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Abstract

In a preliminary version of the NA48 experiment at the CERN SPS, in which

an iron- scintillator sandwich calorimeter was used as a photon detector, the ra-

tio of KL ! ���
 and KL ! ��� decays was measured. The branching ratio

BR(KL ! ���
;E�


 � 30 MeV)/(KL ! ���) is found to be (2:08�0:17 +0:16
�0:21)�10�3,

where the �rst error is statistical and the second systematic. The result is in agree-

ment with theoretical predictions.
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Introduction

Radiative decays of kaons, when compared to nonradiative decays, provide an

interesting key to hadronic structure. The photon carries information on the process

in which it is emitted. The dominant contribution in semileptonic radiative decays

(�g. 1a,b) comes from the radiation of the �nal state charged particles. This is

known as internal bremsstrahlung (IB). There is also a small contribution due to

emission from intermediate hadronic states, the structure dependent radiation (SD)

(�g. 1c). The relative size of these e�ects can be calculated in models of the strong

interaction. Following early estimates, based on current algebra [1, 2, 3, 4] , calcu-

lations in the framework of chiral perturbation theory have been made recently [5].

Experiments on radiative Ke3 decays [6, 7] are in agreement with predictions, but

are mainly sensitive to internal bremsstrahlung. In radiative K�3 decays the IB

contribution is reduced because of the larger lepton mass; the decay is therefore

more sensitive to the internal structure e�ects. The predictions for the branching

ratios are BR(K0

L ! ���
;E�


 � 30 MeV)/(KL ! ���) = 2:17� 10�3 [2] if struc-

ture dependent terms are neglected, and BR(K0

L ! ���
;E�


 � 30 MeV; ���
 >

20�)/(KL ! ���) = 2:06� 10�3 [5] in a di�erent theoretical approach where struc-

ture e�ects are included as part of a perturbation expansion. Structure dependent

e�ects are expected at a level of a few percent of the rate.

We report here on the �rst measurement of the radiative K�3 decay. The ex-

periment was performed with an early version of the NA48 detector, designed for a

measurement of �0=�, in a neutral kaon beam at the CERN SPS.

1. Experimental Setup and Data Taking

The neutral kaon beam is derived at 2.4 mrad from a Be target hit by 450 GeV

protons. It is con�ned by three collimators to a cone of �0:15 mrad opening angle;

the �nal collimator is located at 125 m from the target. Decays of kaons in an 80 m

long space downstream of the �nal collimator are recorded in the subsequent detec-

tor, which consists of a magnetic spectrometer, a scintillation counter hodoscope,

an iron/scintillator sandwich calorimeter, and three planes of muon counters. The

neutral beam traverses the detector in an evacuated vacuum pipe of 16 cm diameter.

The detector elements extend to a radius of about 120 cm. Various rings of coun-

ters surround the decay volume; they are used to tag charged particles and photons

which escape the detector. A more detailed description of the NA48 experiment can

be found in [8].

The detector properties relevant for the present analysis can be summarized as

follows:
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� The magnetic spectrometer of 20 m total length consists of two drift cham-

bers in front and one following a central dipole magnet operated to give a

267 MeV/c transverse momentum kick. Each drift chamber is composed of four

double planes with staggered wires to resolve left-right ambiguities. The wire

orientations in the four views are horizontal, vertical, and �45� to the horizon-
tal plane. The resolution of a coordinate in the drift chamber is 110 �m, the

momentum resolution �p=p = 0:6% for an average momentum of 45 GeV/c.

� A scintillator hodoscope is located in front of the calorimeter and used to

trigger on charged particles.

� The iron/scintillator-sandwich calorimeter has 12 cm wide scintillation counter

strips, oriented horizontally or vertically in successive planes . The planes are

separated by 2.5 cm of iron. The light guides of counters with the same

orientation but at di�erent depths are combined such that the calorimeter

appears as one plane of horizontal and one plane of vertical counters. Both

these planes, centered on the beam, are divided into four quadrants. The

calorimeter is longitudinally segmented in two parts, each with a total length

of 60 cm of iron. Only the �rst part is relevant for the measurement of photons.

The time resolution of the calorimeter was given by an e�ective gate width

of 150 ns in which the integrated charge in each channel was measured. The

calorimeter was calibrated with electrons from Ke3 decays between 3 GeV

and 30 GeV; the energy resolution was found to be �E=E = (32 � 5)%=
p
E

in the interval 3 GeV< E <7 GeV most relevant for the present analysis. The

indicated error covers statistical and systematical uncertainties.

� The muon counters have horizontal strips of 25 cm width in the �rst plane,

vertical strips of the same width in the second plane and 45 cm wide horizontal

strips in the third plane. The planes are mutually separated by 80 cm of iron.

The presence of a pulse above a discriminator threshold is recorded in each

strip of the �rst two planes. Only the logical OR of all hits is available for the

third plane.

� The time of the logical OR of the veto counters surrounding the decay volume

is measured with 0.5 ns resolution.

Data were collected during one day of running in 1995 with di�erent concurrent

trigger conditions. For the K�3
 trigger at least two particles in the scintillator ho-

doscope, coincident hits in the �rst two muon counter planes and more than 8 GeV

energy deposition in the calorimeter were required. Additional triggers were a ran-

dom trigger, the rate of which was proportional to beam intensity as monitored by

scintillation counters in the beam, and a minimum bias trigger in which the muon

counter condition of the K�3
 trigger was dropped. This latter trigger was used for

a determination of the muon counter e�ciencies. The K�3
 decay is normalized to
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the K�3 decay, taken with the same trigger condition. The average beam intensity

was about 5% of the expected NA48 beam intensity, with 7:8 � 1010 protons per

pulse on target. The data sample collected with this running condition, at an av-

erage of 4500 triggers per burst, consists of 12:3� 106 events with the K�3 trigger

and 1:2� 106 minimum bias events.

2. Data analysis

2.1 Event selection

Events are selected in which two tracks from a common vertex are reconstructed

in the magnetic spectrometer. In order to avoid possible ine�ciencies at the geomet-

rical boundaries of the detector or cluster reconstruction problems in the calorimeter,

a set of further cuts is imposed.

� The z-position VZ of the vertex is between 5 m and 70 m from the �nal

collimator.

� The distance between the beam axis and the track position in the �rst chamber

of the spectrometer is at least 15 cm and less than 120 cm. At the longitudinal

position of the calorimeter, the distance from the tracks to the beam axis has

to be between 26.4 cm and 117.8 cm. Both tracks are contained throughout

the detector inside an octagon of 2.4 m inscribed diameter.

� The momentum of each of the charged particles is above 10 GeV/c and the

sum of their momenta is above 30 GeV/c.

� The muon is identi�ed by an energy deposition of less than 4.5 GeV in both

the front and back module of the calorimeter. If both particles either satisfy

or fail this condition, the event is rejected.

� A photon is accepted if its energy is above 3 GeV and the energy found in the

back module of the calorimeter is less than 1 GeV. The shower width must be

smaller than 12 cm, the shower position has to be in the range 22.6 cm < jxj <
117.8 cm and 22.6 cm < jyj < 117.8 cm. The distance between photon and

muon impacts in the calorimeter has to be at least 18 cm in both, horizontal

and vertical projections, if both the photon and the muon are in the same

quadrant. The distance between photon and pion impact points is at least

80 cm.

� There is no hit in the veto rings within 150 ns preceeding and following the

event and no additional space point in the drift chambers from �175 ns to

+5 ns.
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� The vertical muon counter strip centered at x=24.5 cm was found to be only

�50% e�cient. Therefore, all events with hits in this strip were rejected during

reconstruction.

After these cuts, 1:36� 106 K�3 events and 4261 K�3
 candidates remain.

2.2 Background

Background to K�3
 decays is expected from several sources.

2.2.1 KL ! �+���0 decays (referred to as K3�)

These contribute to the K�3
 sample if one of the pions decays and one of the

photons from �0 decay escapes the detector. A convenient way to suppress this

background is to cut in the p02
0
(��)variable [9], which, calculated in the present

analysis under the hypothesis of a K�3 decay, is the square of the kaon momentum

in a frame boosted along the KL direction such that the sum of the longitudinal

momenta of the charged particles is zero. In a Monte Carlo simulation, including re-

construction errors, a cut p02
0
(��)< 0:025 (GeV/c)2 eliminates all but 0.04% of K3�

decays, whereas only 20.7% of K�3
 are lost (see �g. 2). After this cut, 1:24� 106

K�3- and 1133 K�3
-candidates are left.

2.2.2 KL ! �e�(
) decays

These decays contribute to the KL ! ���(
) channels if the pion decays and

the electron is misidenti�ed as a pion. Electrons can be distinguished from pions by

their di�erent shower development in the calorimeter. For an electron, the energy

E in the front module of the calorimeter agrees with the momentum p measured

in the spectrometer, and the shower is narrow. Fig. 3 shows the distribution in

shower width � and E/p for a sample of electrons, pions and the track not identi�ed

as muon in a sample of K�3 candidates. A cut at E/p = 0.75 and �=10.6 cm,

as indicated, eliminates 94.4% of the electrons and only 14% of the K�3(
) events.

After this cut a sample of 1:006�106 K�3 events and 945 K�3
 candidates remains.

2.2.3 KL ! ��� decays with an accidental photon

This background depends on beam intensity and on the time resolution of the

calorimeter. It is measured by recording random triggers, at a rate proportional

to beam intensity. The random events are then superimposed on normal triggers

at the raw data level by software, and events are reconstructed with the standard

algorithm. The accidental activity is arti�cially doubled in this way. The di�erence
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in rate between these overlaid events and the candidate events is taken as a measure

of the accidental e�ect in the candidate events. The error of this linear approxima-

tion is small since the e�ect itself is small. The ratio (K�3 + accidental 
)/K�3 is

(0:052� 0:004stat:)� 10�3.

2.2.4KL ! ��� decays with a fake photon generated in the pion shower development

The measurement of photons in an unsegmented hadron calorimeter is a�ected

by background from neutrons in the hadron shower which deposit their energy at

some distance from the shower core and create an isolated cluster of energy which

is misinterpreted as an isolated photon. These fake photons from shower 
uctua-

tions have an azimuthally symmetric distribution around the pion direction. The

real photons from K�3
 decays are emitted by both pions and muons. Seen from

the pion they are expected to be found rather in the direction of the muon than

opposite to it (�g. 4) This di�erence in distributions of real and fake photons allows

a separation of the two components and an estimate of the remaining background.

The observed background was parametrized as a function of the photon energy and

the distance between pion and photon. A suitable cut for the separation of signal

and background will be discussed below.

3. Results

It is convenient to display the signal and the remaining background in the variable

p02
0
(��
),which is the square of the kaon momentum in a system where the sum of

longitudinal momenta of pion, muon and photon vanishes under the hypothesis of

a K�3
 decay. The distribution of the 945 K�3
 candidates in this variable is

shown in �g. 5. The signal appears mainly at positive p02
0
(��
), in contrast to

the background. 275 events of background due to accidental photons and shower


uctuations are kinematically incompatible with K�3
 decays and can therefore be

rejected. The photon energy distributions in the laboratory and the centre of mass

system for the remaining K�3
 candidates are shown in �g. 6. In the transformation

to the kaon centre of mass system there is an ambiguity due to the unmeasured

neutrino. There are two solutions, one in which the neutrino goes forward and

one in which it goes backward in the centre of mass system. The proper weight

of these solutions, considering the acceptance of the detector, is determined by a

Monte Carlo calculation. For this calculation a knowledge of the kaon spectrum is

necessary. The spectrum was determined from K�3 decays by an iterative method

[10, 11].
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Among the 670 events with photon energies above 3 GeV, 85 are due to acciden-

tal photons and 205 due to pion shower 
uctuations. After background subtraction

and a �nal cut on kaon energy, 40 GeV<EKL < 150 GeV, a signal of 363 K�3


events is left. Among these, 252 events have photons with centre of mass energies

of more than 30 MeV. This is the �nal sample to be normalized to 934700 K�3 events.

For acceptance calculations, 6�106 K�3
 events and 4�106 K�3 events have

been generated using MonteCarlo simulations based on the formula given in [2, 12].

The acceptances were determined to be (2.497�0.015)% for K�3
 events and

(19.29�0.03)% for K�3 events.

Systematic uncertainties arise from the precision of the energy calibration in

the calorimeter, the background subtraction and the acceptance calculations. They

have been estimated by a variation of those parameters which in
uence most the

acceptance and the signal/background ratio. Table 1 gives an overview of the varied

parameters and their e�ect on the measured branching ratio.

changed parameter variation �BR/BR

HAC energy calibration +60 MeV +3.2%

�60 MeV �3.1%
minimum distance � � 
 80 cm ! 72 cm �4.7%

80 cm ! 88 cm �8.4%
minimum E
 3 GeV ! 2.5 GeV �1.2%

3 GeV ! 3.5 GeV +4.6%

p02
0
(��)-cut 0.025 (GeV/c)2 ! 0.020 (GeV/c)2 �3.2%


-position in HAC jx; yj <117.8 cm ! jx; yj <106.0 cm +5.4%

jx; yj > 22.6 cm ! jx; yj > 34.4 cm �0.1%
Table 1:

The �nal result for the branching ratio is:

BR

 
KL!���
;E�


�30MeV )

KL!���

!
= (2:08� 0:17stat:

+0:16
�0:21syst:)� 10�3

This is in agreement with the theoretical prediction from [2]:

BR

 
KL!���
;E�


�30MeV )

KL!���

!
= 2:17� 10�3
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With an additional cut ���
 > 20�, 1.4 events are lost after background subtraction.

The acceptance is recalculated and one obtains

BR

 
KL!���
;E�


�30MeV;���
>20
�

KL!���

!
= (2:06� 0:17stat:

+0:16
�0:20syst:)� 10�3

in good agreement with the prediction from chiral perturbation theory [5]:

BR

 
KL!���
;E�


�30MeV;���
>20
�

KL!���

!
= 2:06� 10�3

In conclusion, this �rst measurement of the radiative K�3 decay con�rms the

predictions, but is not yet su�ciently accurate to distinguish between di�erent the-

oretical treatments of hadron structure e�ects or even to establish such an e�ect.
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Figure captions

Fig. 1: Diagrams for internal Bremsstrahlung and the structure dependent

contribution to the radiative Kl3 decay.

Fig. 2: Distribution of expected signal and background from KL ! �+���0

decays in the variable p02
0
(��).

Fig. 3: Measured ratio E/p and shower width � for:

a) Electron sample

b) Pion sample

c) the track not identi�ed as muon in the K�3 candidate sample

Fig. 4: a) Position of the fake photon with respect to the �-shower for those

K�3
 candidates which are kinematically incompatible with a

K�3
 decay. The �-shower is located at (0,0), the X-axis is

de�ned by the line � � �.

b) Position of real photons for simulated K�3
 events in the frame

de�ned in a)

c) Position of accidental photons in the frame de�ned in a)

For the �nal sample only photons with a distance of more than

80 cm to the pion impact are accepted (see text)

Fig. 5: Distribution of signal and background in the variable p02
0
(��
):

a) Comparison of background and expected signal

b) Comparison of data and the sum of background plus expected

signal

Fig. 6: a) Photon energy spectrum in the laboratory frame for K�3
 can-

didates.

b) Photon energy in the KL CM-system. Only events with photons

of E
 �3GeV in the laboratory frame are accepted and trans-

formed into the KL CM-system.
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