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Abstract

The status of the analysis effort for the 25% data sample taken during the Fer-
milab ’96-’97 fixed target run for €’/e measurement from KTeV is presented here.
Detector performance, data statistics, background subtractions, data and monte-
carlo comparison for acceptance corrections, as well as the preliminary results on
K, — w07 are described in more detail. Prospects for KTeV99, in the up coming
6-months ’99 fixed target run, are also discussed here.
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1 Introduction

One of the best established methods for studying the origin of CP violation rests in the
observation of both K; and Kg decays into mt7~ and 27°[1][2][3]. If the CKM matrix is
indeed the source of CP violation, the parameter € /e, derived from the double ratio of
these decays, is expected to be non-zero[4].

Experimentally we would measure the double ratio R,
(K, —7nn )/ T(Kg = 7tn)
'K, — n°7%)/T(Kg — n°7°)

R = ~ 1+ 6Re(€ /e). (1)

The two most recent results from Fermilab-E731[2] and CERN-NA31[3] were

Re(€'/e) = (7.4 £ 5.2(stat) 4 2.9(syst)) x 1074, (E731) (2)
Re(€'/€) = (2.3 & 3.5(stat) 4 5.5(syst)) x 107 (NA31) (3)

which gave inconclusive interpretations between Standard Model CP-violation[5][6] and
Superweak CP-violation[7] at a precision of 7 x 10™* total error with a statistics sample
of ~ 400k K — 27° events collected in these experiments (the limiting statistics channel
of the four decay modes in the double ratio, as shown in Eq. 1).

With the capability of producing high flux neutral kaon beam, large yield, low back-
ground, the new experiments such as Fermilab-KTeV, CERN-NA48[8] and DAPHNI-
KLOE9] (with large acceptance and long decay region, precision detection technology,
high-speed electronics and data acquisition system with low deadtime), can now collect
millions of good 27 decays toward the goal of 10™* precision measurement of Re(€'/e).
Such measurements are likely to be the first ones to establish the “direct” CP-violating
effect before B-factory experiments and other rare K and B decays[10].

2 KTeV Detector and Performance

The KTeV apparatus is shown in Figure 1. Two side-by-side neutral kaon beams were
produced by 800 GeV protons striking a 30 cm long BeO target and a series of precision
collimators and sweeping magnets. Typical primary intensity was 3 x 10'? per spill. Each
spill was 20 sec long and came in every 60 sec. About 100 meters downstream of target of
the experiment (followed by 58 meters long vacuum decay region) the kaon component of
these beams was predominately K. The Kg was produced by regeneration of K7, striking
a regenerator placed in one of the beams. The regenerator was moved from one beam to
the other every beam spill to reduce systematics due to beam and detector asymmetries.
The regenerator, about 1.7 meters long, was made of a fully active blocks of scintillators to
reject backgrounds from inelastic scattering and interactions. Only coherently regenerated
K decays were used for ¢ /e measurement.

The momenta of charged particles from the decay were measured with four drift cham-
bers, two on each side of an analysis magnet with 400 MeV /c kick in transverse momen-
tum. Each chamber consisted of four wire planes in two orthogonal views (z,z' and y, y').
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Figure 1: Plan view of KTeV detector (E832 €' /e configuration).

About 100 micron resolution was achieved for each plane. To improve the resolution,
gold-plated aluminum cathode wires were used in the chambers, and helium bags were
placed between chambers to reduce the multiple scattering in the spectrometer for the
charged particles. A Csl electromagnetic calorimeter[11] is used to measure the position
and energy of photons and electrons from the decay. Total 3100 Csl crystals were arranged
in a 1.9 m x 1.9 m square array located 186 meters from target. A typical online event
display of a K — 27° decay is shown in Figure 2. The central part of CsI array consisted
2232 small crystals (2.5 em x 2.5 em), the outer part are large crystals (5.0 em X 5.0 em).
Each crystal is 50 ¢m long, about 27 radiation lengths. A nearly hermetic photon veto
system (up to 100 mrad) was used to veto events in which one or more photons escape
the detector. The typical veto threshold for online trigger was about 500 MeV/c? in the
photon veto system. The veto threshold for regenerator was 0.7 mips (minimum ionizing
particle equivalent) for the last scintillator module and about 2 mips for the others. A set
of trigger hodoscopes just upstream of CsI calorimeter is used to trigger on charged decay
modes. Both CsI and trigger hodoscopes have two beam holes to allow the high intensity
neutral beam to pass through. Muons were vetoed by a scintillator hodoscope after 3
meters of iron shielding behind Csl calorimeter. Csl calorimeter was calibrated online
with K5 electrons throughout the run. Better than 2% stability was maintained during
the data taking with about 1% online resolution. Drift chamber was also calibrated online
with semileptonic two-track events. A level-3 software filter reconstruction was used to
make further reduction in the trigger.

Figure 3 shows the average energy resolution of the Csl from a sample of 190 million



calibration K3 electrons of the first 25% data sample. The clustering algorithm for the
energy and position of an electromagnetic shower in Csl calorimeter is based on 7x 7 blocks
for small crystals and 3 x 3 blocks for large crystals centered on the crystal with peak
energy, as shown in Figure 2. We obtained 0.75% resolution on E/p for electrons in this
sample, as shown in Figure 3(a). The linearity is better than 0.1% and the corresponding
intrinsic energy resolution for photon is less than 1% at 4 GeV and better than 0.6% for
the photon energy above 20 GeV, as shown in Figure 3(b). The position resolution is
about 1 mm. The resulting mass resolution for 7°7% is 1.6 MeV/c? and 1.8 MeV/c? for
777~ in the magnetic spectrometer.

Table 1 shows the improvements and comparisons of various beam and detector para-
meters from the KTeV experiment with the performance of previous E731/E773/E799-1
experiments at Fermilab, which used a lead-glass calorimeter and similar drift chamber

spectrometer[2].

Parameter E731/E773/E799 KTeV
Pressure in decay region 500 pTorr 1 pTorr

u flux per proton on target 4x10°° 2x10°7
Max. proton flux/spill 2.0E12 5.0E12
Calorimeter radiation exposure (E799) 450 rad/E12/week 50 rad/E12/week
7 energy resolution at 20 GeV/c 3.5% 0.65%
calorimeter nonlinearity (3-75 GeV/c) 10% 0.4%

7 /e rejection, calorimeter ~ 50 ~ 400
Magnetic field (p; kick) 200 MeV/c 400 MeV /c
Magnetic field nonuniformity 5% 1%
Material in spectrometer (rl) ~ 0.87% ~ 0.35%
Single wire plane resolution ~ 85um ~ 100pm
Track momentum resolution at 20 GeV/c 0.5% 0.25%

2u efficiency 82% 99%
Regenerator: Inelastic background in vac. beam ~ 1.8% ~ 0.3%

v veto performance (p.e. / MeV) 0.02 0.2

7 /e rejection, TRD system NA ~ 150
Level 2 clustering-trigger time 30 us 2 us

Level 2 tracking-trigger time 3 us 1.5 ps
Level 2 TRD-trigger time NA 1 ps

Level 3 complete event reconstruction NA 200k events/spill
DAQ output ~ 20 MB / spill ~ 300 MB/spill
Livetime 0.7 at 0.8E11 p/spill | 0.7 at 3.5E12 p/spill
Offline 7%7° mass resolution (MeV/c?) 5.5 1.6
Offline 777~ mass resolution (MeV/c?) 3.5 1.8

Table 1: Comparison between E731/E773/E799 and KTeV.
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Figure 2: A typical online event display of a K — 27° decay.
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Figure 3: (a) Measured E/p (calorimeter energy / spectrometer momentum) for a sample
of calibration electrons from K; — m¥eTv events; (b) Intrinsic o(E/p) versus momentum
for these electrons after subtracting the contribution of tracking resolution.



3 Status of ¢//e Analysis

The €' /e data were taken during '96 and ’97 fixed target run at Fermilab. About 4 million
K, — 27° events after offline cuts (the limiting statistics mode) were collected during this
running period. The analysis is currently concentrated on about 25% data sample, which
includes 797° data from 7 weeks running at the end of 1996 and 77~ data from first
18-days of running in 1997. The 1996 7*7~ data were not used in the current analysis
due to a drift chamber pathology (lower gas gain and higher threshold relative to the first
avalanche pulse in the chamber) combined with level-3 software cut caused a 20% loss in
the trigger and a possible systematics of 0.5% in the single ratio of K;/Kg for charged
ntn~ decays. This effect has been quickly discovered during the run and corrected in the
level-3 trigger for 1997 data.

The preliminary statistics of this data set for all four modes is shown below in Table 2
with the background fraction determined by the background subtraction described below.

€' /e mode Preliminary Total

data statistics | background fraction
Vac(K;, — m70) 1.0 x 10° 0.72%
Reg(Kg — 7°7) 1.6 x 10° 1.37%
Vac(Kp — nfn™) 1.9 x 10° 0.08%
Reg(Kg — nm™) 3.9 x 10° 0.09%

Table 2: Statistics and background fraction of €’ /e analysis for 25% data sample.

Figure 4 shows the various background contributions in the square of transverse mo-
mentum (p;?) distribution for K;, — 777~ and Kg — 77~ events. The background
in Kg is dominated by the remaining regenerator scattering events not rejected by the
0.7 maps regenerator veto cut. The background in K is dominated by the remaining
mis-identified semileptonic decays from the Csl calorimeter and muon veto system. Both
backgrounds in charged mode are quite small, less than 0.1% for the events underneath
the signal region with 488 < m,+,- < 508 MeV/c? and p,? < 0.00025 GeV?/c?, and can
be simulated well by Monte Carlo.

In the 7°7° neutral mode, the dominate backgrounds is from the remaining regenerator
scattering which is shown in Figure 5 for both K; and Kg decays. Same monte-carlo
simulation for the regenerator scattering as in charged 77~ mode was used to normalize
the scattered background in the center of energy equal-area box-ring distribtuions for 7%7°
mode. Scattering from the lips of last defining-collimator at 85 meters was also included
in the simulation as shown in both Figure 4 and 5. The background was estimated with a
cut at 110 in the box-ring number plot. The 37° background contribution underneath the
707% mass peak (488 < m,+,- < 508 MeV/c?) is quite small comparing with previous
E731 experiment, about 0.26% for K; and 0.01% for Kg, as shown in Figure 6. The
improvement is due to the nearly hermetic photon veto system (with an offline veto

thresholds at 300 MeV/c?) and fantastic resolution of CsI calorimeter.

A blind analysis approach has been used for the systematic study of the € /e measure-
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ment. An unknown offset to Re(e'/¢) has been added to the fitting procedure to mask
out the central value for the systematic error study. Monte Carlo simulaton was used
to compare with various data distributions for the acceptance correction. Figure 7 and
8 show the good agreement of data/MC kaon decay z distribution comparison for both
charged 777~ and neutral 27° and 37° modes.

Systematic studies are currently in progress for the acceptance correction, detector
calibration and energy scale, accidental effects, etc. with the use of high statistics 370,
K.3 and 777~ 7° samples as well as 27 decays. Improvements over E731 are expected, so
the systematic error can be further reduced below 2.9 x 107* in Re(¢/e).

4 Preliminary Results on K; — 70y

The decay K; — 7%y is of interest because it can be used to understand the contribu-
tion to the CP conserving amplitude for the rare decay K; — me*e™, which is expected
to have a large direct CP violating component. Because the O(p*) chiral perturbation
K; — myy contributions to K; — n%Te™ are helicity suppressed, it was originally be-
lieved that the CP conserving amplitude for this decay would be negligible[12]. However,
the vector meson exchange contribution to K; — 7%y have a different helicity struc-
ture than the O(p*) contributions and therefore can generate a large contribution to
K;, — n’ete” that is many orders of magnitude larger than O(p*) amplitudes. Further-
more, the predicted O(p*) chiral calculation[13] for the branching ratio of K — 7%y is
almost three times smaller than the previous measurements|[17][18] indicates the need for
helicity allowed contributions[14][15]. Another new prediction from O(p®) calculation[16]
is the presence of a low side tail in the m,, distribution, where the vy refers to the two
photons not associated with the 7°. The previous experiments did not have enough sen-
sitivity to see this tail. K'TeV now has sufficient statistics to observe the possible low-side
m.,, tail and to compare with O(p®) chiral perturbation theory.

The K — 7%y events were recorded at the same time with 27° decays in the € /e
data taking periods. The analysis requires two of the four photons be reconstructed
within 3 MeV/c” of the nominal 7° mass and the m.,, from the other two photons be
reconstructed 30 MeV/c? away from the 7° mass. The 7° mass resolution is 0.84 MeV/c?.
The dominant background is from K, — 7%7%7% in which two of the six photons “fused”
with other photons to appear as 4-photon-cluster event. To reduce such “fusion” back-
ground, we used the transverse photon shower shapes at the Csl calorimeter. Using
simulated photon showers as a template, we have computed a “shape” x? for each cluster
using energies of the central 3 x 3 crystals in each cluster. The maximum shape x? of
the four cluster events is shown in Figure 9 for each K, — m%yy candidate. A peak is
clearly seen at small value (below 3) of the shape x?, and we interpret this peak as the
K, — w7 signal. The figure also shows the 37° background monte-carlo prediction for
the tail in shape x2. After applying a cut of shape x? < 2.0, a preliminary m.,., distribu-
tion is shown in Figure 10(a). Figure 10(b) also shows the Dalitz variable y distribution,
where y = |E; — Ej|/mg and Ej and Ej are the energies of the two photons which are
not associated with the 7° in the kaon center of mass frame. There are 907 candidate

11



KTeV K — n'n” Data / MC Comparison (97a dataset)
80
70
60
50
40
30
20
10

® Data
— Monte Carlo

0
110 115 120 125 130 135 140 145 150 155

K — nt'n vertex Z distribution, vacuum beam

900
800
700
600
500
400
300
200
100

® Data
— Monte Carlo

0
110 115 120 125 130 135 140 145 150 155

K — n'n vertex Z distribution, regenerator beam

Figure 7: Data and Monte-carlo comparison of the decay z distribtuions for (a) K, —
ntn™ and (b) Kg — 777~ events, after all cuts.
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events in which 796 events are signal and 111 4 14 events are background. Normalizing
this sample to K; — 7’7 (requiring 130 < m,, < 140 MeV/c?) gives a preliminary
braching ratio of

BR(K, — m%y7) = 1.76 4 0.06(stat) & 0.08(syst) x 107, (4)

where the dominant systematic uncertainties are acceptance (2.4%), 37" background nor-
malization (2.2%) and the uncertainty from K; — 7°7° branching ratio (2.1%) as well as
the analysis cuts (3%). The acceptances are 3.13% for K; — 7’y and 3.23% for n%7°,
respectively for events with energies between 40 and 160 GeV/c®> and decaying in the
region between 115 to 128 meters downstream from target.

The number of events with m,, < 240 MeV/c® is 83 &+ 14 £ 9. which is the first
observation of the low-mass events for this decay mode. This corresponds to about 14%
of the total decay rate after correcting for the events that are removed by the 7° mass
cut. The shape x? distribution for these low-mass events is also shown in the inset of
Figure 9, and clearly shows the signal peak. A fit to m.,, and Dalitz variable y to extract
the vector meson coupling gives, ay, = —0.77 £ 0.05 & 0.04. This value of ay corresponds
to a CP conserving braching fraction for K, — m%*e™ between 1 to 2 x 107'2 which
is 2 to 3 orders of magnitude higher than prediction base on the O(p*) calculations[13].
Our measured branching ratio agrees well with O(p®) calculation with ay, = —0.77, which
gives 1.63 x 107%. The contribution of the direct CP violating amplitude to the rate for
K — mPeTe is expected to be approximately 4 x 10 '2[19]. This suggests that the CP-
conserving contribution to K; — 7% e~ will be comparable to the “direct” CP-violating
one.

5 KTeV99

During the ’96 and 97 fixed target run at Fermilab, KTeV has successfully accumu-
lated large statistics sample for Re(¢’/e) measurement, as well as many other rare kaon
decays[20][21]. The statistical uncertainty for Re(€'/¢) from the '96+’97 data sample is
expected to be 1.5 x 10~ *. Further improvement in statistics will come from the upcoming
6-month ’99 fixed target run. Base on the yield we had in ’97 running period, we expect
doubling the statistic sample for Re(€’/e) in about 3-month smooth data taking period.
Assumming that the systematic error on Re(€'/e) of 107 or less will be achieved with
higher statistics and better understanding of the detector performance, this may well be
the most precise measurement in search for “direct” CP violation in the next 5 to 10 years
before the next generation K; — 7°vi experiments. The rest data taking time in 1999
will be devoted to rare decay search program in kaon and hyperons, as well as continuing
the study of K; — 7°v¥ in preparation for KAMI[22].

Several upgrades are currently in progress for the KTeV detector for the ’99 run to
improve both the performance and reliability of Csl calorimeter and drift chamber system.
We are also improving the livetime for trigger and DAQ system to allow longer spill cycle
and better duty factor (40 sec flat-top in 80 sec slow spill cycle at intensity of 10'® protons
per spill) of the beam from the newly completed Main Injector and Tevatron at Fermilab.

14
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