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Abstract

We present a new measurement of the branching Ratibthe decayk; — w+eFv, denoted a3, relative to all charged
K decays with two tracks, based on data taken withNA48 detector at the CERN SPS. We meagtiee 0.4978+ 0.0035.
From this we derive the&K,3 branching fraction and the weak coupling parameigr| in the CKM matrix. We obtain
|Vus| f+(0) = 0.2146+ 0.0016, wheref, (0) is the vector form factor in th& .3 decay.

0 2004 Published by Elsevier B.V.
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1. Introduction The hodoscope is placed downstream from the last
drift chamber. It consists of two planes of scintilla-

The unitary condition for the first row of the CKM  tors segmented in horizontal and vertical strips and
quark mixing matrix is at present fulfilled only at the ~arranged in four quadrants. The signals are used for a
10% C.L.[1]. This has renewed interest in the mea- fastcoincidence of two charged particles in the trigger.
surement of the coupling constant, for strangeness- ~ The time resolution from the hodoscope~is200 ps
changing weak transitions. The most precise informa- Per track.
tion on V,, comes from the decak; — w¥e¥v, The electromagnetic calorimeter (Lkr) is a quasi-
which is a vector transition, and therefore is protected homogeneous calorimeter based on liquid krypton,
from SU(3) breaking effects by the Ademollo-Gatto With tower readout. The 13212 readout cells have cross
theorerr[z]_ We present here a new measurement with sections of~ 2 x 2 Crr12. The electrodes extend from
improved experimental precision. the front to the back of the detector in a small angle ac-

cordion geometry. The Lkcalorimeter measures the
eT and y energies by summing the ionization from

2. Apparatus }Q.eir electromagnetic showers. The energy resolution
The experiment was performed using the NA48 de- @ (E) _ 3.2% _ 9.0% ©0.42% @
tector in a beam of long-lived neutral kaons produced E VE E '

at the 450 GeV proton synchrotron SPS at CERN. The
neutralK; beam was derived at an angle of 2.4 mrad

from ahn extracted proton beam hkitting_afberyllifurr]:tellr— trigger system. The trigger requirements were two
get. The decay region starts at the exit face of the last o546 particles in the scintillator hodoscope or in the

of three collimators 126 m downstream of the target. it chambers coming from a vertex in the decay re-
The experiment was originally designed and used for ion

the precision measurement of direct CP violation in A.more detailed description of the NA48 setup can
kaon decay§3]. We report here on a study of semilep- 4 tound elsewherfg].
tonic decays, for which data were taken in a pkie
beam in September 1999. The main elements of the
detector relevant for this exposure are the following.
The magnetic spectrometer consists of four drift 3. Dataanalysis
chambers (DCH), each with 8 planes of sense wires

oriented along four projeions, each one rotated by 3.1, Analysis strategy and events selection
45 degrees with respect to the previous one. The spa-

tial resolution achieved per projection is 100 um, and  the pasic quantity measured in this experiment

the time resolution for an eyen_t is O._? ns. '_I'he vol- is the ratioR of decay rates o, decays relative
ume between the chambers is filled with helium near to all decays with two charged particles in the fi-

atmospheric pressure. The spectrometer magnet is g, state, mainlyrev, 7uv (called K 43), 7+ 7~ 7°
dipole with a field integral of 0.883 Tm and is placed (calledKs, ), 77~ (calledK»,) and C;lrowith Dalitz
after the first two chambers. The distance between the decay of oner®, denoted asr®z%ey or 7°70x0.
first and the last chamber is 21.8 meters. The spec- ' b

' ior s desioned t h i3 of th Since the neutral decay modes 9% 27% and yy
rometer 1S designed to measure the momenta ot ey, q haen measured, and tloerection for events with
charged particles with high precision—the momentum

lution is i b four tracksB(4T) is small, the sum of branching ratios
resolution’is given by of all K; decay modes with two charged tradk&2T)
is experimentally knowifil ]

whereE is in GeV.
Charged decays were triggered with a two-level

7P _ 6 48%0 0.009p%, (1)

p
wherep is in GeV/c.

I' (K}, — all neutra)
I'(K; — all)

B2T)=1— B(4T)
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=1-B@r% - B@2r% - B(yy) 5 [
0_0_0 g
+ B(n"m"np) — B(4T) 3 4000
=1.0048— B(37°). (3) g
i ; ; 3000 — electrons -
Since contributions fronKs meson orA hyperon de- | *
cays and from rar&’, decays are negligible, lessthan | pions
2 x 1072, we obtain theK,3 branching ratio using L /-' e,
B(2T): 1000 ¥ N
I'(K
B(eS):A B e et e S i O
I'(Kp — all) () 02 0.4 06 0.8 1 1.2
r ( K 3) E/p: energy deposited in Lkr / track momentum
= - B(2T). (4) . . N
I'(K; — all 2-track Fig. 1. The ratio of calorimetric energy over the momenturp for

. . : he tracks of all sel .
In this experiment, we therefore measure the ratio of "® racks of all selectefl g events

K.3 events to all 2-track eventSot divided by their

acceptances, or azT, respectively: applied, and the average acceptamgeapplies to the
N, /ae requirements listed up to this point.
= Not/asr’ (%) For the numeratoN,, the K3 signal was selected

by a single additional criterion that at least one track
Both numbers,N. and Nt are extracted from the  should be consistent with an electron. This was done
same sample of about 8illion recorded_Z—track by requiring that the rati&/p exceed 0.93, wherg
events. These were reconstructed and subjected to of+s the measured energy e calorimeter ang is the
fline filtering. _ _ ~ measured momentum in the magnetic spectrometer.
Inthe basic selection, two tracks were required with g 759 mijllion events were accepted. The quarfify

opposite charge and a distance of closest approach bejs shown inFig. 1for all tracks of these 3 events.
low 3 cm. The vertex fiducial volume was defined to

be between 8 m and 33 m from the final collima-
tor, and within 3 cm of the beam-line. Events with
high hit multiplicity were rejected by requiring that no
overflow condition occurred in the drift chambers. An
overflow is generated if more than seven hits in a plane
were recorded within 100 ns. These cuts were passed
by 48.795 million events.

Events were rejected if the time difference between
the tracks exceeded 6 ns.tBdracks were required to
be inside the detector acceptance and within the mo-
mentum interval 10 GeXt to 120 GeVc. In order to
allow a clear separation of pion and electron showers,
we required the distance between the entry points of
the two tracks at the front face of the electromagnetic
calorimeter to be larger than 25 cm.

The last selection criterion was applied to amea- o,y (0.576:|: 0.00S(stat))%.
sure of the kaon momentum, to avoid the region be-
low 50 GeV/c which is simulated inadequately. We As a cross check the probability was also derived from
used the sum of the moduli of the two momeifta= the E/p spectrum ofK3, events, giving a consis-
P1 + P, for all decays. As a result 12.592 million tent result within errors. Background from the decay
events withP > 60 GeV/c remained. For the denomi- K, — 7% %z was completely removed by the cut
nator, no identification of individual decay modes was on P.

3.2. Corrections for electron identification

The number ofK .3 events was corrected for the in-
efficiency of the electron identification (electrons with
E/p < 0.93) and background coming froi, .3 and
K3, decays (pions withE/p > 0.93). Both ineffi-
ciency and background were measured from the data.

For the background determination a sample of
events was selected having one track witfp > 1.0,
clearly classifying it as an electron. The background
probability for pionsW (x — ¢) was then determined
from the E/p spectrum of the other (i.e., pion) track
(seeFig. 2) to be
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Ke3 events: E/p of plon tracks

Fig. 2. QuantityE/p for pion tracks. The sample was selected by
the requiremeng /p > 1.0 for the other (i.e., electron) track.
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Ke3 events: E/p of electron and plon tracks

02

Fig. 3. QuantityE/p for electron and for pion tracks. The electron
spectrum is scaled for better illustration. The dark shaded area rep-
resents electrons with/p < 0.93.

The electron ID inefficiencyW (e — 7) was de-
termined in a similar way (seEig. 3) by requiring
one track withE/p < 0.7, classifying it as a pion.
The E/p distribution for the other track then consists
mainly of electrons, with a small contribution from
pions, especially below 0.7. We subtracted this pion
component by using the previously determined pion
distribution, normalized in the range2< E/p <
0.6. From this we then obtained the probability for los-
ing an electron by the conditiok/p > 0.93:

W(e — m) = (0.487+ 0.004(stat))%.

3.3. Monte Carlo simulation

To reproduce the detector response, a GEANT-
based simulation of the NA48 apparatus was em-

Letters B 602 (2004) 41-51

Table 1

Detector acceptances for the charged decay modes

Decay mode Acceptance
K3 0.2599

K3 0.2849

K3y 0.0975

Kor 0.5229

K3ng 0.0001

ployed for the five decay modesv, 7 v, 77~ 70,

ntn~ and 7%%7%. Radiative corrections were in-
cluded for thek .3 mode. We used the PHOTOS pro-
gram packagd4] to simulate bremsstrahlung, and
added the calculations frof8] on virtual photons and
electrons. Some comparisons between data and MC
for identifiedK .3 events are shown iRig. 4 (z-vertex)
andFig. 5 (x- and y-coordinates of the tracks in the
first drift chamber).

We obtain the individual acceptancgsas shown
in Table 1

The average 2-track acceptancg was obtained
from a weighted mean of the individual acceptanges
which depends only on ratios of decay rates measured
in other experiments:

B.a. + Buau + Bsraz; + Bogaz; + Bpap
Be+Bu+B3n+BZH+BD

By au Bar azy Bor azx Bp ap
(Lt Bra+ B e T B T B
By

1+ 3+ 5=+ 5= 4 22)

azT =

).

(6)
Here B; are the branching tis for the decay chan-
nels ( =e: Kes; i = pu: Kuz; i =3m: ntn—nb;
i =2m ntn~;i=D: 7%°Y). The acceptance
for channeli is a;. For the branching ratios we used
a weighted average of the 2004 PDG val{iEsand
the new KTeV measuremefitl]. The uncertainty was
enlarged according to PDG rules for averaging incon-
sistent data.

B, /B. =0.666+ 0.011, (7)
Bay /B, = 0.309+ 0.004, (8)
B2y /Be = (4.90+0.14) x 1073, (9)
Bp/B. = (1.96+ 0.05) x 1072, (10)

Varying the constraints given by Eqg§.)—(10)within
their errors we get a relative variation of the accep-
tance of 0.16%, andyt = 0.2412+ 0.0004.



NA48 Collaboration / Physics Letters B 602 (2004) 41-51 a7

% 3007 C
E ™ 1.06
E 280? "1-'1,&“ 1_04_ Ke3: DatanC
= F ¥ L
$m; - 1.02-
S g i it T
@ L bt o+ Ly P
= £ Ty Tty 4
5240; v Data I ek I l
e 1 i 0.98
2 220 k
= 0.96-
200 0.94"
PR T S S A HT N [N S A M [ S O WA A P I U T AT RN T N T N W
10 15 20 25 30 10 15 20 25 30
Z vertex [m] z vertex [m]

Fig. 4. Longitudinal vertex distribution fok .3 events: data and MC (left) and ratio of data over Monte Carlo simulation (right).
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Fig. 6. Reconstructed kaon energy frdg, andK», decays, comparison between data and MC. Errors are statistical only.

3.4. Systematic uncertainties isons show a small slope but with opposite signs,
demonstrating that the kaon energy spectrum in the
Given the large number of events, the uncertainties MC is a good compromise between different decay
of this measurement are purely of systematic nature. modes.
Simulation shows that most of these systematics will ~ Fig. 7 compares the momentd the electrons and
induce a dependence of the result on the lower cut pions in identifiedK .3 events between data and MC.
on the sum of the two moduli of the two momenta Fig. 8 shows the same comparison for the sum of
P = P1 + P. Since the three decay modes have dif- track momenta in the range between 60 GeVénd
ferent neutral energy, which is either invisible as a 130 GeV/c, which contains 95% of the data. With ra-
neutrino or not used in this analysis, events with a diative corrections applied, we still observe a slight
given value ofP originate from different average kaon slope in P of half the size of the slopes of the fully
energies, so a possible imperfection of the kaon en- reconstructed events ifig. 6. This is the dominant
ergy spectrum (which is fairly well known for energies source of experimental uncertainty, and may be due
above 50 GeV) will induce a dependence of the result to imperfections of the radiative corrections as well as
onP. limitations in the detailed event simulation.
In Fig. 6 we show a comparison of the energy To get a conservative estimate of this dependence,
spectra for identifiedks, and K, events, where  we varied the lower cut on the value @& from
we can fully reconstruct the energy. Both compar- 50 GeV/c to 80 GeV/c. This is a large range of vari-



NA48 Collaboration / Physics Letters B 602 (2004) 41-51 49

1.2 1.2

: K,s: Data/MC F Ko: Data/MC

14 1.1 ]i
15!'“" " ‘,+'»H b W f h{' I 1:_Ilf}{|'+ﬂ|||+++ggﬁw‘ ﬂr.“.“‘" b -

; t}H' "}EII Nlll ; iy "}}H.H‘l}h*ﬂm Hi
09F t M‘M o9 1
ol Electron 6t Pion
D-T:III'II'IIII.II | I T N T T N ST S N T

i iy 0_77 ; )
20 40 60 80 100 20 40 60 80 100
electron track momentum [GeV/c] pion track momentum [GeV/c]

Fig. 7. Comparison between data and MC (including radiativeections) for the momenta ofadtrons and pions in identifiek .3 events.
Errors are statistical only.

ation, considering that the analysis used data above 11
60 GeV/c, and that a cut at 80 GeV removes 70% Ks: Data/MC
of the events. The resulting relative uncertainty of the 1.05—
ratio R in Eq.(5) is 0.67%. In addition, a second inde-

pendent analysis was performed using different selec-
tion criteria and a different kaon momentum spectrum,

-

ot ﬁ*ﬁmlrhrﬂ*'\ |#+ﬂnﬂ
. | 1

t

which was weighted such as to reproduce exactly the ' 4"Hf; +

kaon momentum spectrum &f,3 events. The value of ~ %%° Slope: . * I

R differed from the one in the first analysis by 0.2%, (2.22+ 0.41)x 10"/ GeVic

well below the estimated systematic uncertainty. L T T T P D T T
To estimate the uncertainty coming from thg p 60 70 80 90 100 110 120 130 140

. sum of track momenta [GeV/c
cut to selectk .3 events, we varied the cut value be- L ]

tweenE/p > 0.90 andE/p > 0.96. As a result, in-  Fig. 8. Comparison between data and MC for the sum of track mo-
efficiency and background due to this criteria vary menta. The region between 60 Ge\and 130 GeYc contains 95%
significantly, leading to different net corrections of of the data. Errors are statistical only.

K.3 event numbersTable 9. Applying these correc-

tions, however, we get almost the same number of

events, thus demonstrating the correctness of this se-Table 2

lection principle. It appears that witli/p > 0.93, Variation oftheE/p cut to selectkg events

both inefficiency and background are very small and £-090 £>0903 L-o096
nearly cancel. The resulting relative uncertainty®n  Inefficiency [%] 0.275 0.487 1.424
iS AR/R = 0.05%. Background [%] 0.914 0.576 0.266
The data used in this analysis originate from two Keg/e"e”tt”“mber after SIE TS
pCcu

dlfferent triggers(Q2+ (Q1/20- 2trk), where Q2 re- Net K .3 correction _42624  —5705 77182
quires two quadrants of the hodoscope counter to be correctedr 5 event number 6753836 6753478 6750296

hit, while Q1- 2trk requires at least one hodoscope
quadrant plus two tracks from the drift chamber trigger
system. Q1 is prescaled by a factor of 20. By selecting
one trigger, the efficiency of the other can be mea-
sured, taking into account the different downscaling.
The trigger efficiencies for 2-track arif.3 events dif-

fer slightly for the Q2 trigger (97.38 £+ 0.02)% for
2-track events(97.494 0.03)% for K .3 events). As a
check, the analysis was repeated for the Qttk trig-

ger alone, which was measured to be equally efficient
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Table 3
Summary of systematic uncertainties on the ratio

Relative uncertainty [%)]

Experimental normalization .67
(energy spectrum)

Normalization error from a6
input ratios

E/p cut 005

Trigger efficiency 5

DCH overflows 005

Magnet polarity 7

for all events. The relative uncertainty due to different
trigger efficiencies is very smalA R /R = 0.05%.

In about 5% of the events the drift chambers record
multiple hits in one layer which lead to an overflow
condition. This could be more likely for electrons than
for minimal ionizing pions or muons. Comparing the
results with or without cutting on the overflow condi-
tion shows that the effect oR is almost negligible:
AR/R =0.05%.

Using a data set of monochromatic single pions or

NA48 Collaboration / Physics Letters B 602 (2004) 41-51

4. Results

The electron identificatio inefficiency increases
the number ofK.3 decays by 0.49%, while back-
ground from misidentifiedk’,3 and K3, decays re-
duces the number by 0.58%, leading to a net correction
of —5705 events. This gives:

B B(K; — mev)
"~ B(Kp — all 2-track

67534780.2599
_ —0.4978+ 0.
125020060 2412 4978+00033

As mentioned previously, a second independent analy-
sis resulted in a value a@ which differs by less than
0.001 from the value in Eq11).

For the branching ratio of ther® decay, the cur-
rent experimental situation is unsatisfactory. We use
a weighted mean of the PDG2004 val(21.05 +
0.28)% [1] and the recent measurement of the KTeV
collaboration, (19.45 + 0.18% [11], and obtain
(19.92 + 0.70)%, where the error is enlarged be-
cause of the poor agreement of the measurements.
Therefore, the branchingatio for all 2-track events

(11)

electrons from a test run, it has been checked that theis B(2T) = (80.56+ 0.70)% and

efficiencies to record and reconstruct pions and elec-

trons are equal within 0.05%.
In order to be independent of potential asymme-

tries in the setup, about half of the data were recorded

with positive polarity and half with negative polarity
of the spectrometer magn#te analyzed the data sep-
arately for both polarities, but found an almost negligi-
ble difference, resulting in an uncertainty &R /R =
0.07%.

I'(K; — mev)
B(e3)=———— =R -B(2
@) ="T%, = al @D
= 0.40104 0.0028+ 0.0035 (12)

with the first error being the complete experimental
error and the second the external error from the nor-
malization, to be combined to

B(e3) =0.4010+£ 0.0045 (13)

As a further systematic check the analysis was re- This measurement depends three other measure-

peated, broadening a nunthef detector resolutions
in Monte Carlo. Energy, momentum and vertex po-
sitions were convoluted with Gaussian distributions,

the chosen standard deviations being half of the ex- AB(e3) =
perimental resolution. The number of selected events

changed only by the order of 1B, proving that the
result does not depend on resolution effects.

We summarize the systematic uncertaintiesfon
in Table 3 Using the acceptances given Tiable 1
the ratios of branching fractions from Eq3.)—(10)

and the above evaluation of the systematic uncertain-

ties, we obtain as average two track acceptange=
0.24124 0.0004, and a systematic uncertainty in the
ratio a, /a7 of 0.68%.

ments of ratios of partiak .3 decay widths. This de-
pendence is given by:

(F(“ 3 _ 0.666) .0.077
T'(e3)
- (F G2l 0.309) .0.075
I'(e3)
0
- (F B ) —0.515) .0.151 (14)
T'(e3)

The decay rate oK; — mev is obtained by using the
K lifetime t(K) = (5.15+ 0.04) x 108 s[1]:

B3 _ 7794011 x 1P 5L,

F(KeS) = ‘[(KL)

(15)
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5. Value of | V] 6. Conclusions

The CKM matrix elementV,s| can be extracted
from thekK 33 decay parameters by RéT]

We have made a direct measurement of the ratio of
kY% to all K decays with two charged tracks,

1283r(K%) 1
G%MIS(OSEleo ffon_.

B(K; — mev)

V = =
[ Vis| B(K; — all 2-track

(16) R = 0.4978+0.0035 (20)

Three quantities in this equation are taken from theory. Using the current experimental knowledge of the”3
Sew is the short distance enhancement faclgs, is branching ratio, thisdads to a branching rati®e3) =
the phase space integral aﬁﬁon* is the form factor. 0.4010+ 0.0045. This exceeds the PDG value by

To determinq Vis| We follow the prescription and (3.3£1.3)%, or 2.5 standard deviations. It leads to
use the numerical results in R¢T], where a detailed ~ |Vus|/+(0) = 0.2146+ 0.0016, in good agreement
numerical study of th& .3 decays ta?(p®) in chiral with the recent KTeV resultl1], but larger than the
perturbation theory with virtual photons and leptons PDG value[1]. Inferring the most recent theoretical
is presented. The integrals given therein correspond to @valuation off. (0) = 0.981+ 0.010[7], the coupling
the specific presistion to accept only those radiative ~constant comes out to bie,s| = 0.2187+ 0.0028,
events which have pion and electron energies within Where the dominant uncertainty is theoretical. This is
the wholek 3 Dalitz plot. From a Monte Carlo simu-  Still 2.4 sigma lower than required by the 3-generation
lation we obtain this correction to be small unitarity of the CKM matrix.
Number ofK.3(,) events inside Dalitz plot

Number of allK,3(,) events

=0.99423 7)
Using Egs.(15) and (17) Sew = 1.0232, Ixo0 =
0.10339+ 0.00063 we obtain a value for the prod-
uct of the CKM matrix elementV,| and the vector

form factor fX°~,

|Vus| £+(0) = 0.21464 0.0016 (18)

For the vector form factor, different theoretical cal-
culations have been published recently. Chiral models
including the corrections to the ordgf give £, (0) =
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