VOLUME 93, NUMBER 2

PHYSICAL REVIEW LETTERS

week ending
9 JULY 2004

Search for the Rare Decay K; — 7

Dete~

A. Alavi-Harati,> T Alexopoulos.,13 M. Arenton,'? R. E Barbosa,'' A.R. Barker,>* M. Barrio,> L. Bellantoni,®
A. Bellavance,'” E. Blucher,’ G.J. Bock,® C. Bown,’ S. Bright,5 E. Cheu,' R. Coleman,® M. D. Corcoran,'”" B. Cox,?
A.R. Erwin,"® C.O. Escobar,* R. Ford,® A. Glazov,” A. Golossanov,'?> R. A. Gomes,* P. Gouffon,'! J. Graham,’

J. Hamm,1 K. Hanagaki,9 Y. B. Hsiung,8 H. Huang,6 V. Jejer,12 D. A. Jensen,8 R. Kessler,5 H.G.E. Kobrak,3 K. Kotera,9
J. LaDue,® N. Lai,’ A. Ledovskoy,12 P. L. McBride,® E. Monnier,>* K. S. Nelson,'? H. Nguyen,8 H. Ping,13 V. Prasad,’
X.R. Qi,8 B. Quinn,5 E. J. Rambelrg,8 R.E. Ray,8 M. Ronquest,12 E. Santos,11 K. Senyo,9 P Shanahan,8 J. Shields,12
W. Slater,? D. E. Smith,'? N. Solomey,5 E.C. Swallow,>’ S. A. Taegar,1 R.J. Tesarek,® P. A. Toale,® R. Tschirhart,?
C. Velissaris,"? Y.W. Wah,” J. Wang,'! H. B. White,® J. Whitmore,® M. Wilking,® B. Winstein,” R. Winston,’

E.T. Worcester,” T. Yamanaka,’ and R. E Zukanovich'!
1University of Arizona, Tucson, Arizona 85721, USA
2University of California at Los Angeles, Los Angeles, California 90095, USA
3University of California at San Diego, La Jolla, California 92093, USA
*Universidade Estadual de Campinas, Campinas, Brazil 13083-970
>The Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637, USA
SUniversity of Colorado, Boulder, Colorado 80309, USA
"Elmhurst College, Elmhurst, Illinois 60126, USA
8Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
90saka University, Toyonaka, Osaka 560-0043 Japan
VRice University, Houston, Texas 77005, USA
Wniversidade de Sao Paolo, Sao Paolo, Brazil 05315-970
'>The Department of Physics and Institute of Nuclear and Particle Physics, University of Virginia,
Charlottesville, Virginia 22901, USA

13University of Wisconsin, Madison, Wisconsin 53706, USA
(Received 17 September 2003; published 9 July 2004)

The KTeV/E799 experiment at Fermilab has searched for the rare kaon decay K; — 7’e™e™ . This
mode is expected to have a significant CP violating component. The measurement of its branching ratio
could support the standard model or could indicate the existence of new physics. This Letter reports
new results from the 1999-2000 data set. One event is observed with an expected background at 0.99 *
0.35 events. We set a limit on the branching ratio of 3.5 X 10719 at the 90% confidence level. Combin-
ing with the previous result based on the data set taken in 1997 yields the final KTeV result:

BR(K;, — 70¢Te™) <2.8 X 10719 at 90% C.L.
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The decay K; — 7’¢™ e~ has long been studied in the
context of standard model CP violation (CPV) and has
also been of recent interest in certain new physics scenar-
i0s. In the standard model, there are direct and indirect
CPV contributions to the amplitude, plus an interference
term [1-3]. The indirect component is known from the
measurement [4] of BR(Kg — 7%e*e™) and appears to
dominate. The direct component has been estimated to be
about (3-6) X 107!2, and the two CPV contributions to-
gether give BR(K; — 7%¢™ e )cpy in the range (8—45) X
10712, There is also a CP conserving amplitude through
m0y*y* states which can be determined from measure-
ments of K; — 7’yy [5,6]. In recent work, Buchalla,
D’Ambrosio, and Isidori [7] argue that the CP-conserving
contribution is negligible. They predict a standard model
branching ratio BR(K;, — 7%¢*e™) ~3 X 107!, domi-
nated by CPV, with a 40% contribution from direct CPV,
largely as a result of the the interference term.

Many scenarios for physics beyond the standard model
lead to significant enhancements of BR(K;, — 7e™e™).
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PACS numbers: 13.20.Eb, 11.30.Er, 14.40.Aq

In a large class of supersymmetry (SUSY) models, an
enhancement of up to 5 times the standard model expec-
tation is considered likely [8]. The existing experimental
limit has been used to constrain squark masses [9] and
SUSY contributions [10] to the charge asymmetry in
K* — 7=€*€¢~. The implications of a specific model
with extra dimensions for K, — 7% e~ and related
processes have been investigated in Ref. [11].

The existing experimental upper limit [12] on
BR(K; — ¢ e™) of 5.1 X 10719 at the 90% confidence
level (C.L.) is based on the 1997 KTeV dataset. In this
Letter, we present an improved limit based on data col-
lected during 1999-2000.

At KTeV, 800 GeV/c protons from the Fermilab
Tevatron were directed onto a BeO target to create two
parallel K; beams. The beams entered a 65 m long
vacuum tank, which defines the fiducial volume for ac-
cepted decays. Charged particles were detected by two
pairs of drift chambers separated by an analysis magnet
providing a transverse momentum kick of 0.150 GeV/c.
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Photon vetoes, which are positioned around the vacuum
decay region and the spectrometer, vetoed particles out-
side the fiducial region of the drift chambers. The KTeV
detector is further described in Ref. [13].

Powerful discrimination against charged pions, which
could fake electrons, was provided by a set of transition
radiation detectors (TRDs) behind the drift chambers.
Each of the eight planes was composed of a polypropylene
felt radiator paired with a double-plane multiwire propor-
tional chamber containing an 80%-20% admixture of
xenon and CO,. TRD cuts resulted in a pion rejection
factor of about 50:1, as measured in a sample of K; —
7~ e™ v decays. These cuts give a total TRD efficiency for
two-electron final states of 88.6%. A more detailed de-
scription of the TRD may be found in Ref. [14].

Downstream of the TRDs were the trigger hodo-
scopes, followed by the Csl electromagnetic calorimeter,
which had an energy resolution o(E)/E = 0.45% &
2%/~ E(GeV).

A detailed package of Monte Carlo (MC) simulation
routines, including GEANT-based shower simulations, was
used to study detector geometry and performance, as well
as various trigger and analysis selection criteria. The
programs were also used to simulate background events
and tailor cuts to optimize the signal to background ratio.

The K; — 7’e¢™ e final state consists of two photons,
which come from the 7° decay, and two electrons. K; —
m%e e candidates exhibit the following signature: two
tracks of opposite charge originating from a common
vertex, and depositing all of their energy in the calorime-
ter; and two other clusters in the calorimeter, which, when
taken as photons originating from the vertex, have a mass
consistent with the 77° mass.

K; — 779, events, where 79, indicates the pion Dalitz
decay 7° — ete” 1y, are used to measure the K; flux and
normalize the acceptance calculation. This mode has a
signature similar to K; — et e, with an additional
photon.

Recorded K; — 7¥¢*e™ and K, — 7%, events sat-
isfied the following trigger requirements. The hodoscope
planes and drift chambers must have had hits consistent
with the passage of two oppositely charged particles.
There must not have been hadronic showers in the calo-
rimeter, and the event must have deposited little energy in
the photon vetoes. There must have been a minimum
number of clusters in the calorimeter with energy greater
than 1 GeV, as determined by the hardware cluster count-
ing system.

In the offline event reconstruction and analysis, events
are required to satisfy further selection criteria. The
charged tracks must point to calorimeter clusters. To
identify these tracks as electrons, the ratio of the energy
of the matched cluster as measured in the Csl (E) to track
momentum as measured by the drift chambers (p) must
lie in the range 0.95 < E/p < 1.05. The track positions
must have sufficient clearance from the CsI edges. The
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decay vertex (Z,,,) has to be within the vacuum decay
volume: 96 m < Z,,,, < 158 m. The reconstructed kaon
momentum is required to be between 20.3 and
216 GeV/c. Tracks are required to be well separated
(greater than 1 cm apart at the first drift chamber) and
the opening angle between the two tracks has to be larger
than 2.25 mrad in the laboratory frame.

Further selection cuts for the K; — 7%z sample
included requirements on the invariant masses of the
ete vy, yy, and ete” yyy combinations, and on the
momentum transverse to the K; flight direction, p,. A
well-reconstructed kaon should have a p close to zero.
Using the calculated acceptance and known branching
ratio for K; — 7TO7TOD decays, the total number of K;
decays in the data sample is found to be (349.0 * 2.8, *
2164 * 11.8g) X 10°.

Several backgrounds with the e e™ yy final state exist
and can mimic the K, — 7%e* e~ signal. The first source
of background is K, — 7" 7~ 7%, where both charged
pions shower in the calorimeter and appear to be elec-
trons. To remove this background, the mass of the event,
under the hypothesis that the tracks were pions, is re-
quired to exceed 520 MeV/c?.

The second source of background is K; — 77" and
K, — 7 7%7° with one or two Dalitz decays of a 7° and
with one or more photons undetected. To ensure that all
K, decay products are observed, p3 < 1000 (MeV/c)?* is
required. Additional background events of this type are
removed by requiring that the invariant mass of the two
electrons, m,,, exceeds 140 MeV/ ¢%. However, there are
some backgrounds involving two 7% decays in which
only one electron and one positron are reconstructed
with a high mass. These events might also include coin-
cident accidental activity. These background events are
rejected by requiring that m,, be less than 362.7 MeV/c?.

The third source of background is K, — 7~ e" v,
where the pion fakes an electron by showering in the
calorimeter, and photons are radiated by the electron or
are accidentals. This background is rejected by examining
the response of the TRDs for both tracks.

After these cuts are applied, the single largest remain-
ing background is the radiative Dalitz decay K; —
e*e” yy with invariant mass of the two photons, My,
consistent with the 77° mass. These events come from both
internal and external bremsstrahlung; both contributions
were studied in Ref. [15].

In Fig. 1, m,,, is plotted against the invariant mass of
the four-particle system, m,,,,. The m,, is determined
under the assumption that the photons came from the
charged vertex, while m,,.,, is calculated using the “neu-
tral vertex,” found by applying the 7° mass constraint to
the photon energies and positions in the calorimeter.
Better m,,.,, resolution is achieved for the signal Monte
Carlo simulation using the neutral vertex, but this proce-
dure gives the incorrect mass for the K; — ete yy
background, resulting in the diagonal swath in Fig. 1.

0
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FIG. 1. m,, (charged vertex) vs m,,,, (neutral vertex) for the
data after all cuts have been applied except for the phase space
cuts. The regions appearing in the figure are discussed in the
text, and signal events in the center box have not been plotted.
Masses are in GeV/c?.

There are several distinctive regions in the m.,, vs
M,eyy Plane. The “box” is the blind region, which was
covered up until cuts were finalized in order to minimize
human bias. It spans 130 <m,, <140 MeV/c?

435 < my,,, <510 MeV/c?. The ellipse inside the box
is the signal region, which spans *2¢0 in the K; —
m’e™ e” signal Monte Carlo Meeyy and m,,,, distributions.
In the m,,,, direction, the ellipse is £5.02 MeV/c? wide,
and in the m,, direction it is =2.32 MeV/c? wide. The
rectangular strip” to the left of the box is dominated by
backgrounds from K; — 7,7 and K; — 7’7 7% de-
cays with accidental 77°. Missing particles in these decays
cause the reconstructed mass m,,,, to be low. Because
these backgrounds accumulated in the strip, this region
is not considered in the background estimation de-
scribed below.

In the background estimation, the data in Fig. 1, outside
the strip and box regions, is fit to the sum of planar parts
and the K, — e*e” yy sample:

f(Mmeeyy, my,) =Ag + A, m,, +A

yyMyy eeyyMeeyy
t Ag8(Meeyy, My,

where g(m,,,, m.,) is the K; — e* e~ yy distribution in
the m,, vs m,,,, plane. The parameters A; were the
parameters from the fit. The non-K; — e"e” y7y back-
ground was well modeled with first-order terms. The
estimated background in the signal ellipse is 38.11 =
1.67 events, with 0.27 = 0.03 event contribution from

non-K; — ee?y?y backgrounds.
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In order to reduce this background, phase space cuts
[16] are applied to the data. The phase space variables
with the best discrimination against K, — e*e” yy are
ly,| and 6. The variable y, is the cosine of the angle
between the 77° decay axis and the sum of the momenta of
the two electrons, calculated in the center of mass of the
photon pair. In the signal mode, |y, | is uniformly distrib-
uted because the pion has spin zero, but in K; —
ete” v, the distribution is peaked at one. The variable
Omin 1s the minimum angle between any photon and any
electron in the kaon rest frame. It provides good separa-
tion because, in K; — et e~ y7v, a radiated photon typi-
cally has a small angle with respect to the electron from
which it originated, while in K; — 7% te™, 0., is
nearly flat. Dlstributions for |y,| and 6., in K, —
mete” and K, — eTe”yy Monte Carlo simulation as
well as the data appear in Fig. 2.

To find the optimum value for the phase space cuts, the
values of both cuts are varied, and for each set the
expected background and signal acceptance are calcu-
lated. The expected 90% C.L. branching ratio limit is
determined for each set of cuts by generating many vir-
tual experiments and using the Feldman-Cousins tech-
nique [17]. It was assumed that only events due to
background are observed. The optimized phase space
cuts are taken to be the values that yield the lowest
expected branching ratio limit.

The phase space cuts selected 6,,;, > 0.362 and |y, | <
0.745, which reduce the expected background in the
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FIG. 2. |y, | (top panel) and 6., (bottom panel) distributions
for K;, — e e™ MC simulation and K; — e" e~ y7y data and
MC simulation. K; — e*e” yvy events come from inside the
swath but outside the box. K; — 7%¢Te™ MC calculations are
from inside the box, and the normalization is arbitrary. 6, is

in radians.
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FIG. 3. m,, vs m,., in GeV/c? for the data after all cuts
have been applied. The box is open and one event appears
within the signal ellipse, with a background of 0.99 * 0.35

events.

signal ellipse to 0.99 * 0.35, with a contribution of
0.84 = 0.22 from K; — eevy7y. The expected background
in the box from all sources is 3.9 * 1.4 events, with 2.9 *
0.75 events due to K; — eeyy. The phase space cuts
reduce the signal acceptance by 27%, giving a final ac-
ceptance, assuming uniform three-body phase space, of
(2.749 = 0.013)%, and a single event sensitivity of 1.04 X
10719, The acceptance for this analysis is about 30% less
than the acceptance for our earlier result. The acceptance
loss is due to tighter TRD, phase space, and mass cuts,
which were needed to reduce backgrounds associated
with an increased level of accidental activity.

When the box in Fig. 1 was opened (Fig. 3), one event
was observed in the signal ellipse and five total in the box.
Taking the expected background into account, we deter-
mine at the 90% C.L. BR(K; — 7%ete™) <3.50 X 10719,
Combining this with the previous result yields the
final KTeV result: BR(K, — 7¢Te™) <2.8 X 10710
at 90% C.L.

If instead of a uniform three-body phase space distri-
bution for the signal mode we assume a vector interaction
model for the direct CPV part of the decay and allow for
form factors as in [12], we find for the combined 1997 and
1999 data samples a 90% C.L. upper limit of BR(K; —
mlete™) < 3.4 X 10710 If the decay K, — 7lee™ is
saturated by the direct CPV component, we constrain the
Wolfenstein Cabibbo-Kobayashi-Maskawa (CKM) pa-
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rameter |n| < 3.3 at the 90% C.L. Although other mea-
surements yield a more stringent constraint on |%/, it is
important to make a variety of measurements in both the
kaon system and the B system to determine if the CKM
parameters are consistent.
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