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Abstract

In 2003-2004 the NA48/2 Collaboration at CERN collected a large sample of K* decays. Using data taken with
minimal trigger conditions, a sample of 2.5 x 10® K* — n%*v and 4.0 x 10® K* — n%%*v events was recorded,
and allows precise measurements of the decay form factors. This report describes the event selection and the fitting
procedure, and gives a preliminary result for the form factors in various parameterizations. In addition, with the
full data sample collected, more than one million K* — #*7~e*v and about 45000 K* — n%2%%*v decays has
been analysed. An improved determination of the branching ratio and high precision form factor measurements for
K* — m*n e*v, and a preliminary result for the branching ratio of K* — n%1%%*v are presented in this paper. Future

prospects include the observation of several thousands decays in similar muonic modes that will be studied at the

NAG62 experiment.

Keywords: NA48, Kaon, Semileptonic decays, Form factors, Branching ratio

1. Beam and detector

Simultaneous K* and K~ beams were produced by
400 GeV/c primary protons delivered by the CERN
SPS and impinging on a beryllium target. The NA48/2
beamline selected kaons with a momentum range of
(60 + 3) GeV/c. A detailed description of the beamline
and of the detector is available in [1]. The momentum
of charged particles from K* decays was measured by a
magnetic spectrometer consisting of four drift chambers
(DCH1-DCH4) and a dipole magnet between DCH2
and DCH3. Each chamber has eight planes of sense
wires, two horizontal, two vertical and two along each
of the orthogonal 45 degrees directions. The spectrom-
eter is located in a tank filled with helium at atmo-
spheric pressure and separated from the decay volume
by a Kevlar window. A 16 cm diameter alluminium vac-
uum tube centred on the beam axis runs the length of the
spectrometer through central holes in the window, drift
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chambers and calorimeters. Charged particles are mag-
netically deflected in the horizontal plane by an angle
corresponding to a transverse momentum kick of 120
MeV/c. The momentum resolution of the spectrome-
ter is o(p)/p = 1.02% & 0.044%p (p in GeV/c). The
magnetic spectrometer is followed by a scintillator ho-
doscope. A liquid Krypton calorimeter (LKr) is used
to measure the energy of electrons and photons. The
calorimeter is 27 X, thick and has an energy resolution
o (E)/E = 0.032/ VE®0.09/ E®0.0042 (E in GeV). The
space resolution for single electromagnetic showers can
be parameterised as oy = o, = 0.42/ VE & 0.06 cm
for each transverse coordinate x,y. For the selection of
muons, a muon veto system (MUYV) was essential to dis-
tinguish muons from pions. It consisted of three planes
of alternating horizontal and vertical scintillator strips.
Each plane was shielded by a 80 cm thick iron wall. The
inefficiency of the system was at the level of one per mil
for muons with momentum greater than 10 GeV/c and
the time resolution was below 1 ns.
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Semileptonic kaon decays (denoted as K;3 in the fol-
lowing, with [ = e, u) provide the most accurate way and
free of theoretical uncertainties, to measure the CKM
matrix element |V, [2]. To extract |V,;], the knowledge
of the decay form factors is crucial: since the form fac-
tors determine the Dalitz plot structure, both the detec-
tor acceptance (needed to measure the decay rate) and
the phase space integral (needed to derive |V,| from the
decay rate) heavily depend on the form factors. The
hadronic matrix element of KI3 decays is described by
two dimensionless form factors f.(¢), which depend on
the squared four-momentum ¢ = (px — p,)? transferred
to the lepton system. The K* decays are usually de-
scribed in terms of the vector form factor f, and the
scalar form factor f, defined as [2]:

Jold) = fo(0) + ——— (0.

my — mz
The functions f, and fy are related to the vector
(17) and scalar (0*) exchange to the lepton system, re-
spectively. The contribution of f_ can be neglected in
Ke3 decays since it is proportional to the lepton mass
squared. By construction fy(0) = f,(0). Since f.(0) is
not directly measurable, it is customary to normalise all

form factors to this quantity, so that:
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To describe the form factors, two different parameteri-
sations are used in this report. Widely known and most
used is the Taylor expansion, called quadratic parame-
terisation in the following:
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where A’ and A" are the slope and the curvature of
the form factors, respectively. The disadvantage of this
parameterisation is related to the strong correlations be-
tween the parameters and the absence of a direct physi-
cal interpretation. To reduce the number parameters and
to add a physical motivation, the pole parameterisation

is used:
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Here, the dominance of a single vector (V ) or scalar
(S) resonance is assumed and the corresponding pole
mass My or My is the only free parameter.

The data used for the form factor analysis presented
here were collected in 2004 during a dedicated run
with a special trigger setup which required one or
more tracks in the magnetic spectrometer and an en-
ergy deposit of at least 10 GeV/c in the electromagnetic
calorimeter. Besides, the intensity of the beam was low-
ered and the momentum spread was reduced. The NA48
detector measures only the charged lepton and the two
photons from the 7° decay, while the neutrino leaves the
detector unseen. To select the decay, one track in the
magnetic spectrometer and at least two clusters in the
electromagnetic calorimeter were required. The track
had to be inside the geometrical acceptance of the de-
tector, and needed a good reconstructed decay vertex,
proper timing and a momentum greater than 5 GeV/c
in case of electrons. For muons the momentum needed
to be greater than 10 GeV/c to ensure high MUV effi-
ciency. To identify the track as a muon, an associated
hit in the MUV system and E/p < 0.2 was required,
where E is the energy deposited in the LKr calorimeter
and p is the track momentum. For electrons a range of
0.95 < E/p < 1.05 and no associated hit in the MUV
system were required. The neutral pions were recon-
structed by two photon clusters in the LKr calorimeter,
with an energy E, > 3 GeV/c, well isolated from any
track hitting the calorimeter, and in time with the track
in the spectrometer. Finally, the missing mass squared
was required to satisfy m?, < (10MeV/c?)* under a K*
hypothesis.

For K7, the only significant background is from
K* — n*7°. A cut in the transverse momentum of the
event reduces this background to less than 0.1% while
losing only about 3% of the signal. For K§3 the back-
ground from K* — #*7° with 7* decaying in flight is
suppressed by using a combined requirement on the in-
variant mass m(m*n°) (under 7* hypothesis) and on the
7Y transverse momentum. This cut reduces the contam-
ination to 0.5%, but causes a loss of statistics of about
24%. Another background source is K* — n*n%z°
events with 7% decaying in flight and one 7° not recon-
structed. Its contribution is estimated to be only about
0.1% and therefore no specific cut was applied. To ex-
tract the form factors, two-dimension fits to the Dalitz
plot densities p(E7, E};) are performed:
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To obtain the lepton and pion energies E; and E; in
the kaon rest frame, the reconstructed lepton and pion
four-momenta are boosted into the kaon rest frame. The
kaon energy is computed from the decay products, as-
suming no transverse component of the momentum of
the kaon. This leaves two solutions for the longitudinal
component of the neutrino momentum, from which the
one closer to 60 GeV/c is used. In this way the energy
resolution in the Dalitz plot, in particular for high pion
energies, is greatly improved. The reconstructed Dalitz
plots are then corrected for remaining background, de-
tector acceptance and distortions induced by radiative
effects. The radiative effects are simulated by using a
special Monte Carlo generator developed by the KLOE
collaboration[3]. This generator gives the same correc-
tions as a recent calculation within Chiral Perturbation
Theory with fully inclusive real photon emission[4]. For
the purpose of the fit, the Dalitz plots were subdivided
into cells of 5 MeV X 5 MeV; cells which crossed or
are outside the kinematical borders are not used in the
fit. The fit results for the quadratic and the pole param-
eterisations are listed in Tables 1 and 2. The systematic
uncertainties are evaluated by changing the cuts defin-
ing the vertex quality and the geometrical acceptance
by small amounts. In addition, variations to the reso-
lutions of pion and muon energies in the kaon centre
of mass system are applied; the pion decay background
is varied and the differences in the results of two inde-
pendent analyses done in parallel are taken into account.
For comparison the combined K7; quadratic fit results as
reported by recent experiments[2] are shown in Fig. 1.
The 68% confidence level contours are displayed for
both neutral (KLOE, KTeV and NA48) and charged
decays (ISTRA+ studied K~ only). The preliminary
NAA48/2 results presented here are the first high preci-
sion measurements done with both K* and K~ mesons.
The form factors are in good agreement with the mea-
surements done by the other experiments (except the
neutral channel from NA48[5]) and compatible with the
combined fit done by FlaviaNet[2].

211077 A/[1077] A0[1077]
K;g 27.2+0.7«+1.1 | 0.7+£0.3+0.4
:3 26.3+£3.0+2.2 | 1.2+1.1+1.1 | 15.7+1.4+1.0
tot 27.0+1.1 0.8+0.5 16.2+1.0

Table 1: Preliminary form factor fit results for the quadratic with sta-
tistical and systematic uncertainties. For the combined (tot) result
both uncertainties were combined.

My [MeV/c?] | Mg [MeV/c?]
Kefg 879+3+7
. 873+8+9 1183+31+16
combined 8776 1176+31

Table 2: Preliminary form factor fit results for the pole parameteriza-
tions with statistical and systematic uncertainties. For the combined
(tot) result both uncertainties were combined.
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Figure 1: Combined quadratic fit results for K13 decays. The ellipses
are 68% confidence level contours. For comparison the combined fit
from the FlaviaNet kaon working group is shown [2].

3. K* - ntn ety

The kinematics of the K* — na'ne*v decay
is described by the five Cabibbo-Maksymowicz vari-
ables [6]: the square of the di-pion invariant mass S,
the square of the di-lepton invariant mass S., the an-
gle 6, of the 7* in the di-pion rest frame with respect
to the flight direction of di-pion in the kaon rest frame,
the angle 6, of the ¢* in the di-lepton rest frame with
respect to the flight direction of di-lepton in the kaon
rest frame, and the angle @ between the di-pion and di-
lepton planes in the kaon rest frame. The decay ampli-
tude is the product of the leptonic weak current and the
hadronic current. The hadronic current is described in
terms of three (F, G, R) axial- vector and one (H) vec-
tor complex form factors. The sensitivity of the decay
matrix element to the form factor R is negligible due to
the small mass of the electron. These form factors may
be developed in a partial wave expansion with respect
to the variable cosé,:

F = F, % + F,,e"sfl’ cosOy; + Fge®icos*0, + ...
G = Gpe"sé’ﬁ cos0, + Gye%sicos, + ...
H = H pe"i"ﬁ cos0, + Hye®acos0, + ...
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Limiting the expansion to S- and P-waves and con-
sidering a unique phase 6, for all P-wave form factors
in absence of CP violating weak phases, one will obtain
the decay probability, that depends only on the form fac-
tor magnitudes F, F,, G,, H,, the single phase differ-
ence 0 = d; — 0, and kinematic variables. The form fac-
tors can be expressed as a series expansion of the dimen-
sionless invariants q2 =(S ,T/4m,2r) —land S, /4m,2r [7].
Two slope and one curvature terms are sufficient to de-
scribe the measured F; form factor variation within the
available statistics:

Fo/fs=1+fI11.q° + £/ 1f:q* + f1S o/ f4m;,

while two terms are enough to describe the G, form fac-
tor:

Gplfs = 8plfs + &)1 :q*

and two constants to describe the F,, and H, form fac-
tors. A high precision measurement of the normalised
form factor parameters (divided by f; as shown above)
has been published by NA48/2 [8]. The measurement
of their absolute values requires the measurement of the
branching fraction. Recently a new measurement of the
K* — m*m~e*v branching ratio by NA48/2 has been
published in [9]. Here only a summary description of
the measurement is given.

The K* — n*n~e*v rate is measured relative to
K* — nm*zn*n™ normalization channel. The two sam-
ples were collected concurrently using the same trigger.
The branching ratio (BR) is obtained as

N, s N b AnEn
Nn ASES
where N, N, and N, are the numbers of signal, back-

ground and normalization candidates. A and €, are the

acceptance and trigger efficiency for the signal sample,
while A, and €, are those for the normalization events.

The signal and normalization data samples were se-

lected if having three reconstructed charged tracks in

time with the corresponding hodoscope signals. The
three-track reconstructed vertex of the +1 total charge
was required to lie within 5 cm of the beam axis, and

its longitudinal position was required to be between 2

m and 95 m downstream of the final collimator. The

maximum momentum sum was set at 70 GeV/c. All

vertex tracks were required to be within the spectrom-
eter, hodoscope, LKr and muon veto acceptances. The
distance between any two tracks at DCH1 was required
to be larger than 2 cm, and the distance between any

track and the beam mean position (monitored with a

separate sample of K* — n*n"n~ decays) was larger

than 12 cm. The minimum distance between the track

BR(K?,) = BR(K37)

impact at the LKr front face and the nearest LKr dead
cell was required to be at least 2 cm. The track-to-
track distance at the LKr front face had to be larger than
20 cm to prevent shower overlaps. No in-time track-
associated hits were allowed in two planes of the muon
veto. The vertex with the lowest fit x> was selected. A
track with p > 2.75GeV and 0.9 < E/p < 1.1 was iden-
tified as electron/positron, while the track with p > 5
GeV and E/p < 0.8 was regarded as a pion. A cut
on the value of a dedicated linear discriminant variable
based on shower properties has been applied, to reject
events with one misidentified pion. Kaon candidates
were then selected among the vertices with a single elec-
tron/positron candidate and a pair of opposite-charged
pions. To suppress the K* — n*7x*n~ background, the
vertex invariant mass M3, in the 77+ 7~ hypothesis and
its transverse momentum were required to be outside
an ellipse centred at the PDG kaon mass [10] and zero
transverse momentum, with semi-axes of 20 MeV/c?
and 35 MeV/c, respectively. The square missing mass
of K* — 7*X decay was required to be larger than
0.04 (Gev/c?)? to reject n*n° decays with a subsequent
7% — e*e y process. The invariant mass of any pos-
sible electron-positron system was required to be more
than 0.03 GeV/c? in order to reject photon conversions.
For K* — ntm e*v events, the reconstruction of the
kaon momentum assuming a four-body decay with the
undetected neutrino was implemented, and the solution
closer to 60 GeV/c was chosen. For the normalization
channel the vertex was required to be composed of three
charged pions. M3, and transverse momentum were re-
quired to be inside an ellipse with semi-axes 12 MeV/c?
and 25 MeV/c, respectively. Events with reconstructed
kaon momentum between 54 and 66 GeV/c were kept
for further analysis. A total sample of about 1.1 million
candidates and about 19 millions of prescaled normal-
ization candidates were selected from data recorded in
2003-2004.

There are two main background sources: K* —
mrr*n~ decays with subsequent 1 — ev decay or a pion
mis-identified as an electron; and K* — 7°(7%)x* with
subsequent 7° — e*e~y decay with undetected photons
and an electron mis-identified as a pion. The back-
ground contamination was estimated from the wrong
sign events (two same sign pions), which can only be
background. To estimate the right sign part of the back-
ground in the selected sample, the number of wrong sign
events were multiplied by 2, as the dominant contri-
bution comes from K* — x*n*tzn~ decays, as is con-
firmed by Monte Carlo simulation. The total back-
ground contribution is below 1%. A detailed GEANT3-
based Monte Carlo simulation was used to take into ac-
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count full detector geometry, DCH alignment, local in-
efficiencies and beam properties. Sources of systematic
uncertainties include acceptance stability, muon veto ef-
ficiency, accidental activity in detectors, particle iden-
tification, background estimate procedure, radiative ef-
fects modelling, trigger efficiency and Monte Carlo sim-
ulation statistical error.

The resulting branching fraction is measured to be 3
times more precise than the current value [10]:

BR(K* — nne*y) =
(4.257 = 0.00414; + 0016457 + 0.0314y7) X 1075,

The external error, caused by the uncertainty of the nor-
malization channel branching fraction, is the dominant
error of the measurement. The measured branching
fraction has been used to extract the normalization form
factor f; = 5.705 +0.003 4/ +£0.017 5,5, £0.031,,; and all
the absolute values of hadronic form factor parameter-
ization constants are shown in Table 3. Normalization
errors are fully correlated. A large anticorrelations exist
between f” and f” (-0.954) as well as between g, and
g, (-0.914).

value | Stat. | Syst. | Norm.

© | 0.867 | 0.040 | 0.029 | 0.005
f | -0.416 | 0.040 | 0.034 | 0.003
f, ] 0.388 | 0.034 | 0.040 | 0.002
fp | 0274 | 0.017 | 0.023 | 0.002
gp | 4952 | 0.057 | 0.057 | 0.031
g, | 0.508 | 0.097 | 0.074 | 0.003

h, | -2.271 | 0.086 | 0.046 | 0.014

Table 3: Form factors with statistical, systematic and normalization
uncertainties, after using the measurement of f;.

4. K* —» nn*v

For K* — n°7%%*v decays, due to restrictions of
symmetry, the matrix element does not depend on 6,
and @ angles, and it is parametrized just in terms of
the only form factor F that in the general case may
depend on S, and S.. The rate is measured relative
to K* — 7°72%7* normalization channel. These two
samples are collected with the same trigger of high ef-
ficiency for the corresponding event topology. A com-
mon event selection was considered as far as possible.
Events with at least four s detected by LKr, and at least
one track, reconstructed from spectrometer data, were
regarded as candidates. Every combination of two 7y

pairs, detected by LKr, was considered as a pair of 7's.
Reconstructed longitudinal positions of both 7% — yy
decay candidates were required to coincide within 500
cm, and their average position Z, to be in the fiducial
volume. Decay longitudinal position Z,, assigned to
every track, was defined as the closest distance approach
between the track and the beam axis. A combined ver-
tex, composed of four LKr clusters and one charged
track, was required to have the difference between these
two measured longitudinal positions |Z, — Z.| less than
800 cm. Pion and electron identification was the same
as in charged case.

K* — 7°72%*y and K* — 7°7%7* decays were dis-
criminated by means of elliptic cuts in the (M0,0,+, p;)
plane, where M o,0,+ is the invariant mass of the com-
bined vertex in the 37 hypothesis, and p;, is the trans-
verse momentum. The elliptic cut separates about
70 million normalization events from 45000 K* —
nn%*y candidates. The residual fake-electron back-
ground is estimated to be about 1.3% of the signal.
Background from K* — 7%7%* with the subsequent
mt — e*vis only 0.1% of the signal. For the calcu-
lation of the K* — n%%* acceptance, the NA48/2
empirical parameterization of its Dalitz plot [11] has
been used. For the K* — n°7%¢*v decay mode, the
NA48/2 result [12] for Fy parameterization has been
used, since it well describes also K* — n%7%*v decays
for S > (2my)?.

Following the notation decsribed in the previous
section, and using the obtained acceptance values
As; =1.77% and A,= 4.11% and the value of the nor-
malization channel branching fraction from [10], the
preliminary result has been obtained:

0

Br(K* = 7°7lety) =
(2.595 +0.012,, + 0.024,,,, + 0.032,,,) X 1073,

This measurement is 10 times more precise than
the current PDG corresponding value [10]. System-
atic errors include the contributions from background
uncertainty, simulation statistical error, sensitivity to
form factors, radiative corrections, trigger efficiency
and beam geometry uncertainties. The external error
comes from the uncertainty on the normalization chan-
nel branching fraction.

5. Future prospects

The NA62 experiment, using the same beam line and
detector of NA48/2, collected data in 2007 to perform
tests of Lepton Flavour Universality. The collected data
sample contain about 40 x 10° K7, and 20 x 109 K;3
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events, respectively. A special K; run was also taken,
providing further K7 and K/, samples of about 4 x 10°
events each. Therefore NA62 will be able to achieve
an higher statistical precision measurements of the form
factors of all Kj3 channels as available already today.
Improved measurements of K* — ntn~e*v and
K* — n°z%*v branching ratios have been presented
here. The study of the form factors for the neutral chan-
nel is in progress and will complete the high-precision
picture of K* — mme*v decays. While the above anal-
yses are published or close to completion and should
appear shortly in final publications, future prospects in-
clude the observation of several thousand decays in sim-
ilar muonic modes: K* — noﬂoluiv (never observed)
and K* — n*n u*v (7 events observed) [13]. Such
poorly known modes could be studied also in the forth-
coming NA62 experiment currently under construction.
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