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Measurements of directCP violation, CPT symmetry, and other parameters
in the neutral kaon system
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We present a series of measurements baseld,op— 7" 7~ andK s— 7°7° decays collected in 1996—
1997 by the KTeV experimertE832 at Fermilab. We compare these fdtr 777 decay rates to measure the
direct CP violation parameter Re(/¢e)=(20.7+2.8)X 10 *. We also tesCP T symmetry by measuring the
relative phase between ti@P violating andC P conserving decay amplitudes fr— 7" 7~ (¢, _) and for
K— 7% (¢o0). We find the difference between the relative phases toAle= ¢go— ¢, =(+0.39
+0.50)°, and the deviation o, _ from the superweak phase to lge, ~ — 5= (+0.61£1.19)°; both
results are consistent witB PT symmetry. In addition, we present new measurements oKth& s mass
difference andK g lifetime: Am=(5261+ 15)x 1 s~ and rg=(89.65+0.07)x 10 *? s.
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I. INTRODUCTION A(KL—>’7T+ )
Ny =—"———=¢+é€',
The discovery of thé&, — 7" 7~ decay in 19641] dem- A(Kg—m" ™)
onstrated tha€ P symmetry is violated in weak interactions. (1)
Subsequent experiments showed that the effect is mostly due B A(KL—>770770) P
to a small asymmetry between th€"—K°® and K°—K?° 700~ A(Kg— 7070) CeTes

transition rates, which is referred to as indir€d® violation.
Over the last three decades, significant effort has been de-is a measure of indire€@ P violation, which is common to
voted to searching for dire@P violation in a decay ampli- all decay modes. ICPT symmetry holds, the phase efis

tude. equal to the “superweak” phase:
Direct CP violation can be detected by comparing the
level of CP violation for different decay modes. The param- dsw=tan {(2Am/AT), (2

eterse ande’ are related to the ratio &2 P violating toCP
conserving decay amplitudes foK—=7*7~ and K  whereAm=m_—msis theK -Ks mass difference andl
— 700 =I'¢g—TI'| is the difference in the decay widths.
The quantitye’ is a measure of direc€EP violation,
which contributes differently to ther™ 7~ and #°#° decay
*Permanent address: University GfcSBaulo, Sa Paulo, Brazil. ~Modes, and is proportional to the difference between the

"Permanent address: CPP Marseille/CNRS, France. decay amplitudes for K—a* 7 (7°7% and K°
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— a7 (7°7°). Measurements ofr phase shift§2] show
that, in the absence dEPT violation, the phase ot’ is
approximately equal to that of. Therefore, Ref'/€) is a
measure of diredE P violation and Im '/ €) is a measure of
CPT violation.

Experimentally, Re€'/€) is determined from the double

ratio of the two pion decay rates &f, andKsg:

MK =77 )T (Kg—atm)

'K —770)/T (Kg— m07°)

2
~1+6 Rd€'/€). €]

_’ 7+ -
oo

For small|e’/€|, Im(e'/€) is related to the phases of, _
and 700 by

Ap=dgg— ¢ _~—31Im(€'/€). (4)

PHYSICAL REVIEW D 67, 012005 (2003

(7*77) and neutral ¢°#°) final states. The strategy of the
KTeV experiment is to produce two identidé| beams, and
then to pass one of the beams through a thick “regenerator.”
The beam that passes through the regenerator is called the
regenerator beam, and the other beam is called the vacuum
beam. The regenerator creates a cohdi€pt+p|Kg) state,
wherep is the regeneration amplitude chosen such that most
of the K— 77 decay rate downstream of the regenerator is
from the Kg component. The measured quantities are the
numbers oK — 7" 7~ andK— 7°#° decays in the vacuum
and regenerator beams. The vacuum-to-regenerator “single
ratios” for K— "7~ and K— #%#° decays are propor-
tional to |7, _/p|? and| 5y/p|?, and the ratio of these two
guantities gives Re{/¢) via Eq. (3) (also see Appendix A
The effect ofKs-K| interference in the regenerator beam is
accounted for in a fitting program used to extract Ké¢).

To reduce systematic uncertainties related to left-right
asymmetries in the detector and beamline, the regenerator

The standard model accommodates both direct and indi5qsition alternates between the two beams once per minute.
rect CP violation [3—5]. Unfortunately, there are large had- pecays in both beams are collected simultaneously to reduce

ronic uncertainties in the calculation of Ré(€). Most re-

cent standard model predictions for R&(e) are less than
30x10 4 [6-16. The superweak modell7], proposed
shortly after the discovery dk, —«* 7, also accommo-
dates indirecCP violation, but not direcCP violation.

Previous measuremen{d8-21] have established that

sensitivity to time-dependent variations in the beam intensity
and in detector efficiencies. The fixed geometry of the beam-
line elements, combined with alternating the regenerator po-
sition, ensures a constant vacuum-to-regenerator kaon flux
ratio.

K— ot 7~ decays are detected in a spectrometer consist-

Re(e'/€) is nonzero. This paper reports an improved meaing of four drift chambers and a dipole magnet; the well-

surement of Re{'/€) by the KTeV Experimen{E832 at

known kaon mass is used to determine the momentum scale.

Fermilab. This measurement is based on 40 million reconThe four photons fronK — #%7° decays are detected in a
structedK — mm decays collected in 1996 and 1997, andpyre cesium iodide(Csl) calorimeter; electrons fromK,
represents half of the total KTeV data sample. The 1996, ;*e¥, decays K,3) are used to calibrate the Csl energy
+1997 sample is four times larger than, and contains, ougcale. An extensive veto system is used to reject events com-
previously published samp[0]. We also present measure- ing from interactions in the regenerator, and to reduce back-

ments of the kaon parameteksn and rg, and tests oCPT
symmetry based on measurement\@f and ¢, _ — ¢dgyy-

grounds from kaon decays into nerw final states such as
K —mtu™ d 0,00
L—m utvandK —a o,

The outline of the paper is as follows. Section Il describes A Monte Carlo simulation is used to correct for the ac-
the KTeV measurement technique, including details abou&eptance difference betweei— 7 decays in the two
the neutral hadron beaniSec. Il B) and the detector used t0 peams, which results from the very differdt andK life-
identify K— 77 decays(Sec. I Q. The detector description times. The simulation includes details of detector geometry
also includes the calibration procedures and the performancgq efficiency, as well as the effects of “accidental” activity
characteristics relevant to the Ré(e) measurement. The from the high flux of particles hitting the detector. The
Monte Carlo simulation of the kaon beams and detector igjecay-vertex distributions provide a critical check of the
described in Sec. Il E. Section Il explains the reconstructiorsimylation. To study the detector performance, and to verify

and event selection for thé— 7" 7~ andK— #°#° decay

the accuracy of the Monte Carlo simulation, we also collect

modes, and also the background subtraction for each modgamples ofk, — 7 e*v and K, — m°7°7° decays with

Section IV describes the acceptance correction, and the fifych higher statistics than the— mr signal samples.
used to extract Re(/e€) and other physics parameters. Each

of these sections is followed by a discussion of systematic

uncertainties related to that part of the Re€) measure-
ment. Section V presents the Réfe) result along with sev-

B. The kaon beams

Neutral kaons are produced by a proton beam hitting a

eral crosschecks. Finally, Sec. VI presents our measuremerfi¥ed target(Fig. 1). The Fermilab Tevatron provides 3

of the kaon parametetsm, 75, A¢, and¢ . . Additional
details of the work presented here are given2al.

II. MEASUREMENT TECHNIQUE AND APPARATUS
A. Overview

The measurement of R€(/€) requires a source ok,

x10'2 800 GeVt protons in a 20 s extraction cycle
(“spill” ) once every minute. The proton beam has a 53 MHz
RF micro-structure such that protons arrive~#1 ns wide
“buckets” and at 19 ns intervals. The bucket-to-bucket varia-
tions in beam intensity are typically 10%.

The target is a narrow beryllium oxidéBeO rod, 3
X 3 mn? in the dimensions transverse to the beam, and 30

and Kg decays, and a detector to reconstruct the chargedm long corresponding to about one proton interaction
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0.2 Regenerator beam centers are separated by 14.2 cm, and the horizontal
E ] angle between the two beams is 1.6 mrad.
><0.15_: The two beams pass through an evacuated volume, held at
IMovable 1078 Torr, which extends from 28 m to 159 m from the
.11 Absorver target. This evacuated region includes the 110 m to 158 m
] range used in the analysis. The downstream end of the
0.05Targe evacuated volume is sealed with a 0.14% radiation length
] (Xp) vacuum-window made of kevlar and mylar.
o] | Most of the Kg component decays near the BeO target.
] sorber - - o
] Downstream of the defining collimator, the small “target-
-0.05- Kg” component that remains in the vacuum beam increases
]Common the K— 77 decay rate by 0.4% compared with a pute
-0.1-JAbsorber beam of equal intensity. This contribution from targey-is
] Primary Defining essentially zero for kaon momenta below 100 GeVhd
-0'15—: Collimator Collimator rises to 15% at 160 Gev/
: In the regenerator beam, most of tke~ 7w decays are
02 0 20 40 60 80 100 120 from the regenerate®g component. Decays from thi€,

z (m) component and fronkK¢-K, interference account for about
) ) ] 20% of theK— 7 decay rate, ranging from 5% near the
FIG. 1. Top view of the KTeV beamline, showing the BeO regenerator to 90% at the vacuum-window.

target, absorbers, collimating system, Mask Anti, and regenerator. . . )
The common absorber is a 7.62 cm thick Pb slab followed by a 52. ov\;l;hitcgg]?no?rlg?nnﬂ?; té]gon(te:rgglt r;ﬁgrsgcgﬁfnmtfegmaﬁ;ga
cm slab of beryllium. The movable absorber is a 45.7 cm slab 01 0 MHZ flux of kaons with/K = 1 3 and an average kaon
beryllium that alternates beam positions once every minute alon?n' fab 70 Gev/ o fth
with the regenerator. The crossover absoriseai2 mthick iron omentum O_a out e_V Upstream of the regenerator,
slab. Note the different horizontal and vertical scales. the kaon flux is 0.9 MHz witm/K =0.8; dovynstream of the
regenerator the flux of unscattered kaons is 0.15 MHz, or 13
o times smaller than in the vacuum beam. The flux of hyperons
length. The proton beam is incident on the target at a downat 9o m from the target is about 1 kHz in the vacuum beam.
ward angle of 4.8 mrad with respect to the line joining the|n addition to hadrons, there are muons that come from the
target and the center of the detector. This targeting angle iBeO target, the proton beam dump, and kaon decays; the

chosen as a compromise between higher kaon flux at smattal muon flux hitting the KTeV detector is about 200 kHz.
angles, and a smaller neutron-to-kaon ratidK) at large

angles. . o C. The detector

The center of the BeO target defines the origin of the o ]

KTeV right-handed coordinate system. The positaxis is Kaon decays downstream of the defining collimatar (
directed from the target to the center of the detector. The=85 M, Fig. 1 are reconstructed by the KTeV detectbig.
positive y-axis is directed up. 2), which includes a magnetic spectrometer, Csl calorimeter,

The particles produced in the BeO target include very fewand veto system. Downstream of the vacuum-window, the
kaons compared to other hadrons and photons~A400 m  SPace b_etween_detector components is filled with helium to
long beamline is used to remove unwanted particles and tfeduce interactions from the neutral beam, and to reduce
collimate two well-defined kaon beams. In this beamline,Multiple scattering and photon conversions of decay prod-
charged particles are removed with sweeping magnets, phd,!cts. The total amount of material u'ps'tream of the Csl calo-
tons are absorbed by a 7.62 cm Pb slab locatedz at fimeter corre_sp(_)n(_is to 4% of a radiation Ie_ngth; about 60%
—19 m, and most of the hyperons decay near the target. T6f the materlfal is in the trigger hodoscope_Just upstream of
reduce the neutron-to-kaon ratio, neutr¢kesons are attenu- the C_:sl ca_lorlmeter, and 10% of the material is upstream of
ated by a factor of 4.62.6) in a beryllium absorber that is the first drift chamber. Each of. the two_neutral beams passes
common to both beams. An extra “movable” absorber, syn-through holes in the Mask Anti veto, trigger hodoscope, and
chronized with the regenerator position, provides an addiCsl calorimeter. The beams finally strike a beam-_hole ph_oton
tional attenuation factor of 3.8.3) for neutrons(kaons in veto 5 meters downstream of the Csl. The following sections
the regenerator beam. describe the detector components in more detalil.

Each neutral kaon beam is defined by two collimators: a
1.5 m long primary collimatorZ=20 m), and a 3 mong
“defining” collimator (z=85-88 m) that defines the size  The KTeV spectrometer includes four drift chambers
and solid angle of each beam. Each collimator has twdDCs) that measure charged particle positions. The two
square holes, which are tapered to reduce scattering. downstream chambers are separated from the upstream
“crossover” absorber at=40 m prevents kaons that scatter chambers by a 8 2 n? aperture dipole magnet. The magnet
in the upstream absorbers from crossing over into the othgsroduces a field that is uniform to better than 1% and imparts
beam. At the defining collimator, the two beams have thea 0.41 GeV¢ kick in the horizontal plane. During data tak-
same size (444.4 cnt) and solid angle (0.24str). The ing, the magnet polarity was reversed every 1-2 days.

1. Spectrometer
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FIG. 2. Top view of the KTeME832 detector. The evacuated decay volume extends=t&59 m.

The DC planes have a hexagonal cell geometry formed byghamber(DC4) is 1.77x1.77 n?f and has 140 sense wires
six field-shaping wires surrounding each sense \ig. 3.  per plane.
The cells are 6.35 mm wide, and the drift velocity is about | ecroy 3373 multi-hit time-to-digital convertex@DCs)
50 um/ns in the 50-50 argon-ethane gas mixture. The maxizre ysed to measure the drift times relative to the RF-
mum drift time across a cell is 150 ns, and defines the widthyynchronized Level 1 trigger. The TDC resolution is 0.25 ns,
of the' “|n-t|me’j window. A chamber c_:qnssts of two planes which contributes 13« m to the position resolution. The total
of horizontal wires to measusehit positions, and o planes 5 time window is 2.5 times longer than the in-time win-
of vertical wires to measurehit positions; the twoc-planes, dow, and is centered on the in-time window. The track re-
as well as the twoy-planes, are offset by one half-cell to construction software uses only the earliest in-time hit on

resolve the left-right ambiguity. The andy hits cannot be each wire. Hits prior to the in-time window are recorded to
associated to each other using only drift chamber informa- _ P L .
tudy their influence on in-time hits.

tion, but can be matched using Csl clusters as explained in e . e
Sec. lIIB 9 P Each measured drift timeis converted into a drift dis-
! ) ncex with a nonlinearx(t) map. The maps are measured

There are a total of 16 planes and 1972 sense wires in the : ; .
eparately for each of the sixteen planes using the uniform

four DCs. The transverse chamber size increases with dis=F. o) ; .
it-illumination across each cell. The(t) calibrations are

tance from the target. The smallest chamt®€l) is 1.26 . ) :

x1.26 n? and has 101 sense wires per plane; the |argesqerformed in the 1-2 day time periods between each magnet

polarity reversal.

A charged-particle track produces a hit in each of the two

x andy planes. The tw hits (or two y hits) in each plane

are referred to as a “hit-pair.” For a track that is perpendicu-

lar to a drift chamber with perfect resolution, the sum of drift

distances(SOD) from each hit-pair would equal the cell

¢ width of 6.35 mm. The measured SOD distribution is shown
in Fig. 4. For inclined tracks, an angular correction is applied
to the SOD. The track-finding software requires a good hit-

? pair to have a SOD within 1 mm of the cell width. FKr
. — "~ decays, the average inefficiency for reconstructing
a good hit-pair is 2.8%; details of this inefficiency are given
e L © in the description of the Monte Carlo simulatioiBec.

The single-hit position resolution is typically 136m,
corresponding to a SOD resolution of 1p®n and a hit-pair
Track 1 Track 2 resolution of 80um. Using the tracking algorithm described

FIG. 3. Drift chamber hexagonal cell geometry showing sixIn Sec. Il B, the momentum resolution is,/p=[1.7
field wires (open circles around each sense witeolid dots. The ~ ®(p/14)]X10°3, wherep is the track momentum in Ge/
vertical dashed lines denote the boundaries of the “offset-cells” To reconstruct the trajectories of charged particles accu-
used in the track-separation disiee Sec. Ill B. For example, two  rately, the alignment of the drift chambers relative to each
offset-cells are between tracks 1 and 2. other, to the target, and to the Csl calorimeter must be
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£ 1065 X 2.5 cnt crystals in the central region, each viewed by a
& ..5] © Data 1.9 cm Hamamatsu R5364 photomultiplier tulieMT).
s107 — Mc There are also 86885 cn? crystals, each viewed by a 3.8
§10 4] cm Hamamatsu R5330 PMT. The transverse size of the calo-
;g 3? rimeter is 1.%<1.9 n?, and the length of each crystal is 50
w107y cm (27 X,). Two 15x 15 cnt carbon fiber beam pipes allow

102; the few MHz of beam patrticles to pass through the calorim-
3 eter without striking any material.

10 - The crystals were individually wrapped and tested with a
I SR S 137Cs source to ensure that the response over the length of
6543240123456 each crystal is uniform to withir-5% [23]. This longitudi-

Sum of drift distances — 6.35 (mm) nal uniformity requirement is necessary to obtain sub-percent

FIG. 4. Deviation of the sum of drift distancéSOD) from the ~ €nergy resolution for electrons and photons.
nominal cell size of 6.35 mm, for the-views using a sample of The Csl scintillation light has two components) a fast
K—a*m~ decays. The arrows indicate thel mm requirement component with decay times of 10 ns and 36 ns, and maxi-
for a good hit-pair. The data are shown as dots and the Monte Carlmum light output at a wavelength of 315 nrii) a slow
prediction as a histogram. Delta rays and accidental hits contributeomponent with a decay time ef1 us and maximum light
to the low-side tail of the distribution; delayed hits, described i”output at 480 nm. To reduce accidental pile-up effects from
Sec. Il E 2, contribute to the high-side tail. the slow component, a Schott UV filter is placed between the
.crystal and the PMT. The filter reduces the total light output

known. This alignment is determined in the same time peri- 0 . )
ods as the(t) calibrations. by ~20%, but increases the fast component fraction from

The transverse alignment of the drift chambers is basegPOUt 80% to 90%. The average light yield with the filter
on muons from dedicated runs with the analysis magne¥'VeS 20 photo-electrons per MeV of energy deposit. The Csl
turned off. The muon intensity is raised to 1 MHz by signal components discussed above include the effect of the

reducing the field in the upstream sweeping magnets, and tHfeMT spectral response. _ .

neutral hadron beam is absorbeg & 2 mlong steel block D|g|t}2|pg eIectromqs are'placed directly behind the P.MTs
placed in the beam a=90 m. These muon runs were per- (0 Minimize electronic noise {1 MeV). Each PMT s
formed every 1-2 days when the magnet polarity was re€quipped with a custom 8-range digitizer to integrate the

versed. Software calibration results in a transverse alignmerf1arge delivered by the PMT. This device, which is referred
of eachx andy plane to within 10um, and relative rotations t© as & “digital PMT" (DPMT) [24], has 16 bits of dynamic
known to within 20 rad. range with 8-bit resolution, and allows the measurement of
The transverse target position is determined with a preci€n€rgies from a few MeV to 100 GeV. In 1997, the digitiza-
sion of 35um usingK — 7 7~ decays in the vacuum beam tion and readout operated at the Tevatron RF frequency of 53

and projecting the reconstructed kaon trajectory back to théﬂHZ' angi the P.MT signa_l integration.time was 114(.65RF
buckets”), which permitted collection of approximately

target. The Csl offset relative to the drift chambers is mea- EE

sured using electrons from, — 7“e* » decays. 96% of the fast scintillation component. In 19_96, the readout
frequency was 18 MHZRF/3) and the integration time was

a factor of 2 longer than in 1997.

, . , To convert measurements of integrated charge to energy, a

The KTeV electromagnetic calorimeter consists of 310035¢r system is first used to calibrate the response from each
pure Csl crystals as shown in Fig. 5. There are 2232 2.%pMT. Then momentum-analyzed electrons  frof,
—m*e” v decays are used to calibrate the energy scale of
each channel.

The laser system consists of a pulsed Nd:YAG laser, a
fluorescent dye, and a variable filter to span the full dynamic
range of the readout system. The laser ligB60 nm is
distributed via 3100 quartz fibers to each individual crystal,
the light level for each quadrant of the calorimeter is moni-
tored with a PIN diode read out by a 20-bit analogue-to-
digital convertefADC). Throughout the data taking, special
hour-long laser scans to calibrate the readout system were
performed roughly once per week during periods when beam
was not available. Using these laser scan calibrations, devia-

1.9m tions from a linear fit of the combined DPMT plus PMT

FIG. 5. Beamline view of the KTeV Csl calorimeter, showing '€sponse versus light level are less than O(ti#s) for each
the 868 larger outer crystals and the 2232 smaller inner crystal$hannel. During nominal data-taking, the laser operated at a
Each beam hole size is ¥815 cnf and the two beam hole centers fixed intensity wih a 1 Hzrepetition rate to correct for short-
are separated by 0.3 m. term gain drifts that were typically<0.2% per day.

2. The Csl calorimeter
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8 1074 @&, ,] (b) (a)
? 10 6 u\ﬂ; : 0lE/E =
g 103 © 1% 2%NE ®0.4%
5 0.8 .
£ 107 - 1|2 74|75|76)77]78|79|80|81[82!83]84
9 1041 0.6
w 0.4
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FIG. 6. (@ E/p distribution based on electrons from
K,— 7*e* v decays, wheré is the energy measured in the Csl
calorimeter ang is the momentum measured in the spectrometer;
(b) electron energy resolution vs moment{aots obtained by sub- FIG. 7. (a) Diagram of the regenerator arid) magnified view
tracting the tracking resolution, shown by the smooth curve, fromof the downstream end of the regenerator. PMTs are not shown. The
the E/p-resolution;(c) E/p-mean vs momentum before the linearity dimension of each element is given in the figure. The kaon beam
correction is applied. enters from the left. Vertical arrows above the lead and scintillator

show the effective edge locations fér— 7°7° and K— "7~

To determine the energy scale in the calorimeter, we coldecays; the width of each arrow indicates the uncertainty.
lected 600 millionK, — 7=e* v decays during the experi-
ment: this number of events allows us to determine the enfor electrons is 1.2 mm for clusters in small crystals, and 2.4
ergy scale for each channel with0.03% precision every mm for large crystals.

1-2 days. The electron energy is determined by summing
energies from a &3 “cluster” of large crystals or a X7
cluster of small crystals centered on the crystal with maxi- KTeV uses an active regenerator as a sourdégdecays.
mum energy. The cluster energy is corrected for shower leakt consists mainly of 84 18 10X 2 cn? scintillator modules

age outside the cluster region, leakage at the beam-holes a[fig. 7(a)]. Each module is viewed by two photomultiplier
calorimeter edges, and for channels with energies below thgbes (PMTs), one from above and one from below. The
~4 MeV readout threshold. downstream end of the regeneraféiig. 7(b)] is a lead-

Figure @a) shows theE/p distribution for electrons from  scintillator sandwich, which is also viewed by two PMTs.
Kes decays, wherde/p is the ratio of cluster energy mea- This last module of the regenerator is used to define a sharp
sured in the Csl calorimeter to momentum measured in thegpstream edge for the kaon decay region in the regenerator
spectrometer. To avoid pion shower leakage into the electrobeam.
shower, ther™ is required to be at least 50 cm away from At the average kaon momentum of 70 Ge\Vthe mag-
thee™ at the Csl. TheE/p resolution has comparable con- nitude of the regeneration amplitude|jg~0.03. The isos-
tributions from bothE and p. The Csl energy resolution is calar carbon in the regenerator accounts for about 95% of the
obtained by subtracting the momentum resolution from theegeneration amplitude, which simplifies the model used to
E/p resolution, and is shown as a function of momentum indescribep when extracting physics parametégec. IV O.

Fig. 6b). The energy resolution can be parametrized as One can distinguish three main processes that contribute
oe/[E=2%/\JE®0.4%, whereE is in GeV; the resolution is  to Kg regeneration. These af® “coherent” regeneration,
1.3% at 3 GeV, the minimum cluster energy used in khe which occurs in the forward directiorii) “diffractive” re-

— %70 analysis, and is better than 0.6% for energies abovgeneration, in which target nuclei do not disintegrate but
20 GeV. The momentum dependence of the meAm[Fig.  kaons scatter at a finite angle, afiid) “inelastic” regenera-
6(c)] shows that the average energy nonlinearity is 0.5% betion, characterized by nuclear break-up and often by produc-
tween 3 and 75 GeV. This energy nonlinearity is measuredion of secondary particles. Only the decays of coherently
for each Csl channel and used as a correction. regenerated kaons are used in the &&) analysis. The

Electromagnetic cluster positions are determined from th@ther processes are treated as background.
fraction of energy in neighboring columns and rows. The The 170 cm length of the regenerator corresponds to
conversion from energy fraction to position is done using aabout two hadronic interaction lengths. This length maxi-
map based on the uniform photon illumination across eaclmizes coherent regeneration and suppresses diffractive re-
crystal for K— 7%#° data. The average position resolution generatior{25]. The diffractive-to-coherent ratio is 0.09 for

5.6 mm 4 mm

3. The regenerator
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K— mm decays downstream of the regenerator, and is re- (a) Photon Veto (b) Mask Anti (MA)
duced by kinematic cuts in the analysis. The corresponding
inelastic-to-coherent ratio is about 100. Since inelastic re-
generator interactions typically leave energy deposits of a
few MeV to 100 MeV from the recoil nuclear fragments, this
source of background is reduced using the regenerator PMT
signals; events with more than 8 MeV in any scintillator
element are rejected. Inelastic interactions with production of
secondary particles are suppressed further by other elements FIG. 8. (a) Transverse layout for one of five photon veto detec-
of the veto system. After all veto requirements, the level of, .o porveen the regenerator and the vacuum-win@ég: 2. The
inelastic scattering is reduced by a factor of a few thousandgquare aperture size varies, but is roughly 1 mékerVIA photon
making its contribution smaller than that of diffractive scat-yetg detector =123 m). The two MA beam hole sizes are 9
tering. X9 cn? and their centers are separated by 20 cm. For both detec-

The downstream edge of the regenerator defines the besrs the shaded region indicates the active veto area. The PMTs are
ginning of the regenerator-beam decay region for both thet the outer edges of each detector.

K— "7~ andK— 7°7° modes. A small fraction of decays

inside the regenerator enters the signal sample because plrig. 9). In addition to defining a sharp edge, the CA veto
tons can pass through scintillator and lead, and becausejects events in which more than 10% of a photon’s energy
charged pions can exit the last regenerator module without lost in a beam hole.

depositing enough energy to be vetoed. In the fit to extract

Re(e'/€) (Sec. IV Q, the median of the distribution df 5. Trigger and data acquisition

T decays:‘ '”S'd? the rege”nerator is used to define a per- KTeV uses a three-level trigger system to reduce the total
fectly sharp “effective edge,

\ dge,Zer. For the neutral decay 40 of stored events to approximately 2 kHz, while effi-
mode,z. is calculated using the known geometry and regen—cienﬂy collectingk — 7 decays. The level 1 triggeit1)

eration properties, and is46.2£0.1) mm from the down-  oq g deadtime and makes a decision every 1&ose-
stream end of the regenerator; it is shown by the arrow abov@ponding to the beam RF-structunesing fast signals from

the lead in Fig. ™). For the charged decay modgy; is Cg/e detector. The level 2 triggét2) is based on more so-

«— 66cm —

determined by the veto threshold ir_1 the last regenerator MOGshisticated processors and introduces a deadtime of 2s:3

ule. The threshold is measured using muons collected with g0y an event passes the level 2 trigger, the entire detector
separate frigger, and results inka—~m" 7 edge that is 5 eaq oyt with an average deadtime of 45. Each event is
(—1.65+0.45) mm from the downstream edge of the regenyhen sent to one of twenty-four 200-MHz SGI processors

erator; it is showr] by the arrow above the scintillator in Fig'running a level 3L3) software filter. An event passing level
7(b). The uncertainty comes from the geometry of the PMT-3 gojaction is written to a Digital Linear Tape for permanent

scintillator assembly and the threshold measurement frorgtorage. An independent set of ten 150-MHz processors is

muons. used for online monitoring and calibration.
For rate reduction, the most important trigger element is
_ the regenerator veto, which uses the signal from the down-
The KTeV detector uses veto elements to reduce triggegiream lead-scintillator sandwich plus signals from 3 of the
rates, to reduce backgrounds, and to define sharp aperturgg scintillator modules. This veto is applied in Level 1 trig-
and edges that limit the detector acceptance. The regeneraigérs to reject events from the 2 MHz of hadrons that interact
veto was discussed in the previous section. in the regenerator. After applying the regenerator veto, there

Nine lead-scintillator (16¢o) photon veto counters are js stjll a 100 kHz rate of kaon decays and another 100 kHz
positioned along the beam-line, with five located upstream of

the vacuum-windovFig. 8@)] and four located downstream

of the vacuum-window. These nine veto counters detect es-
caping particles that would miss any of the drift chambers or
the Csl calorimeter. Another 18, photon veto is placed
behind the Csl to detect photons that go through the beam-
holes; this “beam-hole veto” mainly suppresses background
from K, — w%7%#° decays. A scintillator bank betdrt m of
steel =192 m in Fig. 2 is used to veto muons, primarily
from K, — 7= u* v decays.

The upstream distribution of reconstructed kaon decays is
determined mainly by the “Mask Anti'TMA, Fig. 8(b)], FIG. 9. The Collar Anti(CA) is shown as the two shaded
which is a 16X, lead-scintillator sandwich located @  “picture-frame” regions that cover the inner 60¢4.50 cnj of the
=123 m. The MA has two &9 cn¥ holes through which  Csi crystals surrounding the beam holes. The neutral beams go into
the neutral beams pass. At the downstream end of the detege page, and the two beam-hole centers are separated by 30 cm.
tor, the Csl crystals around the beam-holes are partially cowvavelength shifting fibers transmit the scintillation light to PMTs at
ered by an 8.%, tungsten-scintillator “Collar Anti” (CA, the edges of the calorimeter.

4. The veto system

012005-7



A. ALAVI-HARATI et al. PHYSICAL REVIEW D 67, 012005 (2003

rate of hadron interactions in the vacuum-window and driftton vetos downstream of the vacuum-window are used in the
chambers. Additional trigger requirements are used to redudevel 1 trigger to reduce the rate frok) — 7°7°#° decays.
this 200 kHz rate by about a factor of 100 to match theThe level 2 trigger uses a hardware cluster coufi2éf to
bandwidth of the data acquisition system. count clusters of energy above 1 GeV in the Csl. Four clus-

Separate triggers are defined for the sigmdlm~ and ters are required foK— 7%7° decays, and a separate six-
7%7° modes. Each trigger is identical for the two beams and:luster trigger is pre-scaled by five to colleé¢t — m07%7°
for both regenerator positions. The charged, neutral, and spdecays. The level 3 filter requires that the invariant mass be
cial purpose triggers are described below. Each section irgreater than 450 Me\¢? for both the 7°#° and m%=°7°
cludes a brief summary of the trigger inefficiency, which isfinal states.
defined as the fraction of events that pass all analysis cuts, The neutral energy-sum trigger inefficiency has two com-
but fail the trigger. The inefficiencies are measured usingponents: a 0.6% inefficiency from early accidental effects
decays collected in separate minimum-bias triggers. and an inefficiency of 410 ° from the trigger hardware.

Charged decay triggerThe level 1 trigger for charged The level 2 trigger inefficiency of 0.4% comes from the
decays requires hits in the two drift chambers upstream ofiardware cluster counter. The level 3 inefficiency is 0.01%.
the magnet, and requires hits in the “trigger hodoscope” lo-  Other triggers In addition to the triggers used to select
cated 2 m upstream of the Csl. Each drift chamber is respecific decay modes, several special-purpose triggers are
quired to have at least one hit in both thandy views. The  used for monitoring. These includ® a “pedestal” trigger,
trigger hodoscope consists of two 5 mm thick scintillationwhich reads out the entire Csl calorimeter a few times per 20
planes, each with 31 individually wrapped counters. Theres spill, (i) a laser trigger to monitor the Cébec. Il C 2, (iii)
are small gaps between the counters, representing 1.1% afmuon trigger that requires a muon hodoscope signal instead
the area of each scintillation plane. The hodoscope counted using it in veto,(iv) a charged mode trigger that does not
are arranged to minimize the impact of these gaps; a particlese the regenerator vet,) a trigger using only the level 1
traversing a gap in one plane cannot pass through a gap f@s! analog sum with no level 2 requirement, afvil) an
the other plane. Each plane has twoxI# cn? holes to  “accidental” trigger to record random activity in the detector
allow the neutral beams to pass through without interactingthat is proportional to the instantaneous intensity of the pro-
The trigger requires 1 or more hits in both planes, and 2 oton beam; triggersiii )—(vi) are heavily pre-scaled. For the
more hits in at least one plane; this requirement allows fo@ccidental trigger, we use a telescope consisting of three
one of the charged particles to pass through a gap betweegintillation counters, each viewed by a photomultiplier tube.
the counters. The two hodoscope hits must also include botl is located 1.8 m from the BeO target and is oriented at an
the upper and lower “regions,” as well as the left and rightangle of 90° with respect to the beam axis. The target is
regions. The defined hodoscope regions have sufficient oveviewed by the counters through a &8.4 mnf hole in the
lap to prevent losses fdk — 7" 7~ events, except for de- stainless steel shielding around the target. A coincidence of
cays in which a pion passes through a scintillator gap in the&ignals in all three counters generates an accidental trigger.
central region defined bjy| <7 cm. To reduce the trigger Trigger rates Under nominal conditions, the total rates
rate from nons" 7~ kaon decays, signals from the veto passing L1, L2, and L3 are 40, 10, and 2 kHz, respectively;
system are used to reject events at the first trigger level. Thihis L3 rate corresponds to approximately 40000 events
muon veto is used to suppreés— 7= u* v decays, and the Wwritten to tape each minute. The deadtime, which is common
photon vetos downstream of the vacuum-window are used tto all triggers, is about 33% with roughly equal contributions
reject decays with a photon in the final state. from level 2 and readout.

The level 2 trigger requires that the drift chamber hits in
the y-view be consistent with two tracks from a common
vertex; to reduce signal loss from inefficient wires, a missing
hit is allowed. The L3 filter select§ — =" 7~ candidates by The data used in this analysis were collected in two dis-
reconstructing two charged tracks in the spectrometer; to retinct “E832” periods: October—December in 1996 and
ject K, —7m“e"v and K, — 7" 7~ 70 decays, ther™ 7~  April-July in 1997. In these periods, there were about 200
mass is required to be greater than 450 Me\V&andE/p is  billion kaon decays between the defining collimator and the
required to be less than 0.9 for both tracks. For Csl calibraCsl calorimeter, of which 5 billion events were written to
tion and detector acceptance studies, 1/7 ofKhe candi- 3000 15-Gb tapes. About 5% of the events are used to select
dates are kept by requiring/p>0.9 for one of the tracks. theK— 77 sample, and the remaining 95% of the events are

The total charged trigger inefficiency is 0.5%, and isused to understand the detector. The neutral mode data from
mainly from the 0.3% loss due to gaps between the scintil1996 and 1997 are used. For the charged mode, the 1996
lator counters. The drift chamber requirements result in &ample is not used because the level 3 rejection of delayed
0.1% inefficiency. Accidental effects result in a 0.06% loss,hits in the drift chambers led to a 20% signal loss that is
and there is a 0.04% loss from the trigger hardware. Thalifficult to simulate. In 1997, the level 3 tracking was modi-
level 3 inefficiency is 0.09%. fied to avoid this loss. Excluding the 1996 charged mode

Neutral decay triggerThe level 1 trigger for neutral de- data has a negligible effect on the overall statistical and sys-
cays is based on the total energy deposited in the Csl caldematic uncertainty in Re(/¢).
rimeter. Using a 3100 channel analog sum, the threshold is To ensure that the final data sample is of high quality,
24 GeV and the 10—90 % turn-on width is 7 GeV. The pho-periods in which there are known detector problems are ex-

D. Data collection
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cluded. The Csl calorimeter readout suffered DPMT failuregerfectly absorbing, while scattering in the defining collima-
at a rate of about one per day, and was the most significaiors and the regenerator are treated using models that are
detector problem. Each DPMT failure was identified imme-tuned to datdSecs. Il F 2—IIl F 3.

diately by the online monitoring, and then repaired. Calibra- For K— =" 7~ decays, radiative corrections due to inner
tions were frequent enough so that every repaired DPMT caRremsstrahlung are includg@8]. We do not simulate the

be calibrated offline. The final data sample does not includélirect emission part of the radiative spectrum since the in-
periods in which there were dead Csl channels or dead celigriant mass cut used in the analysis essentially eliminates
in the drift chambers. Approximately 12% of the data on tapehiS component. For thi — 77 mode, only the four pho-

are rejected because of detector problems. ton final state is considered. , _ ,
GEANT [29] is used to parametrize scattering of final state

charged particles in the vacuum-window, helium bags, drift
chambers, trigger hodoscope, and the steel. Electrons can
The Monte Carlo simulatioMC) consists of three main undergo bremsstrahlung, photons can convee'te” pairs,
steps. The first step is kaon generation at the BeO target arahd charged pions can decay into a muon and a neutrino;
propagation along the beamline to the decay point. The se¢hese secondary particles are traced through the detector.
ond step is kaon decay into an appropriate final state, and . . .
tracing of the decay products through the detector. The last 2. Simulation of the drift chambers
step is to simulate the detector response including digitiza- The Monte Carlo simulation traces each charged particle
tion of the detector signals. The simulated event format anghrough the drift chambers, and the hit position at each drift
analysis are the same as for the data. chamber plane is converted into a TDC value. The position
The detector geometry used in the simulation comes fromesolutions measured in data are used to smear the hit posi-
survey measurements and data. The survey measuremetitms, and the inverse of thgt) map is used to convert the
are used for the transverse dimensions aridcations of  smeared hit position into a drift time.
beamline and detector elements. The transverse offsets and There are four effects that contribute to the 2.8% hit-pair
rotations of the drift chambers, relative to the Csl calorim-inefficiency mentioned in Sec. Il C 1. These effects are in-
eter, are determined using various data samples as discussgdded in the simulation as described below.

E. Monte Carlo simulation

in Sec. Il C 1. The Mask-Anti and Collar-AntSec. 11 C 4 (i) “Wire inefficiency” results in a missing TDC hit. The
aperture sizes and locations are determined using electroisefficiency, which is 0.4% in average, is measured in 1 cm
from K_— 7*e" v decays. steps along each wire of each chamber. This inefficiency

As a result of the high flux of kaons and neutrons in theincreases with distance from the wire, and the measured in-
KTeV apparatus, there can be underlying accidental activityefficiency profile within the cell is used in the simulation.
in the detector that is unrelated to the kaon decay. After (ii) A “delayed hit” results in a hit-pair with a sum-of-
applying veto cuts, the average accidental energy under eadlistance(SOD) that is more than 1 mm greater than the
Csl cluster is a few MeV, and there are roughly 20 extranominal cell sizehigh-side tail in Fig. 4, and therefore does
in-time drift chamber hits. To simulate these effects, we useot satisfy the hit-pair requirement. The delayed hit probabil-
data events from the accidental trigg&ec. IIC 5 to add ity is 1.4% on average; it is a few percent in the regions
the underlying accidental activity to each generated MGCwhere the neutral beams pass through the drift chambers, and
event. In the Csl calorimeter and veto system, activity fromabout 1% over the rest of the chamber area. The effect is
an accidental event is added to the MC energy deposits in modeled by distributing primary drift electrons along the
straightforward manner. The procedure for including accitrack using a Poisson distribution with an average interval of
dental activity in the drift chamber simulation, however, is 340 um, and then generating a composite signal at the sense
more complicated because an empirical model is needed twire. A delayed hit occurs when the signal from the nearest
describe how an accidental hit can obscure a signal hit thabnization cluster is below threshold, but the composite pulse

arrives later on the same wire. from all ionization clusters is above threshold. The MC
_ threshold is determined empirically by matching the MC de-
1. Kaon propagation and decay layed hit probability to data; the delayed hit probability in

The kaon energy spectrum and the relative flux8fand ~ data is measured in 1 cm steps along each wire.

K® states produced at the target are based on a parametrizg /=1 51 IR SEPAEE T SENES SRR S
tion [27] that is tuned to match KTeX— =+ 7~ data. The 9 ’

z position of each kaon decay is chosen based on the calcolc th? signa! hit b<_acause the tracking program qons[ders c_)nIy
T o — the first in-time hit. For roughly 0.2% of the hit-pairs, this
latedz distribution for the initialk® or K° state, and accounts effect causes a “low-SOD” that is more than 1 mm below
for interference betweeK andKs. - the nominal cell size, and therefore does not pass the hit-pair
The simulation propagates th€° and K amplitudes  requirement. There is an additional 0.2% hit-pair loss from
along the beamline, accounting for regeneration and scattetearly accidental” hits prior to the in-time window that ob-
ing in the absorbers and the regenerator. Some small-angéure a signal hit on the same wire. There are two reasons for
kaon scatters in the absorbers~19 m, Fig. 1 can pass this early accidental loss. First, the discriminator has a dead-
through the collimator system and satisfy te> 7 analy-  time of 42 ns during which the wire is 100% inefficient.
sis requirements. The upstream collimators are modeled &econd, large analog pulses can stay above the discriminator
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threshold longer than 42 ns; the variation of the pulse-lengtiK, — 7=e* v decays to determine the calorimeter energy-
is modeled and tuned to data. sum threshold and turn-on width, and to measure the hard-
(iv) Delta rays also cause a low-SOD for 0.6% of theware cluster counter threshold for each Csl channel.
hit-pairs. In the Monte Carlo simulation, delta rays are gen-
erated in the same cell as the track, and the rate is tuned to IIl. DATA ANALYSIS
match the low-SOD distribution in data.
The quality of the drift chamber simulation is illustrated ~ The analysis is designed to identiy— 77 decays while
by the SOD distribution in Fig. 4. Both the low and high-side removing poorly reconstructed events that are difficult to

tails in the data are well simulated. simulate, and to reject background. The following sections
describe the analysis and the associated systematic uncertain-
3. Simulation of the Csl calorimeter ties in Reg’/€). When discussing systematic uncertainties,

. L ) we typically estimate a potential shit- o5, wheres is the
The Monte Carlo simulation is used to predict the energygy.¢ in Re(e'/€) and o is the accompanying statistical un-

deposit in each crystal when kaon decay products hit theg ainty \We convert the shift to a symmetric systematic
calorimeter. In particular, the MC is needed to model energy, ... A~ guch that the range- A, +A.] includes 68.3%
leakage in the beam-holes and at the outer edges of the cal e S S '

; Qf the area of a Gaussian with mesiand widtho:
rimeter, and to model nearby showers that share energy.

library of GEANT-based 29] electron and photon showers is 1 A (x—s)2
used to simulate electromagnetic showers in the calorimeter. f *dxexd — —0.683. (5)
In the shower generation, each electron or photon is incident og\N2m ) —Ag 20§

on the central crystal of a 313 array of small crystals

(32.5x32.5 cnt). The showers are generated in 6 energyNote thatAs=os whens=0; whens> o, Ag~s+ /2.
bins from 2 to 64 GeV, and ir,y position bins. The position

bin spacing varies from 7 mm at the crystal center to 2 mm A. Common features of w7~ and #°#° analyses

at the edge; this binning matches the variation in recon- ) |
structed position resolution, which is better for particles in- Although many details of the charged and neutral decay

cident near the edge of a crystal. Outside the 13 array, a mode analyses are different, several features are common to

GEANT-based parametrization is used instead of a library of €dUce systematic uncertainties. For each decay mode, the

individual showers; this parametrization models energy deS@Me cuts are applied to decays in the vacuum and regenera-

posits in a 2K 27 array. Energy leakage across the beamor beam§, so that most systematic L;ncertaintieszcancel in the
holes is modeled based on electron data figp = ey  Single ratios used to measurg. _ /p|* and| 700/p|".
decays. Since the regeneratlon_amp_lltugdedepends on the kaon

To simulate the DPMT response, the energy deposit iffomentum, we select an identical 40-160 Ceéon mo-
each crystal is distributed among six consecutive RF bucket1€Nntum range for both the charged and neutral decay modes.
according to the measured time profile of the scintillation'N€ 40 GeVE cut is chosen because of the rapidly falling
light output. In each 19 ns wide RF bucket, the energy isd€tector acceptance at lower kaon momenta; the higher mo-
smeared to account for photo-statistics, and random activitgentum cut is a compromise between slightly higher statis-
from an accidental trigger is added. Each channel is digitizedCS and targeks contamination. We also use the same
using the inverse of the calibrations obtained from data. A¢Vertex range of 110-158 m for each decay mode. The 110
channel is processed if the digitized signal exceeds the J' Cut is chosen to be well upstream of the Mask Anti and
MeV readout threshold that was applied during data-taking érefore removes very few decays in the vacuum beam; this

In addition to simulating electromagnetic showers, weCuUt removes no events in the regenerator beam. The down-
also simulate the calorimeter response to charged pions afif€@mz vertex requirement avoids background from beam
muons. The energy deposits from charged pions are based 8tjeractions in the vacuum-window.
a library of GEANT-based showers using a 860 array of To S|r_npl|fy the treatment of background from kaons that
small crystals. A continuous energy distribution is generatedCatter in the regenerator, the veto requirements for the
in x,y position bins with 4 mm separation. For muons, thecharged and neutral mode analyses are as similar as possible.

average Csl energy deposit is 320 MeV, and is simulated/? POth analyses, the main reduction in background from
using the Bethe-Bloch energy loss formula. regenerator scattering comes from the requirement that there

be less than 8 MeV in every regenerator mod(8ec.
Il C 3). Interactions in the regenerator that are close in time
to aK— 7 decay can add significant activity in the detec-
The KTeV Monte Carlo simulation includes the level 1 tor, resulting in events that are difficult to reconstruct. To
and level 2 triggers, and the level 3 software filter. For theavoid this problem, the trigger signal from the regenerator is
K—a* o~ trigger, the most important effect to simulate is used to reject events in a 57 ns wide wind@wRF buckety
the 0.3% inefficiency due to scintillator gaps in the hodo-which removes events immediately following or just prior to
scope just upstream of the Csl calorimeter. The gap sizes arah interaction in the regenerator. In addition to the regenera-
positions are measured in data using #g sample. The tor veto, we require that there be less than 1500 MeV
simulation also includes the drift chamber signals at bothin the photon vetos upstreafdownstream of the vacuum-
level 1 and level 2. For th&K—w%#° trigger, we use window, and less than 300 MeV in the Mask Anti; note

4. Simulation of the trigger
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that the photon veto thresholds refer to equivalent photon <,

energy. E 10 (a) 108 (b)
—10 5 105
B. K—a* @~ reconstruction and selection §10 4 104
The strategy to identiffK — = 7~ decays is to recon- §103~E 103
struct two well-measured tracks in the spectrometer, and to 42} 102]

reduce backgrounds with particle identification and kine-

. . 0 10 -
matic requirements. _ _ o 460480 500 520 540 460 480 500 520 540
The spectrometer reconstruction begins by finding _ Mevic? MeV/c?
y-tracks using all four drift chambers. In theview, separate ¢ Vac beam n'n” mass o100 beam n'n__mass
segments are found upstream of the magnet using DC1 an(%10 3 (© 1079 (d)
DC2, and downstream of the magnet using DC3 and DC4. Z 10 % 105,

er

The extrapolated upstream and downstreaimack segments g
typically match to within 0.5 mm at the center of the magnet. £
To reduce sensitivity to multiple-scattering and magnetic 3103-' 10

fringe fields between the drift chambers, only a loose match f
of 6 mm is required at the magnet. If exactly tweracks 3
and twoy-tracks are found, the reconstruction continues by 460980 500 530 '5240 460780500 520" 540

104 104

102 102

extrapolating both sets of tracks upstream to definex-an Vacb 0o MeVic Req b o0 o Mevic?
andy-z vertex. The difference between these two vertices, acbeamn'n’ mass eg beam n'n” mass
Az, is used to define a vertey, FIG. 10. Invariant mass distributions fd|) vacuum-beam
2 Az 2 5 w7, (b) regenerator-beam " 7, (c) vacuum-beam=°=°, (d)
Xot=(AZyx/ 042" ©) regenerator-beam®#C. All other analysis cuts are applied. The

vertical arrows indicate the accepted mass range.

where o,, is the resolution ofAz,,. This resolution de-

pends on momentum and opening ang|e, and accounts fafe designed mainly to reduce background from semileptonic
multiple scattering effects. The twetracks and twg-tracks ~ decays ?ﬂd kaon scattering.

are assumed to originate from a common vertexyif, Requiring E/p<0.85 for each track reduces the,
<100; this %, requirement is sufficiently loose to remain —7_€"v background by a factor of 1000. Thé&,
insensitive to the tails in the multiple scattering distribution. = 7 # v background is rejected largely by the muon veto
At this stage, thex andy tracks are independent. To deter- IN the level 1 trigger. Since low momentum muons may
mine the full particle trajectory, thex and y tracks are 'ange out in the 4 m of st_eel before depositing energy in the
matched to each other based on their projections to Csl clu§hUon Vveto, we also require each track to have a momentum

ters; the track projections to clusters must match within 7°>8 GeVlc. To reject radiative — 7" 7~ y decays, events
cm. with an isolated electromagnetic cluster above 1.0 GeV are

After combining thex and y tracks, the reconstructed removed if the cluster is at least 20 cm away fror_n both ex-
z-vertex resolution is about 30 cm near the regenerator and apolated pion track positions at the Csl; the pion-photon
cm near the vacuum-window. Each particle momentum i$€paration requirement avq|d§ removing events that have sat-
determined from the track bend-angle in the magnet and gllite clusters from hadronic interactions. To remove back-
precise B-field map. ground fromA —p#7~ andA—pw* decays, the higher mo-

An ideal event with two charged tracks results in 32 hitsmentum track is assumed to be from a protonantiproton
in the four chambers. About 40% of the events have at leastind the event is rejected if the proton-pion invariant mass is
one missing hit or a hit-pair that does not reconstruct awithin 3.5 MeV of the knownA mass.
proper sum-of-distancéSOD) value. The tracking program To provide additional background rejection of semilep-
can reconstruct events with many of these defects along thtenic andK— "7~ y decays, ther" 7~ invariant mass is
tracks. The overall single-track reconstruction inefficiency isrequired to be in the range 488—508 Me¥/ Figures 10a)
measured to be 1% usirig, — 7" 7~ 7° decays. and 1@b) show the invariant mass distributions for the

An event is assigned to the regenerator beam if the regenvacuum and regenerator beams after all other selection cuts.
eratorx-position has the same sign as theoordinate of the The shapes of the vacuum and regenerator beam distribu-
kaon trajectory at the downstream face of the regeneratotions are nearly the same, and have an rms resolution of
the event is assigned to the vacuum beam if the signs are 1.6 MeV/. The low-mass tail is mainly due to the pres-
different. ForK,— 7~e* v decays, this beam assignment ence ofK— 7" 7~y events in both beams. The tails in the
definition cannot be used because of the missing neutrinojacuum beam distribution also include background from
instead we compare thecoordinate of the decay vertex to semileptonic decays.
that of the regenerator. Background from kaon scattering in the regenerator is

The reconstruction described above is used for kaon desuppressed mainly by the regenerator veto requirement. To
cays with two charged tracks in the final state. The followingreduce this background further, a cut is made ontfier -
selection criteria are specific to the— 7+ 7~ channel, and transverse momentum, which also rejects events from kaons
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TABLE |. Systematic uncertainties in Ré(e) from the
charged mode trigger and analysis. The uncertainties in the 3rd
column, which also appear in the systematics summd@able
VIIIl'), are the quadratic sum of contributions in the 2nd column.

TaLgft,_/—”*

Source of Uncertainty on Re(/€)
Zyep Uncertainty (x10°%
Trigger 0.58
L1 &L2 0.20
L3 filter 0.54
FIG. 11. lllustration of the transverse momentupy,, for & 1.k reconstruction 0.32

kaon that scatters in the regenerator and then decays at the point

labeled “decay vertex.” The line connecting the targeﬁ:gg rep- S;gmn;nnetzkazgalcshbratlon gig
resents the kaon trajectory upstream of the regenerptds, the
measured momentum of the" 7~ system, and;.qis the distance  Selection efficiency 0.47
from the target to the downstream end of the regenerator. p% cut 0.25
DC efficiency modeling 0.37
that scatter in the defining collimator. As illustrated in Fig.  pc resolution modeling 0.15

11, the total momentum of the” 7~ system 6) is pro-
jected back to a pointReg) in the plane containing the Apertures 0.30

downstream face of the regenerator, @rds the momentum \év're Spact'ng q 0625 0
component that is transverse to the line connecipg to egenerator edge ]

the target. This definition qﬁT is used for both beams, and is
optimized to distinguish between scattered and unscattereggnal. To avoid these apertures, we require that the track

kaons in the regenerator beam. The data and pd@listri-  projections be away from the physical boundaries of the veto
bgtlons in both beams are shown in Fig. 12; the selection culietectors. In a similar fashion, the outer Csl aperture is de-
p7<250 MeV#/c?, is shown by the arrows. fined by track projections so that the acceptance does not

Next, we describe selection requirements that define apdepend on the Csl energy profile from charged pions.
ertures. FoK — 7+ 7, unlike K— 7°7° decays, the edges  If two tracks pass within the same drift chamber cell or
of the Mask Anti and Collar Anti vetos are not useful aper-adjacent cells, a hit from one track can obscure a hit from the
tures because of the difficulty in simulating the interactionsother track. Since this effect is difficult to simulate, we use a
of charged pions. For the MA, a charged pion can passrack-separation requirement of two offset-célsg. 3) be-
through a small amount of lead-scintillator near the edgeween the tracks in both theandy views for each chamber;
without leaving a veto signal, and multiple scattering in theoffset-cells are used so that tracks near a wire, which have
MA results in a poorly reconstructed vertex. For the CA, thethe poorest position resolution, are not near the boundary
difficulty is with pions that miss the CA, but interact in the which defines the track-separation cut. This track-separation
Csl calorimeter; backscattering from these pion interactionsequirement results in an effective inner aperture.
can still deposit sufficient energy in the CA to produce a veto

C. Systematic uncertainties froms ™+ 7~ trigger, reconstruction,
and selection

-~
=
N
_
&

In this section, we discuss the Ré(e) systematic uncer-
tainties from the charged mode trigger, reconstruction, and
selection, which are summarized in Table I. Systematic un-
certainties related to background and acceptance are dis-
cussed in Secs. lll F5 and IV A.

Trigger. The level 1 and level 2 trigger requirements are
studied withK o3 events collected in a trigger based only on
Csl calorimeter energy, and contribute a 020 * uncer-

+'\'je\f’/c2 *Mevzlcz tainty to Ref’/€). The L3 uncertainty is determined using a
Vacbeam %" py Reg beam n'” p 1% sample of charged triggers that pass L1 and L2, and are

FIG. 12. =" = p? distributions after all othel — "7 saved without requiring L3. From this sa_\mplex 30 event_s
analysis cuts irfa) the vacuum beam an(h) the regenerator beam. PaSS a”K?WJr 7 analysis cuts. Applying the L3 require-
The background-subtracted data are shown as dots, and the hist®€nt to this sample results in a & 2hift in the vacuum-to-
gram shows the MC prediction. The selection cut is shown by thé€generator ratio; the same analysis on MC events results in
arrows. The dotted histogram in the vacuum beam shows the M@0 shift from L3. These shifts in the vacuum-to-regenerator
prediction without the effects of wire inefficiency, delayed hits, andratio correspond to a (0.450.20)x 10" * shift in Re(e’/¢),
accidentalgSec. Il E 2. which leads to an uncertainty of 0.840 * using Eq.(5).

-
o
o
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o
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Trajectory and momentum reconstructiorhe effects of The calorimeter reconstruction begins by determining the
detector misalignmer(Sec. Il C 1 are studied by evaluating energy and position of each cluster found in the level 2 trig-
the change in Re(/¢) as the following are changed within ger. The neutral decay mode analysis requires two additional
their measured uncertainties: transverse chamber offsets andrrections that are not relevant for tke— 7~ e* v calibra-
rotations, nonorthogonality between thandy wire planes, tion. First, a correction is applied to account for energy
and the zlocations of the drift chambers. The time-to- shared among nearby clusters. The second correction, de-
distance calibration is varied to change the average SOBcribed in detail at the end of this section, accounts for a
value within its uncertainty. A Re(/¢€) uncertainty of 0.28 small energy scale difference between data and Monte Carlo
X 10 * is assigned based on these tests. The kaon mass $gnulation.
known to 0.031 MeV[30], leading to a momentum-scale  Each cluster is required to have a transverse energy dis-
uncertainty of X 10" 4, and a Reé’/¢) uncertainty of 0.16 tribution roughly consistent with that of a photon. This re-
X104, quirement rejects decays that have significant accidental en-

Selection efficiencyin the charged mode analysis? is ~ €rgy overlapping a photon cluster; fé&t— 7°7° decays, it
the only variable for which Re{/¢) is sensitive to the cut also rejects background froky — 77 %7° decays in which
value. Figure 12 shows the? data-MC comparison in both fwo or more phqtons overlgp at the.CsI _cglonmeter. In the
beams after background subtracti®ec. Il P, and also il- absence of accidental activity, the inefficiency of this re-
lustrates the importance of simulating details of the driftquirement is 0.03% foK — m 7 events; with accidental

chamber performance. Increasing tfecut value from 250 activity, the inefficiency is 0.13%. Sensitivity to modeling
to 500 Me\?/c?> changes Re{/e) by (—0.23+0.05) the transverse energy distribution is reduced by requiring that

X104, leading to a systematic uncertainty of 0250 *. all clusters be separated from each other by at least 7.5 cm.
There is no further statistically significant variation if tpé To reduce the depen_dence on the trigger simulation, the en-
cut value is increased beyond 500 MébZ. ergy of each cluster is required to be greater than 3 GeV.

The uncertainty in modeling the drift chamber efficiency To reconstruct each neutral pion, we assume that two pho-

is related to the effects of delayed hits and early accidentalé?n clu§ter§ or|g|natg from ar° decay&éan the small angle
The delayed-hit probabilitySec. Il E 2 predicted by the MC approximation, the d.'Sta.nce between thedecay vertex and
is compared to data in various regions of the chambers antt!i]e Csl calorimeter is given by

for different time periods. Residual data-MC differences do do=rE. E. /Mo @)
not exceed 10% of the effect, which corresponds to a TN Ey e

Re(e’'/€) systematic uncertainty of 0.X110 .

There is a component of the early accidental inefficiencywherer 3 is the distance between the two photon clusters,
that may not be modeled properly because the total TDE&,, andE,, are the two photon energies, ant,o is the
range covers only about 2/3 of the relevant early time winknown mass of the neutral pion. The number of possible
dow that is prior to the in-time window. A systematic error of photon pairings is 3 forKk—="7° and 15 for K
0.30x10 * is assigned based on the change in &)  — 7%7%7° decays. For each possible photon pairing we
when accidental hits from only half of the early time window compute the quantity
are used to obscure simulated in-time hits. The total uncer-

tainty from modeling the effects of delayed hits and acciden- No [l — o ]2
tals is 0.3 10 * on Ref'/¢). XZOEE 0 a9 ®)
The modeling of the drift chamber resolutions is checked ™ = al, ’

by comparing the widths of the SOD distributions between

gasfss?gr?]xiggr?g{ gfg(rf%tloo\ivitkgrr: gﬁe\,’\ll:')(:h corresponds tc\)/v_herero is the number of neutral pion& or 3, %‘W 0lS the
Apertures The drift chamber track-separation ¢@iig. 3  distance between the Csl and the vertex ofjther, dg, g is

depends on the wire spacing, which is known to20 on  the weighted average of all thilo, andoy is the energy-

average[31]. The bias in Reé'/€) from variations in the dependentr’-vertex resolution, which is roughly 40 c(80

wire spacing is ¢ 0.16+0.12)x 10 #, leading to an uncer- €M) at the upstreanidownstream end of the decay region.

tainty of 0.22< 104, The 0.45 mm uncertainty on the effec- The photon pairing with the minimuny2, value is used

tive regenerator eddé-ig. 7(b)] leads to a small uncertainty because this pairing corresponds to the best agreement of the

in the expected number d¢f5 decays, and results in a sys- #° vertices. To reduce the chance of choosing the wrong

tematic error of 0.2810"* on Re('/¢). photon pairing, we require that the minimugf, value be
less than 12 fokK — 7%7° decays, and less than 24 fki;.
D. K— 770 reconstruction and selection — 77970 decays. After all selection cuts, the probability

The strategy to identifik — 7°=° decays is to reconstruct that the minimumyZ, value gives the wrong pairing is
four photon clusters in the Csl calorimeter that are consister?.006% forK— 7%7° and 0.02% forK, — #°#°#°. The
with coming from two neutral pions, and to reduce back-zvertex used in the analysis is given Byg—d,,q, Where
ground with kinematic cuts. Since the reconstructionkof Z, is the z-position of the mean shower depth in the Csl.
— 7% andK | — 7°7°#° decays is almost identical, most For K— #%7° decays, thez-vertex resolution is~30 cm
of the discussion will be valid for both these decay modes. near the regenerator and20 cm near the vacuum-window.
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The beam assignment is made by comparing the < 10 8F
x-component of the “center-of-energy” to the regenerator o i @) F (b)
position. The center-of-energy is defined to be 8 105L [
% 1055-
> X > ViE i i
= =_ 104 -
Xeogm= 7 Ycoe= ) (9) F 104__ v

2 Ei 2 Ei L e Data _ ¢ Data

10% - Mc : I — Mc

whereE; are the cluster energieg; andy; are the cluster : T

E | I | L L7 s
. ; g 0 50 100 150 O 5 100 150
coordinates at the Csl calorimeter, and the indexns over Vac beam RING (cm?) Reg beam RING (cm?)

the photons. The center-of-energy is the point at which the

kaon would have intercepted the plane of the Csl if it had not FIG. 13. Vacuum and regenerator RING distributions for
decayed. The value dfX.ee Yeod typically lies well inside K— w270 events after all other analysis cuts and after background
the beam-holes, except for kaons that are scattered by a lar§gbtraction. The datdMC) are shown by the dot$iistogram. The
angle in either the regenerator or the defining collimatorertical arrows show the signal selection of RING10 cnr.

(Sec. llIH. The center-of-energy resolution is1 mm,

which is much smaller than the beam separation. An event igenerator. Instead, we use the center-of-en¢igy. (9)] to
assigned to the regenerator beamf, has the same sign as define a variable called “Ring Number:”

the regeneratax-position, or to the vacuum beamxf,. has

the opposite sign. RING=40 000< Max(AX2,4 Ay2,J, (10)

Significant background rejection comes from the invariant
mass cut, 498 m_o,0<505 MeV/c?, and from the photon Where Ax., (Aycod is the x-distance y-distance of the
veto cuts. To calculate the invariant mass, the decay vertex igenter-of-energy from the center of the closest beam hole.
assumed to be on the line joining the target and the centeffhe RING value is the area, in énof the smallest square
of-energy, at a distancd_o from the calorimeter. Figures that is centered on the beam hole and contains the point
10(c) and 1@d) show the invariant mass distributions. In the {X¢oe:Ycod- The vacuum and regenerator RING distributions
vacuum beam, events in the mass side-band regions aege shown in Fig. 13. The beam size at the Csl is approxi-
mostly from K, — 7°7°#° decays in which two of the six mately 9x9 cn?, corresponding to RING values less than
photons are not detected. In the regenerator beam, the sid&1 cnf. The RING distribution between 100 and 150%cis
band regions include comparable contributions frathw®  sensitive to scattering in the upstream beryllium absorbers
pairs produced in the lead of the regenerd®ec. Il F ), (z=19 m, Fig. 2. We require RING<110 cnf, which is a
K— 7%70 events with the wrong photon pairing, aj ~ compromise between background reduction and sensitivity
— 70707 decays. to the beam halo simulation.

The photon veto cuts are the same as in the charged mode The final part of theK— #%7° analysis is to match the
analysis, with three additional cuts to reduce backgrognd: photon energy scale for data and Monte Carlo simulation.
the energy of extra isolated EM clusters is required to berhis matching is performed after the background subtraction
below 0.6 GeV instead of 1.0 GeV in the charged analysisthat will be described in Sec. Ill F. Since the energy scale
(i) the photon-equivalent energy in the beam-hole veto beaffects the determination of both the kaon energy and the
hind the Csl must be less than 5 GeV, diit) the photon-  z-vertex position[through Eq.(7)], events can migrate into
equivalent energy in the Collar Anti that surrounds the Csland out of the selected event sample depending on the energy

beam-holegFig. 9 must be less than 1 GeV. scale. The final energy scale is adjusted to match the data and
Five apertures define thé— 7°#° acceptance. MC reconstructed-vertex distribution oK — 7°7° decays
(i) The Csl inner aperture near the beam holes is definedt the regenerator edge, as shown in Figgajldnd 14b).

by the CA(Fig. 9. Using ~10° events near the regenerator edge, the energy

(i) The outer Csl aperture is defined by rejecting eventscale is determined in 10 GeV wide kaon energy bins, which
in which a photon hits the outer-most layer of crystddfy. is the binning used to extract Ré(e). On average, the
5). This cut is applied based on the location of the “seed”regenerator edge in data lies5 cm upstream of the MC
crystals that have the maximum energy in each cluster.  edge as seen in Fig. (&}; the data-MC regenerator edge

(iii) The upstream aperture in the vacuum beam is definedifference varies by a few centimeters depending on the kaon
by the MA[Fig. 8b)]. energy.

(iv) The upstream edge in the regenerator beam is defined Since the vertex distance from the Csl is proportional to
by the lead at the downstream end of the regenefddigr. ~ the cluster energy scal&q. (7)], the multiplicative energy

7(b)]. scale correction is~0.9992, which corresponds roughly to
(v) The requirement of at least 7.5 cm between photonshe —5 cm data-MC difference divided by the 61 meter dis-
results in an effective inner aperture. tance between the regenerator and the Csl. The regenerator

Since we do not measure photon angles, the transversglge shift in each 10 GeV kaon energy pfig. 14c)] is
momentum is unknown and therefore cannot be used to rezonverted to an energy scale correction, and is applied to
ject events in which a kaon scatters in the collimator or reeach cluster in data.
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§ FeData: K — o'n° @ TABLE II. Systematic uncertainties in Re{(/€) from the neu-
= 80F before E-scale tral mode trigger and analysis. The uncertainties in the 3rd column,
3 60f ad]ustomgnt which also appear in the systematics summ@aple VIII), are the
2 4 F~MC: K- n'n quadratic sum of contributions in the 2nd column.
< [
g o20f )
§ b Source of Uncertainty on Re(/¢€)
0 T T T T T i — 4
T 24 1245 155 1255 126 1265 127 Uncertainty (<107%)
2 vertex (meters) .
£ FeD. 0.0 Trigger 0.18
o feData: K-> () i
e 8o after E-scale L1 tr?gger 0.10
g 60f adjustment L2 trigger 0.13
8 40 [—MC: K- 7on® L3 filter 0.08
S
g 20;- Cluster reconstruction 1.47
= 054 Tohn 135 15 138 1265 2 Energy scale 127
2 . . . 127 ; :
2 vertex (meters) Nonll|.near|ty . 0.66
£ Or Position reconstruction 0.35
< ; (©)
N ‘°'°2_' Selection efficiency 0.37
'5-0.04:- s "5 o8 ¢ RING cut 0.24
L [ ]
N o0sf # i} } t X0 cut 0.20
008: s Transverse shape 0.20
40 60 80 100 120 140 160 Apertures 0.48
Ex (GeV) Collar Anti 0.42
FIG. 14. (a) ReconstructeK — 7°7° z-vertex near the regen- Mask Anti 0.18
erator edge for datédots using theK . electron calibration, and ~ R€g edge 0.04
g e3 .
Csl size 0.15

for MC (histogram. (b) Same aga) after the final energy scale
adjustment is appliedc) Data-MC difference in the reconstructed
z-vertex(meter$ in 10 GeV kaon energy bins, before the final en-
ergy scale adjustment.

Photon separation -

_ o _ _ a charged mode vertex or the known vacuum-window loca-
E. SyStemath uncertainties fromrrorro trlgger, reconstruction, tion, are made in the vacuum beam for the fOIIOW|(IgK
and selection — %73, where 7 refers to 7°—e’e " y; the recon-

In this section, we discuss the Ré(e) systematic uncer- structedm®— yy vertex is compared to the*e™ y vertex;
tainties from the neutral mode trigger, reconstruction, andii) K — "7~ « in which the reconstructed®— yy ver-
selection, which are summarized in Table Il. Systematic untex is compared to ther* 7~ vertex; (i) 7— m°m°n°,
certainties related to background and acceptance are dighere » mesons are produced by beam interactions in the
cussed in Secs. Il F5 and IV A. vacuum-window az= 159 m; andiv) 7°#° pairs produced

Trigger. The level 1 Csl “energy-sum” trigger is studied by beam interactions in the vacuum-window zt 159 m.
using the largeK, — 7€ v sample in the charged trigger Additional crosschecks at the regenerator edge inchftte’
which does not have L1 Csl requiremefi®ec. Il C5. The  pairs produced by neutron interactions in the regenerator, and
level 2 cluster-counter is studied using a half-milliéh K*— 79K s with Ks— 7" 7r~. A summary of the neutral ver-

— 79797% decays from a trigger that requires only level 1. tex crosschecks is given in Fig. (; they are all consistent
The level 3 systematic uncertainty is based onxi18® K with the nominal energy scale correction except for the
—7°7° events that satisfy all analysis cuts and that werevacuum-window%=° pairs.

accepted online without requiring L3. The combined Since the vacuum-window’#° pairs result in the largest
Re(e'/€) systematic uncertainty from the trigger is 0.18 discrepancy, a discussion of the analysis of these events is
X 1074, given here. The selection of vacuum-windew=° pairs is

Cluster reconstructionThe understanding of the cluster similar to that for theK— 7°7° decay mode; the main dif-
reconstruction in the Csl calorimeter, and in particular theference is thak — 7070 decays are excluded by selecting
energy scale, results in the largest systematic uncertainty igvents in which the#%#° invariant mass is at least
the Reg'/€) analysis. After matching the data and MC at the15 MeV/& away from the kaon mass. The vacuum-window
regenerator edge, we use a variety of other modes that hawe’7° sample consists of 45000 events in the vacuum beam.
one or morer®’s in the final state to check how well the data The vacuum-windowe-location is known with 1 mm preci-
and MC match at othez-locations. All of these crosscheck sion using charged two-track events produced in the vacuum-
samples are collected at the same timeKas 7o decays, window. The simulation of°#° pairs is tuned to match data
and therefore the detector conditions and calibration are preend MC distributions of reconstructed energy, RING, and
cisely the same as for thé— 7°7° sample. Data-MC com- #°#° invariant mass. Figure 15) shows the reconstructed
parisons of the reconstructed neutral vertex, relative to eitheracuum-windowr°x° vertex for data and MC after the re-
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3 @ vacuum-window 7% on Re(e'/€) is 1.27X 10 *. The energy scale distortion lead-

ing to this uncertainty varies linearly with decay vertex in
both beams, and corresponds to the hatched region in Fig.
15; nonlinear energy scale variations as a function of decay
vertex are ruled out because they introduce data-MC discrep-
ancies in other distributions.

Some reconstructed quantities in the analysis do not de-
pend on the average Csl energy scale, but are sensitive to
energy nonlinearities. For example, timeo_o peak varies by
0.2 MeV/¢& for kaon energies between 40 and 160 GeV, and

Zoaa—Luc (€M)

18T a5 140 8 s 1(;56 ter;)eo the data-MCzdifference at the regenerator eddgég. 14c)]
g 4000 varies by 4 cm over the same kaon energy range. Such
2 as00]- (0) .. « Data (1997) data-MC discrepancies can be reproduced with cluster-
o i | — Default MC energy distortions based on energy, angle, position, and ped-
g 3000 + ! - MC shifted 2.46 cm| estal shift. These distortions are not used in the final result,
£ 2500+ . downsiream but are used to determine a systematic uncertainty of 0.66
% 2000 - ol X 10 % on Re(e’/€). As a crosscheck of this uncertainty, we
1500 analyze the data using an energy-independent scale adjust-
1000k . ment of 0.9992 rather than the nominal correction that de-
[ - pends on kaon energiSec. Ill D). The resulting shift of
- * —0.51x10 “ in Re(e'/€) is consistent with the assigned
$57 0402 0 02 04 06 08 1 T2 94 systematic uncertainty of 0.6610™*.
2(n°n®) — z{vacwin) (meters) Cluster position reconstruction is studied using electrons

_ from Kg3 decays and comparing the position reconstructed
FIG. 15. (a) The difference between the reconstructed data angyom the Csl to the position of the electron track projected to
MC neutral vertex at different locations within the decay regionine mean shower depth in the Csl. The position differences
(1997 sample The K — n°® mode az=125 m(solid dod has a 516 parametrized and simulated; the maximum eRe)
data-MC difference of zero by definition since the regenerator edgghift of 0.35¢ 10~ % is assigned as ’a systematic uncertainty
. o . s
'las been ”?atChed- The vacuum W'n.dmﬁ” Cr(?SSCheCk at Selection efficiencyThere are three variables for which
=159 m(solid doy shows the largest discrepancy; the open cwclesRe(E,/E) is sensitive to the cut valugi) Varying the RING

andK,— 7" 7~ 7% band show other crosschecks. The hatched re- ]
gion shows the range of discrepancies covered by the assigned sfsut between 100 and 150 ém:hanges Re{'/€) by 0.24

_ . .. . 2 .
tematic uncertainty(b) The reconstructea®=° vertex distribution X 10~ * (Fig. 13. (i) Relaxing they’, requirement such that
relative to the vacuum-window for data after matching the regenthe inefficiency from this cut is reduced by a factor of 3
erator edgddots, for the default MC(histogram, and for the MC ~ changes Re{'/¢) by 0.20x 10 *. (iii) Removing the trans-
shifted 2.46 cm downstreafdashed histogram verse energy distribution requirement changeseRe&{ by

L 0.20x 10 “. These three changes added in quadrature con-
generator edge-distribution has been matched. The datatribute an uncertainty of 0.3710°* to Re(e'/€)
MC comparison is complicated by the helium and drift 5o res The aperture uncertainties are mainly from the
chamber immediately downstream of the vacuum-windoweq 2 anti (CA, Fig. 9 and Mask-Anti[MA, Fig. 8(b)]
. . . . 0 . Il . ) . .
since this extra material is also a sourcendf7° pairs. The Their effective sizes and positions are measured with

production of #°#° pairs is simulated separately in the 150, m orecision usin “e* 1 decavs. resulting in
vacuum-window, helium, and drift chamber. To evaluate theRe(e’L,Lle) Fzmcertainties gmfb_z;;lo“‘vand 0{& 10~ 4 frogm

data-MC d_iscrepancy "? thzeverte_x d[stribution, afitis used. the CA and MA, respectively. The Csl calorimeter size is
to determine the relative contribution from each mate”alknown to better than 1 mm from surveys, resulting in a
along with the data-MC vertex shift. The result of this analy- 1 5. 1 -4 uncertainty on Re{'/€). The 0 1 MM uncer-

SIS dls thaﬁ the zdjg-\éelrgex f'ftrg)ggon att the v(;acuum- tainty on the effective regenerator eddeg. 7(b)] leads to a
window lies  [2. o '(sa)t 33 (systjem f)wn- Re(e'/€) uncertainty of 0.0%10 4. Varying the minimum
stream of the MC distribution _for the_ 1997 sample; for theaIIowed photon separation between 5 cm and 20 cm results
1996 sample, the corresponding shift[ik.89+0.24 (stat) in no significant change in Re(/¢). The total Re€'/e)

+0.33 (systjcm. The data-MC shifts are evaluated sepa- tainty f th tral ¢ is 6484
rately in the 1996 and 1997 samples because of the di]‘ferer%ltnCer ainty from the neutral mode apertures is 848 .

Csl PMT signal integration times.

The data-MC ‘z-shift” at the vacuum-window is trans-
lated into a Re€’/€) uncertainty by introducing a Csl energy ~ Two types of background are relevant for this analysis.
scale distortion to data such that the data and M@rtex  First, there is “nons#” background from misidentification
distributions match at both the regenerator and vacuumef high branching-ratio decay modes such as semileptonic
window edges; this distortion changes Ré€) by —1.08 K andK ;3 in the charged mode, art, — 7%#%7° in the
X104 and —1.37x10 4 for the 1996 and 1997 data neutral mode. The second type of background is from kaons
samples, respectively. The combined systematic uncertaintyat scatter in the regenerator or the defining collimator and

F. Background to K—z* 7~ and K— 7070
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TABLE lll. The background-to-signal ratiB/S) for each sub- 5 '
tracted background component, for each decay mode, and for each  E gg54
beam. The Re{'/€) systematic uncertainty associated with each 3
background component is listed in the column labeleds;.” ®
£
- 0
Background Vac Reg Tsyst >
process B/S%) B/S (%) (X104
K—a* o~ Analysis: -0.05
Kes 0.036 0.001 0.12 015 1 005 0 005 o1 01
K.z 0.054 0.002 0.12 ' ) ) % (m) at collimator
Collimator scattering 0.010 0.010 0.01
Regenerator scattering 0.074 0.10 FIG. 16.y vsx distribution of the kaon trajectory projected back
to thez position of the defining collimator in the vacuum beam. The
Total charged 0.100 0.087 0.20 sample shown here is after &ll— 7" 7~ analysis cuts, except that

the p2 cut is changed tq2>1000 Me\?/c?. The square bands

0,0 o
K—m"m" Analysis: correspond to the edges of the defining collimators.

K — m070m° 0.107 0.003 0.07
0.0 i
zgﬁ;aﬁorfggg;sn 06010223 06000984 00'0150 tons that have merged at the Csl calorimeter. This 0.11%
R ‘ it g 6252 ‘1130 i06 background is simulated and then normalized to data using
egenerafor scattering : : : sidebands in ther®#° invariant mass distribution in the

Total neutral 0.484 1.235 1.07 vacuum beam. The decd§, — m°yy has a branching frac-

tion of 1.7x 10 ° [30]; it contributes 2< 10~ ° background in

the vacuum beam and is ignored. We also ign&8
0 . 0 . .

then decay into two pions. Kaon scattering is the same fOE}p/ckaromtg A—nm?, which contributes less than 10

both the charged and neutral decay modes; it can be large .
eliminated in the charged mode analysis using the recon-, 1"€ charged and neutral decay modes both have misiden-
tffication background associated with hadronic production in
Otﬁe lead plate of the last regenerator modifey. 7(b)]. In

both the charged and neutral data samples, this “regenerator-

hadron” production is easily isolated in the reconstructed

— 7%70 reconstruction in two ways. First, a kaon can scatte”” Vertex .distribution a_t the r.egenerator edge. This back-
at a small angle and still reconstruct within the same beamd"ound is almost entirely rejected by the cut in the
this “in-beam” background has different regeneration prop-charged decay mode; the remaining 1ackground is '9-
erties and acceptance compared to unscattered kaons, whigared. In the neutralsdecay mﬁosde,. the regenerafor®
can cause a bias in Re(e€), as well as in kaon parameters Packground is &10°> (2x107°) in the regenerator
such asA ¢ and Am. Second, a kaon that undergoes |arge_(yacuurr) beam, and is included in the background simula-
angle scattering can traverse from one beam to the othdion:
beam and then decay, leading to the wrong beam assignment
in the neutral mode analysis; this “crossover background” is 2. Collimator scattering background
mostly Ks— 7 7. Background from regenerator scattering  scattering in the defining collimators is studied uskig
is roughly ten times larger than from scattering in the defin-_, -+ = gnd K — 7 a0 decays in the vacuum beam.
ing collimator. _ _ Figure 16 shows thg vs x distribution of the kaon trajectory
All backgrounds are simulated, normalized to data, anthrojected back to the position of the defining collimator for
then subtracted from th&(— w7 signal samples. The pigh p? vacuum beam events that satisfy all othir
background-subtraction procedure is described in the follow- 7+ - requirements. The square bands show kaons that
ing sections, and the background-to-signal ratios are SUMMagaered from the defining collimator edges before decaying.
rized in Table II. The events in Fig. 16 that lie outside the collimator scattering
bands are mainly from semileptonic decays. To determine the
number of collimator scatters accurately, the roughly 10%
Charged pion identification and kinematic cutSec. semileptonic component is subtracted. In the charged decay
[l B) eliminate most of the charged mode nem back- mode, the background from collimator scattering is only
ground; only a 0.09% contribution from the semileptonic0.01%, and is small mainly because of th cut; in the
K,s and K¢z processes remains to be subtracted in theneutral decay mode, this background is about 0.1% and
vacuum beam. Both semileptonic background distributionsherefore requires an accurate simulation.
are simulated, and then normalized to data using events re- The MC simulation propagates each kaon to the defining
constructed outside the invariant mass aﬁd;ignal region. collimator, and checks if the kaon strikes the collimator at
The only substantial nom=mr background in the neutral either the upstream end or anywhere along the 3 meter long
mode is fromK, — 7%7%#° with undetected photons or pho- inner surface. Kaons that hit the collimator are traced

but the lack of a photon trajectory measurement does n
allow a similar reduction in the neutral mode analysis.
Regenerator and collimator scattering affect the

1. Non-wrar background

012005-17



A. ALAVI-HARATI et al. PHYSICAL REVIEW D 67, 012005 (2003

e 1 A K—aa decay from a kaon that has scattered in the
i - p,2<§:g (l}w;e\f/& ((;ohzere.nt) _ regenerator, referred to as a “regenerator scattering decay,”
S0l N ;’ﬁ:moshge\'“l’;‘/’c‘g:;e(l:g::fgg)) is described in the MC using a function that is fit to
£ acceptance-correctdd— 7 7~ data after subtracting colli-
'g 2 mator scattering and semileptonic decays. The acceptance
Q‘O E correction allows us to fit the “true” regenerator scattering
z R, decay distribution, so that the scattering simulation can be
10> e W used to predict background for both charged and neutral
, , mode decays. As described in Appendix B, the fit function
0 5 10 '/1;5 depends on proper tim@?2, and kaon momentum. To re-

move nonar* 7~ background from charged tracks produced
FIG. 17. Acceptance-corrected distribution of the number of re-in the regenerator leafFig. 7(b)], the fit excludes decays

generator bearK— 7" m~ decays vs the number & lifetimes  within 0.2 K lifetimes of the regenerator edge. To avoid the

(t/7g), for kaon momenta between 40 and 50 GeVThe proper p_2r tail from coherent events, only decays Witb-2|-

time t=0 corresponds to the downstream edge of the regenerat032500 MeV?/c? are used in the fit. The fit momentum re-

The p% ranges are indicated on the plot for each curve. The thick . . . . .
curve is for coherenkK — 7" 7~ decays. The thin solid curve cor- gion is the same as in the signal analysis: 40 to 160 GeV/

responds to smatb% and is mostly from diffractive scattering. The AS, discussed in Sec. 11 C 3, there are tyvo processe_s th_at
dashed curve is for large? events, which are due to both inelastic CONtribute to regenerator scattering. The first process is dif-
and diffractive scattering. The fluctuations are due to statistics. Alffactive scattering, which is identical in the charged and neu-
K— "7~ cuts excepip? have been applied. Backgrounds from tral mode analyses because no energy is deposited in the
collimator scattering and semileptonic decays have been subtractetegenerator or photon vetos. The second process is inelastic
scattering, which is slighlty different in the two modes be-
pgause of different photon veto requirements. To address this

through the steel and allowed to scatter back into the beanT, . . o
N charged-neutral difference, the fit function is based on a phe-

A kaon that scatters in the collimator is parametrized to be . . ;
. . . : nomenological model that has separate terms for diffractive
either pureK s or pureK, , with the relative amount adjusted

to match thez-vertex distribution for the collimator scatter- and |nelast|c. scatt.enng. Thm% dlstrlbuuoq IS S|g'n|f|cantly'
steeper for diffractive scattering than for inelastic scattering,

ing sample shown in Fig. 16_5' L .and this difference allows for the two scattering processes to
The MC treatment of collimator scattering is the same Ny distinguished

both the vacuum and regenerator beams. About 1/3 of the " qin the fit function to simulate thé— ==° scatterin
collimator-scattered kaons hit the M'ask ARRIA, F'g' 8), backgr(?und, and normalizing to data events in the r%nge
and can then punch through and exit the MA as el.thKrLa 300<RING <800 cnf, we find that the neutral mode veto
orKs. Based on measuremepts from data, the MC includes Féquirements suppress inelastic scattering by an additional
kaon punch-through probability of 60%, andka to K, 16% compared to the charged mode veto requirements. This

ratio of about 50 for kaons that exit the MA. 16% charged-neutral difference in the inelastic component
corresponds to a 3% charged-neutral difference in the total
3. Regenerator scattering background regenerator scattering background.

In the charged mode analysis, the regenerator scattering
background is 0.074% in the regenerator beam, and is not 4. Summary of backgrounds

present in the vacuum beam. In the neutral mode analysis, Figure 18 shows the vacuum and regenerator bpém

the corresponding backg(ound levels are 1.13% in the "€9€istributions after all other charged mode analysis require-

erator beam and 0'25% n the vacuum b_eam. ._ments. MC simulations of the background processes are also

Regenerator scattering is more complicated than collima- )

tor scattering, particularly in the time dependence Kof shown. The regenerator beam background is mostly from_
' ; . regenerator scattering, and the vacuum beam background is

—arw decays resulting from the coherelit -Kg mixture. mostly from semileptonic decays. Figure 19 shows the neu-

Elgure 17 shows the observed proper dgcay time d'i”'b”frm mode RING distribution in both beams, along with MC

tions  for kazlonzs that scé':\tter with 5 sgnall Pr background simulations. Figure 20 shows the neutral mode

(2500-10 MeV?/c*) and largepy (>1205 MeV®/c%), and  packground-to-signal ratidB/S) as a function of theK

for the unscattere® — "« signal (p7<250 MeV?/c?).  _, 0.0 decay vertex. In the regenerator beam, the main

Note that the proper time distribution depends strongly orhackground is from regenerator scattering. In the vacuum

the pf value. Largep? scattering contributes mainly to peam, the largest sources of background are collimator scat-

crossover background, while smaff-scattering contributes  tering between 110 m and 125 m, crossover regenerator scat-

mostly to in-beam background. A detailed description of thetering between 125 m and 140 m, aiig— #°#°#° decays

regenerator scattering background is needed for the neutrgdr z>140 m.

decay mode because the— 7°7° sample includes events  Table Ill summarizes the background levels for both de-

with p2 values up to about 8 10 MeV?/c? in the regenera- cay modes. The charged mode background leveli§ 3 in

tor beam, and up to 810° MeV?/c? in the vacuum beam. both beams; the neutral background level is 1.2% in the re-
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FIG. 18. Dataps distribution after all otheK— 7" 7~ selec- o
. PT FIG. 19. Data RING distribution after all oth&r— 7°7° selec-
tion cuts for(a) the vacuum beam ar(®) the regenerator beam. The

. tion cuts for(a) the vacuum beam ar(®) the regenerator beam. The

Monte Carlo predictions for the background components are over-
laid. Events withp2< 250 Me\?/c? (vertical arrow are included in Monte Carlo predictions for the background components are over-

" gl laid. Events with RING<110 cn? (vertical arrow are included in
the finalK— 77~ sample. ) 0.0

the finalK— 7“7 sample.

generator beam and 0.5% in the vacuum beam. The back-

round subtraction results in corrections to Ré€) of Imperfections in the phenomenological parametrization
%12 5¢10-% for th tral d de and0.2x 10" 4 and fitting of theK— "7~ scattering distribution are esti-
for tHe chargegrde(?a;emucige ecay mode ando. mated by comparing charged mode data to the MC simula-

tion. The maximum data-MC difference in the scattering dis-
tribution is 3% of the background level, which corresponds
to a 0.50< 10~ * uncertainty for Reé'/¢).

The uncertainties in Re(/¢) resulting from the back- There is also an uncertainty in how the scattering distri-
ground subtraction are shown in the last column of Table I11.bution, measured W'“K—”T m decays, is used to simu-

In the Kot mr™ analy5|s the background contributes anlate background fok — w°#° decays. As mentioned in Sec.
uncertainty of 0.2 10 % on Re(’'/€); this uncertainty is Il F 3, the observed charged-neutral difference of 3% in the
based on changes in R,é(e) when background rejection regenerator scattering level is accounted for by a 16% reduc-

cuts are varied for ther* 7~ invariant massE/p, and the tion in the inelastic scattering component in the neutral mode
minimum pion momentum.

5. Systematic uncertainties from background

In the K— w%7° analysis, the background contributes an 2008 —

uncertainty of 1.0%10 % on Re(e’/¢€), and is mostly from Sgor °Regkomn
: . (7] + VacKorn

the 5% uncertainty on the background level for in-beam re- o 0.06 +++++
generator scattering. This background subtraction depends 0.054 reqenerator ++
largely on modeling the acceptance for higf:l Koata™ 0.041 ’ edge ¢
events. 005, l o

To check our understanding of the detector acceptance at 0'02_; { | A -
high p2, we user " 7~ pairs fromK, — 7" 7~ #° decays. ' t us o’

i T TS 0.014 ¢ 090000000000®®

Comparing the data and M@ 7~ p7 distributions, we 0 e R .-
limit the data-MC difference to be less than 0.5% per 110 115 120 125 130 135 140 145 150 155

10000 MeVF/c?. To convert this limit on the p? slope” z vertex meters

into a potential bias on Re(/¢), we weight thep? distribu- FIG. 20. K— 7°7° background-to-signaB/S) ratio vsz-vertex
tion in the neutral mode background simulation by this slopein 1 meter bins. The regenerattracuun) beam is represented by
the resulting 0.4 10 * change in Re¢'/¢) is included as a  solid dots(crosses The vertical arrow shows the location of the
systematic uncertainty. downstream edge of the regenerator.
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TABLE IV. K— 7r7r event totals after all analysis requirements

and background subtraction. é 35007 ] @ Zggw [ (b)
g zzgg: 1 K=r'n™ | so0] J K—n'r®
Vacuum Beam Regenerator Beam g 2000 L 4003
y - & 1500 3003
K—m"m 11,126,243 19,290,609 3 1000 ‘ 11& 2004 ‘
K— 7070 3,347,729 5,555,789 500 1004
0110 12"0 1f|30 14|10 1%0 0110 1é0 1é0 1210 150
background simulatiorfAppendix B. If we ignore differ- L s000 Zeened ) Zvenorm)
ences between diffractive and inelastic scattering, and simply & 170 ¥ © 250_ fi (@
reduce the total scattering level by 3% in the neutral mode @ 10 1 K-or'n 222: K—sn’n’
simulation, Re€’/€) changes by+0.3x10 % We assign :,i :izg 1 200 yl
0.3x 10 * as the systematic uncertainty on RE() to ac- B 750 g 1503 LLLL
count for the uncertainty in the inelastic-to-diffractive ratio 3 500 = 1004 -
for K—w%7% decays, and to account for possible charged- £ 2} %03

neutral differences in thp% distribution. °0 80 100 120 120 160 040 60 80 100 120 140 160
We have also checked the effect of variations in the analy- Kaon momentum (GeV/c) Kaon momentum (GeV/c)
S!S r'e.qUIrements Qn the b‘?‘Ckng‘%”d subtraction. The most FIG. 21. (a) zvertex distribution for reconstructed— 7" 7~
significant effect is from |ncreaS|r_lg the regenergto[-vetodecays for the vacuum beatthick) and regenerator bearthin
threshold frolm 8 MeVv .to 24 MeV 'nobgth_thﬁ_)W ™ histogran. (b) z-vertex distributions for reconstructed— m°=°
kac_)n scattering analysis anq ﬂfeﬁ” " signal analysis. ~decays. (c) Kaon momentum distributions for reconstructed
This change doubles the inelastic regenerator scattering ., -+ - decays.(d) Kaon momentum distributions for recon-
background and shifts Re(/e) by (+0.7+0.3)x10 4 structedK— 7%7° decays. AllK— 77 analysis cuts have been
leading to an additional systematic uncertainty of 0.8applied and background has been subtracted.
X 1074,
The other neutral mode background sourceable i) detector geometry, which is known precisely from optical

have a much .smaller effe,ct on the mgasurement than regegfjrvey and measurements with data. The remaining part of
erator scattering. The Reé(/€) uncertainty from all neutral

mode backgrounds is 1.6710" % the acceptance co_rrec_tion de_pends_ on detaile_zd dete_ctor re-
: ’ sponse and resolution in the simulation. Including accidental

activity in the simulation results in corrections to Ré&(e)

G. Analysis summary that are about-0.9x 10”4 and — 0.5x 10 * for the charged

The numbers of events after all event selection require@nd neutral decay modes, respectively. As will be discussed

ments and background subtraction are given in Table IV. Thd Sec. IVB, comparisons of data and '\.’m’e”ex d_lstrlbu- .
measurement of Re(/¢) is statistically limited by the 3.3 tions a!low us to estimate the systematic uncertainty associ-
million K, — 7%#° decays. Figure 21 shows tkeertex and ated with the acceptance correction.

kaon momentum distributions for the four event samples. defli:r?erdaaglven range of kaop and z, the acceptance is

IV. EXTRACTING PHYSICS PARAMETERS Apz=NIEENGET, (11)
To measure physics parameters with the event samples
described in the previous section, we correct for detector
acceptance and perform a fit to the data. The acceptandghere Ni7 (NP5) is the number of reconstructedener-
correction and the associated systematic error are describ@ded Monte Carlo events in the specifigrl z range. The
in Secs. IVA-IVB. The fitting program used to extract generatecp andz ranges are slightly larger than the ranges
physics results from the event samples is described in Segsed in the analysis to account for the effects of resolution.

IV C. Systematic uncertainties associated with fitting are disFigure 22 shows the acceptance as a functiorz &r 70
cussed in Sec. IV D. <p<80 GeVk. TheK— 77 MC samples used to calculate

the detector acceptance correspond to 4.7 times Khe
—atw~ data sample and 10.4 times the— 7°#° data
sample. The resulting statistical uncertainties on &R/

A Monte Carlo simulation is used to determine the accepfrom the acceptance correction are 040 * and 0.40
tance, which is the fraction &€ — 77 decays that satisfy the x10 4 for the charged and neutral decay modes, respec-
reconstruction and event selection criteria. The very differentively.

K, andKg lifetimes cause a difference between the average As will be described in Sec. IV C, we extract Ré(e)
acceptance for decays in the two beams. Correcting for thasing twelve 10 GeM bins in kaon momentum and a
acceptance difference in the momentum angkertex range  single, integratea bin. Thisp binning reduces sensitivity to
used in this analysis, the measured value ofdR&{() shifts the momentum dependence of the detector acceptance and to
by ~85x 10" 4. About 85% of this correction is the result of our understanding of the kaon momentum spectrum. The use

A. The acceptance correction
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FIG. 22. MC acceptance vg-vertex (2 meter bing for 755 1.02
K— 7 decays with momentum range 70-80 GeV/The solid : [
(dotted histogram refers to the chargédeutra) decay mode as 50F 1
indicated on the plot. a [
P 25¢ 0.98
. 0
of p bins also allows us to account for the momentum de- 1500 1.02
pendence of the regeneration amplitude. ’
1000} N L [R——
N Iu.n'n T LabbL T AL R
B. Systematic uncertainty from the acceptance correction 5001 lope:
. . . . 0.98 .23 +0.19) x 107
We evaluate the quality of the simulation by comparing AT )x10° fm
?10 120 130 140 150 110 120 130 140 150

the data and MQ-vertex distributions in the vacuum beam,
where the generaterldistribution depends only on the well
known K lifetime. Imperfections in the understanding of  FIG. 23. Comparison of the vacuum beandistributions for
detector size and efficiency would change the number of redata(dotg and MC (histogran). The data-to-MC ratios on the right
constructed events in a nonuniform way along the decay reare fit to a line, and the-slopes(see text are shown. The neutral
gion, and would result in a data-MC difference in the distributions are for the combined 1998997 samples; the charged
z-vertex distribution. distributions are for 1997 only.

The procedure for converting the data-MC vertex com-

IF())?/\r/Issogilnnég %sxsl,tematlr;g;cerrézm;y fg ggg k';o";s rl:wocl)- decay mode has the same particle type in the fina_ll state as
: € Re'/e) is sured 1 . K— 7070 decays, and th&, — #°7°#° reconstruction is
mentum .bms’ we weight the number of MC events in e.acnnore sensitive to the effects of nearby clusters, energy leak-
energy bin so that the data and MC kaon momentum distrizye ot the calorimeter edges, and low photon energies. Using
butions agree. We then compare the data and the weight sample of 50 million reconstructet, — m°7°7° decays

MC z distributions, and fit a line to the data/MC ratio as aj,  poth data and MC the zslope s
function ofz The slope of this lines, is called an acceptance (40 23+0.19)x10 % m* leading to a neutral mode accep-
“z-slope.” To a good approximation, zslope affects the tance uncertainty of 0.3910°% on Re('/€). The K
measured value of Re(/€) assAz/6, whereAz is the dif- _, ;0,0 z-slope of (+0.60+0.53)x 10 4 m™ ! is consistent
ference of the meanvalues for the vacuum and regenerator with the z-slope inK, — 7°7%#° decays. The uncertainty in
beam vertex distributions, and the factor 6 arises from conthe z-dependence of the acceptance for each decay mode is
verting a bias on the vacuum-to-regenerator ratio to a bias oimcluded in the summary of systematic uncertainties shown
Re(e’'/e). Az=5.6 m andAz=7.2 m in the charged and in Table VIII.

neutral7r7r modes, respectively. Equati@h) is used to con-

vert the bias on Re{/€) to a systematic uncertainty. The C. Fitting decay distributions

unc_ertainty im_-L [30], which a]_‘fe_cts the MCZ—\_/ertex distri- For pureK, andKs beams, the event yielddable V)
but|0n4, colntnbutes a negligible uncertainty of 0.034 and acceptance for each modig. 22 would be sufficient
X107 m ~ to thezslope. , to determine Re{'/€) from the acceptance-corrected double
Figure 23 shows the data-M&vertex comparisons fpr ratio. The regenerator, however, produces a cohéteri,
the charged and neutratm decay modes, and for the high mixture, so that a simple double ratio underestimates
statistics K, —m“e"v and K —#%7°7° modes. The Re(e'/e) by a fewx 10-%. A proper treatment of the regen-
z-slope inK — 77~ is (=0.70+0.30)x10°* m™*, and  erator, as well as targéts in both beams, is included in a
leads to a systematic uncertainty of 0:780 % in Re(e’/€). fitting program. In addition to extracting Re(e), this fit-
This chargedz-slope has a significance of 23 and is  ting program is also used to make measurements of the kaon
mostly from the first 20% of the data samglee., data col- parametersAm, 7g, ¢, _, and A ¢; the fitting procedure
lected at the start of the 1997 puriThe very smallK,;  described below applies to both Ré(e) and these kaon
z-slope is shown as a crosscheck, but is not used to set tlparameters. Each fit has different conditions related to the
systematic error because of the different particle types in the-binning andCP T assumptions, which are summarized in
final state. To assign a systematic uncertainty for the neutrafable V.

Z vertex (m) z vertex (m)

decay mode acceptance, we use— 7O7°#° decays. This
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TABLE V. Fit conditions used to analyz&K—z7 data. E Y
“ z-binning” refers to using 2 ne-bins in the regenerator beam. 2105_ —-nn .da'ta . .
“Assume C PT" means that Eq(15) is a fit constraint. Free param- 2 s Prediction without interference
eters common to all fits, but not shown in the table, include the £ (40 < p, < 50 GeV/c)
regeneration parametefs_(70 GeVk)| and «, and the kaon flux 3104_
in each 10 GeW momentum bin,F(p;) — F(P12) -

Fit Conditions 1030

Fit Assume Free
Type z binning CPT Parameters R T R Ty m— T ‘z\jeégx-(r'n)
Re(e'/€) No Yes Reg'/€)
Am Yes Yes Am FIG. 24. z decay distribution oK — 7" 7~ decays in the regen-

y Ts y Ts

erator beam, for the restricted momentum range 40-50 GeMie
b, Yes No Am, 7, ¢ MC prediction(dashedlis without the interference term that is pro-
portional to “2|p||7|” in Eq. (14).

Ao Yes No Am, 75, ¢,

Re(e'/€), Im(e'/€) +1/7.)12, Fr(p) is the kaon flux upstream of the regenera-
tor, and T,.4(p) is the kaon flux transmission through the
regenerator. The prediction function accounts for decays in-
side the regenerator by using the effective regenerator edge
r[Fig. 7(b)] as the start of the decay region. All three terms in
Eq. (14) are important, as illustrated in Fig. 24, which shows
interference effects in the regenerator-beavertex distribu-

(12) tion.
Next, we discuss how the various factors in E¢s3),

whereN77 is the calculated number d¢—m decays in (14) are treated in the fits. The average vacuum-to-

the specifiedp, range, andA, , is the detector acceptance '€generator kaon flux ratio{ ) and the average regen-
determined by a Monte Carlo simulatipq. (11)]. Note that ~ €rator fransmissionT(g) cancel in the Re{/¢) fit as ex-

N77 includes full propagation of the kaon state from thePlained in Appendix A. To account for the momentum
target up to the decay point, as in the MC simulatiGec. dependence of the regeneration amplitude in thgsis be-
INE 1) ' low), we need to know the momentum-dependence of
For all fits, the prediction function is computed in FI(FrTyeg); it is measured from the vacuum-to-regenerator
ratio of K, — 7 7~ #° decays, and is found to vary linearly

1 GeV/c p-bins and 2 metez-bins. To evaluate thg? in the : ;
Re(e'/€) fit, the event yields and prediction function are PY (¥7.00.7)% between 40 and 160 Ged//This varia-

integrated in 10 Ge\WW-wide p-bins, and eaclp-bin is inte- tion in F7(FrTreg) is mostly from the momentum depen-
grated over the fulz-range from 110 m to 158 m. For the dence of the regenerator transmission, and to a lesser extent

other kaon parameter fits, the event yields and predictiorflrom the movgble_absorber transmission.
function are integrated over 10 Ged# 2 m p-z bins, The KL. lifetime is taken fron30]. The values ofAm and
To simplify the discussion that follows, the target 7S are fixed to our measurementSec. VIA) for the

S Re(e'/€) fit, and are floated in the fits for the other kaon
component is ignored. For a pukg beam, the number of ' ,
K_)E;W decaysgis puke. parameters. In the fits that assu@® T symmetry,¢», ~ and

$qo are set equal to the superweak phase:

The fitting procedure is to minimize thg? between
background-subtracted data yields and a prediction functio
and uses thennuiT [32] program. The prediction function
(P) for each beam and decay mode is

Ppz=Ng7XAp 2,

T 24— tlT
Npze= Fp)l l7e™ (13 b, = bsw=tan {(2Am/AT). (15)
wheret=my(z—z.g)/p is the measured proper time relative
to decays at the regenerator edges 7, (7o) for charged
(neutra) decays,F(p) is the kaon flux, andr, is the K
lifetime. The vacuum beam decay distribution is determine e
by 7, ; the total event yield is proportional {o7|2 and the ~ Plitudes fork® andK®:

The final component of the prediction function is the re-
generation amplitude. We use a model that relatés the
Odif‘ference between the forward kaon-nucleon scattering am-

kaon flux. o
For a pureK, beam incident on the KTeV regenerator, the xf =F f(0)—f(0) 16
number of decays downstream of the regenerator is prt-= p ’ (18
T 2, tlT 2.t/ —
Np 2 FR(P) Treg(P)I p(p)| %€~ "5+ | 7| e "1™ wheref(0) andf(0) are the forward scattering amplitudes

+2|p|| 7|cog Amt+ ¢p—¢n)e_t/7avg], (14) for K® andK®, respectively, ang is the kaon momentum.
Additional factors that contribute to are described if33].
whereg, =arg(n), |p| and ¢, are the magnitude and phase  For an isoscalar target and high kaon momentfim¢an
of the coherent regeneration amplitugkl], 1/7,,,=(1/7s  be approximated by a single Regge trajectory corresponding
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TABLE VI. Systematic uncertainties in Re(/€) from fitting. Am-—5261
ARe €'/ €)= (+0.05x 10-4)><1—5
Re(e'/€) Uncertainty
Source of Uncertainty X104 75— 89.65
+(—0.06x10 )X ——xc—, (19
Regenerator transmission 0.19 0.07
E‘Tr]gaeaﬁis gﬁ where Am and 75 are in units of 16 ﬁsfl and .1012 S,
Regenerator screening 015 respectively. Each numerator in E(L9) is the difference
. (analyticity 0.07 between the true_ value and the KTeV measuren{_@a-!c.
1596 vs 1997K </K. flux ratio 0’ 05 VI A); the denominators are the total KTeV uncertainties on
e ' Am and 5. Since the KTeV measurements & and g
r:ac[); l]m omentum binning 08‘204 are anticorrelated, the systematic uncertainty oneRej
L .

due to variations in these parameters is X10 .

Total 0.30 There are also uncertainties in Ré{e) associated with
the analyticity relation and screening correction used to pre-
dict the regeneration phasg,. It has been argued that the

to thew meson. In that case, Regge thefByl] predicts that ~ analyticity assumption is good to 0.35° in the E773 experi-

the magnitude of _ should vary with kaon momentum as a Ment [38], which included kaon momenta down to
power law: 30 GeVk. A smaller deviation from analyticity is expected

with the 40 GeVE minimum momentum cut used in this
0 N analysis; this leads to a 0.25° uncertaintydp and a 0.07
_4 . . 12 . . .
i =1f_(70 GeVk 1 X 10 * uncertainty in Re¢'/€). Using different screening
If-(p)l=]f-( )|(70 GeV/c) (7 models in the fit leads to a Re€('e) uncertainty of 0.15
X104,
The complex phase of  can be determined from its mo- 1€ fitting program uses the saries/K, flux ratio for
mentum dependence through an integral dispersion relatiof® Ehz{rged and neutral decay modes. Since the 1996
with the requirement that the forward scattering amplitudes” ™ 7 Sample is excluded, we consider the possibility of
be analytic functions. This “analyticity” requirement yields a & change in the kaon flux ratio between 1996 and 1997. The

constant phase for a power-law momentum dependence: kaon flux ratio depends only on the physical properties of the
movable absorber and regenerator. The density of these two

elements could change between the two years because of a
possible few degree temperature difference, leading to a sys-
tematic uncertainty of 0.0610™“ on Re('/¢).

To determine the uncertainty from using 10 Ge\kaon
momentum bins in the fit, the momentum bin size is varied
§rom 3 to 12 GeVe; the maximum variation in Re(/€) is
€94x 1074 and is included as a systematic uncertainty. The

@ng modify the momentum d(_apendence| bt (p)] as \{vell as uncertainty from the momentum bin size used to compute the
its phase. Screening corrections are evaluated using GIanSrrediction function[Eq. (12)] is less than 0.0£10 * on
theory formalisn{ 35,36 for diffractive scattering, and using Re(e'/ ) ' '

various modeld37] for inelastic scattering. The screening
corrections in the prediction function used in the Re€) fit
result in a 10% correction ta, and a 0.3& 10~ * shift in
Re(e'/e€).

T

5 (2+a). (18)

bi_ =

In practice, the kaon-nucleon interactions in carbon ar
screened due to rescattering processes. The effects of scr

Although fitting uncertainties in the Re{/e) measure-
ment are a small part of the total uncertainty, they are more
significant in the measurements &, 7g, and¢, _ (Table
VII). Uncertainties in the regenerator transmission and in the
analyticity assumption contribute the largest uncertainties in
D. Systematic uncertainties from fitting the measurements dfm and 5. The uncertainty in the

— _ . egenerator screening model contributes an uncertainty of
Uncertainties from the fitting procedure are summarize g 9 y

in Table VI and discussed below. These uncertainties are'750 In theg,,  measurement. Fitting uncertainties have a

mainly related to regenerator pr'operties and contributé egligible effect on the measurement/og because of can-

0.30<10°% to the Re€'/€) uncertainty. cellations between the charged and neutral decay modes.
The uncertainty on the momentum dependence of the re-

generator transmission corresponds to a 8.19 * uncer- V. MEASUREMENT OF Re (€'/¢)

tainty on Reg’/€). The sensitivity to targelcgis checked by The KTeV measurement of Re(e) uses the

floating the K9/K® flux ratio (Sec. Il E Q) in the fit; this  background-subtractéd— 7" 7~ andK— 7°#° samples in

changes the targéscomponent by (2.51.6)% of itself, the vacuum and regenerator beams, the prediction foKthe

and leads to a systematic uncertainty of XID % on  — o acceptances using the Monte Carlo simulation, and

Re(e'/€). the fitting program. Section V A presents the Ré¢) result
The dependence of R€((e) on Am and 75 is and a summary of the systematic uncertainties. Section V B
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TABLE VII. Fitting uncertainties inAm, 75, ¢, _, andA¢. TABLE VIIl. Summary of systematic uncertainties in Ré(e).

“ ogyst refers to systematic uncertainty. Uncertainties from the charged and neutral decay modes are pre-

sented in more detail in Tables | and II.
Tsysifor:
Source of Am s b A Re(e’/€) Uncertainty (< 10™%)
Uncertainty x1Pa/s) (x10%%s) (°) (°) from:
— Source of Uncertainty Koot~ K— 7070

Regen. transmission 10.0 0.020 0.07 0.01

TargetK g 1.4 0.017 0.13 0.01 Trigger 0.58 0.18

Regen. screening 3.0 0.020 0.75 0.03 Csl energy, position recon 1.47

¢, (analyticity) 8.1 0.030 0.25 0.00 Track reconstruction 0.32

Kaon momentum binning 0.4 0.002 0.03 0.03 Selection efficiency 0.47 0.37

T 0.0 0.001 0.00 0.00 Apertures 0.30 0.48
Background 0.20 1.07

Total 13.3 0.045 0.80 0.04 z-dependence of acceptance 0.79 0.39
MC statistics 0.41 0.40

presents several crosschecks, including a “reweighting’Flttlng 0.30

technique which does not use a Monte Carlo acceptance corotal 2.39

rection.

A. The Re(e'/€) result B. Re(€'/€) crosschecks
There are 48 measured quantities that enter into the 1. Consistency among data subsets
Re(e'/¢) fit: the observed numbers df— "7~ and K We have performed several crosschecks of our result by

— %7 decays in the vacuum and regenerator beams, eaaflviding the K— 7 samples into subsets and checking the
in twelve 10 GeVE wide p bins. Within each momentum bin  consistency of Re{'/€) and other parameters among the dif-
we use the-integrated yield from 110 m to 158 m. There are ferent subsets. Figure 25 shows the &&€) result in
27 fit parameters including 24 kaon fluxes, two regenerationoughly month-long time periods, in each regenerator posi-
parameters, and Re(/€). Therefore, the number of degrees tion, and for the two magnet polarities. These comparisons
of freedom in the fit is 48 27=21. CPT symmetry is as- all show good agreement. The first data point labeled 96/97a
sumed Eq. (15)], and the values ohm and g are from our  corresponds to the current analysis applied to the sample
measurements described in Sec. VI A. used in our previous publicatid20]; this reanalysis is dis-

For the combined 1996 and 1997 datasets, we obtain cussed in Appendix C.
To check the dependence on kaon momentum, 12 separate

’ — —4
Re(e’/€)=(20.71:1.48 X 10 fits are done in 10 Ge\é/ momentum bins. The free param-

|f_(70 GeVk)|=1.2070-0.0003 mbarns w 28
(20 o
o 26
a=—0.5426+0.0008 S
& 24f T
x?1d.0.f=27.6/21,
2 ]- .
where the errors reflect the statistical uncertainties. Including 20f 1 ] [
the systematic uncertainty,
18
Re(€'/€)=[20.71+ 1.48 stah + 2.39sysh ] x 10" 4 16k
_ = + |
=(20.7+2.8) X104, (21 i § 60D o £§5 | 5%
Do SN o . c £
S OO o o P ==
where the contributions to the systematic uncertainty are 12t @ C s =
summarized in Table VIII. The systematic uncertainties from
the charged and neutral decay modes contribute 1.26 10

x10 * and 2.00<10"“, respectively. The largest un(:7e4rta|n- FIG. 25. Reg'/€) consistency checks. The first five data points
ties are from the Csl energy reconstruction (X4D ),  correspond roughly to one-month time periods. Reg-Left and Reg-
neutral mode background subtraction (A0 %), Right correspond to the two regenerator positions. Magnahd
zdependence of the acceptance in the charged decay mogiagnet- correspond to the two magnet polarities, with the
(0.79<10™ %), and the charged mode level 3 filter (0.54 K— 7°=° sample common to both results. The uncertainties shown
X 10_4). within each category are independent statistical errors.
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-, 707 is therefore described by essentially plre beams entering

% 60 the decay region. Using this sub-sample, the change in
—~ 2 A .

T o (@ x°/DoF=20.7/11 Re(e'/€) from the nominal resulfEq. (21)] is (+0.85
e +0.89)x 10 4, where the error reflects the uncorrelated sta-

tistical uncertainty.

(4] L3
o ©
I 1
Eo—
Lo
He-
o
—e—I

2. Ref'/e) from reweighting technique

20 24 ¢
10- L } } { l As a final crosscheck of our “standard” analysis, we also
] measure Re{’'/€) using a reweighting technique that does
05 not depend on a Monte Carlo acceptance correction. This
104 . , : , , technique is similar to that used by the NA48 experiment
_ [21]. The “local acceptance” oK — 7 decays in eaclp-z
§ 1214 (b) ¥¥DoF=52/11 bin (1 GeVkx2 m) is nearly identical in both beams, with
£ the only difference arising from the effects of accidental ac-
— 1.208] I 1 I tivity. In this method, a weight is applied to vacuum beam
S %{§i} 1 T 1 events such that the regenerator and weighted vacuum beam
3 1.206- 1 t events have the same statistical sampling of decay vertex and
?.,I kaon energy. With the same local acceptance in the two
= beams as a function gf and z, an ideal weight function
1.204- ey . ; . L
eliminates differences in the reconstruction efficiencies and
resolutions folK — 777 in the two beams. The weight factor,
1.202 % 8 10 1 w10 which is applied event-by-event, is tlepriori ratio of the
Kaon Momentum (GeVic) regenerator beam and vacuum beam decay rates,
FIG. 26. Results of twelve independent fits in 10 GeWide p dr,.,/dt(p,2)
bins for (a) Re(e'/€) and (b) |f_(70 GeVk)|. Within each kaon W(p,z)= —reg A (23)
momentum bin, Re{'/€) and|f_(70 GeVk)| are extracted from dl'yac/dt(p,2)
the same fit. Only statistical errors are shown. Each dashed line
shows the average of all momentum bins. The functionsdl',;c/dt and dI',¢4/dt are similar to those

given by Eqs(13) and(14), respectively, with the modifica-
eters in each fit are Re{/€) and|f _(70 GeVk)|, which is  tion that they are constrained to vanish upstream of the re-
proportional to the regeneration amplitude at 70 GeWhe  generator.
momentum dependence of the regeneration amplitude within Thezdistribution in each beam, without the weight factor,
each 10 GeW bin is described by the power-lay,~ p?, is shown in Figs. 268 and 21b), and the pion track
where « is fixed to the value found in the nominal fiEg.  Y-illumination at the first drift chamber is shown in Fig.
(20)]. The x? per degree of freedom is 20.7/11 for R&fe)  27(a). The differences between the vacuum and regenerator
vs p [Fig. 26a)] and 5.2/11 forlf _(70 GeVk)| vs p [Fig.  beam distributions are due to the average acceptance differ-
26(b)]; the combinedy?/d.o.f. is 25.9/22. The scatter of ence coming from the differeri, and Kg lifetimes. The
Re(e'/€) in the higher momentum bins is not present in theeffect of W(p,z) is that the vacuum beam distributions
kaon parameter measuremeffsg. 28, and a linear fit to match those in the regenerator befig. 27b)]. The main
Re(e'/e) vs p has no significant slope<(0.80). The drawback to this reweighting method is that the statistical

140—150 GeVe bin, which accounts for 6.3 of the? in Fig. ~ uncertainty is increased by a factor of 1.7 compared to the
26(a), also contributes 6.7 to the? in the nominal fitfEq.  Standard analysis, because of the loss of vacuum beam events

(20)], with nearly equal contributions from all fout— 7=  through the reweighting function. In addition, the reweight-
samples. ing technique is more sensitive to the neutral energy recon-
Another crosscheck is that, which describes the regen- Struction because the weight factdq. (23)] depends on

eration power lawWEqg. (17)], should be the same for both the kaon energy.

charged and neutral decays. A separate fit in each decay The event reconstruction and selection are very similar to
mode results in that of the standard analysis. In the— 7°7° mode, the
event selection cuts are identical. The most significant differ-
a, _=—0.5421+0.0009(stal ence in the reweighting analysis is the energy scale correc-
(22)  tion, where the absolute energy scale is corrected as opposed
ago=—0.5445-0.0017(stab to the relative data-MC scale. The energy scale correction is
derived from the difference between they and 7% 7~
which agree to within 1.2. z-vertex reconstructed iK, — 7" 7~ 7°.

The targetKs correction is checked in a separate For the K— =7~ selection, the reweighting analysis
Re(e'/€) fit that uses only those events with kaon momentadiffers from the standard analysis by adding a center-of-
below 100 GeV¢ and azvertex farther than 124 m from the energy “RING” cut [Eq. (10)]. This cut is the same for neu-
BeO target. This sample has a negligiBle component, and tral and charged events, and eliminates the need to correct
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TABLE IX. Systematic uncertainties in Re&(/€) from the re-

£ 3000F . 30001
~ cvac . (a) *vac (b) weighting analysis
(‘,":- -reg - reg gnting ysIS.
§2°°° i 2000 - Source of Re€'/€) Uncertainty
= Sample Uncertainty X104
%1000 1000
é’ Neutral Backgrounds 1.31
0 L % 0l : . Reconstruction 2.93
0.5 0 0.5 -0.5 0 0.5 Trigger 0.41
. 9 y at DC1, (meters) 1.04 y at DC1, (meters) Accidental Bias 1.46
3 © (@
& 15- . 1.02+ Charged Backgrounds 0.16
g ) [|I | ”l Reconstruction 0.87
ag 1 i T 'l'f"l]'ll f'ﬂHHri Trigger . 1.09
? 05k T 098l Accidental Bias 0.81
§ ’ ) Regenerator location 0.20
>
0 .05 0 0.5 0.96 05 0 05 Common  Ring Number cut 0.70
y at DC1, (meters) y at DC1, (meters) Reweighting Parameters 0.30
FIG. 27. (8) K—# "7~ track illumination in the DCly-view Total 3.98

for vacuum(dots and regeneratdhistogram beams(b) The same
track illumination after applying the weight factor to the vacuum o o
beam. The vacuum-to-regenerator beam ratios are shown for ea@fediction function is the same as E¢3),(14), except that
case in(c) and (d); note the different vertical scales for the ratios. in the vacuum beam, both the data and the prediction func-

tion include the weight factor. As in the standard fit, there are
for the effect of kaon scattering in the movable absorbe#8 measured inputs, which correspond to the numbet§ of
upstream of the regenerat(¥ig. 1). —arqr events in each 10 Ge¥W/wide kaon momentum bin,
Re(e'/€) is extracted in a fit which compares the for both decay modes and both regenerator positions. The
background-subtracted yields to a prediction function. Theree parameters in the fit include 24 kaon fluxes, the regen-
eration amplitude and power-law slogé&q. (17)], and

g

-~ 6000

— ! 1 1 1 1 -
% @ Am@T) T A (b) Am'r) Re(e'/€). In the revyelghtlng fit, the two regeneration param
% 5500 + % 55004 + eters also appear in the vacuum beam fit functional via the
X e R *+*f;+4f+ reweighting function, where they are not varied. We find that
g 50001 + g %007 the value of Reé’/¢€) is quite insensitive to the regeneration
4500 45001 parameters used in the reweighting function. As in the stan-
sooo | 1= 11471 ool =148/ dard Reg'/¢€) fit,_ Am andrg are fixed to the values from the
40 60 80 100 120 120 160 40 60 80 100 120 130 160 measurements in Sec. VI A. There are a total of 27 free pa-
P (@evic) Pic (GeVic) rameters and 21 degrees of freedom in the reweighting
- 92 - 92 .
&“m (c) ts(nfn—) 3 (d) 18(7‘01‘0) 1 methOd flt. ) ) ) )
2 o1 2 91 The systematic errors for the reweighting analysis are
- ; shown in Table IX. In the neutral decay mode, the largest
i PO SO 0 ++¢+++ 1] systematic uncertainty results from the sensitivity to the
897 +T4H 897 minimum photon cluster energy. The other large source of
x’/dof = 155/ 11 ¥/dof = 10.4 /11 systematic uncertainty results from accidental activity. The
88 — T 88 — T 1 . T . . . .
40 60 80 100 120 140 160 40 60 80 100 120 140 160 level of accidental activity in the detector is slightly different
60 Pu (@GeVio) P (GeVic) for the two beams; this affects the local acceptance differ-
2 © o, ?g ) A® 1 ently in the vacuum and regenerator beams and is not ac-
8 o+ ] I T 8 % J» counted for by the weight factor. In the standard analysis,
- *+‘T = + 1] accidental effects are accounted for in the Monte Carlo ac-
140 + + T[ g OTeTETTY .
s N +T| ceptance correction.
30 5] To determine the uncorrelated statistical uncertainty be-
ol Xidot=08/11 | T Khdof=9/11 tween the standard and reweighting analyses, a large number
40 60 80 100 120 140 160 40 60 80 100 120 140 160 of Monte Carlo samples are generated and fit with both
Py (GeVic) Py (Gevic)

methods; the uncorrelated uncertainty results mainly from

FIG. 28. Kaon parameters as a function of kaon momentum anéhe effective loss in statistics in the reweighting method. The
decay mode are shown fdg) Am from =* 7, (b) Am from uncorrelated systematic error is mainly from the uncertainty
7070, (¢) 75 from w* 7™, (d) 75 from 7°=°, (e) ¢, _, and(f)  in the minimum cluster energy requirement in the reweight-
A ¢. Each dashed horizontal line is the average of all momentunming analysis; there are also contributions from the acceptance
bins, and they?/d.o.f. noted on each plot is for the consistency correction in the standard analysis and accidental effects in
relative to the dashed line. the reweighting analysis.
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TABLE X. Systematic uncertainties iim, 7s, ¢, _, andA¢. * o/ refers to systematic uncertainty.
The uncertainty associated with fitting is common to both decay modes. The “combined total” uncertainty is
explained in the text.

Tsysi for:
Source of Am TS b Ad
Uncertainty (< 10° A/s) (X10 ¥ s) ) )
K— 7t 7~ Analysis:

Trigger 0.2 0.004 0.10 0.02
Track reconstruction 0.6 0.032 0.02 0.02
Selection efficiency 3.2 0.011 0.35 0.06
Apertures 2.8 0.038 0.76 0.09
Background 0.8 0.002 0.01 0.01
Acceptance 1.2 0.026 0.14 0.06
MC statistics 2.6 0.012 0.28 0.05
Fitting 13.3 0.045 0.80 0.04
K—a*#7~ Total 14.3 0.074 1.20 0.14

K— 7%7° Analysis:

Trigger 0.4 0.013 0.03

Csl reconstruction 8.1 0.094 0.37
Selection efficiency 5.0 0.035 0.06
Apertures 2.2 0.040 0.14
Background 7.0 0.030 0.14
Acceptance 2.0 0.030 0.05
MC statistics 3.3 0.016 0.06
Fitting 13.3 0.045 0.04

K— 7070 Total 18.3 0.126 0.43

Combined Total 14.2 0.069 0.50

The reweighting and standard analyses were both applieg each 10 GeW¢ momentum bin.
to the part of the 1997 data sample that was not used in the A zbinned fit increases the sensitivity to migrationszin
previous publication, corresponding to roughly 3/4 of theTo allow for such migrations near the regenerator edge, we
total sample. There is good agreement between the twimclude an extra z-shift” parameter which is the shift in the
analyses: the difference between the reweighting and stamffective regenerator edge relative to the nominal value cal-

dard Reg’'/€) results is culated in Sec. Il C 3. In all fits, the charged and neutral data
are consistent with na-shift at the regenerator edge.
A[Re(€'/€)]=[+ 1.5+ 2.1(stah +3.3(sysh]x 10~ * Systematic errors for the kaon parameter measurements
are evaluated in a manner similar to the Reé€) analysis,
=(+1.5+3.9x107%, (24)  and are summarized in Table X. The sensitivityztmigra-

tion is most pronounced in th&¢ uncertainty related to Csl
where the errors reflect the uncorrelated uncertainty betweegnergy reconstruction. The complicatedependence of the

the two methods. regenerator scattering backgrougkg. 20 also contributes
significant uncertainties to results obtained frabinned
fits.

VI. MEASUREMENTS OF KAON PARAMETERS

The regenerator beam decay distribution allows measure- A. Measurement ofAm and 75

ments of the kaon parameterg and Am, and CPT tests To measureAm and 7g, we fit the charged and neutral
based on measurements ¢f = and A¢. The main differ- modes separately and then combine results according to the
ence compared to the R€(e) fit is that we fit the shape of statistical and uncorrelated systematic errors. We assume
decay distribution instead of the integrated yield. All of the CPT symmetry[Eq. (15)] by dynamically setting the value
fits discussed below use 2 meter wdbins in the regenera- of ¢, equal to the superweak phase using the floated values
tor beam from 124 m to 158 m. In the vacuum beam, onef Am andrs. The fit values ofrs andAm are independent
z-bin from 110 m to 158 m is used to determine the kaon fluxof the value of Reé’/¢).
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TABLE XI. Am andrg results for the regenerator beam chargedassumption, and therefore results in a larger statistical uncer-
and neutral data samples. The first uncertainty is statistical; theainty onAm andrs. The ¢ _ statistical uncertainty in our

second is systematic.

Decay Am 7s
mode (<10 fis™1) (X10 *25s) x2/d.of.
mtwT  5266.7 5.9+14.3 89.650:0.028-0.074 228/199

7m°m®  5237.3-10.6-18.3 89.63%#0.050+0.126 195/199

fit is 2.4 times larger than in a fit with a fixed value &f.
The 0.76° systematic uncertainty from apertu&able
X) is mainly from the cell separation cut at the drift cham-
bers(Sec. lll Q. Different screening models result in a 0.75°
uncertainty ong, _ (Table VII). The value of¢, _ depends
on the regeneration phagl,; a 0.25° uncertainty from the

analyticity assumption leads to a 0.25° error én_. The
total systematic uncertainty afi, _ is 1.20°.
For each charged and neutral mode fit, there are 216 mea- The results of the fit are

sured input quantities. The number of vacuum beam decays o o
in each 10 GeW momentum bin gives 12 inputs; the num- ¢ =[44.12-0.74sta) = 1.2 sysh]" = (44.12-1.40
ber of regenerator beam decays in each2 18 GeVLk bin
adds 1% 12=204 inputs. The floated parameters include the
kaon flux in each of 12 momentum bins, the magnitude and
phase of the regeneration amplitude,zahift parameter,
Am, andrg; these 17 floated parameters lead to 199 degrees
of freedom. The results of separate fits to the charged andX
neutral mode data are shown in Table XI. The difference ) .

_Next, we fit the deviation from the superweak phase,

between the charged and neutral mode results, after accow]g & which is a direct test of PT symmetry. Com
ing for the common systematic uncertainty described below;” *— = #SW: . i ' i
g y y pared to the¢, _ fit shown above, the fit fowd, - — dsw

' 1.60 for Am and 0.1 for 7s. ﬁesults in slightly reduced statistical and systematic uncer-

Systematic errors arising from data analysis are larger i inties because the value k. is computed dynamically
the neutral decay mode than in the charged mode, primarily”. W .
y g P sing the floated values d&fm and 75 [Eq. (15)], and is less

because of larger background and uncertainties in the C . . AR
energy reconstruction. The systematic uncertainties due gensitive to the correlations. The result of this fit is
regeneration propertigscreening, attenuation, and analytic-
ity) are more significant than in the R&(e) analysis be-
cause there is no cancellation between charged and neutral
mode data. These uncertainties in the regeneration properties
are common to the charged and neutral mode fits, and amnd they? is the same as for the, _ fit [Eq. (28)].
applied to the final result after averaging. The common sys-
tematic uncertainty is 13:810° #s™! on Am, and 0.045

Am=[5288+23(stah | x 10° As !

(28)
7s=[89.58+0.09 stah | x 10" 1? s

2]y=223.6/197.

¢ — dsw=[+0.61+0.6 stah =1.01(sysh]°

=(+0.61+1.19°, (29

C. Measurement ofA ¢

X102 s onrs.

We combine the charged and neutral mode results 1he measurement & ¢ is performed in a simultaneous
weighted by the statistical uncertainty and the independerdtt t© neutral and charged mode data. The number of mea-

parts of the systematic uncertainty. The results are

Am=(5261+15)x10¢° #s I, (25)
7¢=(89.65-0.07) X 10 12 s, (26)

which correspond to a superweak phase of
bsw=(43.38:0.10)°. (27)

B. Measurement of o, _ and ¢4 _— sy

The fit for ¢, _ is similar to theAm— 7g fit. The main
difference is that we remove tf@&P T assumptiofEq. (15)]
and float¢, _ in addition toAm and 5. The fit is per-
formed toK— 7" 77~ data only. Compared to them-r fit,
we have the same number of measured inf2i$) and one
additional free parameter¢(, ), for a total of 216-18
=198 degrees of freedom.

There is a large correlation amonfy, _, Am, and 7g,
which is illustrated in Fig. 31(Appendix D. The Am-7g
correlation is much stronger than in a fit using 6T

sured inputs is 432, which is simply twice the number used
in the Am-7g fits, since both charged and neutral modes are
used in the same fit. The floated parameters include the
charged and neutral kaon fluxes in each of 12 momentum
bins (12+12=24), the regeneration amplitude and phase,
one z-shift term in charged and one in neutral, the real and
imaginary parts ot’'/e, Am, 75, and¢, _ ; these 33 floated
parameters lead to 399 degrees of freedom. Note that the fit
uses Img'/€) instead ofA ¢ as a free paramet¢Eq. (4)].

The fit for A ¢ benefits from the cancellation of uncertain-
ties in the regenerator properties. Also, there is little correla-
tion with the other kaon parameters such\as, 75, and the
phase ofe. Consequently, systematic uncertainties due to
regenerator properties are small. The largest systematic un-
certainty of 0.37° is from the Csl cluster reconstruction in
the neutral mode analysis.

There is a correlation between the real and imaginary
parts ofe’/ e, with a correlation coefficient of-0.565. As a
result, the statistical uncertainty for Ré(e€) is increased by
about 20% compared to the standard fit that setselfa]
=0.

The results of the fit withou€ P T assumptions are
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Im(e'/€)=[ —22.9+12.4 stah + 26.2sysh]x 104 ® t/15<3 o thg>3
=(—22.9+29.)x10 4 @ i )
e S @70

’ — _4 T rryy 1T T v 77T AL U T T T
Re(e'le)=[+22.5+1.9stah]x 10 5100 5150 5200 5250 5300 5350 5400 5450 5500
Am  (x10%hs™)

X%l v=425/398. o) . )
0,
In terms ofA ¢, the result is - o —= ' (m no),
888 89 892 894 896 898 90 2902
A¢p=[+0.39+0.2 stah + 0.45 sysh]° = (+0.39+0.50)°. T3 (x107°s)
(30 © —

D. Kaon parameter crosschecks 40 41 42 43 M 45 ds 47 48

The K—mrar samples are divided into various subsets, ®,_ (degrees)
among which we check the consistencyoin, 7g, ¢, _, (d \ :
andA ¢. For all four measurements, we find good agreement ——0—
between five month-long time periods, the two regenerator |—rrv—1rrrgrr . T
positions, and the two magnet polarities. The consistency of 2 45 1 05 0 0.5 1 1.5 2
Am, 75, ¢, _, andA ¢ as a function of kaon momentum is A® (degrees)
shown in Fig. 28. There is good agreement among the 12 F|G. 29. Dots(open circles show the kaon parameter measure-
momentum bins in both the charged and neutral decayhents using regenerator beam data with proper time(lgrssitey
modes. Allowing each parameter to have a slope as a funghan threeK ¢ lifetimes relative to the regenerator edge. FrAm
tion of kaon momentum, the significance of each slope isand(b) 75, the charged and neutral mode results are shown sepa-
between 0.6 and 1.5, consistent with no momentum de- rately. For each pair of measuremefit®t and open circle the
pendence. error bars reflect statistical uncertainties and are independent. Each

To check the dependence on proper decay time, the regenertical dashed line shows the nominal result using all of the data.
erator beanK— 77 samples are divided into subsets with
proper time less than and greater thal Jlifetimes relative In addition, we report new measurements of teKsg
to the regenerator edge. This test is also sensitive to th@ass difference and theg lifetime:
significant background variations as a function of decay ver-
teg (Fig. 20. Thge entire vacuum beam samples are uged to Am= (526115 x10° fis™*,
determine the kaon flux in each 10 G&Whomentum bin, 7¢=(89.65+0.07) X 10 2 s 82
and the statistical uncertainty from the vacuum beam data is S ’ ' '

subtracted for these comparisons. For the sample with d_ecaWhereC PT symmetry is assumed. Although these results are
near the regenerator edge, 85% of ke- 77 decay rate is  consistent with individual previous measurements used in the
from theKs term that is proportional tp|? in Eq. (14); for  ppG average$30], our results each differ from the PDG

the other sample, 42% of the— 77 decay rate is from the 5yerages by more than two standard deviations. The KTeV
Ks term. Figure 29 shows consistent results between the two_ measurement is consistent with a recent NA48 measure-

proper time ranges for the kaon parameter measurementgent[40], and both results are much more precise than the
Note that the measurement ¢f. _, which has strong corre-  ppG average.

lations with Am and 7, is more sensitive to early decay  Fjnally, we measure phase differences
times; the measurement Afé, which is very weakly corre-

lated withAm and g, is more sensitive to later decay times. ¢y — dsp=(+0.61+1.19°
(33
VIl. CONCLUSIONS Ap= oo~ ¢+-=(+0.39:0.50°,
In this paper, we report an improved measurement of diwhich are consistent with th€ P T-symmetry prediction of
rect CP violation in the decay of the neutral kaon: zero. These phase differences are extracted from fits in which
Am and 75 are free parameters to avoid tRP T assump-
Re(€e'/€)=[20.7+1.48 stah = 2.3q sysh ] x 104 tions used to extract the nominal values in E2R). TheA ¢
., result can be expressed in terms of bti(e):
=(20.7£2.8)x10 “. (3D
Im(e'/e)=(—22.9-29.1) X 10 4. (34)
This result, which supersedes Rg#0], is consistent with the
measurement from the NA48 Collaboratioh21,39
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institutions for their vital contributions. This work was sup- signed to collect roughly the same statistics in the vacuum
ported in part by the U.S. Department of Energy, The Na-and regenerator beams. The statistical precision of'Re
tional Science Foundation and The Ministry of Educationis limited by the number of vacuum beat— 7%#° decays;
and Science of Japan. In addition, A.R.B., E.B. and S.V.Swith 7%=2 MHz and.4%~0.05, the rate oK, — 7°7° is
acknowledge support from the NYI program of the NSF;~2 Hz. The 5% acceptance used here is defined relative to
A.R.B. and E.B. from the Alfred P. Sloan Foundation; E.B. all kaons and includes a live-time factor of 0.7; it is therefore
from the OJI program of the DOE; K.H., T.N. and M.S. from smaller than the acceptance shown in Fig. 22 that is defined
the Japan Society for the Promotion of Science; and R.F.Bwithin a specific momentum armvertex range.

from the Fundaao de Amparo @esquisa do Estado dedSa  The desired quantity, ;. _ /7492, is proportional to the
Paulo. P.S.S. acknowledges support from the Grainger Fourxperimentally measured double ratiq,_ /roo. The factors

dation. 7L/7s, Treg, |p|, @andL/ycr_cancel in the double ratio. For
the kaon flux cancellation, we use the constraint that the
APPENDIX A: PRINCIPLES OF THE KTeV Re (€'/¢€) vacuum-to-regenerator kaon flux ratio is the same for both
MEASUREMENT the charged and neutral decay modes,
A simplified treatment of the KTeV measurement tech- Re=Fv - [ Fri - =Fuool Froo=2.32.  (AB)

nique is presented here to illustrate some of the important

cancellations that reduce systematic uncertainties in thRote that Eq.(A6) requires equal live-time for the vacuum
Re(e’'/e) measurement. The measurement is based on thend regenerator beams; the charged and neutral mode live-
number of reconstructel — "7~ and K— 7°7° decays  times, which are more difficult to control experimentally, do
in the vacuum and regenerator beams. To illustrate how thesgt have to be the same. If the beam collimation system
four quantities are related to Re€(e), it is convenient to  results in small kaon-flux differences between the two neu-
ignore theKs-K interference in both beams. In this simpli- tral beams, switching the regenerator position between the
fied case, the four measured quantities are related to expefivo beams ensures that Hé\6) is satisfied. The only quan-
mental parameters as follows: tities in the double ratio that do not cancel are the acceptan-
ces, for which we use a detailed Monte Carlo simulation.
The quantities . _ andry, can be measured at different
YeTL times provided that the following are the same for both mea-
(A1) surements(i) the kaon transmission in both the movable
absorber and regeneratdii,) the regeneration amplitude

T
N(vac 7 7 )= T—;ng’f\j*AJW 7y |?

N _pt-pt— g2 . )
N(reg 77 )=Bs Fr Ar |p[*Treg (A2) " and (i) the distance between the primary BeO target and
regenerator.
N(vac 7To7To)~ Boo}-ooA % 2700/2 L _ When Eqs(Al)—§A4) are mod?fied to account fafs-K,
YeTL interference, there is no algebraic solution for Ré€); re-
(A3)  sults are extracted from a fit described in Sec. IV C.
N(reg 7070 = BOOFOOAOO|p|2Treg, (A4)

APPENDIX B: FUNCTION FOR KAON SCATTERING
where theN's are the observed number kif— 7 decays in IN THE REGENERATOR

+-(00) - -

each+ bﬁeam,BOS ( )+J%00;fhe branching fraction ofKs This appendix describes the function used to model the
—ata (7° gg) Fy are the vacuum beam kaon K _, 7 decay distribution for kaons that scatter in the re-
fluxes, 7 ~(° are the kaon fluxes just upstream of the re-generator. The function depends on decay tipe, and

generator, thed's are the acceptances determined by akaon momentum, and is also used to separate diffractive and
Monte Carlo simulationl.~40 m is the length of the useful jnelastic contributions. The functional form is

decay region,T,¢y~0.18 is the kaon flux transmission

through the regeneratory=Ex/M~140 is the average 6 -

kaon boost, angp~0.03 is the regeneration amplitude for Nregscaixz Aje%iPi]petst+ pet!|?, (B1)
forward scatters. The factdr/ ycrg is not present because I=1

essentially all of the&Kg decay within the decay region. The

charged mode vacuum-to-regenerator single ratio is whereA;, «;, |p;| and ¢bp, are the 24 fit parameters,s
=img, —3s., andtis the proper time of the decay. Note
- 7+ ‘2TL Fu~ Avf L 1 (A5) that eachpl is an independent regeneration amplitude for
L=

scattering. The terms in E4B1) can be roughly associated
with the known properties of kaon scattering in carbon, hy-
and similarly the neutral mode single ratio is obtained withdrogen and lead. In addition to these 24 parameters, there are
+— replaced by 00. To get a typical value of the singletwo extra parameters that descrlbe the momentum depen-
ratio, use 7/p|~0.07, 7 /7s=580, 7,/ Fr=2.32 due to the  dence of the phase,) and p? slope (;) associated with
movable absorber(Fig. 2), Ay/Ag~0.8 and L/ycr_ diffractive scattering from the lead at the downstream edge
~0.02; this givesr~0.6, which shows that KTeV is de- of the regenerator. Of the 26 parameters in EBJl), 8 are

P ‘ s Fr AR_ YeTL Treg
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c ¢ . analysis, and is illustrated in Fig. 30. To match M, /N,
= Konn ratio in data, the neutral mode scattering simulation is ad-
2 % 6 ~ Konn justed by a 16% reduction in the inelastic scattering level;
= E note that the diffractive scattering level is not affected by the
[ . .
& 34 veto cuts, and is therefore the same in the charged and neu-
8 N RN > tral analyses.
I T 0% N : . . . .
£ O R R e, If we ignore the difference between diffractive and inelas-
2 R aSlasti tic scattering, the simulateN? /N, rati be adjusted
= S RAIRIG e ic scattering, the simulateN¢;.{N¢g, ratio can be adjuste
? I R RIS E IITTR 0 ion i i

0 R R L R SRIIRIKE, by a 3% reduction in the total scattering level. Compared

0 20000 40000 60000 ,80000 with the nominal 16% reduction in the inelastic level, a glo-
2: . .
P2 (Mev©/c) bal 3% adjustment gives equally good data-MC agreement

_ o _ in the RING distribution from 300 to 800 cirbecause the
FIG. 30. Regenerator scatteringf distribution (solid curveé iffractive and inelastic distributions are very similar fof
from a fit to acceptance-correctéd— =" 7~ data. The normaliza- 30000 Me\?/c2. In the coherent signal region, however
tion corresponds to the measured 0.074% scattering-to-coherefit gitractive and inelastic scattering distributions are differ-

background level in the charged decay modeable Ill). The . o o . L
hatched(cleap region shows the diffractivéinelastio component. ent, leading to a 0.01% difference in the background (%redlc

: — 0
The total (diffractive + inelastiQ scattering-to-coherent ratio is tlon betvyeen these tW,O ways 9f adjustln.g of mgca(NCOh .
shown for K—mt 7~ (solid) and K— %70 (dashedl The 3% ratio. This difference is used in evaluating the systematic
charged-neutral difference reflects the additional 16% suppressigancertainty on Re{’/¢) in Sec. Ill F 5.
of inelastic scattering in the neutral mode analysis.

APPENDIX C: DISCUSSION OF THE PREVIOUS KTeV

fixed based on previously measured properties of kaon scat- MEASUREMENT OF Re(e'/€)
tering. An additional 12 parameters are used to float the mo- The Reg'/¢) result reported in Sec. V A includes a full
mentum dependence ®fegscoiin 10 GeVic bins; the mo-  reanalysis of our previously published data sanip@. The
mentum dependence for scattered kaons varies by only a fepganalysis of that data sample gives
percent compared to that of unscattered kaons. The total
number of free parameters in the regenerator scattering func- Re(e’/€)=[23.2+ 3.0(stah = 2.9(sysh]x 104
tion is 18+ 12=30. 4

The a; parameters, which describe the exponenitatie- =[23.2£4.4]x10 " (Ref.[20] sample,
pendence, are used to distinguish between inelastic and dif- (C1
fractive scattering. The term with the broadeét distribu-
tion has a~1=2.4x 10° MeV?/c?, and is identified with ~With x?/d.0.f=18.7/21. The Re{'/¢) shift is —4.8x10"*
inelastic scattering. The other terms have much stepper relative to the previous result ii20], and is larger than the
distributions, with 5008 &~ 1< 70000 Me\?/c2, and are Previous systematic uncertainty of X80 . The shifts in
associated with diffractive scattering. Figure 30 shows thé¥®(€'/€) resulting from changes in the analysis are summa-
diffractive and inelastic contributions to regenerator scatter!ized in Table Xil. Trge é:hangg in the regenerator scattering
ing. background foK — 7"~ is mainly from correcting an error

After determining the shapes of the diffractive and inelasn the kaon scattering function. The other shifts are due to
tic scattering distributions, the next step is the absolute norMProvements and are consistent with the systematic uncer-
malization of the background relative to the coherént tainties assigned if20]. All of the changes in Table XII are
— a signal. In the charged analysis, we defNg., to be from independent sources wh|ch are Qesqnbed below.
the number of reconstructel — 7~ events with p% (i) The regenerator scattering function includes two extra

2 e scattering termfEg. (B1)] and two extra parameters to simu-
= 2500 M(ar]\zzzlc , and N\C/g;‘ §° pe the nlﬁmber of -cohlererlu late subtle momentum-dependent features.
events withpy<250 MeV'/c” (Fig. 18. The scattering leve (i) Collimator scatteringSec. Ill F 2 is measured after

is adjusted in the simulation so that the reconstructedracting semileptonic decays, and the simulation includes
Neca! Neon ratio is the same in the data and MC. Note thatyo  extra parameters to better describe thé,
N<. in data is obtained after subtracting collimator Scatterspi-dependence.

and semileptonic decays. (i) In the Reg'/€) fit (Sec. IV O, a nuclear screening

In the neutral mode analysis, we define similar quantitiegrrection is used.

; 00 . .
in the regenerator bear,.,;is the number of reconstructed (iv) The energy dependence of the regenerator transmis-

K— %% events with 306:RING<800 cnf (after sub- sjon is measured with four times mokg — 7+ 7~ 7° data.
tracting the other background compongrisd Ngg, is the (v) The calculation of the effective regenerator edge in the
number with RING<110 cnf (Fig. 19. Using the neutral decay mod¢Fig. 7(b)] includes kaon decays up-
scattering-to-coherent ratio determined with acceptancestream of the last regenerator-lead piece instead of consider-
correctedK— 7" 7~ decays, the simulation over-predicts ing only decays in the last piece of lead. The effective regen-
the N2{NZ, ratio in data by 3%; this difference results erator edge in charged mode is based on a better technique to
from the additional veto requirements in the neutral modemeasure the veto threshold.
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TABLE XII. Sources of the Re{'/¢€) shift between Ref[20]
and reanalysis of the same data sample. The systematiar,s)
are from[20].

PHYSICAL REVIEW D 67, 012005 (2003

TABLE XIll. Total uncertainties and correlation coefficients for
the three fits. The fit parameters a@P T assumptions are listed
above each set of values.

Source of Reé’'/ €) shift Number I. Am-7g Fit with CPT Assumption:
change K104 of ogyst Am s
) Total Error 15<10° is™t  0.07x10 s
Regenerator scattering -17 2.1
Collimator scattering -0.2 0.6 Correlation coefficients:
Screening -0.3 15 Am 1.
Regenerator transmission -0.3 15 Ts —0.396 1.
Regenerator edge -04 1.6
Neutral analysis +0.1 0.1 L .
Mask Anti MC 103 13 Il. Am-74-¢p, _ Fit without CPT Assumption:
Absorber scattering MC -0.6 0.6 Am ., ’s 1 ¢*’O
KTeV Am and s _05 3P Total Error 42<10° #is 0.13X10 s 1.40
MC fluctuation -11 1.0 Correlation coefficients:
Am 1.

Total 4.8 1.7 e _0.874 1
aReferencd20] used PDG98 values and errors fom and 7g. b, +0.987 —0.898 1.

(vi) Additional neutral mode veto cuts on hits in the trig- L i
ger hodoscope and drift chambers reduce sensitivity to thi!- €'/€ Fit without CPT Assumption:
transverse energy cut on Csl clusters. Re(e'/¢) Im(e'/€)

(vii) The Mask Anti simulation allows kaons and photons Total Error 40<100* 20.1x10°°
to punch _through the lead-scintillator outside the beam-hole . elation coefficients:
reg|o__r_ls(F|g. 8. _ _ S Re(e'/€) 1

(viii) The absorber scattering simulation is improved to Im(e'/e) 0.647 1

match beam shapes in a special run without the regeneratar

but with the movable absorber still in place.

(ix) We use our measurements Afm and 75 that each
differ by more than 2z from the Particle Data Grou@DG)
average$30].

The changes listed above account f08.7x 10 * of the
shift in Re(e’/€). We attribute the remaining shift of 1.1
X 10 * to a 1o fluctuation between the two independent MC

each source of systematic uncertainty that causes correlations
among the physics quantitiesy=1 corresponds to &
change. X, is the vector of physics quantities obtained in the
nominal fit with all o;=0, and B; are the changes in the

. » 89.8 «» 89.8
samples used for the acceptance correction. ) I (@) 3 i ®
The largest systematic uncertainty [i20] was based on 2 g9 7| 2807l )
the z-dependence of the acceptance Kqr— 7" 7~ decays. * | *
Unfortunately, this data-MC discrepancy still remains in the  gg g 896
reanalysis. A I
855 (o ) 8951
APPENDIX D: CORRELATIONS AMONG KAON n-TSW i
894 : L : 894 v .
PARAMETER MEASUREMENTS 5540 5290 o hg_q40 5940 5290 o h5§40
. . . . X X
The determination of correlations among different kaon _ gauq » 89.8 i
parameters, including correlations arising from systematic 'z [ (©) . I (d)
uncertainties, is based on the following: %5320 807t
o i x
5300
Y- v F 89.6
XX @) =(X=X)CTHX=X)+ 2 af 5280 :
5260 89.5¢
X=Xo+ D1 5240 Lo-biilabin] g glocliii bl
0t 2 Biey (D1) 43 44 45 46 43 44 45 46
deg deg
Am vs ¢+— T, VS O+—

X is the vector of the measured physics quantities from the fit
(e.g.,Am andrg), andC is the covariance matrix including
statistical uncertainties for both data and MC . Theare fit
parameters representing the number of’ ‘associated with
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FIG. 31. 1o contours of statistical uncertainfgashegand total
uncertainty(solid) for (a) Am-7g fit (combined chargetineutra),
and for (b)—(d) correlations from thep, _ fit.
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FIG. 32. 1o contours of statistical uncertaingashegand total
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central value ofX corresponding to ad change in the sys-
tematic source.
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systematic uncertainties in quadrature. The minimization of
this x? accounts for correlations among thephysics quantities
for each source of systematic uncertainty. We ignore corre-
lations among the different sources of systematic uncer-
tainty; these correlations are reduced by the grouping of sys-
tematic uncertainties shown in Table X.

The total uncertainties and correlation coefficients for all
of the fits are given in Table Xlll. Note that the statistical and
systematic uncertainties are larger in the fits in whitRT
symmetry is not assumed. Figure 31 shows dontours of
statistical and total uncertainties for the measurements of
Am, 75, and ¢, _ . For theAm-7g fit [Fig. 31(@)], system-
atic uncertainties have a significant effect on &ma-75 cor-
relation. For thep, _ fit [Figs. 31b)—31(d)], systematic un-
certainties have a very small effect on the correlations.
Figure 32 shows the correlation between the real and imagi-
nary parts ofe’/e from the fit withoutCPT assumptions;

The total uncertainty in a physics quantity obtained fromsystematic uncertainties have a small effect on the correla-
the x¥? in Eq. (D1) is equivalent to adding statistical and tion.
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