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Abstract

We present a measurement of the relative branching ratio of the decayK0 → π±e±νγ (Ke3γ ) with respect toK0 →
π±e±ν (Ke3 + Ke3γ ) decay. The result is based on observation of 19 000Ke3γ and 5.6 × 106 Ke3 decays. The value of th

branching ratio is Br(K0
e3γ

,E∗
γ > 30 MeV,θ∗

eγ > 20◦)/Br(K0
e3) = (0.964±0.008+0.011

−0.009)%. This result agrees with theoretic
predictions but is at variance with a recently published result.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The study of radiativeKL decays can give valuab
information on the kaon structure. It allows a go
test of theories describing hadron interactions and
cays, like chiral perturbation theory (ChPT). Here
present a study of the radiativeKe3 decay.

There are two distinct photon components in
radiativeK0

e3 decays—inner bremsstrahlung (IB) a
direct emission.K0

e3 decays are mainly sensitive
the IB component because of the small electron m
A big contribution to the rate, dominated by the
amplitude, comes from the region of small photon
ergiesE∗

γ and anglesθ∗
eγ between the charged lepto

and the photon, with bothE∗
γ andθ∗

eγ measured in the
kaon rest frame.

K0
e3γ amplitude has infrared singularities

E∗
γ → 0 and θ∗

eγ → 0. They are canceled out whe
virtual radiative corrections are taken into accou
For this measurement and the corresponding theo
ical evaluation, we exclude the infrared region by
restrictionE∗

γ > 30 MeV andθ∗
eγ > 20◦.

Two different theoretical approaches for evaluatio
of the branching ratio have been used. Current a
bra technique together with the Low theorem w
applied by Fearing, Fischbach and Smith (called FF
hereafter)[1,2] and by Doncel[3]. ChPT calculations
were performed in[4,5] and are being continuous
improved[6,7]. The ratio of theK0

e3γ to K0
e3 decay

probabilities, applying the standard cuts onE∗
γ and

θ∗
eγ , is predicted to be between 0.95 and 0.99%. T

amounts of direct emission in these various calcu
tions differ, and are roughly estimated to be betw
0.1 and 1% of the size of the IB component.

Two experimental measurements of theK0
e3γ bran-

ching ratio have been published. The NA31 e
periment obtained Br(K0

e3γ ,E∗
γ > 30 MeV, θ∗

eγ >

20◦)/Br(K0
e3) = (0.934 ± 0.036+0.055

−0.039)% [8]. The

mailto:konrad.kleinknecht@uni-mainz.de
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KTeV experiment gave a compatible value of the
tio Br(K0

e3γ ,E∗
γ > 30 MeV, θ∗

eγ > 20◦)/Br(K0
e3) =

(0.908± 0.008+0.013
−0.012)% [9]. However, this value doe

not agree well with theoretical predictions.

2. Experimental setup

The NA48 detector was designed for a measu
ment of direct CP violation in theK0 system. Here
we use data from a dedicated run in September 1
where aKL beam was produced by 450 GeV/c pro-
tons from the CERN SPS incident on a beryllium t
get. The decay region is located 120 m from theKL

target after three collimators and sweeping magne
is contained in an evacuated tube, 90 m long, ter
nated by a thin(3× 10−3X0) kevlar window.

The detector components relevant for this meas
ment include the following:

Themagnetic spectrometeris designed to measur
the momentum of charged particles with high pre
sion. The momentum resolution is given by

(1)
σ(p)

p
= (0.48⊕ 0.009· p)%,

wherep is in GeV/c. The spectrometer consists
four drift chambers (DCH), each with 8 planes
sense wires oriented along the projectionsx, u, y, v,
each one rotated by 45 degrees with respect to
previous one. The spatial resolution achieved per p
jection is 100 µm and the time resolution is 0.7 ns. T
volume between the chambers is filled with heliu
near atmospheric pressure. The spectrometer magn
is a dipole with a field integral of 0.85 Tm and
placed after the first two chambers. The distance
tween the first and last chamber is 21.8 m.

The hodoscopeis placed downstream of the la
drift chamber. It consists of two planes of scintill
tors segmented in horizontal and vertical strips a
arranged in four quadrants. The signals are used
a fast coincidence of two charged particles in the t
ger. The time resolution from the hodoscope is 200
per track.

Theelectromagnetic calorimeter(LKr) is a quasi-
homogeneous calorimeter based on liquid krypt
with tower read out. The 13 212 read-out cells ha
cross sections of 2× 2 cm2. The electrodes exten
from the front to the back of the detector in a sm
angle accordion geometry.The LKr calorimeter mea
sures the energies of thee± andγ quanta by gathering
the ionization from their electromagnetic showers. T
energy resolution is

(2)
σ(E)

E
=

(
3.2√

E
⊕ 9.0

E
⊕ 0.42

)
%,

whereE is in GeV, and the time resolution for showe
with energy between 3 and 100 GeV is 500 ps.

The muon veto system(MUV) consists of three
planes of scintillator counters, shielded by iron wa
of 80 cm thickness. It is used to reduce theKL →
π±µ±ν background.

Charged decays were triggered with a two-le
trigger system. The trigger requirements were t
charged particles in the scintillator hodoscope or in
drift chambers coming from the vertex in the decay
gion.

A more detailed description of the NA48 setup c
be found elsewhere[10].

3. Analysis

3.1. Event selection

The data sample consisted of about 2 TB of d
from 100 million triggers, with approximately equ
amounts recorded with alternating spectrometer m
net polarities. These data are the same which w
used for the measurement of theKe3 branching ra-
tio [11]. The following selection criteria were applie
to the reconstructed data to identifyKe3 decays and
to reject background, keeping in mind the main ba
grounds toKe3, which areKL → π±µ±ν (Kµ3) and
KL → π+π−π0 (K3π):

• Each event was required to contain exactly t
tracks, of opposite charge, and a reconstructed ve
in the decay region. To form a vertex, the closest d
tance of approach between these tracks had to be
than 3 cm. The decay region was defined by requ
ments that the vertex had to be between 6 and 3
from the end of the last collimator and that the tra
verse distance between the vertex and the beam
had to be less than 2 cm. These cuts were passe
35 million events.
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• The time difference between the tracks was
quired to be less than 6 ns. To reject muons, o
events with both tracks inside the detector accepta
and without in-time hits in the MUV system we
used. For the same reason only particles with a
mentum larger than 10 GeV were accepted. In orde
allow a clear separation of pion and electron show
we required the distance between the entry point
the two tracks at the front face of the LKr calorime
to be larger than 25 cm. As a result 14 million eve
remained.

• For the identification of electrons and pion
we used the ratio of the measured cluster ene
E, in the LKr calorimeter associated to a track
the momentum,p, of this track as measured in th
magnetic spectrometer. The ratioE/p for a sam-
ple of 75 000 pion tracks, selected by requiring
other track of a 2-track event to be an electron w
E/p > 1.02, is shown inFig. 1. As a cross-check
pion samples fromK2π and K3π decays were se
lected giving similar results. Also shown in the fi
ure is the distribution for 450 000 electron trac
which are selected from 2-track events where the o
track is a pion, with 0.4 < E/p < 0.6. For the se-
lection of Ke3 events, we require one track to ha
0.93< E/p < 1.10 (electron) and the other track
haveE/p < 0.90 (pion). 11.7 million events were a
cepted.

Fig. 1. Distribution of the ratio of the shower energyE reconstructed
by the LKr and the momentump reconstructed by the spectromet
for pions (dotted) and electrons (line) fromKe3 events (see text).
• In order to reduce background fromK3π decays,
we required the quantity

P ′2
0 = [(

m2
K − m2+− − m2

π0

)2

− 4
(
m2+−m2

π0 + m2
Kp2⊥

)]
(3)× [

4
(
p2⊥ + m2+−

)]−1

to be less than−0.004 (GeV/c)2. In the equation
above,p⊥ is the transverse momentum of the tw
track system (assumed to consist of two charged
ons) relative to theK0

L flight direction andm+− is the
invariant mass of the charged system. The variableP ′2

0
is positively defined if the charged particles are pio
from the decayK3π and its distribution has maximum
at zero. The cut removes(98.94± 0.03)% of K3π de-
cays and(1.03± 0.02)% of Ke3 decays as estimate
with the Monte Carlo simulation (Section3.3). After
this cut, we were left with 11.4 millionKe3 candidate
events.

The neutrino momentum inKe3 decays is no
known and the kinematic reconstruction of the ka
momentum from the measured track momenta le
to a two-fold ambiguity in the reconstructed kaon m
mentum. The solution with larger energy we call “fir
solution”. In order to measure the kaon moment
spectrum, we selected events in which both soluti
for the kaon momentum lie in the same bin of wid
8 GeV. These 4×105 events we call “diagonal events

The last selection criterion was the requirement t
each of the two solutions for the kaon energy had
be in the energy range(60,180) GeV. As a result of
this selection, 5.6×106 fully reconstructedKe3 events
were selected from the total sample. These sele
events include radiativeKe3 events.

For the selection ofKe3γ events, the following ad
ditional requirements were made.

The distance between theγ cluster and the pion
track in LKr had to be larger than 55 cm in order
allow a clear separation of theγ cluster from pion
clusters. As is shown inFig. 2the hadron showers ca
extend over lateral distances of up to 60 cm from
track entry point in LKr. After the requirements fo
E∗

γ > 30 MeV andθ∗
eγ > 20◦ (for both solutions of

the kaon energy), 22 100 events survived. To dis
guish theγ from the electron cluster we required t
transverse distance between theγ cluster candidate
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Fig. 2. Transverse distance between the pion entry point in LKr
the position of a cluster induced by pion interactions with matter;
pions here are selected fromK0

L
→ π+π− decays where the entr

points of the two tracks in the LKr calorimeter are at least 80
from each other; clusters have a minimum energy of 4 GeV.

and the electron track in LKr to be greater than 6 c
The electromagnetic transverse rms shower width
LKr is 2.2 cm. An event was rejected if theγ clus-
ter candidate was less than 16 cm away from the b
axis, because of the beam hole in the LKr calorim
ter. We also rejected events with aγ cluster candidate
with energy below 4 GeV because the energy res
tion deteriorates below this threshold. Finally an ev
was rejected if theγ was not in-time (more than 6 n
time difference) with the associated cluster(s). Th
cuts provided a sample of 19 117Ke3γ candidates.

3.2. Backgrounds

The amount of background was evaluated usin
Monte Carlo simulation for other kaon decays.

The background toKe3γ events is small and come
from three sources—K3π andKL → π0π±e∓ν (Ke4)

decays as well asKe3 decays with an accidental ph
ton. The K3π background was reduced by the c
on the variableP ′2

0 and the electron identificatio
through theE/p > 0.93 condition. Variations of thes
cuts have a negligible effect, since the probability
misidentify a pion for an electron is only 0.57% fro
Fig. 1, and theP ′2

0 distribution is well reproduced b
the MC simulation. The estimated number of ba
ground events was 40+60

−40 events.
TheKe4 background was evaluated to be 80± 40
events from the measured branching ratio and the ca
culated acceptance for these decays.

The contamination fromKe3 decays with an ac
cidental photon was estimated using the distribut
of the time difference between theγ cluster candi-
date and the (average) time of the other cluste
The number of events in the two control regio
(−25,−10) ns and(10,25) ns were extrapolated t
the signal region(−6,6) ns. The final number fo
this source of background was estimated to be 20+40

−20
events, assuming a flat distribution.

All backgrounds toKe3γ add up to 140±82 events
or 0.7% of the totalKe3γ sample of 19 117 events.

The main background to the normalization chan
Ke3 arises fromK3π andKµ3 decays. The estimation
were made as in the case ofKe3γ . All the background
decays together gave aKe3 signature in less than 9×
10−5 of the cases (< 500 events). This percentage
negligible compared to background sources inKe3γ

decay.

3.3. Monte Carlo simulation

In order to calculate the geometrical and kinemati
cal acceptance of the NA48 detector, a GEANT-ba
simulation was employed[10]. The kaon momentum
spectrum from Section3.1 was implemented into th
MC code. The radiative corrections (virtual and real
were taken into account by modifying the PHOTO
[12] program package in such a way as to reprod
the experimental data. This was achieved by weig
ing the angular distributionθ∗

eγ in the centre-of-mas
frame such as to fit the experimental data (model
dependent analysis). With this procedure the MC
experimental data showed good agreement. As an
ample, the distributions of the neutrino energy,γ en-
ergy andθ∗

eγ (first solutions) in the centre-of-ma
frame are presented inFigs. 3, 4 and 5, respectively.
The upper plots of the figures show the experim
tal data distributions and the lower show the ratio
the data and the MC spectra, normalized to unity. T
plots represent data with the negative magnet pola
and after theKe3γ selection.

The MC data were treated exactly in the same w
as the experimental data and were used for accept
calculations. The acceptance forKe3γ is ε(Ke3γ ) =
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Fig. 3. Reconstructed neutrino energy in the center of mass sys
upper part—experimental data distribution, lower part—normalized
to unity ratio of DATA/MC linearly fitted.

Fig. 4. First solution forE∗
γ ; upper part—experimental data distr

bution, lower part—normalized to unity ratio of DATA/MC linearl
fitted.

(6.08 ± 0.03)% as compared to theKe3 acceptance
ε(Ke3) = (17.28± 0.01)%.
Fig. 5. First solution forθ∗
eγ ; upper part—experimental data distr

bution, lower part—normalized to unity ratio of DATA/MC linearl
fitted.

3.4. Reconstruction and analysis technique

We used the “diagonal events” to measure
kaon momentum spectrum fromKe3 decays. How-
ever, as this reduces the data sample significa
for the analysis of the branching ratio the proble
was dealt with in another way. In theKe3 selection
it was required that both solutions were in the ran
(60,180) GeV. Further in theKe3γ selection events
were rejected if (at least) one of the two solutio
for E∗

γ was less than 30 MeV or (at least) one of t
two solutions forθ∗

eγ was less than 20◦. The same
procedure was used for selecting MC events when
culating the acceptance.

An important issue are radiative corrections. O
the inclusive rate (Ke3γ plus any number of radia
tive photons) is finite and calculable. In our select
we have required only one hardγ satisfyingE∗

γ >

30 MeV andθ∗
eγ > 20◦. In this way in the final se

lection events with one “hard”γ and any number sof
photons are included. Events with two or more h
photons are rejected. This loss has to be taken into
count by MC in the calculation of the correspondi
acceptance. In order to check the MC we have c
pared the number ofγ clusters in the LKr calorimete
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predicted by the MC with the one in the experime
tal data. A slight difference has been observed lead
to a small correction of 0.05% to the branching
tio. We take this into account by a correction fac
CM = 0.9995 to the branching ratio. Additionally w
have reanalyzed our data, requiring at least one h
photon, i.e., accepting any number of photons. Thi
the inclusive rate which is finite and can be calculat
The result forR agreed within 0.2% with the analys
requiring exactly one hard photon.

The trigger efficiency was measured to be(98.1±
0.1)% for Ke3 decays and(98.1± 0.6)% for Ke3γ de-
cays.

On the basis of 19 117Ke3γ candidates with an
estimated background of 140± 82 events and 5.59
million Ke3 events (including additional photons) a
ter background subtraction, and using the calcula
acceptances, the branching ratio was computed from
the relation:

R = Br
(
K0

e3γ ,E∗
γ > 30 MeV, θ∗

eγ > 20◦)/Br
(
K0

e3

)

(4)= N(Ke3γ )Acc(Ke3)

N(Ke3)Acc(Ke3γ )
· CM.

The result from 9361Ke3γ events and 2.728 mil
lion Ke3 events for positive magnet polarity wasR =
(0.953± 0.010)% and from 9616Ke3γ events and
2.866 million Ke3 events for negative polarity,R =
(0.975± 0.010)%, where the errors are statistical. W
now turn to the systematic uncertainties.

3.5. Systematic uncertainties

Our investigation of possible systematic erro
showed that the biggest uncertainty comes from
kaon momentum spectrum. In order to determ
the influence of this factor we reconstructed the
perimental kaon momentum distribution fromK →
π+π− andK → π+π−π0 decays and implemente
them in the MC simulation. The shape of the spectr
for the three decays is shown inFig. 6. The systematic
error from the momentum spectrum was estimated
taking the 3 different momentum spectra and calcula
ing the effect of this variation on the acceptance ra
of Ke3 andKe3γ . It resulted in an relative uncertain
of ( +6

−3) × 10−3.
The stability of the result upon the various cuts us

in the Ke3γ selection was also investigated. The c
Fig. 6. Kaon momentum distribution obtained fromKe3 (line), K2π

(open squares) andK3π (circles) decays. Arbitrary units onY -axis.

Table 1
Relative systematic uncertainties to the branching ratio

Source �R/R

KL spectrum +6
−3 × 10−3

Ke3γ selection ±5× 10−3

γ accidentals +2
−1 × 10−3

Background uncertainties +4
−3 × 10−3

Ke3 selection ±5× 10−3

Form-factor uncertainties ±1× 10−3

Total +11
−9 × 10−3

were varied in between values which rejected no m
than 10% of the events. The biggest fluctuations in
branching ratio estimation were taken as systematic e
rors, and all the errors were added in quadrature w
a relative result of±5× 10−3.

Uncertainties in accidental photon events and
other background contributions are dominated by
tistics and are not amongst the largest of the syst
atic errors ((+2

−1) × 10−3 and (+4
−3) × 10−3 correspond-

ingly). The influence of theKe3 selection cuts to the
final result was estimated as in the case ofKe3γ se-
lection cuts. The quadratic addition of all these re
tive errors from variations of individual selection cu
yielded an inclusive relative error of±5 × 10−3. The
value of the form-factorλ+ in theKe3 decay was var
ied between 0.019 and 0.029. The largest fluctua
was taken as a relative systematic error—±1× 10−3.

Our estimate of the systematic errors is summari
in Table 1.
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Fig. 7. Theoretical and experimental results for the radiativeKe3
branching ratio. The two lower entries in the plot are theoret
results.

4. Results and conclusion

The results are based on 18 977Ke3γ and 5.594×
106 Ke3 events. We obtain the following value for th
branching ratio including the systematic error:

(5)R = (
0.964± 0.008+0.011

−0.009

)
%= (

0.9641+0.014
−0.012

)
%.

Fig. 7 shows this branching ratio compared to the
retical and experimental results. The authors of R
[7] have undertaken a serious effort to estimate
theoretical uncertainties inR, while for the earlier the-
oretical values, this error is not known. These auth
obtainR = (0.96± 0.01)%. It appears that our expe
imental result agrees well with the theoretical calcula
tions[2,3], including the most recent one[7]. However
our result is at variance with a recent experiment w
similar statistical sensitivity[9]. Our measuremen
with a 1.5% precision, therefore confirms the valid
of calculations based on chiral perturbation theory.
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