tyy was normalized tK ;> and many systematic  to the K, background. Taking 2.24 events instead
uncertainties in the measurement of the acceptanceof zero according to the unified approaftb] with
factors, in particular in the trigger acceptance, can- the background contribution of 0.197 events, we set
celed. We obtainedt = (2.99 + 0.07) x 10~* and a 90% C.L. upper limit on the partial branching ratio
SES= (3.72+0.14) x 102 for ¢ = 1.8 including uni- B(Kt — ntyy, P>213MeV/c) as 83 x 10°° for
tarity corrections andt = (1.10+ 0.04) x 10~% and ¢ = 1.8 including unitarity corrections and®x 10~8
SES= (1.01+ 0.05) x 108 for ¢ = 1.6 without the for ¢ = 1.6 without the corrections. The systematic
corrections. The former sensitivity was below the pre- uncertainty was not taken into consideration in de-
dicted branching ratio of. 80x 102, giving an expec-  riving the limits. For the purpose of comparison with
tation of 1.6 events. In order to verify that the sensitiv- the previous E787 results, a 90% C.L. upper limit for
ity estimations were correct, a samplefof — v the totalK+ — mTyy branching ratio assuming the
decays accumulated with a calibration trigger was ana- phase-space distribution was calculated; the present
lyzed. The branching ratio of 6284 0.020 measured  limit 6.0 x 108 is 8.3 times lower than the same limit
with the samek *-stopping efficiency was consistent in E787(5.0 x 10~7).

with the Particle Data Group valjé]. The systematic The data described above were also used to set an
uncertainty in the sensitivity was estimated to be less upper limit on the branching ratio fok+ — 7ty
than 10%. decay, which is forbidden by angular-momentum con-

After imposing all analysis cuts, no events were ob- servation and gauge invariance, but is allowed in non-
served in the signal regiorFig. 3). The group of 74  commutative theorief26]. The signature oK+ —
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Fig. 3. Range (equivalent cm of plastic scintillator) vs. kinetic en-
ergy (MeV) plot of the events with all analysis cuts imposed. The
box indicates the signal region for theét™ — = Tyy decay. The
dark points represent the data. The simulated distribution of ex-
pected events fronk+ — 7Ty for ¢ = 1.8 including unitarity
corrections is indicated by the light dots.

7Ty was a two-body decay of a kaon at rest with a
227-MeV/c =T track in the RS and a 227-MeV pho-
ton emitted directly opposite to it and observed in the
BVL and BV calorimeters. The trigger, event recon-
struction, and offline selection criteria in the study of
KT — ntyy had been designed so that the same data
were available to the search f&* — m+y. Since
the background levels were already small, the ac-
cepted region was not reduced for tke™ — 7Ty
analysis. The previous limit from the E787 study was
3.6 x 1077 [22] (90% C.L.) from data collected in
1996-1997 with a highly prescaled trigger with re-
laxed trigger-conditions resulting in the total kaon ex-
posure of 67 x 10°. The new 90% C.L. upper limit
from E949, using the acceptance & — n*y of
(1.0840.02) x 1073,is 23 x 107°.

The results from this study cannot confirm nor rule
out the unitarity corrections of ChPT, but the upper
limits obtained are the most restrictive yet achieved
onK*™ — 7Tyy and as well as oK+ — 7Ty. The
E949 experiment has been shown to be suitable for the
study of K™ — 7ty y in the ™ momentum region
close to the end point. The experimental uncertainty

E949 Collaboration / Physics Letters B 623 (2005) 192—-199

is limited by statistics; additional data is required to
more stringently test the predictions of ChPT for this
decay. The possibility to observe thiet — ntyy
decay in the kinematic region, if the ChPT including
unitarity corrections is correct, gives further impetus
for additional data collection.
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