SH,

PHYSICS LETTERS B

ELSEVIER Physics Letters B 537 (2002) 28-40

www.elsevier.com/locate/npe

A measurement of the lifetime

NA48 Collaboration
A. Lai, D. Marras

Dipartimento di Fisica dell’ Universita e Sezione dell’INFN di Cagliari, 1-09100 Cagliari, Italy
J.R. Batley, A. Bevah R.S. Dosanjh, T.J. GershérB. Hay?, G.E. Kalmus,

C. Lazzeroni, D.J. Munday, M.D. Needhdnk. Olaiya, M.A. Parker, T.O. White,
S.A. Wotton

Cavendish Laboratory, University of Cambridge, Cambridge, CB3 OHE, UK>

G. Barr, G. Bocquet, A. Ceccucci, T. Cuhadar-Donszelmann, D. Cundy, G. D’Agostini,
N. Doble, V. Falaleev, W. Funk, L. Gatignon, A. Gonidec, B. Gorini, G. Govi,
P. Grafstrom, W. Kubischta, A. Lacourt, M. LeftiS. Luitz’, J.P. Matheys,
I. Mikulec®, A. Norton, S. Palestini, B. Panzer-Steindel, D. Schinzel, G. Tatishvili
H. Taureg, M. Velasco, O. Vossnack, H. Wahl

CERN, CH-1211 Geneéve 23, Switzerland

C. Cheshkov, A. Gaponenkd P. Hristov, V. Kekelidze, D. Madigojine,
N. Molokanova, Yu. Potrebenikov, A. Tkatchev, A. Zinchenko

Joint Institute for Nuclear Research, Dubna, Russian Federation

[. Knowles, V. Martin, H. Parsons, R. Sacco, A. Walker

Department of Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3JZ, UK 3

M. Contalbrigo, P. Dalpiaz, J. Duclos, P.L. Frab&ttiA. Gianoli, M. Martini,
F. Petrucci, M. Savrié, M. Scarpa

Dipartimento di Fisica dell’ Universita e Sezione dell’INFN di Ferrara, 1-44100 Ferrara, Italy

0370-2693/02/$ — see front mattér 2002 Published by Elsevier Science B.V.
PIl: S0370-2693(02)01837-3


http://www.elsevier.com/locate/npe

NA48 Collaboration / Physics Letters B 537 (2002) 28-40 29

A. Bizzeti'?, M. Calvetti, G. Collazuol, G. Graziani, E. lacopini, F. Martéli
M. Veltri 3

Dipartimento di Fisica dell’ Universita e Sezione dell’INFN di Firenze, 1-50125 Firenze, Italy

H.G. Becker, H. Blumer, D. Coward, M. Eppard, H. Fox, A. Hirstius, K. Holtz,

A. Kalter, K. Kleinknecht, U. Koch, L. Kopke, P. Lopes da Silva, P. Marouelli,

[. Pellmann, A. Peters, S.A. Schmidt, V. Schonharting, Y. Schué, R. Wanke,
A. Winhart, M. Wittgen

Institut fir Physik, Universitat Mainz, D-55099 Mainz, Germany 14

J.C. Chollet, S. Crépé, L. Fayard, L. Iconomidou-Fayard, J. Ocariz, G. Unal,
l. Wingerter-Seez

Laboratoire de ' Accdlérateur Linéaire, IN2P3-CNRS, Université de Paris-Sud, 91898 Orsay, France1°

G. Anzivino, P. Cenci, E. Imbergamo, P. Lubrano, A. Mestvirishvili, A. Nappi,
M. Pepe, M. Piccini

Dipartimento di Fisica dell’ Universita e Sezione dell’INFN di Perugia, 1-06100 Perugia, Italy

L. Bertanza, A. Bigi, P. Calafiura, R. Carosi, R. Casali, C. Cerri, M. Cifilli
F. Costantini, R. Fantechi, S. Giudici, I. Mannelli, G. Pierazzini, M. Sozzi

Dipartimento di Fisica, Scuola Normale Superiore e Sezione dell’ INFN di Pisa, 1-56100 Pisa, Italy

J.B. Cheze, J. Cogan, M. De Beer, P. Debu, F. Derue, A. Formica,
R. Granier de Cassagnac, E. Mazzucato, B. Peyaud, R. Turlay, B. Vallage

DSMV/DAPNIA - CEA Saclay, F-91191 Gif-sur-Yvette, France

l. Augustin, M. Bender, M. Holder, A. Maier, M. Ziolkowski
Fachbereich Physik, Universitat Siegen, D-57068 Segen, Germany 17

R. Arcidiacono, C. Biino, N. Catrtiglia, R. Guida, F. Marchetto, E. Menichetti,
N. Pastrone

Dipartimento di Fisica Sperimentale dell’ Universita e Sezione dell’INFN di Torino, 1-10125 Torino, Italy

J. Nassalski, E. Rondio, M. Szleper, W. Wislicki, S. Wronka

Soltan Institute for Nuclear Studies, Laboratory for High Energy Physics, PL-00-681 Warsaw, Poland 18



30 NA48 Collaboration / Physics Letters B 537 (2002) 28-40

H. Dibon, G. Fischer, M. Jeitler, M. Markytan, G. Neuhofer, M. Pernicka, A. Taurok,
L. Widhalm

Osterreichische Akademie der Wissenschaften, Institut fir Hochenergiephysik, A-1050 Wen, Austria 19
Received 22 April 2002; accepted 24 April 2002
Editor: M. Montanet

Abstract

A measurement of the Klifetime is presented using data recorded by the NA48 experiment at the CERN-SPS during 1998
and 1999. The K lifetime is derived from the ratio of decay time distributions in simultaneous, collingaari€l K beams,
giving a result which is approximately independent of the detector acceptance and with reduced systematic errors. The result
obtained isrg = (0.89598+ 0.000484+0.0005)) x 10~ 10 s, where the first error is statistical and the second systerna?ia02
Published by Elsevier Science B.V.

1. Introduction The Kg lifetime is presently known with a rela-
tive precision of about 0.1% [1], dominated by mea-
surements from the NA31 experiment at CERN [2]
Precise measurements of the basic physics para-and from the E731 and E773 experiments at Fermi-
meters defining the neutral kaon system, such as thelab [3,4]. Here we present a measurement of the K
masses and mean lifetimes of the End K_ states, lifetime from the NA48 experiment at the CERN-
are important not only in their own right but also as SPS, based on the samé K> = data samples as
essential inputs to many kaon physics analyses suchused for the precise determination of the direct CP
as studies of indirect and direct CP violation or preci- violation parameter Re’/¢) [5]. The Kg lifetime is
sion tests of CPT invariance. measured using an analysis technique introduced by
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NA31, namely, a fit to the K/K| ratio of decay time
distributions reconstructed in nearly collineag Knd
KL beams. This gives a result which is essentially

31

of decay amplitudes, and the dilutiof¥s | (Ex) =
[N (K% — N(K]/[N K+ N KO reflect the initial
admixture of K andK? in each beam. In practice, in

independent of the detector acceptance and thereforeplace ofz, it is convenient to analyse the longitudinal

with reduced systematic errors; the lkeam is in ef-
fect used to determine the detection efficiency fer K
decays.

The analysis method is described in more detail in
the next section, followed in Sections 3 and 4 by a brief
summary of the main features of the NA48 experiment
and of the reconstruction and selection df & 7z
decays; further details can be found in [5]. The fit used
to extract the K lifetime is described in Section 5 and
the estimation of the systematic errors on the fitted
lifetime is considered in Section 6.

2. Themethod
A defining principle of the NA48 experiment is

the simultaneous recording of decays occurring within
a common decay region traversed by two almost

distribution of decay vertices in terms of the variable
t = (z — zaks)(mk /pk) which measures the decay

proper lifetime relative to the upstream edge of the
decay region, defined by the positiafaks, of a set

of scintillation counters.

Except for the K beam at higher energies, where
the interference term contributes appreciably, the func-
tions fs(ts) and fi (7 ) are dominated by the exponen-
tial termse~'s/™s and|n|%e /™, respectively. Hence
the Kg/K| ratio is approximately of the form

e Is/ts

R —t(l/ts=1/n)

xXe
eI/t

Since . > 7s, the ratioR is primarily sensitive to

the Kg lifetime zs. The Kg lifetime is determined

by fitting a functionR(Exk, t) of the form given in
Egs. (1) and (2) to the ratiovs/N. of KO —
decays reconstructed in the two beams. Besides the

collinear beams of neutral kaons. The relative target Ks lifetime itself, the normalisatiom(Ex) and the
positions for each beam, one far upstream of the decaydilutions Ds (Ex) are also taken as free parameters
region and the other much closer, ensure that kaonin the fit, while the remaining physics parameters in
decays in the two beams are due dominantly to the Eq. (2) are taken from published measurements. Small

KL or to the Ks component, respectively. Assuming
equal detection efficiencies for decays from the K
and K_ beams, the ratikR = Ns/N|_ of decay rates

acceptance differences betweegdhd K_ decays are
corrected using Monte Carlo, and background to the
KL samples is subtracted using the data. Tter—

observed in each beam as a function of the longitudinal and 7979 decay modes are analysed separately and

positionz can be expressed as

fs(ts)7 B
fi)

where Ex is the kaon energyA(Ek) is a normali-
sation function which depends on the relative beam
intensities ands| = (z — ztargsL) (mk/px) are the
proper lifetimes for kaon decays in theskor Ki
beams. The functiong(s) are given by

R(Ek,z) = A(EK)

foL(®) =e /™ 4 |p|2e !/
+2Ds L (Ek)|nle”/Tstt/m)/2

X COSAm -t — ¢), (2)

wherets and 7. are the Kk and K. mean lifetimes,
Am = m_ — ms is the mass difference between
the Ks and K_ states,|n| and ¢ are the modulus
and phase of the ratid (K. — nw)/A(Ks — 77)

the results subsequently combined.

The Ks/K_ ratio is reconstructed in 20 bins of
energy of widthAEx =5 GeV covering the range
70 < Ex < 170 GeV and in lifetime bins of width
At = 0.1rs. The fit to determine the K lifetime
is carried out in the lifetime range.®trs < 7t <
3.5ts. The lower lifetime limit of 05zs largely avoids
detector resolution effects associated with the start of
the decay region at = 0 while the upper limit at Brg
is dictated by the trigger requirements. The choice of
lifetime range approximately minimises the total error
on the measured Klifetime.

3. The NA48 experiment

The K. and Ks beams in the NA48 experiment are
derived from 450 GeV protons incident on separate
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targets positioned 126 m and 6 m upstream of the converging k and K_ beams in order to equalise
decay region, respectively, [6]. ThegsKtarget is the acceptance for Kand K_ decays. Undecayed
located 72 mm above the axis of the Weam. The neutral kaons in the K beam are largely confined
Ks target and collimator system is aligned along an within a transverse beam profile of radiu$3.5 cm
axis directed slightly downwards such that the #d at the position of the NA48 detector. Theseam
KL beams subtend an angle of 0.6 mrad and intersecthas a larger beam divergence and a correspondingly
at the centre of the detector, 120 m downstream of the larger transverse profile of about 5 cm radius. Due to
Ks target. scattering in the beam collimators, both thedhd K_
The beginning of the decay volume is accurately beams have an associated halo of particles extending
defined by a K anticounter (AKS) located at the to larger radii from the beam axis.
exit of the Ks collimator. The AKS is composed The trigger for 7%79 decays [9] requires that
of a photon convertor followed by three scintillator the total energy deposited in the LKr calorimeter be
counters and is used to veto all upstream decays greater than 50 GeV, that the kaon impact point at the
in the Ks beam. To minimise interactions of beam calorimeter (had it not decayed) be within 15 cm of
particles with air and material, the decay region itself the beam axis, that the decay vertex be less thag 5 K
is contained in a 90 m long evacuated tank terminated lifetimes from the beginning of the decay volume, and
by a thin composite polyamide (Kevlar) window ok3 that each of the horizontal and vertical projections of
103X, thickness. The tank is followed by the NA48 the LKr energy distribution contain at most five peaks.
detector, the principal components of which are a The 7970 trigger operates with negligible deadtime
magnetic spectrometer for charged particle detection, and high efficiency,(99.920 + 0.009%, with no
a liquid krypton calorimeter for photon and electron significant difference betweeng@and K_ decays. The
detection, an iron-scintillator hadron calorimeter, and first level of thex *7 ~ trigger [10] is based on signals
muon counters consisting of three planes of scintillator from a scintillator hodoscope positioned in front of
shielded by 80 cm thick iron walls. the LKr calorimeter and on the hit multiplicity in
The charged particle spectrometer [7] consists of DCH1, and also requires a total energy in the LKr and
two drift chambers (DCH1 and DCHZ2) located before, hadron calorimeters of at least 35 GeV. The second
and two drift chambers (DCH3 and DCH4) located level trigger is based on tracks reconstructed using
after, a central dipole magnet. Each chamber hasthe information from DCH1, 2 and 4, and includes
an area of & m? and is made up of four sets of requirements that the decay vertex be less than 4.5
two staggered sense wire planes oriented along fourKg lifetimes from the beginning of the decay volume
directions (horizontal, verticat;:45°). Track positions and that the reconstructed mass be larger th@®nik .
are reconstructed with a precision of 100 um per view, The efficiency of the first and second level triggers is
while the momentum resolutionds(p)/p = 0.48%d about 99.5% and 98.3%, respectively, again with no
0.009x p(GeV/c)%. significant difference betweeng@and K_ decays. The
The liquid krypton calorimeter (LKr) [8] consists of 7+~ trigger introduces a deadtime of about 1.1%.
~13000 cells, each of cross section about 2cicm
and depth 27 radiation lengths. For the average photon, eyent selection
energy of 25 GeV, the transverse spatial resolution for
photon showers is 1 mm and the energy resolutionis K% — 77 decays are reconstructed and selected
0.8%. The energy response is linear to about 0.1% in using the same procedures and selection requirements
the range 5-100 GeV. The photon time resolution is as for the Ré&’/¢) analysis [5]. The level of back-
~500 ps and ther%7C event time is known with a  ground remaining in the selected K> 7 samples,
precision 0f~220 ps. and the correction for acceptance differences between
An evacuated beam pipe of radius 8 cm running Ks and K_ decays, are also evaluated using similar
along the full length of the detector on its central axis techniques to those in [5]. For the determination of the
transports undecayed beam particles through each ofKg lifetime, it is the lifetime dependence of these cor-
the detector components. The beam tube and DCH rections which is of importance, rather than their en-
drift chambers are aligned along the bisector of the ergy dependence or their overall normalisation.
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4.1. The 7% ° sample ground in the signal regiorg? < 135, is estimated
by extrapolating uniformly from the control region,

The reconstruction of 7% events is based entirely ~ with an additional factokeyx = 1.2+ 0.2 derived from
on data from the LKr calorimeter. Any group of Monte Carlo simulation. The background estimation
four showers, each reconstructed within 5 ns of their is carried out separately for each bin of kaon energy
average time, is considered. The energy of each and proper lifetime. At low energy and at low life-
shower is required to lie between 3 and 100 GeV, time, the fraction oft°7%7° background in ther % °
and showers close to the edges of the calorimeter sample is negligibly small, but rises with both energy
(within 11 cm of the outer edge or within 15 cm of and lifetime, reaching about 3% fdtk = 170 GeV
the central axis) or within 2 cm of a defective cell andt = 3.5ts. An increase of the background frac-
are excluded. The transverse distance between any paition with lifetime is to be expected since, when only
of showers must be greater than 10 cm. The position four photons are detected in the LKr calorimeter, the
of the centre of gravity of the event is defined as the reconstructed vertex position for @ K> 7%7%7° de-
energy-weighted average of the four shower positions. cay is shifted downstream from its true position, while
The radial distanceCy, of the centre of gravity from K. — %7970 decays occurring upstream of the de-
the detector axis is required to be less than 10 cm to cay region are largely removed by the Keam colli-
suppress events due to the decay of particles in the mators.
beam halo.

The kaon energy is estimated simply as the sum
of the four shower energies. The longitudinal decay  K° — =7~ events are reconstructed from oppo-
vertex position is reconstructed from the energies and sitely charged pairs of tracks found in the magnetic
positions of the four showers, under the assumption spectrometer. Each track is required to have momen-
that they come from the decay of a particle with tum greaterthan 10 GeV and to lie at least 12 cm from
the kaon masspnk, moving along the beam axis. A the centre of each DCH. Each track is also required to
resolution of~40-60 cm is achieved on the vertex lie within the acceptance of the LKr calorimeter and
position, depending on the kaon energy and decay the muon counters after extrapolation downstream.
point. The shower pairing which best represents two The momentum-weighted average of the track posi-
79 — yy decays is inferred using a2 variable tions after extrapolation to the LKr calorimeter is used
constructed from the sumiz1 + m»2, and difference, to define the position of the centre of gravity of the
m1 — mp, of the two candidaten,, masses and a event. Its radial distanc€g, from the detector axis is
parameterisation of the resolutionsmaf + m.. required to be less than 10 cm.

Background from K — 797%79 decays is sup- The separation between the two tracks at their
pressed by requiring no additional showers with en- point of closest approach after extrapolation upstream
ergy greater than 1.5 GeV withi#t3 ns around the  from the spectrometer is required to be less than
event time, and by requiring? < 13.5 (which corre- 3 cm. The point midway between the tracks at their
sponds to 3.# on them,,, resolution). All other po- closest approach is used to define the decay vertex
tential sources of background to th@z° sample are position. The resolution on the longitudinal position
negligibly small. of the decay vertex is in the range30-50 cm, while

The level of K — 7% %79 background remain-  the transverse resolution is about 2 mm. The kaon
ing in the K. — 7% % sample is estimated using a momentum is computed from the opening angle
control region at large values gf?, 36 < x2 < 135, of the two tracks and from the ratip, /p_ of their
dominated by background. Genuine K> 7979 sig- momenta, assuming that the event corresponds to a
nal events populating this control region are first sub- K% — 7+~ decay. Thus the reconstruction of both
tracted using the K— %0 data, for which back-  the decay vertex position and the kaon momentum,
ground is negligible. Small differences in the shape of and hence also of the proper time for the decay, depend
the x2 distribution for Ks — 7°%7% and K. — 7%° only on the geometry of the detector.
decays are taken into account by applying a correction ~ Background to ther 7~ sample fromA — pr~
derived from Monte Carlo. The K— 7%7%% back-  decays is reduced to a negligible level by applying an

4.2, Ther*tm~ sample
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energy dependent upper cut on the track momentum (“vertex tagging”). Forz%z° decays, only the lon-

asymmetrylpy — p_|/(p++ p-). This cut also serves

gitudinal position of the decay vertex can be recon-

to remove events with tracks at low radius to the beam structed. In this case, the identification of decays from

axis in a way which depends only on the momentum
ratio of the two tracks. Background from_ K- wev
(Keg) decays is suppressed by requirifg p to be
less than 0.8 for each track, while_. k> m v (K,3)

the Ks beam is accomplished using a tagging station
(Tagger) traversed by the proton beam during trans-
port to the kg target and consisting of two scintillator

ladders (one horizontal, one vertical) [11]. Each scin-

decays are suppressed by rejecting events where ondillator counter has a time resolution 8140 ps, and a

or both of the tracks is associated with a signal in the
muon counters withint4 ns. Additional suppression
of both Kez and K,z decays is obtained by requiring
that thex T~ invariant massm,,, be compatible
with the kaon mass to within a3 of the (energy-

proton crosses at least two countersz&° decay is
classed as belonging to theseam if a signal is ob-
served in the Tagger withift2 ns of the reconstructed
eventtime. A small fractiony2? = (1.6:£0.5) x 1074,

of Ks — 7979 decays are mistagged as belonging

dependent) mass resolution, and by requiring a small to the K_ beam due to Tagger detection inefficien-
missing transverse momentupi? < 200 Me\?/c?, cies. A larger fractione’2 = (10.692+ 0.020%, of
where p7 is the component of the kaon momentum k, — 7970 decays are mistagged as belonging to the
perpendicular to the line joining the production target K s beam due to accidental proton signals in the Tagger

(identified from the vertical position of the decay

in time with the event. The values 6§? anda’2 were

vertex, as described below) and the point where the jhterred from studies of the mistagging fractior@:

kaon trajectory crosses the plane of the first drift
chamber. The quantity; has approximately the same
resolution forr 7~ decays in both the Kand K_
beams.

The level of background remaining in thetm ~

sample is estimated by extrapolating an exponential

fitted to thep4? distribution in a control region, 808

pi? < 2000 MeV?/c?, dominated by background, into
the signal regiorp}? < 200 Me\?/c2. Due to limited
statistics, the lifetime bin width was increased from
0.1zs to 0.5ts for this procedure. The fraction of
background in the K— 7Tz~ sample is found to
be about 2« 102, and no significant dependence of
the background fraction on lifetime is observed in any
bin of energy. An appreciable lifetime dependence is

not expected in this case since both the signal and

andag for vertex taggedr T~ decays, combined
with studies of K — 7% and K. — 77970 de-
cays to determine the small differences in mistagging
rates between charged and neutral modes.

4.4. Event samples

Applying the selection cuts above to the data
recorded by NA48 during 1998 and 1999 yielded sam-
ples of 13.2M Kk — 77—, 122M K. — ntn ™,
3.1M Ks — 79%7% and 2.8M K — 7979 events with
reconstructed lifetimes in the rangeb6< 7/7s < 3.5,
where the number of°7° events has been corrected
for Ks—K| mistagging.

Samples of simulated K— 77 events corre-

background are observed in the detector as two-track sponding to about 3-5 times the data statistics were

final states with configurations which vary in similar
fashion with the decay vertex longitudinal position.

4.3. Ky tagging

Forz*7~ decays, the good resolution on the trans-

also available for analysis. The Monte Carlo included
a detailed modelling of the Kand K_ beams (includ-

ing the Ks beam halo) and used the GEANT pack-
age [12] for particle tracking and the simulation of
processes such as multiple scattering, photon conver-
sion, and secondary interactions. Simulation of the

verse position of the decay vertex allows a clean sep- LKr calorimeter response was based on a library of
aration of decays from the&and K_ beams; decays electromagnetic and hadronic showers generated using
with a vertex position more than 4 cm above the K GEANT. The simulated events were passed through
beam axis after extrapolation of the reconstructed par- the same reconstruction and selection code as the data.
ent kaon trajectory back to the position of the AKS Asymmetric non-Gaussian tails in photon shower en-
counter were classed as belonging to the lkeam ergies due to hadron photoproduction in the liquid
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krypton, which arise in about8 103 of cases, were  at lower energies, but falls significantly (by up to
modelled using a parameterisation which was applied ~7%) with increasing lifetime at higher energies. This
to the reconstructed shower energies in the Monte is not due to an intrinsic difference between the K

Carlo events. and K_ acceptances, but rather to a slow decrease
of the acceptance with increasing radial distance of
4.5. Acceptance correction the decay vertex from the beam axis, convoluted with

the larger transverse size of thg Keam. The fall in

Since the I and K_ beams are almost collinear, acceptance with increasing radius is due dominantly
and since K and K_ decays are recorded simultane- to the geometrical cuts and to the cut on the track
ously using a common trigger, the acceptances f9r K momentum asymmetry, and can be reliably modelled
and K_ decays as a function of energy and position are and checked by comparing the relevant reconstructed
equal to good approximation, and the detector accep- distribution in data and Monte Carlo. Similarly, the
tance essentially cancels in thg &K ratio of lifetime modelling of the transverse beam profiles is checked
distributions from the two beams. For the 7~ de- by comparing the reconstructadyy distributions in
cay mode, effects due to decay in flight of the charged data and Monte Carlo.
pions also cancel in thed¢K, ratio.

Small acceptance differences arise due to the dif-
ferent divergences and transverse profiles of the K 5. Results
and K. beams and the consequent differences in illu-
mination of the detector. Also, the different definition The Ks/KL ratio R = Ns/N_ is computed in two-
of the upstream edge of the decay region for the two dimensional bins of energy and lifetime of width
beams introduces large acceptance differences at lowA Ex = 5 GeV andAt = 0.1ts, and corrected bin-
values of the reconstructed lifetime. The AKS veto re- by-bin for residual background in the k- 7t
quirement effectively represents a eut 0 on the true and K. — 7970 samples and for small differences in
lifetime of decays in the Kbeam while the upstream  the Kg and K_ acceptances, as described above. For
acceptance for K decays extends smoothly into the the z%7° mode, the K/K| ratio is also corrected for
regiont < 0. This difference is clearly seenin Fig. 1 Ks-K_ mistagging. Examples of the dependence of
where examples of the uncorrected reconstructed life- the corrected §/K . ratio on the reconstructed proper
time distributions for the Kand K. beams are plotted.  |ifetime  are shown in Fig. 1. The shapes of the sepa-

Acceptance differences forg@and K_ decayswere  rate Ks and K_ lifetime distributions change apprecia-
accounted for by dividing the /K| ratio observedin  ply with energy, due largely to changes in the lifetime
the data by the acceptance ratio predicted by the Monte dependences of thet 7~ andz%7° acceptances, but
Carlo. The acceptance correction also took detector the corrected K/K_ ratio is approximately indepen-
resolution effects (smearing) into account by defining dent of energy.
the Ks and K_ acceptances as the ratio of the number  The Kg lifetime is determined by fitting a function
of simulated events passing the selection cuts in a bin of the form given in Egs. (1) and (2) to theskK_ ratio
of reconstructed energy and lifetime to the number  over the lifetime range .8 < t/ts < 3.5 and energy
of generated events in the corresponding bin defined range 70< Ex < 170 GeV. The followingy 2 quantity

using thetrue energy and lifetime. is minimised in the fit:
Resolution induced acceptance differences due to 20 30

the AKS veto requirement are largely eliminated by R(Euf/)

restricting the lifetime range considered to the region Z Z( ) ’

T > 0.5715. A small (up to~2%) residual variation of i=1j=1

the acceptance correction remains #8° events at where E; is the central energy of thah bin of en-

low energy and lifetime, but the correction fofx° ergy, 7, is the central value of thgth bin of proper
events is otherwise independent of lifetime within the lifetime, R;; is the corrected K/K_ ratio from the
errors due to Monte Carlo statistics. Fot 7~ events, data,o;; is the statistical error oR;;, andR(E;, 7;) =

the Ks/K| acceptance ratio is independent of lifetime  A; fs(zs)/fL (z.) is the expected K/K|_ ratio. The nor-
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Fig. 1. The points with error bars in the upper plot of each pair show examples of the corregt€d Katio as a function of the reconstructed
proper lifetime,r, expressed in nominal Klifetime units of 08927 x 10710 s. The dotted and dashed histograms show the corresponding
uncorrected lifetime distributions for theand K beams, arbitrarily normalised. The curves show the results of the fit for gHéetime,

while the lower plot of each pair shows the normalised fit residuals.

I/Zﬁjlzslof the K mean lifetime and the minimum chi-squared per degree of freedom from the lifetime fits. The errors are statistical only
7T+T[7 JTOT[O
75/10710s x2/dof 15/107 105 x2/dof
1998 089578+ 0.00109 628/573 089606+ 0.00247 5510/573

1999 089598+ 0.00072 6012/573 089635+ 0.00167 543%/573
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malisation parameters; = A(E;) are allowed to vary tance scales for the charged and neutral decay modes,
in the fit. At low energies, 7& Ex < 140 GeV, the and uncertainties due to the background subtraction,
values of the dilution®s(Ek) andD| (Ex) appearing the tagging correction, the Monte Carlo acceptance
in the interference terms in the functiornfs(zs) and correction, and the external physics parameters used
/L (1) are fixed using measurements of the dilution by in the fitting function.

the NA31 experiment [13]. The dilutiom@s(Ek) and As noted in Section 4.2, the energy and distance
D (Ek) rise from about 0.2 akEx = 70 GeV to about scales for reconstructed"z — events are determined
0.35 atEx = 140 GeV and differ slightly because of largely by the detector geometry, especially of DCH1
the different kaon production angles (4.2 mrad and and DCH2. The systematic error due to uncertainties
2.4 mrad) used to define theskand K_ beams; small in detector geometry was estimated by considering a
corrections are applied to the NA31 measurements to variation of+2 mm in the longitudinal separation of
account for the different production angles used in this DCH1 and DCH2 and a variation a£20 pnym in
experiment. At high energies, 140Ex < 170 GeV, the relative transverse scale of the two chambers. The
where the interference term contributes significantly to position of the upstream edge of thesk> ntn~

the ratioR(Ek, ), the valued; = Ds(E;) = D (E;) decay vertex distribution was found to be consistent
of the dilution are allowed to vary in the fit, neglect- within these tolerances with the nominal position of
ing the small differences between the &Knd K_ dilu- the AKS counter. In addition, the momentum scale

tions. The remaining physics parameters appearing in for reconstructed tracks was varied Hy0.1%, as
the functionsf (z) are taken from the PDG averages of determined from the consistency of the reconstructed

existing published measurements, except thdite- 7T~ invariant mass with the kaon masgsg . In each
time 7s which is a free parameter in the fit. case, the kaon decay reconstruction was redone for all
The fit was carried out separately for the 7~ events in the data using the modified track positions

andrz 7% samples from each year of data taking. The or momenta, and the lifetime analysis repeated. The
values of the K lifetime from each fit are summarised resulting change in the fittedddifetime was taken as
in Table 1. The errors are statistical only and include the estimate of the corresponding systematic error.
the contribution from finite Monte Carlo statistics. The systematic error due to uncertainties in the re-
The minimum value of the fity? is also given in construction ofr%z° events was estimated by varying
Table 1 and corresponds in all cases to an acceptablethe energy scale of reconstructed showers6y03%
fit probability. Examples of the fit results and the fit and by varying the linearity and uniformity of the
quality for thexrtz~ and 7%z° data samples from  calorimeter response by modifying the reconstructed
the 1999 run are shown in Fig. 1. The effect of the shower energy by an amount
interference terms in the fit function is visible in the 5
plots for the high energy bin as a slight curvature of 2E =« +BE"+yrE,
the lines representing the fit result. where r is the radial distance of the shower from
Consistent values of the fittedgHifetime s, and of the central detector axis. The allowed variation in the
the fitted normalisation and dilution parametarsand neutral energy scale is determined from a comparison
D;, were found for the charged and neutral modes and of the position of the edge of thed~ 7979 decay
for the samples from the different years of data taking. vertex distribution with the nominal position of the
The fitted values of the dilutio®; within the energy AKS counter. The allowed ranges of the constants
range 140< Ex < 170 GeV were also consistent with g andy are determined from studies ofa{ K® —
the published NA31 measurements. 7%°% and K. — 79%7%7° decays, and of® — yy
andn — yy decays in special runs with~ beams.
The uncertainty due to the K— 77~ back-
6. Systematicerrors ground subtraction was assessed by conservatively as-
signing a systematic error equal $5100% of the
Various sources of systematic error on the mea- change in the fitted Klifetime when the background
sured kg lifetime were considered, including uncer- subtraction was removed. The systematic error asso-
tainties in the reconstruction of the energy and dis- ciated with the K — 7%7° background subtraction
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was estimated by varying the extrapolation factgy Carlo. In each case, the resulting change in the
within the rangé\exi = 1.2+ 0.2. fitted Ks lifetime was taken as the systematic error.
The KL — ntn~ and K. — 799 samples con- The sensitivity of the acceptance correction to the
tain a small fraction of events arising from the gen- modelling of the detector resolution was assessed
uinerrr decay of neutral kaons produced by scattering by removing the simulation of non-Gaussian tails
in (dominantly) the final collimator of the Kbeam. from the reconstructed photon shower energies, and
In the charged mode, collimator scattered events area systematic error oft50% of the effect on the
largely removed by the cut o;a’T2 and contribute a  fitted Ks lifetime was assigned. The effect of possible
fraction less than 10" to the KL — = T7~ sample. non-Gaussian tails in the reconstructed drift chamber
This contribution is already included in the charged hit positions was also studied in the Monte Carlo,
background estimate described in Section 4.2, and but found to have a negligible effect on the fitted
no additional systematic error is warranted. Studies Ks lifetime. Finally, the component of the overall
of events with large transverse momentum2(> statistical error on the fitted lifetime arising from
200 Me\2/c2) showed that the lifetime distribution of  the finite Monte Carlo statistics was extracted, and
collimator scattered events corresponds approximately classified as a separate systematic error.
to an exponential decay characterised by therkther The external physics parametersn.—, 100, ¢+,
than K_, lifetime, and that their energy distribution ¢ooandAm appearing in the functiong(z) were each
is similar to that of unscattered Kdecays. The high  varied in turn within a range given by the error on
p’T2 events were also used to estimate the fraction, the PDG average value. The mistagging fractimE%
(4.2 £ 1.0) x 10429 of collimator scattered events  anda2? were varied within the uncertainties given in
in the KL — 7%7° sample, where no transverse mo- Section 4.3. The value of the dilutiors, (Ex) in
mentum cut is possible. For thd7® mode, the effect  the energy range 7@ Ex < 140 GeV was varied by
of collimator scattering on the Klifetime measure-  twice the error on the NA31 measurements [13]. The
ment was studied by modifying the fit function to be extra factor of two conservatively takes into account

of the form uncertainties in correcting the NA31 measurements to
the NA48 experiment.
R(E;, tj) = A; fs(ts) /[ fL(t) + Aconie "0/ 78], The fitting procedure itself was tested by applying

the fit to the generated inclusive energy and lifetime
distributions of parent kaons from the Monte Carlo
samples. No significant bias was observed on the fitted
Ks lifetime, and the statistical precision of the test was
assigned as a systematic error.
The systematic errors on thesHtifetime from each

of the above sources for the 1998 and 1999 data
combined are summarised in Table 2. For comparison,
the effect of the background subtraction is to increase

wherefcol = (z — zcoll) (K / pk) is the proper lifetime

of the decay relative to the position of the final K
collimator andAc is a constant which is adjusted to
give the above fraction of collimator scattered events
in the KL — 7%% sample. This fraction was assumed
to be independent of energy. The resulting systematic
error was conservatively estimated £400% of the
change in the K lifetime due to inclusion of the

CO"T'?atorsca“eT'”g Comp"”e'.‘“”(;he. f:' _the fitted Ks lifetime for the 7%70 mode by 128 x
e SyStematIC error assoclated with uncertainties 10_14 s, while the acceptance correction from the

in the acceptance correction was estimated by varying Monte Carlo changes the lifetime by +22.5 x
the assumed vertical position of thg lind K_ beams 1014 s and—9.1 x 10~ s for thex t 7~ andﬁono
in the Monte Carlo within a range=2 mm around '

. . " " o modes, respectively.
their nominal positions. In addition, the sensitivity to P y

h b il died b itehi The analyses carried out for each year of data
t f? t:]rang,verls? earfntrﬁ) ron (E)was Etul 1€ thy T\\/INItCt Ing taking and for each decay mode are combined taking
off the simulation of the i§ beam halo in the Monte 1 4ccount any correlations between the separate
analyses. The total systematic error is obtained by

20 The collimator scattering background fraction(6f6 + 2.0) x summing the individual errors in quadrature. The

10~% determined in Ref. [5] refers to Kdecays which have been ~ measured values of thegKlifetime for each decay
weighted according to their reconstructed proper lifetime.
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Summary of systematic errors on the measuredifétime, in units of 1014 s. The final column corresponds to a combination ofrtHer —

andx %79 results

atm™

Source Variation o b1814
DCHL1 radial scale 420 pmym +18 +15
DCH1 z position +2mm +0.2 +0.1
Momentum scale +0.001 +0.3 +0.3
LKr energy scale +0.0003 +1.7 +0.3
Energy lossd) +10 MeV +34 +0.6
Non-linearity (8) +0.00002 GeV1 +1.6 +0.3
Non-uniformity (/) +0.00001 cntl +1.0 +0.2
LKr radial scale +0.0003 +3.0 +0.5
Charged background +100% +14 +1.2
Neutral background Aext=1.24+0.2 +2.1 +0.3
Collimator scattering +100% +32 +0.5
MC: Kg beamy position +2mm +1.6 +0.2 +1.3
MC: K beamy position +2mm +14 +0.2 +1.2
MC: Kg beam halo +100% +13 +1.3 +14
MC: non-Gaussian tails +50% +4.4 +0.7
MC: statistics +3.0 +4.9 +2.7
7 517+0.04x 10 8s +0.1 +0.1 +0.1
[n+—1, Inool 2.276, 2.262+£0.017x 10~3 +0.1 +0.1 +0.1
d+—, $o0 433+0.5°,432+1.0° +0.8 +0.4 +0.8
Am 0.5300+ 0.0012x 101051 +0.5 +0.7 +0.5
D(EK) +20 +0.3 +1.0 +0.4
a2 0.10692 0.00020 +£2.1 +0.4
a0 (1.6+0.5) x 1074 +£04 +0.1
Fit method +2.7 +2.7 +2.7
Total systematic error +5.4 +10.9 +5.1
Statistical error +5.2 +129 +4.8

mode and for the two decay modes combined are: lection cuts used in the analysis was also studied,

10 namely the cuts op?, Cg, the momentum asymme-
T$=(089592t000052t000054)<10 S Uy|p+——p,V(p+—kp,),andthernkmﬂumradﬁof
(mtm7), tracks and clusters in DCH1 and the LKr calorimeter.

. _10 In each case, either no statistically significant varia-
vs = (0.89626+ 0.00129+ 0.00100 x 10 ""s tion in the fitted lifetime was found, or the observed

(”0”0)» variation was found to be within the systematic errors
s = (0.89598+ 0.00048+ 0.0005D x 10 °s assigned. The stability of the analysis was also tested
( = 4 70 0) by dividing ther * ~ data sample into topologies for

T T s

which the positive and negative tracks initially curve
where the first error is statistical and the second towards or away from each other in the spectrometer
systematic. magnetic field; consistent values of the fitted lifetime
Various cross-checks were performed to verify the were found for the two topologies. Similarly, selecting
integrity and stability of the result. No significant de- either of the two polarities of the spectrometer mag-
pendence of the fitted Klifetime was found on the netic field setting gave consistent results. Other tests
lifetime or energy range used in the fit, or on the involved dividing the data samples according to the
energy range within whichD(Ex) was allowed to primary data-taking periods, the event time within the
vary in the fit. The effect of varying the main se- SPS spill, and the azimuthal orientation of the decay.



40 NA48 Collaboration / Physics Letters B 537 (2002) 28-40
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