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Abstract

We present a measurement of the relative branching ratio of the dé%ay rEetvy (K.3,) with respect tok 9 —
a¥etv (K3+ K.3,) decay. The result is based on observation of 19K0§), and 56 x 108 K.3 decays. The value of the
branching ratio is B(rKggy, E;ﬁ > 30 MeV,@;"y >20°)/ Br(KS3) = (0.964+ 0.008f8:8é51;)%. This result agrees with theoretical

predictions but is at variance with a recently published result.
0 2004 Elsevier B.V. All rights reserved.
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KTeV experiment gave a compatible value of the ra- angle accordion geometryhe LKr calorimeter mea-

tio Br(KSsy, E} > 30 MeV, 6}, > 20°)/Br(K%) = sures the energies of tké& andy quanta by gathering
(0.908+ 0~008+8'812 % [9]. However, this value does ~ theionization from their electromagnetic showers. The
not agree well with theoretical predictions. energy resolution is
E 32 90
o) _ (_ oo 0.42)%, )
2. Experimental setup E VE E

] whereE is in GeV, and the time resolution for showers
The NA48 detector was designed for a measure- yith energy between 3 and 100 GeV is 500 ps.

- i 0 ;
ment of direct CP violation in th&™ system. Here The muon veto systertMUV) consists of three
we use data from a dedicated run in September 1999 5janes of scintillator counters, shielded by iron walls

where aK; beam was produced by 450 GEVpro-  of 80 cm thickness. It is used to reduce tkig —
tons from the CERN SPS incident on a beryllium tar- +, +,, hackground.

get. The decay region is located 120 m from #ig Charged decays were triggered with a two-level
target af_terth_ree collimators and sweeping magnets. It yrigger system. The trigger requirements were two
is contained in an evacuated tube, 90 m long, termi- charged particles in the scintillator hodoscope or in the

nated by a thin3 x 10~3Xo) keviar window. drift chambers coming from the vertex in the decay re-
The detector components relevant for this measure- gjon,
ment include the following: A more detailed description of the NA48 setup can

Themagnetic spectrometés designed to measure e found elsewherfd 0].
the momentum of charged particles with high preci-
sion. The momentum resolution is given by

2(P) _ (0,48 0.009: p)%, (1)
p

3. Analysis
where p is in GeV/c. The spectrometer consists of 3.1. Event selection
four drift chambers (DCH), each with 8 planes of
sense wires oriented along the projectiang, y, v, The data sample consisted of about 2 TB of data
each one rotated by 45 degrees with respect to thefrom 100 million triggers, with approximately equal
previous one. The spatial resolution achieved per pro- amounts recorded with alternating spectrometer mag-
jection is 100 um and the time resolutionis 0.7 ns. The net polarities. These data are the same which were
volume between the chambers is filled with helium, used for the measurement of t&3 branching ra-
near atmospheric pressuiehe spectrometer magnet tio [11]. The following selection criteria were applied
is a dipole with a field integral of 0.85 Tm and is to the reconstructed data to identif,3 decays and
placed after the first two chambers. The distance be- to reject background, keeping in mind the main back-
tween the first and last chamber is 21.8 m. grounds toK.3, which areK; — 7*u*v (K,3) and

The hodoscopés placed downstream of the last K; — 77 70 (K3z):
drift chamber. It consists of two planes of scintilla-
tors segmented in horizontal and vertical strips and e Each event was required to contain exactly two
arranged in four quadrants. The signals are used for tracks, of opposite charge, and a reconstructed vertex
a fast coincidence of two charged particles in the trig- in the decay region. To form a vertex, the closest dis-
ger. The time resolution from the hodoscope is 200 ps tance of approach between these tracks had to be less
per track. than 3 cm. The decay region was defined by require-

The electromagnetic calorimetglLKr) is a quasi- ments that the vertex had to be between 6 and 34 m
homogeneous calorimeter based on liquid krypton, from the end of the last collimator and that the trans-
with tower read out. The 13212 read-out cells have verse distance between the vertex and the beam axis
cross sections of % 2 cr?. The electrodes extend had to be less than 2 cm. These cuts were passed by
from the front to the back of the detector in a small 35 million events.
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e The time difference between the tracks was re- e In order to reduce background frokiy,; decays,
quired to be less than 6 ns. To reject muons, only we required the quantity
events with both tracks inside the detector acceptance
and without in-time hits in the MUV system were
used. For the same reason only particles with a mo- 2 2 2 2
mentum larger than 10 GeV were accepted. In order to — Am’y 7o +micpY)]
allow a clear separation of pion and electron showers, X [4(Pi + mi,)Tl (3)
we required the distance between the entry points of
the two tracks at the front face of the LKr calorimeter to be less than-0.004 (GeV/c)?. In the equation
to be larger than 25 cm. As a result 14 million events above, p, is the transverse momentum of the two
remained. track system (assumed to consist of two charged pi-
e For the identification of electrons and pions, ons) relative to thex ? flight direction andn._ is the
we used the ratio of the measured cluster energy, invariant mass of the charged system. The variai’g?e

P2 = [~ — o)

E, in the LKr calorimeter associated to a track to
the momentumyp, of this track as measured in the
magnetic spectrometer. The rati/p for a sam-

is positively defined if the charged particles are pions
from the decayK s, and its distribution has maximum
at zero. The cut remove&98.94+ 0.03)% of K3, de-

ple of 75000 pion tracks, selected by requiring the cays and1.03+ 0.02)% of K.3 decays as estimated
other track of a 2-track event to be an electron with with the Monte Carlo simulation (Sectidh3). After

E/p > 1.02, is shown inFig. 1L As a cross-check
pion samples fromK,, and K3, decays were se-
lected giving similar results. Also shown in the fig-
ure is the distribution for 450000 electron tracks

this cut, we were left with 11.4 millioiX .3 candidate
events.

The neutrino momentum irK,.3 decays is not

which are selected from 2-track events where the other known and the kinematic reconstruction of the kaon

track is a pion, with 8t < E/p < 0.6. For the se-
lection of K.3 events, we require one track to have
0.93< E/p < 1.10 (electron) and the other track to
haveE /p < 0.90 (pion). 11.7 million events were ac-
cepted.

tracks/0.01
T R — charged pions
— electrons/positrons
104 3
1034,
102

L L n )
0 02 04 0.6
E/p
Fig. 1. Distribution of the ratio of the shower energyeconstructed

by the LKr and the momentum reconstructed by the spectrometer,
for pions (dotted) and electrons (line) froki,3 events (see text).

momentum from the measured track momenta leads
to a two-fold ambiguity in the reconstructed kaon mo-
mentum. The solution with larger energy we call “first
solution”. In order to measure the kaon momentum
spectrum, we selected events in which both solutions
for the kaon momentum lie in the same bin of width
8 GeV. These & 10° events we call “diagonal events”.

The last selection criterion was the requirement that
each of the two solutions for the kaon energy had to
be in the energy rang@é0, 180) GeV. As a result of
this selection, % x 10° fully reconstructed .3 events
were selected from the total sample. These selected
events include radiativk .3 events.

For the selection oK.z, events, the following ad-
ditional requirements were made.

The distance between the cluster and the pion
track in LKr had to be larger than 55 cm in order to
allow a clear separation of thg cluster from pion
clusters. As is shown iRig. 2the hadron showers can
extend over lateral distances of up to 60 cm from the
track entry point in LKr. After the requirements for
E} > 30 MeV andg;, > 20° (for both solutions of
the kaon energy), 22100 events survived. To distin-
guish they from the electron cluster we required the
transverse distance between thecluster candidate
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events/2cm

0 10 20

50 60

40
distance,cm

30

Fig. 2. Transverse distance between the pion entry point in LKr and
the position of a cluster induced by pion interactions with matter; the
pions here are selected from‘L) — 77~ decays where the entry
points of the two tracks in the LKr calorimeter are at least 80 cm
from each other; clusters have a minimum energy of 4 GeV.

and the electron track in LKr to be greater than 6 cm.
The electromagnetic transverse rms shower width in
LKr is 2.2 cm. An event was rejected if the clus-

ter candidate was less than 16 cm away from the beam

axis, because of the beam hole in the LKr calorime-
ter. We also rejected events withyacluster candidate

with energy below 4 GeV because the energy resolu-

tion deteriorates below this threshold. Finally an event
was rejected if thes was not in-time (more than 6 ns

NA48 Collaboration / Physics Letters B 605 (2005) 247—-255

The K.4 background was evaluated to be 8610
events from the measureddnching ratio and the cal-
culated acceptance for these decays.

The contamination fronK,.3 decays with an ac-
cidental photon was estimated using the distribution
of the time difference between the cluster candi-
date and the (average) time of the other cluster(s).
The number of events in the two control regions
(=25, —10) ns and(10, 25) ns were extrapolated to
the signal region(—6, 6) ns. The final number for
this source of background was estimated to b&3g0
events, assuming a flat distribution.

All backgrounds taK .3, add up to 14@: 82 events
or 0.7% of the totaK,3, sample of 19117 events.

The main background to the normalization channel
K3 arises fromK3,; andK 3 decays. The estimations
were made as in the case Kf3, . All the background
decays together gavek,3 signature in less than 9
107> of the cases< 500 events). This percentage is
negligible compared to background sourcesKiss,
decay.

3.3. Monte Carlo simulation

In order to calculate theegpmetrical and kinemati-
cal acceptance of the NA48 detector, a GEANT-based
simulation was employef0]. The kaon momentum
spectrum from SectioB.1 was implemented into the

time difference) with the associated cluster(s). These MC code. The radiative coections (virtual and real)

cuts provided a sample of 19 1K73, candidates.

3.2. Backgrounds

were taken into account by modifying the PHOTOS
[12] program package in such a way as to reproduce
the experimental data. This was achieved by weight-
ing the angular distributioi, in the centre-of-mass
frame such as to fit the experimental data (model in-

The amount of background was evaluated using a dependent analysis). With this procedure the MC and

Monte Carlo simulation for other kaon decays.

The backgroundt&.3, eventsis small and comes
from three sourcesks,; andK; — 797 *eFv (K.4)
decays as well ak,3 decays with an accidental pho-
ton. The K3, background was reduced by the cut
on the variabIePc’,2 and the electron identification
through theE / p > 0.93 condition. Variations of these
cuts have a negligible effect, since the probability to
misidentify a pion for an electron is only 0.57% from
Fig. 1, and thePc/,2 distribution is well reproduced by
the MC simulation. The estimated number of back-
ground events was 4§ events.

experimental data showed good agreement. As an ex-
ample, the distributions of the neutrino energyen-
ergy and@;"y (first solutions) in the centre-of-mass
frame are presented ifigs. 3, 4 and 5respectively.
The upper plots of the figures show the experimen-
tal data distributions and the lower show the ratio of
the data and the MC spectra, normalized to unity. The
plots represent data with the negative magnet polarity
and after theK.s, selection.

The MC data were treated exactly in the same way
as the experimental data and were used for acceptance
calculations. The acceptance f&f3, iS €(K.3),) =
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events/0.0045 GeV

500 f
400 |
300 |
200 |
100 F

15
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1
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Fig. 3. Reconstructed neutrino energy in the center of mass system; Fig. 5.
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to unity ratio of DATA/MC linearly fitted.
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Fig. 4. First solution forE% ; upper part—experimental data distri-
bution, lower part—normalized to unity ratio of DATA/MC linearly

fitted.

(6.08 + 0.03)% as compared to th&,3 acceptance

€(Ke3

) = (17.28+ 0.01)%.

253
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First solution foﬁjy; upper part—experimental data distri-

bution, lower part—normalized to unity ratio of DATA/MC linearly

fitted.

3.4. Reconstruction and analysis technique

We used the “diagonal events” to measure the
kaon momentum spectrum frorki.3 decays. How-
ever, as this reduces the data sample significantly,
for the analysis of the branching ratio the problem
was dealt with in another way. In th&,.3 selection
it was required that both solutions were in the range
(60,180 GeV. Further in theK,3, selection events
were rejected if (at least) one of the two solutions
for E7 was less than 30 MeV or (at least) one of the
two solutions forg), was less than 20 The same
procedure was used for selecting MC events when cal-
culating the acceptance.

An important issue are radiative corrections. Only
the inclusive rate K.3, plus any number of radia-
tive photons) is finite and calculable. In our selection
we have required only one hand satisfying £, >
30 MeV and6;;, > 20°. In this way in the final se-
lection events with one “hardy and any number soft
photons are included. Events with two or more hard
photons are rejected. This loss has to be taken into ac-
count by MC in the calculation of the corresponding
acceptance. In order to check the MC we have com-
pared the number of clusters in the LKr calorimeter
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predicted by the MC with the one in the experimen-
tal data. A slight difference has been observed leading
to a small correction of 0.05% to the branching ra-
tio. We take this into account by a correction factor
Cy = 0.9995 to the branching ratio. Additionally we
have reanalyzed our data, requiring at least one hard
photon, i.e., accepting any number of photons. This is
the inclusive rate which is finite and can be calculated.
The result forR agreed within 0.2% with the analysis
requiring exactly one hard photon.

The trigger efficiency was measured to (98.1 +
0.1)% for K.3 decays an@98.1+ 0.6)% for K3, de-
cays.

On the basis of 1911K.3, candidates with an
estimated background of 14082 events and 5.594
million K.3 events (including additional photons) af-
ter background subtraction, and using the calculated
acceptances, the brancgimtio was computed from
the relation:

R=Br(Kp,, E; > 30 MeV, 6}, >20°)/Br(K)
N(Ke3y)ACC(Ke3)
= Cu. (4)
N(Kc3) ACC(Ke3y)

The result from 9361K,.3, events and 2.728 mil-
lion K.3 events for positive magnet polarity w&s=
(0.953+ 0.010% and from 9616K.3, events and
2.866 million K3 events for negative polarity =
(0.97540.010%, where the errors are statistical. We
now turn to the systematic uncertainties.

3.5. Systematic uncertainties

Our investigation of possible systematic errors
showed that the biggest uncertainty comes from the
kaon momentum spectrum. In order to determine
the influence of this factor we reconstructed the ex-
perimental kaon momentum distribution from —
ntr~ andK — 7tn 70 decays and implemented
them in the MC simulation. The shape of the spectrum
for the three decays is shownhig. 6. The systematic
error from the momentum spectrum was estimated by
taking the 3 different momeuam spectra and calculat-
ing the effect of this variation on the acceptance ratio
of K.3 andK.,3,. It resulted in an relative uncertainty
of (75) x 1073,

The stability of the result upon the various cuts used
in the K3, selection was also investigated. The cuts

NA48 Collaboration / Physics Letters B 605 (2005) 247—-255

0.1
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Fig. 6. Kaon momentum disbution obtained fronk 3 (line), Ko,
(open squares) ankls,; (circles) decays. Arbitrary units on-axis.

Table 1

Relative systematic uncertainties to the branching ratio
Source AR/R

K spectrum ex10°3
K3, selection +5x 1073
y accidentals t2x10°3
Background uncertainties fg x 1073
K3 selection +5x 1073
Form-factor uncertainties +1x10°3
Total k1073

were varied in between values which rejected no more
than 10% of the events. The biggest fluctuations in the
branching ratio estimationave taken as systematic er-
rors, and all the errors were added in quadrature with
a relative result oft5 x 1073,

Uncertainties in accidental photon events and in
other background contributions are dominated by sta-
tistics and are not amongst the largest of the system-
atic errors (("2) x 10-3 and (*%) x 10~3 correspond-
ingly). The influence of the&,3 selection cuts to the
final result was estimated as in the casekQg, se-
lection cuts. The quadratic addition of all these rela-
tive errors from variations of individual selection cuts
yielded an inclusive relative error af5 x 10~3. The
value of the form-factok.. in the K3 decay was var-
ied between 0.019 and 0.029. The largest fluctuation
was taken as a relative systematic errart-x 103,

Our estimate of the systematic errors is summarized
in Table 1
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. NA48
— KTEV
- NA31
® Doncel, FFS
—— ChPT O(p%)
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0.875 0.9 0.925 0.95 0.975 1 1.025 1.05 1.075
BR(K.3, 20°, 30 MeV)/BR(K .5) x 10

Fig. 7. Theoretical and experim&l results for the radiativeX 3
branching ratio. The two lower entries in the plot are theoretical
results.

4. Resultsand conclusion

The results are based on 18 9K /3, and 5594 x
10° K3 events. We obtain the following value for the
branching ratio including the systematic error:

R = (0.964= 0.008" 53599 = (0.964175.315)%. (5)

Fig. 7 shows this branching ratio compared to theo-
retical and experimental results. The authors of Ref.

[7] have undertaken a serious effort to estimate the

theoretical uncertainties iR, while for the earlier the-

oretical values, this error is not known. These authors

obtainR = (0.96+ 0.01)%. It appears that our exper-
imental result agrees wellith the theoretical calcula-
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tions[2,3], including the most recent olfig]. However
our result is at variance with a recent experiment with
similar statistical sensitivityf9]. Our measurement,
with a 1.5% precision, therefore confirms the validity
of calculations based on chiral perturbation theory.
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