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Abstract

We present a measurement of #ig lifetime using the KLOE detector. From a sample~ofl x 108 KK pairs following
the reactiorete™ — ¢ — KgK; we select~ 15 x 10° K; — %970 decays tagged b g — = T7~ events. From a fit
of the proper time distribution we fingy, = (50.92 4+ 0.17stat+ 0.25sysp ns. This is the most precise measurement ofihe

lifetime performed to date.
0 2005 Elsevier B.VOpen access under CC BY license.

1. Introduction

The K, lifetime is necessary to determine its semi-
leptonic partial widths from the branching ratios (BR).
The partial widths can be used to extract the CKM ma-
trix element v, |. Present knowledge af(K; ) comes

2. Experimental setup

In DA®NE electrons and positrons collide with
an angle of 25 mrad and a center of mass (CM)
energy W = M(¢). ¢-mesons are produced with a
cross section ok~ 3 pb and a transverse momen-

from a single measurement performed more than 30 tym of ~ 125 MeV/c toward the center of the col-

years agdl] and its error dominates the uncertainty
in the partialK; decay rates. At DONE, the Fras-
cati ¢-factory, nearly monochromatik’; -mesons are
produced withp ~ 110 MeV/c¢ corresponding to a
mean path of 340 cm. The KLOE detector is large
enoughy = 200 cm, so that- 50% of theK; decay
inside it. The statistical error on the lifetime depends
strongly on the time interval covered in the measure-

ment[2]:
-05
d ]

1)

whereT = Ar/7 is the time interval observed, K -
lifetime units. WithT ~ 0.4 andN ~ 9 x 10, we can
reach an accuracy of 0.3%.

We have measured th&; lifetime using the de-
cay K; — n%7%° tagged byKs — n 7~ events.
This choice maximizes the number of usable events
and minimize the disturbance of tli&, decay on the
detection of the tagginKs decay and therefore the
systematic uncertainty.
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lider rings. The energy, the position of the beam
crossing point X, y, z) and thep momentum are de-
termined from Bhabha scattering events. In a typical
run of integrated luminosity’ £ d¢ ~ 100 nir?, last-

ing about 30 minutes, the corresponding errors are:
SW = 40 keV, épy = 30 keV/c, éx = 30 pm, and

8y =30 pm.

The detector consists of a large cylindrical drift
chamber, DC3], whose axis, defined as theaxis,
coincides with the bisectrix of the two beams. The
DC is surrounded by a lead-scintillating fiber sam-
pling calorimeter, EMC[4]. The DC and EMC are
immersed in a solenoidal magnetic field of 0.52 T with
the axis parallel to the beams’ bisectrix. The DC track-
ing volume extends from 28.5 to 190.5 cm in radius
and is 340 cm long. The transverse momentum reso-
lution is 8p. /p1 ~ 0.4%. Vertices are reconstructed
with a resolution of~ 3 mm. The calorimeter is di-
vided into a barrel and two endcaps and covers 98% of
the solid angle. Photon energies and arrival times are
measured with resolutionrs:; /E = 0.057//E (GeV)
ando; =54 pg v E (GeV) @ 50 ps, respectively. Pho-
ton entry points are determined with an accuracy-

1 cn//E (GeV) along the fibers and; ~ 1 cm in

the transverse direction. A photon is defined as an
EMC cluster of energy deposits not associated to a
track. We require that the distance between the cluster
centroid and the entry point of the nearest extrapolated
track be greater tham3o =0, ® o .

The triggei5] uses information from the calorime-
ter and chamber. The EMC trigger requires two lo-
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cal energy deposits above threshold £ 50 MeV

in the barrel,E > 150 MeV in the endcaps). Rejec-
tion of cosmic-ray events is also performed at trigger
level, checking for the presence of two energy deposits
above 30 MeV in the outermost calorimeter planes.
The DC trigger is based on the multiplicity and topol-
ogy of the hits in the drift cells. The trigger has a

large time spread with respect to the beam crossing

time. It is therefore re-synchronized with the machine
radio frequency divided by fourTsync = 10.85 ns,
with an accuracy of 50 ps. During the 2001-2002
data taking the bunch crossing period at®XE was

T = 5.43 ns. The correct collision timely, of the
event is determined off-line during event reconstruc-
tion [6].

3. Dataanalysis

¢-mesons decay int& s—K; pairs~ 34% of the
time. Production of & is tagged by the observation
of Ks — ntn~ decay. Thek; — 7%7%7° decay
vertex is reconstructed along the direction opposite
to that of theKy in the ¢ rest frame. The chamber
alone measures thiés — 77~ decay and therefore
the direction of theK; . The K decay vertex and the
photon energies are obtained from EMC information.

The data sample, collected during 2001 and 2002, cor-

responds to an integrated luminosity ©f400 pbL.
Some 12 x 10%, ¢-mesons were produced. Additional
details can be found in Ref2]. Ks — mw Tz~ decay
events must satisfy the following requirements:

EMC

()l (T') (cm)
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(1) There must be two tracks with opposite charge,
forming a vertex V in a cylinder withy < 10 cm,
lzv] < 20 cm. No other tracks should be con-
nected to the vertex.

(2) TheKs momentum in the rest system, must sat-
isfy 100< pk, < 120 MeV/c. Thexr* 7~ invari-
ant massM (wrxr) must satisfy 492< M(rw) <
503 MeV/c?.

The efficiency for findingks — n*txz~ events is
€ ~ 68%. The position of the production pointxg,
is determined as the point of closest approach of the
Ks momentum, propagated backwards from ftig
vertex, to the beam line. ThEés — 77~ decay pro-
vides an almost unbiased tag for thke when it de-
cays into neutral particles and a good measurement of
the K, momentum,px, = pg — pks. The accuracy
in the determination of th&; direction is obtained
from K; — nt7~ 7" events, measuring the angle be-
tweenpg, and the line joining the production point
and ther Tz~ 70 decay vertex. We findry = 1.5°,
op = 1.8°.

The position of thek; vertex for K; — 7%%70
decays is obtained from the photon arrival times at the
EMC. Each photon defines a triangle CDE, &ég 1
(left), wherelk is the K path length/, is the dis-
tance from theK; decay point D to the entry point
E andd is the distance from the cluster to the colli-
sion point C. From the known positions of C and E,
theECD =0 angle and the time spent by the kaon and
the photon to cover the path CDE we find the length of
CD. There are two solutions. One has D along khe

e o o o
(=] [ s (= oo

S
)

-0.4

%0 60 80 100 120 Jlrc'to 160180
(") (cm)

Fig. 1. Left: the CDE triangle. Right: distribution of the different;e(no) —Ig(ntr™) for K; — 7+t~ 79 events as a function of

Ig (xt 7). See text.
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Fig. 2. Left: distribution of the differenc&k(no) —Ig(ta~) for K — nTn 70 events. Right: the obtained with a single-Gaussian fit
as a function of g (777 7). See text.
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path and is rejected. The position D of thg decay
vertex is obtained from the energy weighted average of
the two closestx ;, Ix =Y (Ix.i x E;)/ Y. E; where

i is the photon index. Finally we require at least one
third photon with|/x 3 — x| <5 x o (lk).

The accuracy of thg determination is checked by
comparing thek; path measured by timing with the
calorimeter and, with a much better accuracy, by track-
ing with the DC, fork; — = t7~ 7% decays. The path
length from the calorimeter timing has on average a
constant offset of 2 mm with respect to the value ob-
tained with the DCFig. 1, right. The determination
of Ix depends crucially on the correct identification
of the collision timeTp. Using againk; — =7~ n°

e 2
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Fig. 3. Tagging efficiency as a functionigf for the maink; decay

modes.
events we have verified thdy is incorrect less than
0.1% of the time.
The resolutiono (Ix) is determined fromkK; — tion of Ix (w T ~): we find a quadratic dependence on
7~ 7% events by comparinki(°) andig (), [k in both cases (single and double-Gaussian fit). For

where the former is the weighted average obtained the single-Gaussian fit we hawélg ) = 1.65+ 0.59 x
from the two photons fromr® andix (x Tz ™) is the 1072 x Ig +0.45x 10~* x 12 cm (Fig. 2 right). In
distance between the vertex of the two charged decaythe double-Gaussian fit the relative weights of the two
pions and thep production point. An example of the  components change as a functior gz 7 ~). Since

Ix (1% — g (vt ™) distribution is shown irFig. 2, for each point the population weighted averagerpf
left. It has been fitted both with a single and a double ando, agrees at the 10% level with theof a single-
Gaussiaff2]. In the case of the double-Gaussian fitthe Gaussian fit, we use the latter as estimate of the vertex
relative weights of the two components are free para- resolution. The effects of the tails on the fit value are
meters of the fit. The single-Gaussian fit gives an av- discussed in Sectio

erage resolution of 2.5 cm. In the double-Gaussian The tagging efficiency has been evaluated by MC
fit, the bulk of the distribution{ 82% of the total) as a function ofg for the dominantk; decay chan-
haso1 ~ 2.1 cm, while the broader part(18%) is nels. The results are shown kig. 3. The difference
well described by a Gaussian with ~ 5.4 cm. The in tagging efficiency among th&; decay modes is
behaviour of the resolution has been studied as a func-mainly due to the dependence of the trigger efficiency.
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Only the calorimeter trigggb] is used for the present
analysis. The trigger efficiency is, on averagel,00%
for K; — 797%% and between 85-95% for charged

19

interval {40°, 140°}. These two conditions define the
fiducial volume (FV). The main sources of event losses
are: (1) geometrical acceptance; (2) cluster energy

K decays. The trigger efficiency also depends on the threshold; (3) merging of clusters; (4) accidental as-

position of theK; decay vertex. Another contribution
is the dependence of the reconstruction efficiency for
the pion tracks fronK's — n+7~ on the presence of
other tracks in the drift chamber. This contribution de-
pends on the position of th€; decay point and affects
mainly events withk';, — charged particles near tije
production point.

The tagging efficiency for thek; — 7%7%70
channel has a small linear dependencd pnwith a
slope ofb = (1.2 + 0.2) x 10~°/cm, and a constant
a = (68.04+0.01)%.

0.0

2970

4. K; — n n"x" acceptance

The K; — 7% %0 decay has a relatively large
BR, ~ 21%, and has very low backgroun&; —
79970 events are accepted if at least three calorime-
ter clusters are found satisfying:

(1) Energy larger than 20 MeV.

(2) Distance from any other cluster larger than 50 cm.

(3) No association to a chamber track.

(4) Ik —Ix| <5 x o(k), wherelg is the energy
weighted average of the two values/gf; nearest
together.

For the K lifetime measurement, we retain events
with 40 < [y < 165 cm and a polar angie in the

S
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=
T
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>
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sociation to a charged track; (5) Dalitz decay of one
or moren%’s. The effect of these inefficiencies is to

modify the relative population for events with 3, 4, 5,

6, 7 and> 8, clusters with a loss of global efficiency

of ~ 0.8%.

Monte Carlo (MC) simulations, based on the KLOE
standard MC[6] show that event acceptance with
the above selection has a linear dependencéxon
e(lg) = (0.9921+ 0.002) — (1.9+0.2) x 10°° x Ig
with Ix in cm (Fig. 4, left) mainly due to the vertex
reconstruction efficiency. This has also been checked
usingK; — 7t~ 7 events both from data and MC.
We find the same linear dependence, with compati-
ble slopes within their statistical uncertainti€sg. 4,
right.

A comparison between data and MC of the photon
multiplicity and total energy distributions fak; —
%7970 decays shows that only events with three and
four clusters contain some background. Background,
mostly to the three cluster events, is dueKg —
7t~ 7% decays where one or two charged pions pro-
duce a cluster not associated to a track and neither
track is associated to thE€; vertex. Other sources of
background are&k; — 7%7° decays (possibly in co-
incidence with machine background showering close
to the collision point generating soft neutral particles)
and Kg — 7% following K; — K regeneration
in the DC material. Th&&; — 770 background
and the other backgrounds in the three cluster sample

=) <)
=1 )
T T

Efficiency (%)

96

94 -

92

90

88

0 25 50 75 100 125 150 175 200
I (cm)

Fig. 4. Left: vertex reconstruction efficiency as a function of the decay path lengkyfos 797970 Monte Carlo events. Right: the same for

K; — ntr~ 7% data (triangles) and Monte Carlo (squares) events.
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are strongly reduced by requiring at least one cluster The distributions of the total photon energy for events
in the barrel withE > 50 MeV and no tracks ap- with 3,4,5,6,7, > 8 photons are shown ifig. 5.
proaching theK; line of flight by less than 20 cm.  For three and four photon-cluster samples the differ-
The efficiency vdk for the three cluster sample has ent contributions from the residual background com-
been found by MC. It is almost flat with an average ponents are also shown.
~ 55% inside the FV. The fractions of events wittv = 3,4,5,6,7, > 8

In Table 1we show the fractions of the background in the FV are given irifable 2 together with MC re-
components before and after the background cuts. Thesults. The few percent differences between data and
background contamination is reduced fren#.9% to MC are mostly due to a higher proportion of split clus-
~ 1.3% with an efficiency on the signal of 99.6%. ters in the MC than in the data.

Table 1
Event types in the fiducial volume from Monte Carlo before and after background cuts. The background contarBif(@tienB) is also
shown

K|, channel N, > 3 before cuts N, > 3 after cuts
Events B/(S+ B) Events B/(S+ B)
Signal+ backgrounds 10536674 10114899
All backgrounds 518520 .892% 133535 B2%
K; > nta 0 325076 308% 44917 4%
K; — mpv 28917 028% 3583 003%
K; — mwev 49140 047% 6062 006%
K; — 7979 43436 041% 42313 2%
K; — Kg— 7970 30273 029% 28166 ®8%
K — other 41298 (B9% 8440 008%
220 3 6000 3
Z2000 § ’ Pt goum i
S0} iv"m“" i ijmnm
51500 gznuo §<1()1xy F
2 0000 | >
=250 & 0.0.0 30000 |
8000 | T
1000 [ et 0 19 0 30000
750 £ 6000 F :
S0 2000 20000 [
2501 4§ 00 2000 f _ 10000
2/ “’;c“[;’ﬁ;:u‘] K (V- ‘/A-‘_,, 3 i o o .
0077700 200 300 400 500 600 700 §00 0077700 200 300 400 500 600 700 800 0077100200300 400 300 600 700 800
Total Energy for N=3 (MeV) Total Energy for N=4 (MeV) Total Energy for N=5 (MeV)
x102
3 1800 3 8000 %
s s S 250t
<1600 - <7000 b ¢ <+
g1400 Zao00 g awof
21200 | 13 15}
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Fig. 5. K; — 797070 selection: distribution of the total energy for events with 3, 4, 5, 6, 7 ar8photon clusters. Dots are data, solid
histogram is Monte Carlo simulation féf; — all channels. Monte Carlo histograms are normalized to the same number of entries for data.
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5. Fit of the proper time distribution

The K, proper timet*, is obtained event by event
dividing the decay lengthy by gy of the K in the
laboratory,t* = I /(Byc). In Fig. 6 we show the*
distribution obtained with- 14.7 x 10° taggedK ; —
7%7%9 events. The residuat 1.3% background is
subtracted using MC results. The variation of the ver-
tex reconstruction efficiency as a function of the decay
length is taken into account by correcting bin by bin
ther* distribution with product of the MG ; — 37°
efficiency Fig. 4, left) and the data/MC efficiency ra-
tios for K; — =T~ 7% (Fig. 4, right). The statistical
uncertainty { 0.1%) of the efficiency estimate is in-
cluded in the error.

Both the background subtraction and the vertex re-
construction efficiency correction affect the number of
events per bin at the- 1% level and the combined ef-
fect of both corrections leaves the effective statistics
essentially unchangeétig. 6 is therefore representa-
tive of the sample statistics.

Table 2
Fraction of events with 3, 4, 5, 6, 7 anel8 neutral clusters con-
nected to thek; decay vertex in data and Monte Carlo

Number of clusters Data Monte Carlo
3 1.1634+0.004% 0980+0.003%
4 7.644+0.01% 701+ 0.01%
5 3022+ 0.02% 2865+ 0.02%
6 5777+ 0.03% 60124 0.03%
7 3.091+0.006% 3074+0.001%
>8 0.106+0.001% 0151+0.001%
x102
©2000 F
o
=1750
Z
#1500
5
> 1250
m

1000

750

Fit Region

500 |

250

VTN SO
0 5 10 15 20 25 30 35
t (ns)
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The t* distribution is fitted with an exponential
function over the range & t* < 24.8 ns. This cor-
responds to a time intervdl = Ar*/t ~ 0.37. With
~ 8.5 x 10° events in the fit region we obtain:

t=(50.874+0.17) ns

with a x2-value of 58 for 62 degrees of freedom
(Fig. 6).

6. Systematic uncertainties

The number ofk; — 379 decays at the end of the
selection is given by:

N3710(ZK) = Ngno(O)/étot(l}() X eil/l(/)‘/

x g(lg —lg)dly + Npek(lk), (2

where Npck is the residual background at the end of
the signal selectiongor(l} ) is the signal efficiency
(€tot = €tag ¥ €se) andg(lx — I%) is the vertex reso-
lution function. FinallyAr = (1/A; + 1/x;)~ 1 is the
effective mean decay length taking into account the
K interactions inside the chamber (in the gas mix-
ture and wires) and; is the meark; decay length.
Many effects distort the proper time distribution
and have been corrected for. The uncertainty in the
corrections is included in the systematic error on the
K lifetime. As noted in Sectiof3, the tagging effi-
ciency Fig. 3 is well described by a linear function
of Ik with a constant terma = (68.04+ 0.03)% and a
slopeb = (1.2 4+ 0.2) x 10-°/cm. While the tagging

(Fit-Data)/Fit

1=}

(=]

-0.01 |

-0.02

-0.03 |

-0.04

Fig. 6. Fit of the proper time distribution (left) and residuals of the fit (right). Crosses are data and solid histogram is Monte Carlo. The fit is

shown as the thick solid line.
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efficiency is easily parametrised, it has a significant ef-
fect on the overall statistics of the sample. Therefore,
the value of the lifetime is corrected for the effects of
the lx dependence of the tagging efficiency using an
analytical correctioni™ >~ A(1+ (b/a)Ar) [2]. This re-
sults in a correction on the lifetime 6f0.6% with a
systematic uncertainty af0.1%.

We also vary the threshold of the cluster energy of
the pions fromKg from 40 to 70 MeV in 10 MeV

KLOE Collaboration / Physics Letters B 626 (2005) 15-23

based on the assumption that the resolution parameters
can be underestimated by as much as 10%.

K, interactions with the material inside the cham-
ber bias the lifetime measurement since they reduce
the K; mean path by1+ Az /A;) "t~ (1 —Ar /A7)

[2]. The interaction rates for regeneration anar X
production are determined from ddf. The contri-
bution of the regeneration in the DC material is found
to be ~ x3 times lower in data than in the MC pre-

steps. The slope changes by 0.5% with a systematicdiction. In data the contribution of the total nuclear

uncertainty of+0.25%.

As discussed, the vertex reconstruction efficiency
has been corrected for its dependencd pnWe as-
sign a systematic error af0.2% due to the statistical
uncertainty on the slope of the data/Monte Carlo effi-
ciency ratios evaluated witki; — 7t7 70 events.

We investigate the effects of the cluster energy
threshold for photongy,, by varying Ei, from 10
to 35 MeV in steps of 5 MeV and repeating the full
analysis. The value of this threshold affects dramati-
cally both the background contamination and the rela-
tive weights of the samples of different photon-cluster
multiplicity. For example, if Eyy goes from 20 to
15 MeV, the relative weight of the three photon-cluster
sample is reduced by almost a factor 2 while the back-
ground increases by 20%, affecting mainly the four

interactions is~ 0.33% to which we assign a conser-
vative error of 50%,0.33 &+ 0.16)%. Therefore, the
K lifetime is corrected by-0.33% with a systematic
uncertainty of 0.16%.

The backgroundTable ) is subtracted from the
proper time distribution using MC simulation. A resid-
ual correction of+0.2% due to background subtrac-
tion has been added due to the fact that the background
from the Ks regeneration in the drift chamber mater-
ial is a factor of three higher in the Monte Carlo than
in data[7]. Therefore, fronTable 1 the 0.28% contri-
bution from thek; — K5 — 7%z° reaction must be
reduced to (1% and the global amount of background
contamination from 1.32% to 1.1%. This directly in-
creases the fit value of the lifetime by0.2%.

An additional systematic error is due to uncertain-

photon-cluster sample. Nevertheless, the fit changesties in the background scale amig dependence in

by < £0.2% for 15< Eyr < 35 MeV, which we take
as a systematic uncertainty. The total systematic un-
certainty due to the event selection is therefa23%.

The effect of the vertex resolution on the fit value

the three and four photon-cluster samples. Compar-
ing bin-by-bin data and MCx distributions for back-
ground with the combined three and four-cluster event
samples after MC signal subtractiofig. 7), we find

has been studied by smearing the values sampled froman agreement at the 2% level, with a small linear

an exponential function with the measuret (as a
function oflx) both in the case of a single-Gaussian
fit and in the case of a double-GaussiarjZjt In the
second case, the smearing is performed by taking into
account the relative weights of the two Gaussians at
a givenlg. When the fit is performed to a generated
sample oflx values without or with a smearing with
the known & resolution parameters, the lifetime value
changes by well under 0.1%. Resolution effects are
thus negligible in determining the final value &f;
lifetime. However, if the resolution parametersare

~ 10% larger than the measured values, the effect on
the value of theK lifetime is ~ 0.1%. Theo’s are
know at 1-2% level. For the systematic uncertainty in
the lifetime value for vertex resolution effects we as-
sign a symmetric 0.1% error, which is conservatively

25000
<
2500 |
]
S0000 |
>
=
17500 + DATA
15000 - MC background

12500

10000

7500

5000

2500

| 1 I
0 0 25 75

1 1 1 1 1
100 125 150 175 200
IK (cm)

Fig. 7. Decay length distribution for background with three and four
clusters. Crosses are data, solid histogram is Monte Carlo.
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Table 3 This result differs by 2o from the other direct mea-

Summary of corrections and systematic uncertainties surementg, = (51.54+ 0.44) ns[1] and by~ 1.8¢

Source Correction Systematic ~ from the PDG 2004 fif8], tx, = (518 £ 0.4) ns.
uncertainty

Tagging efficiency —0.6% 025%

Acceptance bin-by-bin 8% Acknowledgements

Selection efficiency bin-by-bin 510°°

Vertex resolution - a%

Background subtraction bin-by-bin,0.2% 02% We thank the DAPNE team for their efforts in

Background shape +0.15% 006% maintaining low background running conditions and

Nuclear interactions +0.33% 016%

their collaboration during all data-taking. We want to
Momentum scale - Q% . g .
Time scale _ D7% .thank our technical staff: G.F. Fortugno for his ded-
Total +0.1% 049% icated work to_ ensure an eff|C|ent_ oper_anon <_)f the
KLOE Computing Center; M. Anelli for his continu-
. ous support to the gas system and the safety of the de-
dependence ofx . Although the agreement is at the  tector; A. Balla, M. Gatta, G. Corradi and G. Papalino
~ 2% level, we have conservatively taken the uncer- for the maintenance of the electronics; M. Santoni,

tainty in the overall background scale to kel0%. G. Paoluzzi and R. Rosellini for the general support
The uncertainty in the background scale produces ato the detector; C. Piscitelli for his help during ma-
systematic uncertainty in the lifetime value:50.2%. jor maintenance periods. This work was supported in

Correction for the background slope changes the fitre- part by DOE grant DE-FG-02-97ER41027; by EU-
sult by +0.15% with an uncertainty o£0.06% due to RODAPHNE, contract FMRX-CT98-0169; by the
the statistical precision of the slope value. German Federal Ministry of Education and Research
Uncertainties in the DC momentum scale and the (BMBF) contract 06-KA-957; by Graduiertenkol-
absolute EMC time scale enter directly in the proper |eg ‘H.E. Phys. and Part. Astrophys.’ of Deutsche
time evaluation™ = /x /(Byc) and give systematic er-  Forschungsgemeinschaft, Contract No. GK 742; by
rors respectively of0.1%[6] and+7 x 10~* (Fig. 1, INTAS, contracts 96-624, 99-37; and by the EU Inte-
right). grated Infrastructure Initiative HadronPhysics Project

The fit stability has been checked by changing the ynder contract number RI13-CT-2004-506078.
lower limit of the time interval used in the fit between
6 and 12 ns and the upper between 21 and 28 ns,
independently. No change ity is found within its References
statistical error. We have also checked the fit stabil-
ity vs polar angle dividing the fiducial volume in two  [1] K.G. Vosburgh, et al., Phys. Rev. Lett. 26 (1971) 866:
regions containing the same number of events. Specif-  K.G. Vosburgh, et al., Phys. Rev. D 6 (1972) 1834.
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