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Abstract

The semileptonic decay of the neutral K mesmﬁ N

eTv (K,.3), was used to study the strangeness-changing weak

interaction of hadrons. A sample of 5.6 million reconstructed events recorded by the NA48 experiment was used to measure
the Dalitz plot density. Admitting albossible Lorentz-covariant coliqpgs, the form factors for vecto(ljf+(q2)), scalar (fs)

and tensor (7) interactions were measured. The linear slope of the vector form fagtet 0.0284+ 0.0007+ 0.0013 and

values for the ratio$fs/f+(0)] = 0.015f0'007 4+ 0.012 and| f7/f+(0)| = 0.057*8'8131 + 0.03 were obtained. The values for

0.010

fs and f7 are consistent with zero. Assuming only vector—axial-vector couplihgs= 0.0288+ 0.0004+ 0.0011 and a
good fit consistent with pure V-A couplings were obtained. Alternatively, a fit to a dipole form factor yields a pole mass of

M =859+ 18 MeV, consistent with th& *(892) mass.
0 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The study of semileptonic decays &f;, mesons
gives valuable information about the strangeness-
changing weak interaction and can be used as a test
for possible non-vectorial components of the weak
hadronic interaction and of models of low-energy
strong interactions.

The most general form of the matrix element
for K.3 decays is given biA]:

MZ\/gGF sinf. i, (1 — V5)|:m1<fs
1
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momenta, respectively, amdy is the kaon mass. The
determination of the scalarf(), vector (f; and f_)
and tensor () form factors is based on measurement
of the Dalitz plot density which in the kaon rest frame
has the following fornj2]:
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whereE? is the energy of the particiein the kaonrest ~ where ak;, beam was produced by 450 G&Vpro-

frame, tons from the CERN SPS incident on a beryllium tar-
get. The decay region is located 120 m from tig
)\’ 2 )\'/ 4 . .
fr (qZ) = £.(0) <1+ e + +4 ) target after three collimators and sweeping magnets. It
z my is contained in an evacuated tube, 90 m long, termi-

a=mg(2EXE} —mkEL), nated by a thin (& 103X ) Kevlar window.

2 The detector components relevant for this measure-
c=myxk,,

ment include the following:

The magnetic spectrometer is designed to mea-
sure the momentum of charged particles with high
precision. The momentum resolution is given by

2 2
£ _mK+mn E*
T— " 5 Fm
2mg

qzzmi +m72T —ZmKE;;.

In the expression for the vector form factdr, the o(p) = (0.48® 0.009- p)%, (3)

f— contribution can be neglected because it is propor- P

tional to the electron mass squared. The dependencewhere p is in GeV/c. The spectrometer consists of
of the £ form factor on the momentum transfgf four drift chambers (DCH), each with 8 planes of
and its valuef, (0) at g2 = 0 are of theoretical inter-  sense wires oriented along the projectians, y, v,
est[3-5]. The g?-dependence is usually assumed to each one rotated by 45 degrees with respect to the

follow a pole-dominance formula previous one. The spatial resolution achieved per pro-
£.0) jection is 100 um and the time resolutionis 0.7 ns. The
f+(q?) = % volume between the chambers is filled with helium,
1-q%/M near atmospheric pressufEhe spectrometer magnet
whereM is the K* meson massy = 892 MeV. This is a dipole with a field integral of 85 Tm and is
leads in a linear approximation to, = m2/M? = placed after the first two chambers. The distance be-
0.0245 if one uses tha™ mass form,. A calcula- tween the first and last chamber is 21.8 m.
tion in chiral perturbation theory to order(@f) [3] The hodoscope is placed downstream of the last
predicts a value of; = 0.022. Other calculations in  drift chamber. It consists of two planes of scintilla-
chiral perturbation theorj4] and in lattice QCIO[5] tors segmented in horizontal and vertical strips and
concentrate on the value ¢i. (0), which is important arranged in four quadrants. The signals are used for
for the absolute rate af .3 decay. a fast coincidence of two charged patrticles in the trig-

Evidence for non-zero scalar and tensor form fac- ger. The time resolution from the hodoscope is 200 ps
tors in the case oK+ — 70%*v has been reported per track.
in [6]. Recent measuremeri 8] of the charged de- Theelectromagnetic calorimeter (LKr) is a quasi-
cay modes have not confirmed the result§cdthow- homogeneous calorimeter based on liquid krypton,
ever, while investigations of neutral kaon decays have with tower read out. The 13248 read-out cells have
revealed no significant dation from vector type in- cross sections of 2 2 cn?. The electrodes extend
teractiong9,10]. The study presented here improves from the front to the back of the detector in a small
the statistical and systematic significance of these in- angle accordion geometryhe LKr calorimeter mea-
vestigations using a measurement performed with the sures the energies of th& andy quanta by gathering
NA48 detector in a neutral kaon beam at the CERN the ionization from their electromagnetic showers. The

SPS. energy resolution is:
E 32 90

a(E) _ (— ®— @ 0.42)%, 4)
2. Experimental setup E VE E

wherekE is in GeV, and the time resolution for showers
The NA48 detector was designed for a measure- with energy between 3 GeV and 100 GeV is 500 ps.
ment of direct CP violation in th&© system. Here The muon veto system (MUV) consists of three
we use data from a dedicated run in September 1999planes of scintillator counters, shielded by iron walls
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of 80 cm thickness. It is used to reduce thig — tracks/0.01 (binsize)

7% uFv background.
A more detailed description of the NA48 setup can
be found elsewher@ 1]. 35 [

4 F

3 -
3. Data processing and Monte Carlo simulation
25

3.1. Trigger and data taking
2 -

The trigger was built in two levels. In the first
level trigger, the presence of at least two hits in the
hodoscope was required. In the second level trigger, 1L
the drift chamber hits were used to reconstruct tracks
and at least one pair of tracks was required to have a 05
transverse separation below 5 cm within &K% de- et ——— St
cay lengths from the end of the last collimator. A first o 02 o4 06 08 1 12
level control trigger requiring at least one hit in the E/p
hodoscope in coincidence with at least two tracks seg- g, 1. pistribution of the ratio of the shower enerfiyeconstructed
ments in the first DCH, downscaled 20 times, was also by the LKr and the momentum reconstructed by the spectrometer.
implemented for trigger efficiency calculations.

15

| I

3.2. Event selection accepted. In order to allow a clear separation of
_ pion and electron showers, we required the dis-
The data sample consisted of about 2 TB of data  tance between the entry points of the two tracks

from 100 million triggers, with approximately equal at the front face of the LKr CalorimeteD{y) to
amounts recorded with alternating spectrometer mag-  be larger than 25 cm. As a result 14 million events
net polarities. The data were reconstructed and sub- remained.
jected to off-line filtering. The following selection cri- e For the identification of electrons and pions, we
teria were applied to the reconstructed data to iden- use the ratio of the measured cluster enefyyin
tify K.3 decays and to reject background, keeping in the LKr calorimeter associated to a track to the
mind the main backgrounds .3, which arek; — momentum,p, of this track as measured in the
mEuFv (Kyz) andKy, — ntn 70 (Kar): magnetic spectrometer. The ratky p is shown
for all tracks of the 14 million events ifig. 1
e Each event was required to contain exactly two For the selection oK.z events, we require one
tracks, of opposite charge, and a reconstructed track to have ®3 < E/p < 1.10 (electron) and
vertex in the decay region. To form a vertex, the the other track to havé&/p < 0.90 (pion). 11.7

closest distance of approach between these tracks  million events were accepted.

had to be less than 3 cm. The decay region was e In order to reduce background frofs, decays,
defined by requirements that the vertex had to be we required the quantity

between 6 and 34 m from the end of the last colli-

mator and that the transverse distance between the p62 = ;[(m% — mi_ — m20)2
vertex and the beam axis had to be less than 2 cm. 4(p% +m?_) i
These cuts were passed by 35 million events. _ 4(’”17”&0 + m%lﬁ)] (5)

e The time difference between the tracks was re-
quired to be less than 6 ns. To reject muons, only to be less than-0.004 (GeV/c)?. In the equa-
events with both tracks inside the detector accep- tion above,p, is the transverse momentum of
tance and without in-time hits in the MUV sys- the two track system (assumed to consist of two
tem were used. For the same reason only particles  charged pions) relative to thlé,? flight direction
with a momentum larger than 10 Geyin) were andm_ _ is the invariant mass of the charged sys-
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tem. The variabIePé2 peaks at zero if the charged
particles are pions from the dec#&s,. The cut
removes(98.94 + 0.03)% of K3, decays and
(1.03+£ 0.02% of K.3 decays as estimated with
the Monte Carlo simulation (Sectio®4). After
this cut, we were left with 11.4 millioiK .3 candi-
date events.

energy spectrum in the MC was taken from the kaon
energy distribution reconstructed using diagoRas
events, as defined above (Sect®8).

For the generation ak .3 MC events, the slope pa-
rameten. ;. and the scalar and tensor form factors were
set to zero. To take into account the influence of radia-
tive corrections on the accemce, the Photos package
was used12]. The Dalitz plot density was then modi-

The neutrino momentum irK.3 decays is not fied by the radiative corrections as calculated by Gins-
known and the kinematic reconstruction of the kaon berg[13]. This modification was made by randomly
momentum from the measured track momenta leads rejecting events according to the correct shape of the
to a two-fold ambiguity in the reconstructed kaon mo- Dalitz plot. From 45 million generated MC events, 7.7
mentum. In order to measure the kaon momentum million were selected by the criteria in Secti@n2,
spectrum, we selected events in which both solutions corresponding to an acceptance of about 17%.
for the kaon momentum lie in the same bin of width Distributions for accepted Monte Carlo events
8 GeV. These 4 10° events we call “diagonal events”.  weighted with a form factor slope of, = 0.029 are

The last selection criteria were the following two shown inFigs. 2, 3 and 4ogether with data, for the
requirements: each solution for the kaon energy had negative magnet polarity. As an example, the distribu-
to be in the energy range 60—-180 GeV and the recon-tions of charged particle momenta in the laboratory

structed electron and piomomenta in the center of
mass of the kaon had to lie in the kinematically al-
lowed region of the Dalitz plot foK .3 decays.

As a result of this selection,.& x 10° fully re-
constructedk .3 events were selected from the total
sample.

3.3. Background

The main background t&,.3 events arises from
K,3 andK3, decays. The background frofy,s was
reduced by removing events with an in-time muon sig-
nal and by theE/p requirements. The probability for
a pion fromK,3 to fake an electronk/p > 0.93)
was measured to beBx 10-3. This was obtained
from a sample of 75000 pion tracks frok3 events
where the other track ha#l /p > 1.02. The ineffi-
ciency of the MUV system for the total exposure was
less than 2%. From this we estimated the number of
fake K.3 events fromkK 3 to be at most 40& 100
events. For the suppression of background frg
decay, we used the ci}? < —0.004 (GeV/c)? and
the E/p requirements. The number of background
events from this source is estimated to be less than 20
events.

3.4. Monte Carlo simulation

The NA48 detector response was simulated using
a GEANT-based Monte Carlo (M(L1]. The kaon

system Figs. 2, 3 and of the neutrino energ¥;

in the centre-of-mass system, CME(. 4), are pre-
sented. The quantity’ is unambiguously defined.
The upper part of the figures shows distributions of
data, while the lower part shows the ratio of the exper-
imental and MC spectra. Good agreement is seen for
the Monte Carlo simulations with a form factor slope
Ay =0.029.

events/1.4 GeV
x105
1

0.8
0.6
0.4
0.2

0 I 1 1 1

. +* WHWH

DATAMC
i
0.85

1.2
115 -
" 1 L L 1 P Il L L L | I
0.8 0 20 40 60 80 100

Electron momentum (Lab System), GeV/c

11
1.05
1 -

i bttt ++++++ +y ++-H-

_ Hy

Fig. 2. Reconstructed electroromentum in the laboratory system;
data distribution and ratio data/MC.
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events/1.4 GeV

XlOs_
1r

0.8 [
06 |
0.4
0.2 -
0:..I...I.v.l...l..
0 20 40 60 80
DATA/MC

1.2

100 120

1.15 |

11

1.05
1r
0.95 -
0.9 |

0.85
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|

I TR R R T B |,
08, 20 40 60 80 100 120
Pion momentum (Lab System), GeV/c

Fig. 3. Reconstructed pion montam in the laboratory system; data
distribution and ratio data/MC.

events/2.3 MeV

x10°
0.6

0.5
04 |
03 |
02 F
0.1 F
0' ot NP PR IS BRI PPN B PRI B |
0 0.025 0.05 0.075 0.1 0.125 0.150.175 0.2 0.225
DATA/MC

1.2 ‘

By : |
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0.85 |

0.8 soa ool Lo b a o by a by o b a bag g byl
0 0.0250.050.075 0.1 0.1250.150.175 0.2 0.225
Neutrino energy (CMS), GeV

Fig. 4. Reconstructed neutrino enerfy in the center of mass sys-
tem; data distribution and ratio data/MC.

4. Dataanalysis
4.1. Dalitz plot analysis

For the Dalitz plot analysis, selectet.z events
were binned in a 1% 19 x 19 three-dimensional ar-

ray N(E}, q2/m2, g2/m2), where the indices 1 and 2
stand for the two possible solutions for the recon-
structed kaon momentumaithe bin sizes are 12 MeV
for E* and 0.35 for the2/m2 bins. Two-dimensional
arraysN (¢2/m?2, q5/m2) were used when pure V-A
couplings were assumed.

To derive the values of the form factors we used
a maximum log-likelihood methofl4] based on the
following likelihood function which takes into account
the finite size of the MC sample:

InL = —2|:Z(di Infi— fi)+ Z(ai InA; — Ai)i|.

(6)

Here,d; is the number of data events in théh bin,
fi is the predicted number of events, is the actual
number of MC events and; is the expected num-
ber of MC events. The predicted number of events,
fi, is a function of the three form factors parame-
tersiy, fs, fr, and is obtained by weighting the MC
expectatiom; for a flat Dalitz plot with the form fac-
tors according to Eq(2). This procedure provides a
weighth; for each bin. The MC expectatiofy for the
bin i is obtained from the relation
_ditai
C1+h]
which is valid at the maximum of the likelihood func-
tion [14,15] The predicted numbef; to be compared
with the datad; is thenf; = A; - h;.

In order to test the goodness of fit, the variable

Xéof=2(f,-—di+diln%)

]
l

+Z<Ai —a; +a; In%)
i

1

i

@)

was used10,16] The minimization of the log-likeli-
hood function, using MINUIT17], gives the values of
the fitted form factors.

4.2. Results

4.2.1. Linear fits

We analysed the Dalitz plot under two hypothe-
ses: either assuming pure V-A interaction or admit-
ting additional scalar and tensor interactions. The re-
sults for the form factors obtained, assuming a linear
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Table 1
Results from the fits: 3-form factors case and 1-form factor case (last
rows)

Form factor Value and stat. err. XZ/DOF
Ay 0.0284+ 0.0007 30102915
0 0.01502:007 301¢/2915
[fs/1+ Ol d _0.010 v
|1 /f+ ) 0.05"905 3010/2915
A4 linear 00288 0.0004 394302
A+ Quadratic 00280+ 0.0019 386301
3!, quadratic 0002+ 0.0004 386301
If/£,(0)]
014 [
Confidence levels:
0121 99%,95%, 90%, 70%, 50%
01 f

0.08 |
0.06 |
0.04 |

.....

0.02 [

[ s

PRI
0 0.005

eer”

0

0015 002 0025 003
[fs/E,(0)

Fig. 5. Confidence level contours in thefs/f+ (0|, | fr/f+(0)])
plane athi = 0.0284. The outermost contour corresponds to 99%
C.L., the innermost to 50% C.L. Only statistical errors are consid-
ered.

g?-dependence, are presentedTable 1 The statis-
tical errors have contributions from fluctuations of the
data and of the MC events, as explained in Sectidn

The confidence level contours in thigfs/f+(0)],
| fr/f+(0)]) plane for x4 = 0.0284 are plotted in
Fig. 5 The results are consistent with bath and fr
being zero at 10% C.L. taking only statistical errors
into account.

To visualize the main feature of the two-dimen-
sional fit we display inFig. 6 the ratio of “diagonal”
data and MC events (with . = 0). “Diagonal” here
means events for which both solutions fgt lie in
oneg?/m2-bin or they lie in neighbouring bins. The
quantity plotted corresponds to the square of 4Re
variation of the vector form factof /. (¢2) /f+(0)1? =

DATA/MC
1.6 [

15
14 |

13 |

12 |

14 |

P

o
©

6

)
4/m
Fig. 6. Ratio of “diagonal” data and MC events (with. = 0).

The vertical axis corresponds [gs (¢2)/f+(0)]2. The curve cor-
responds ta.+ = 0.0288.

[1+ A+g?/m2]?. The data are seen to be consistent
with a linear increase of . (¢2) with increasing;?.

Our investigation of possible systematic errors
showed that the biggest uncertainty for comes from
the uncertainty in the kaon momentum spectrum. In
order to determine the influence of this factor, the
kaon momentum spectra derived from reconstructed
K — ntn~ andK — 7 tn 70 decays were imple-
mented in the MC. The differences in the fitted form
factor values using either t¢liese spectra compared to
the spectrum from diagonl.3 events was taken as a
systematic error. This error amounts to 0.0007,and is 7
times larger than claimed in R¢1.8]. We studied also
the systematic errors induced by the varidys selec-
tion cuts, by the momentum and energy calibrations,
Dalitz plot distributions bin width, inefficiency of the
muon veto system and the trigger, possible detector
asymmetries and influence of accidental particles.

The systematic uncertainties connected with our
knowledge of the detector acceptance were evaluated
by variations of the selection cuts in between values
which changed the number of accepted events by up
to 20%. The largest fluctuations in the form factor val-
ues were taken as systematic errors.

Possible shifts in the measurement pfand E
were investigated by comparing the value of the recon-
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Table 2 We also varied the number of bins (from 10 to 25
Systematic uncertainties: 3-form factors case and 1-form factor case jn each axis) in the distributions/ (E,, qf, q%) and

(right column) N(g?,43). The change in the values of the fit para-

Source Ady Al ﬁfo—)l Al f—f%o)l Ad only meters was considered as a systematic error.

Ky, spectrum  +0.00080 =0.001 +0.005 +0.00070 The individual systematic uncertainties, and the to-
Geom. accept. £0.00050 +0.007  +0.015  +0.00040 tal systematic error obtained by combining the individ-

Pmin +0.00025 +0.004  +0.010  +0.00015 ual errors in quadrature, are summarizedale 2

Dikr +0.00045 +0004  £0005 4000025 As a cross check, correlations between magnetic
E,/é’ +000035 20002 £0010  £0.00035 field polarities, positive and negative tracks, particles
Py 4+0.00020 +0.003  +0.005  =0.00010 MU X 0 '

E, pscaling  +000020 +0001  +0005  +0.00020 and antiparticles, geometrical positions of the tracks
MUV ineff. +0.00020 +0.002  +0.005  +0.00020 were explored. We did not find significant changes

Trigger ineff. ~ £0.00015 #+0.002  +£0.005  +0.00025 in results coming from these sources. The effect of
Accidentals  £0.00030 £0.001  +0.005  -+0.00025 the uncertainties of the radiative correctiqh8] was

Bin width +000040 £0005  £0010  £0.00010  f4n4 1o have a negligible effect on the results.

TOTAL 4+0.0013 +0.012  +0.03 4+0.0011

4.2.2. Quadratic and dipole fits
As an alternative to these linear slope fits, we also

structed kaon mass froiiz, andK», decays with the investigated two other forms of thg? dependence: a
world average for the kaon mass and by comparing the quadratic form, admitting a finite’, as a free para-
central value of theZ/ p distribution of electrons with  meter, and a pole-dominance form factor of the form
unity. These led to a rescaling pfandE by 1x 103 given in Sectionl, with the mass of the vector me-
and 4x 1073, respectively. The influence on the form  son pole mas3/y as the only free parameter. The
factor values was studied by scaling systematically — quadratic fit gave the values of the two slope coef-
andE by the quoted amounts. ficients,A, = (2804 1.9+ 1.5) x 102 and A=

The inefficiency of the MUV during this run was  (0.2+0.440.2) x 103, consistent with no quadratic
measured to be below 2%. In order to investigate the term but also consistent with a dipole form factor
influence of the MUV indfciency we introduced an  where the quadratic term of the Taylor expansion cor-
extra inefficiency of 2% in the experimental data and responds to, = Ai = 0.7 x 1073. The dipole fit
compared the results. The difference was taken as awith the vector meson mass as free parameter gave
systematic error. My =859+ 18 MeV, fully consistent with the mass

The trigger inefficiency was evaluated by using the of the K*(892) meson.
control trigger and was found to §&.9 4+ 0.1)%. The
influence of this source of systematic uncertainty on
the results was estimated as follows. The results ob- 5. Conclusions
tained with the main trigger data for which the con-
trol trigger was set as well were compared to the re-  Using 5.6 millionK,3 events recorded by the NA48
sults obtained with the control trigger data which are detector, we tested the validity of the V—A weak inter-
strongly correlated. The differences are due to the 2% action and measured tlg@ dependence of the vector
events escaping the main trigger, and indicate the un-form factor with high precision. Admitting scalar and

certainty due to this inefficiency.
To estimate the possible infnce of accidental par-

ticles we used the Overlay MC technique, applied

earlier in thee’ /e analysis , 1IN wnich ranaom
lier in thee’/ lysis[11], in which randomly

recorded experimental signals with rate proportional
to the beam intensity were mixed with each MC event.
The uncertainty due to this effect was estimated by

tensor couplings in addition to V—A couplings, we ob-
tain the following form factor values:

ff 50) =0.015'39%7+ 0.012
T(TO) =0.05"99+0.03,

comparing results obtained with the standard MC with and the linear slope in the vector form factor =

results obtained with the Overlay MC.

(284+0.7+1.3) x 10°3. The 90% C.L. upper limits
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tor, in agreement with the linear approximations tested

' Rad in former experiment$9,18-23] Our result for the
- (18] guadratic term in the vector form factor is at variance
. (19] with the result of Ref[18] though it agrees with the
pole model form factor.
® [20]
» [21]
122]
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