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Search for the decayK, — #°v» using w°—e*e "y

A. Alavi-Harati? I. F. Albuquerqluel,O T. Alexopoulost? M. Arenton!! K. Arisaka? S. Averittel® A. R. Barker®
L. Bellantoni/ A. Bellavance’ J. Belz° R. Ben-David’ D. R. Bergmari? E. Blucher* G. J. Bock’ C. Bown? S. Bright?
E. Cheut S. Childres<, R. Colemarf, M. D. Corcoran’ G. Corti* B. Cox!* M. B. Crisler! A. R. Erwin? R. Ford’
A. Glazov? A. GolossanoV! G. Grahanf, J. Grahanf, K. Hagan!'! E. Halkiadakis® K. Hanagakf* M. Hazumi®
S. Hidaka® Y. B. Hsiung! V. Jejer!! J. Jenningd,D. A. Jenser|,R. Kesslef: H. G. E. Kobralk® J. LaDue> A. Lath*°
A. Ledovskoy! P. L. McBride! A. P. McManus'! P. Mikelsons’ E. Monnier®" T. Nakaya’ U. Nauenberg,K. S. Nelson'*
H. Nguyen’ V. O'Dell,” M. Pang’ R. Pordes, V. Prasad’, C. Qiao? B. Quinn? E. J. Ramberd,R. E. Ray’
A. Roodmarf, M. Sadamotd, S. Schnetzel? K. Senyc® P. ShanahahP. S. ShawhafiW. Slater? N. Solomey!
S. V. Somalwa® R. L. Stone'® I. Suzuki® E. C. Swallow*® R. A. Swansori, S. A. Taegat, R. J. Tesarek?
G. B. Thomsort® P. A. Toale® A. Tripathi? R. Tschirhart, Y. W. Wah? J. Wang! H. B. White,/ J. Whitmore’
B. Winstein? R. Winston? J.-Y. Wu® T. Yamanak&, and E. D. Zimmerméh
1 University of Arizona, Tucson, Arizona 85721
2 University of California at Los Angeles, Los Angeles, California 90095
3 University of California at San Diego, La Jolla, California 92093
4 The Enrico Fermi Institute, The University of Chicago, Chicago, lllinois 60637
5 University of Colorado, Boulder, Colorado 80309
6 Elmhurst College, Elmhurst, lllinois 60126
" Fermi National Accelerator Laboratory, Batavia, lllinois 60510
8 Osaka University, Toyonaka, Osaka 560 Japan
9 Rice University, Houston, Texas 77005
10 Rutgers University, Piscataway, New Jersey 08855
11 The Department of Physics and Institute of Nuclear and Particle Physics, University of Virginia, Charlottesville, Virginia 22901
12 University of Wisconsin, Madison, Wisconsin 53706
(Received 8 July 1999; published 10 March 2p00

We report on a search for the deday— #%vv, carried out as a part of E799-Il, a rdfe decay experiment
at Fermilab. Within the standard model, tke— wovjdecay is dominated by dire€@P violating processes,
and thus an observation of the decay implies confirmation of ddtiolation. No events were observed,
and we set an upper limit for the branching ratiokof— m%vv to be < 5.9x10 7 at the 90% confidence
level.

PACS numbdss): 13.20.Eb, 11.30.Er, 12.15.Hh

I. INTRODUCTION Cabibbo-Kobayashi-Maskawag CKM) matrix [7,8], the
. branching ratioB(K, — 7°vv) is proportional toz?. The
. The decayK —"vv is dominated by direc€P violat-  ncertainty of the hadronic matrix elementin — 7%y is
ing processes within the standard model through second OKliminated by the experimental measurement IofK*
d_er d!agrams such a5 penguin d'?gfa.mﬁl]- Indirect CP —a%"v) and the lifetime oK , which leads to an uncer-
violating andCP conserving contributions are expected to o : o —
be highly suppressef®—5] for the following reasons. First tainty of =1.5% in the expectation 0B(K —m"vv). In
order decay diagrams, which lead to relatively large indirecddition, due to the small uncertainty-@%) in the next-to-
CP violation in K .—mm, do not contribute toK, s leading order QCD correctioff], B(K, — 7%vv) gives di-
— m%vv because of the absence of a tree level flavor changect access toy. The current knowledge of the CKM param-
ing neutral current. The indirec@ P violating contribution  eters[10] allows us to predicB(K, — mvv) to be (1-5)
via second Ozrder diagrams is suppressed by five orders ot 10~ [11]. The uncertainty comes directly from the input
magnitude €“). Long-distance indirecCP violating and  CKM parameters. As the theoretical calculations are unam-

cP Occins*er_ving cc()jrjtributions frohr_rKhL—m-rO?/* _fand EL biguous, an observation of the deddy— 7°vv at the sen-
—my"y" Intermediate states, which are significantdn g iry of ~ 10~ would indicate the existence of direCtP

Opt o 0, +, - ot i 0 S ) , )
—me'e andK —m u p, do not exist inK, —7"vv  yiglation, and an observation outside the predicted range
Would indicate new physicgl2].

because the neutrinos in the final state do not couple to vi
It is experimentally difficult to search fd¢, — 7%vv be-

tual photond6].
Followi the Wolfenstei trizati f th . ; :
oflowing € offenstein - parametrization 0 © cause the signature is only an isolatedl The current upper
limit, B(K,—wvr)<1.6x10 ° at the 90% confidence

. S0
*To whom correspondence should be addressed. kazu@fnal.golgVel. was obtained by using”— yy decay{13]. We report
On leave from C.P.P. Marseille/C.N.R.S., France on the search foK, — #%vv in the Dalitz decay mode°
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—e'e y, w%) with the E799-Il experiment using the KTeV upstream of the calorimeter for charged particle triggering.
detector at Fermilab. The data were collected in 44 days ofhere were 8 transition radiation detect¢f&RD’s) between
running in 1997. the spectrometer and the trigger hodoscope far sdpara-
tion. The TRD’s consisted of polypropylene fiber mats as
radiators and active multiwire proportional chamber
Il. THE APPARATUS (MWPC) volumes.
The hermetic photon veto system, consisting of perimeter

Fi 1 sh I i f the KTeV . Th
igure 1 shows a plan view of the KTeV detector < toes(PV) 1-9, a collar vetadCV) and a beam hole veto

elements of the detector relevant to this search are describ Y 4 to detect phot issing the fiducial
below. Kaons were produced by an 800 GeV proton bea ). was used to detect photons missing the fiducial area

: ; f the calorimeter. Each photon veto counter had a sandwich
that struck a 30 cm long BeO target with a cross section of . D
3 mm X 3 mm at a targgeting angl?a of 4.8 mrad. In the ﬁrststructure of_Pb(W in the CV) and scintillator. The total
(secondl part of the running period, two neutral side-by-side depth of radiator was 1K for PV's, 8.6X, for CV, and 30

: ; Xo (equivalent to~1 nuclear interaction lengttor BHV.
beams with a solid angle of 0.28.35 usr each were de- 20 . .
fined by collimators downstream of the target. A 7.6 cm IongThe BHV was located downstream of the calorimeter and in

lead absorber was placed to convert photons in the beams yc'le neutral beatr_n region. Th% BHV Wgstr?egmlentg? g?to ItWO
electron-positron pairs which would be removed by the rangversleo ;ec |on€onDe per ear)na;l h rele ongitu 'Ea
sweeping magnets located downstream of the target. The tv\ﬁ)eCt'onS( o each. Downstream of t e calorimeter, there
beams entered a 69 m long evacuated FL0L0° 6 torr) de- was a 10 cm I_ead wall follovyed by a scintillator plaffed-
cay volume starting 90 m from the target. The downstrean©" vetg to reject charged pions. .
end of the volume was sealed by a vacuum window made of 'h€ tfigger was designed to accept events with two elec-
Kevlar and Mylar with a thickness of 0.0035 radiation trons and a photon so thK‘LHZBEV andK_ —e"e” y de-
lengths o) in total [14]. The neutral beam was mainly cays were accepted. The —e"ey decays were used to
composed of neutronk, 's, A%’s, and=%'s with the relative ~ measure the number of decayied's. The trigger hodoscope
ratios of 35 : 1 :0.02 : 7.5<10™* at the beginning of the and drift chambers were used to select two charged track
vacuum decay region. The average kaon momentum was 7&Yents. The calorimeter was required to have an energy de-
GeVi/c. Approximately 3% of the kaons decayed inside thePOSit greater than 1&@4) GeV in the first(second part of the
vacuum decay region. running period. Events with significant energy in the photon
The position and momentum of charged particles werer hadron vetoes were rejected. Events with three or four
measured using a spectrometer consisting of four drift cham@lusters in the calorimeter with a minimum energy of 1 GeV
bers, two upstream and two downstream of a dipole analy2vere selected by the hardware cluster counting sy$th
ing magnet_ The magnet had a momentum kick of 205The TRD pulse he|ght information was used to |dent|fy elec-
MeV/c. Each chamber consisted of two orthogonal views ( trons at the trigger level.
andy), and had approximately 10@m single-hit position

resolu_tion per view. An electromagngtic calorimeter with di- IIl. EVENT SELECTION
mensions of 1.9 nx 1.9 m and 27X, in depth was used for
photon detection and electron identificat{d®]. It was com- The strategy in offline selection was to identify, decays

posed of 3100 pure Csl crystals. The energy resolution of thby reconstructing the invariant maseg,,) and selecting
calorimeter was below 1% averaged over the electron energyigh p; events in order to suppress backgrounds, wipgie
range 2 to 60 GeV. A scintillator hodoscope was placed jusa total momentum transverse to tke flight direction. The
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K. direction was measured as a vector projected from thez  0.5¢
target to the decay vertex point on an event-by-event basiszs 045t N\ Masked Region

i &) E
The p, cut was used because”’s from K —7%»v have a 3§ %% 8% Signal Regi
. . . . . 0.35E igha egion
higher kinematicp, limit than those from most of back- g
ground processes. 0.3 .

%

2R

KX

KX
%S

In order to avoid human bias in the determination of se- OO0
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region was defined in thep, vs mg, plane as 125 0I5, 5o '
<Mee,(MeV/c?) <145 and 166 p,(MeV/c)<240. Monte 0.1
Carlo (MC) simulation was used to optimize all cuts while 0.05

P . - i N Er i e B e 1 e Wy el LD e iy
data within the masked region were hidden. 0 115 120 125 130 135 140 145 150 155 160

The offline event selection began with the identification of Distance from target (m)
mp decays by requiing 125mee,(MeV/c?) <145
(~*30). There were five categories in the remaining back- FIG. 2. p; vs z before thep, cut. The location of the vacuum
grounds such a&, — 7 e v (Kg), K —a* 7 73, hy-  Window isz=159 m.
peron decaysk, — w073, K —7%7%73, and beam back- 0 0.0

0_0
ground. Below we describe the cuts to suppress each '€ K@ mp and K,z "mp backgrounds were
background suppressed by the photon veto system. The thresholds for

A serious background wak ., decays where a photon measured photon energy were set to 200 MeV for PV1 and

was radiated from the electron or overlapped accidentall V\Z/’ f250C\I\;IeV gorSPGV 3\’/(5:;050 GM;foorﬂt]hef_re?t of t'.DV S’fl
and the pion was misidentified as an electron. Electrons wer ev for » an ewis. €V Tor the Tirst section o

selected by requiring 0.95E/p<<1.05 whereE is the energy HV on the samdoppositg side as 'ghe reconstructed decay
deposited in the calorimeter angis the momentum mea- position. The number of clusters with energy greater than 1
GeV at the calorimeter was required to be three, and events

sured by the spectrometer. This cut was 94% efficient for . )
detecting both electrons and 0.4% for a pion. The transvers\é{'.th extra clusters with energy greater than 250 MeV were

4 . 0
shower shape at the calorimeter was also used to distingui ﬁJeCteod' Jhedphotoggvggi/rggwrem&angs Orejectetd 99h'.?/° of
electrons from pions. The confidence level to identify pions' L7 7p @nd OVer 99.95% Ok = mar ‘mp events, whiie
formed from the 8 TRD’s was required to be less than 1%

41% of the signal, as measured Ky—e" e~y events, was
which gave a 95.0% efficiency for electrons. Events Withlost. The signal loss was mostly due to the high rate neutral
out-of-time accidental energy in the calorimeter were re-

beamg(13 MHz K| and 44 MHz neutronstriking the BHV.
jected. The photon energy was required to be greater than &

e rejection factor in the MC was compared with data by
i ; 2

GeV because accidental and radiated photons typically ha/Sing events wittp; <150 MeV/c andme,, <100 MeV/c*.

lower energy. Dalitz decays, which favor lom,., were

It is expected from MC that 84% of events weky
0,00 0.0 or =0 _, A0 0 i : :
selected by requiringn,e/Mee,<0.3, wherem is the in- 7 ™ 7p Of K —a"mp of Z7—ATarp in the kinematic
variant mass of the electron pair. Definig (9_) as the e€gion above. The fraction of events passing the photon veto
angle between a photon and a posittetectron in the #”s ~ réquirements in this region was measured to be-D.@% in

rest frame, cof,+ cosf_ was required to be less than real data, while 1.60.5% in MC. "
—1.5, becauser™ ande” in semileptonic decays prefer a Another background was associated witf's produced

wide opening angle. These two kinematic cuts rejectedy Peam interactions with detector materials, primarily the

99.6% 0fK 43 events with a signal efficiency of 78%. vacuum window, as shown in Fig. 2. There was a cluster of
Backgrounds involvingr decays with unreconstructed €VENts az=159 m, the location of the vacuum window. To

charged particles, such &§ — "~ 77% were suppressed reject such events, the decay vertex positiorziwas re-

by eliminating events with more activity in the drift cham- quired to be less than 150 m. Lo
bers than expected from two charged track events. The remaining backgrounds were primarily from hyperon

High momentum, typically 200 to 300 Get/ A%s and decgys, W_hich had a WeII-reco_nstructﬁ@ deca_y_ in the fi-
=%s could reach the decay region. Decays of these hyperorfliCial region. These were rejected by requiripgto be

could lead to backgrounds such atso—mq-rg and =0 160<p;(MeV/c)<240 as shown in Fig. 3. The cut on the

—A°7Y , because of the undetected neutrons, or protons anr(ygh end was determined from the kinematic limit léf

pions. These backgrounds were reduced by requiringzthe_’WOVV decglys, a(l)lowmg for resolution. The main peak
position, or decay distance from the target, to be greater tha@fose fromA"—nmp, and the shoulder at 135 Me¥ivas

120 m. Since hyperons had higher energy than kaons, everf®@m Z°—A%x . The MC events were normalized by the
with photon energy greater than 50 GeV were rejected. Téneasured number of decayéd's, A%s, and E%s. With
suppress backgrounds with neutrons sucbh%s»nw%, the this absolute normalization, the agreement between data and
energy deposited to the third segment of BHV was requiredC distributions is excellent. Combining., andp; cuts,

to be less than 200 minimum ionizing particles equivalentthe efficiency was less than x40 ¢ for A°—nm, 4.5

This cut was applied only for the-x(—x) side of BHV ~ x10°° for E°—A%(—pm )amd, 1.7x10 % for E0—A°
when the decay vertex was found in thex(—x) region to  (—n#°) 77%, and 1.7% forEO—>A°(—>n7rg)7T° , While the
minimize the signal loss due to accidental activity. signal efficiency was 46%.
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S [ Tt TABLE I. Summary of expected background contribution in the
® Data . . .
< 107 7 MC BG sum final signal region.
E F = A—>n1t{;MC
S E—An MC Decay mode Expected number of events
E 10 3 signal MC
S | . K —mev+y 0.02+0.02
= [ Signal L 0
= 0 7 Region Ki—=7 7" mp <0.01
/ ‘% Aﬂnwg <0.04
ﬁ‘\ EO—>AO(—>p7T’)71;)% o.otg;ggg
- +0.
! iié E'—A%(—na)mp 0.016.004
S E0- A% (—nal) P 0.01+0.01
& (0005
10 i 5 ’00‘0‘0’:‘::&:???;: Ki— WOWOW% 0.03+0.03
RRIRLIHIHRKA 0_0
AR LSS ek K — a7 <0.01
0 0.05 0.1 0.15 0.2 025 Oy’ 0.04
Pt (GeVic) n+X—mX 0.04%5,01
FIG. 3. Finalp, distribution. The dots represent data, and openTotal 0.12°5%%

histogram is for MC expectation. Two main background contribu-
tions are overlaid. Also shown is the signal distribution predicted
from the MC simulation whose normalization is arbitrary.

estimation for beam interactions. We first lookedz atistri-
bution for thep,> 240 MeV/c region, and estimated the
contamination level into the signal rangeazty fitting thez

The MC simulation played an important role in both the shape with exponential. As a result, 0.08 events were ex-
calculation of signal efficiency and the estimation of back-pected in the region 120z (m)< 150 andp,>240 MeVi/c.
ground level. Accidental events taken during the runs werqext we scaled down the size of background to 160

embedded into the MC simulation for reproducing rea|<pt(MeV/c)<240 range by fitting the, shape withf (p,)

events. In order to verify the MC simulation and our Under'zexp{cons&slopexp (GeV/c)]. As a result, 50% of the
standing of the backgrounds, events around the masked r&imber of events int the >24(') MeV/c regi;)n were ex-
t

gion were compared between data and MC expectation as : )
shown in Fig. 4. The regiofff), which had the largest dis- pected tq be_|r_1 16Qp(MeV/c) <240. The slopes in the
crepancy of all the regions, had a Poisson probability ofXponential fitting of thept are —4.5203, —4.5+1.1,
5.6% for observing 10 events when 6.5 events were ex- 2-0= 1.6, and—3.6=4.4 in unit of 1/(GeVE) for z be-
pected. The good agreement between the expectation and tH§een 159 and 157 m with an interval of 0.5 m, respectively,
data in both thep, shape and the number of events validatestd no correlation betweem andz was found. Finally the
the MC simulation and our understanding of the back-contamination of backgrounds to the signal region due to
grounds. Even if one or more of the cuts is relaxed, thd?€am interactions was estimated to be 0:8640.08 X 50%)
agreement is still excellent. events.

The side band data were used in the background level The background levels except for those from beam inter-

actions were estimated by using the MC simulation, and

IV. BACKGROUND ESTIMATION

g 03F summarized in Table 1. In total, 0.18 33 background events
@ sk Regianiza) were expected.
B, Data 0 MC 0.0
0'26_ V. ACCEPTANCE
0'24; (b) (c) The signal acceptance fét, 's decaying between 90 and
0220 160 m from the target and with a momentum range of 20 to
f 0o 0.1 20.9 220 GeVt was calculated from MC simulation to be
0.2 0.152%. The acceptance f& —e*e™ y was similarly cal-
0181_ culated to be 0.815%. With 15951 observiég—e*e vy
T events, and assuming branching ratios ofxa1D ® for K,
0.16F —e'e vy, and 1.198% forr®—ee y [17], the single
F @1 07 |98 2.0 6.3 event sensitivity(SES in this search was calculated to be
014 (g)2 1.4 [(W30 39 [()2426 [2.56+0.02(stat)=0.17(sys)x 10 7. The statistical error
012:' P B I I I I comes from the statistics &, —e*e”y events. The sys-
01 011 012 013 014 015 0.6 tematic error represents the remaining errors, which are

FIG. 4. Number of events around masked region. The(lefld)
numbers represent data and the rigtalic) is MC expectation.

Mg (GeV/cZ)

dominated by the uncertainty B(K, —e*e™ y), 5.5%, and
B(7m°—e*e y), 2.7%. The other contributions from the
drift chamber's efficiency, TRD’s efficiency, and the energy
measurement were less than 1.9% each.
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VI. CONCLUSION Using the Dalitz decay method, and assuming an experimen-

Finally, we examined the signal region and found notal acceptance similar to that in the present result,

0.\ —9__ 3
events. Since no signal events were observed, the upper linfft€ SES fork —a"vv will be ~10 _1/(1_01 X1.198%
on the branching ratio ok, — 7% at the 90% confidence X 0.152%). This is still two orders of magnitude above the
9 L 7 standard model prediction. Therefore, in order to observe
level was determined to be 5.9 xX10 ‘.

this decay at the predicted level in the next generation of
kaon experimentsy®— yy decay mode will have to be used

VII. FUTURE PROSPECTS FOR DALITZ METHOD with improved beam and detector.

We define “background limit” as the SES at which,
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