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Abstract. A large sample of charged kaon decays in 2007 has been collected by the
NAG62 experiment at CERN SPS using the experimental setup of the former NA48 ex-
periment. Its intense kaon beam provides an abundant source of tagged neutral pions in
vacuum. A measurement of the electromagnetic transition form factor slope of the neu-
tral pion from 1.05 x 10° fully reconstructed 7° Dalitz decays is presented. The obtained
preliminary value a = (3.70 £ 0.53, + 0.364y5) X 1072 is the first 5.80" observation of a
non-zero slope in the time-like region of momentum transfer.

K* — n*vv is a theoretically very clean decay where indirect effects of new physics
may be detectable. The NA62 apparatus has been significantly upgraded between 2008
and 2014 in order to measure the branching ratio of this decay with 10% precision. The
NAG62 experiment took data with the new setup in pilot runs in 2014 and 2015, reaching
the design beam intensity. Results of first data quality studies in view of the 2016-2017
physics runs are presented.
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1 The NA62 experiment

NAG2 is a fixed target experiment using a secondary hadron beam from SPS accelerator to perform
flavor physics studies mainly in the charged kaon sector. NA62 collected data in 2007 using the same
beam line and detecting apparatus of the earlier NA48 experiment[1], to study lepton universality
in kaon decays through the measurement of the ratio between K., and K, leptonic decays[2] Rx =
['(K* — e*v)/T(K* — p*v). After an R&D and construction phase started in 2008, the experimental
apparatus has been replaced by a new one designed to measure precisely the branching ratio of the
K* — nvv decay. First data with the new NA62 setup have been collected in 2014/2015, mainly to
commission detectors and perform data quality studies.

2 Measurement of the #° transition form factor

The neutral pion is the lightest meson and plays an important role in the study of low-energy properties
of the strong interaction. The differential decay width of the subleading Dalitz decay 7° — ye*e~ (7r°D)
normalized to the leading decay 7° — yy (n(y’y) as a function of the particle 4-momenta is given by:

1 Er@)) o (1-x?
[(x),) dxdy S 4r x

2
(1 +y+ r;) IF P [1+6(x, )], ey

where x = (P,+ + Pef)z/mio , Y = 2P0 - (Per — Pef)/[mio(l -x)], = 4m3/m72r0 <x<1,F)is
the transition form factor (TFF) describing the hadronic physics in the yy* vertex and §(x, y) contains
the radiative corrections to the 7° Dalitz decay. The TFF is usually parametrized as ¥ (x) = 1 + ax,
where a is called the TFF slope parameter. The TFF enters in the predictions of observable quantities
like the rate of 1% — e*e” decay and the anomalous magnetic moment of the muon. It has been
extensively studied theoretically[3—8] and the slope parameter has been measured experimentally in
the time-like[9-12] as well as in the space-like domain[13-16].

The charged kaons decaying in flight in the NA62 beam provide an abundant source of 7%, mainly
from the K* — n*z° decay. NA62 collected about 2x 10'® K* decays in 2007, allowing the extraction
of the slope parameter a through the study of the x spectrum of the ﬂ% decay, according to eq.1
integrated over y. The radiative correction d(x, y) has been studied extensively[17-20] and the most
up-to-date calculation[20] has been implemented by NA62 in the Monte Carlo simulation of the n%
decay.

2.1 The NA62 setup in 2007 data taking

The NA62 experiment detects in-flight decays of charged kaons at CERN SPS. The NA48 beam line
and apparatus were used in NA62 2007 run, with different beam parameteres. The primary 400 GeV/c
proton beam from CERN SPS impinged a beryllium target, producing charged particles, 6% of which
were K*. A 100m long beam line selected, focused and transported two simultaneous oppositely
charged secondary beams of (74.0 = 1.4) GeV/c momentum down to a 100 m long evacuated region.
Particles produced by kaon decays were detected by the experimental apparatus located downstream.
Charged particles were traced by a magnetic spectrometer consisting of a dipole magnet and four drift
chamber stations. An array of horizontal and vertical plastic scintillator slabs provided fast signals for
triggering and sub-ns timestamping of charged particles. The energy and position of photons and elec-
trons were precisely measured by a quasi-homogeneous liquid krypton electromagnetic calorimeter
(LKr). A muon detector (MUV) composed of iron absorbers and three planes of scintillator counters
was used to identify muons. An iron-scintillator hadron calorimeter and several photon veto counters
completed the experimental apparatus, a detailed description of which can be found in Ref. [1]. In
2007 run the trigger was optimized to select electron events by measuring the energy deposit in LKr.
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2.2 Data analysis and preliminary results

Events containing a K* — n*n” decays followed by the n° — e*e™y decay are selected by performing
a full kinematic reconstruction. Three tracks in the magnetic spectrometer are required, coming from a
common vertex inside the fiducial decay region. The photon is identified by a single energy deposit in
LK, separated in space from the track impact points at the calorimeter surface. The total reconstructed
momentum from photon and tracks has to be consistent with the nominal beam momentum magnitude
and direction within the experimental resolution. Assuming the track with charge opposite to K* to
be the e, events are selected if one and only one of the two possible (¢*, 7*) mass hypotheses for the
two remaining tracks is compatible with the kinematics of the K* — 7r°D decay within the resolution
of the reconstructed 7° and kaon mass. In order to be consistent with the simulation of the trigger
conditions, at least one of the e* is required to have a momentum larger than 5.5 GeV/c and to deposit
more than 80% of its energy in the LKr; moreover, the total energy detected in the LKr must not
exceed 14 GeV. Due to the acceptance not being well reproduced in the simulation for events with
low x, the signal region is defined as x > 0.01, equivalent to m,, > 13.5MeV/c?.

About 1.05x10° 71'% decays have been fully reconstructed. The TFF slope parameter a is extracted
by fitting the x distribution of data and simulation, using equipopolous bins. The different hypotheses
are tested by reweighting the MC events simulated with a known slope ag, = 0.032. The main
contributions to the systematic uncertainty come from the simulation of the beam spectrum and the
calibration of the spectrometer global momentum scale. The NA62 preliminary measurement of the
7" TFF slope parameter is:

a = (3.70 + 0.53 % 0.36555) X 1072

This measurement represents the first 5.8 o observation of a positive 7° electromagnetic TFF slope
in the time-like region of the momentum transfer. The best fit result is shown in figure 1 together
with the comparison with previous measurements from z° Dalitz decays. The NA62 result improves
the precision of previous measurement by an order of magnitude, and is consistent with theoretical
predictions.

3 Measurement of the K* — 7*vvy branching ratio

The Flavour Changing Neutral Current K — nvv decays proceed through box and electroweak
penguin diagrams and are heavily suppressed in the Standard Model (SM). Using the values of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements as external inputs, the Standard Model
predicts[21, 22]:

BRgm(K* — ntvp) = (8.4 + 1.0)- 107! )
BRgm(K, — 7%¥) = (3.4 £0.6) - 107" 3)
where the uncertainties are dominated by the experimental knowledge of the external inputs.
The K — nvv decays are very sensitive to physics beyond the SM. New particles at mass scales
up to 100 TeV are expected to produce significant variations of the K — mvv branching ratios from
SM predictions, which could be detected with a 10% precise measurement.

Only the charged mode has been observed so far. The present status of BR measurements is[23—
25]:

BR(K* — n*vy) = (17.3%])3) x 107! 4)

BR(K, — n°v#) <2.6x 10 (90% C.L.) 5)
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Figure 1. Measurement of the 7° TFF slope parameter a. (left) Fit result showing the ratio data/MC as a
function of the x variable, with the MC sample weighted to obtain a flat TFF (a = 0). The events are divided
into 20 equipopulous bins. The solid line represents the squared TFF function |F (x)|* with a value of the slope
parameter a equal to the fit central value. Dashed lines indicate the 10~ band. (right) Comparison of this result
with previous experiments measuring the TFF slope from 7r°D decays.
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Figure 2. The NA62 layout for K* — n*vy measurement.

3.1 The NA62 experimental apparatus for K* — 7*vvy
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The main goal of the NA62 experiment at CERN SPS[26, 27] is to measure the K* — 77 vv branching
ratio with a precision of 10% or better. The experiment plans to collect about 10'* kaon in-flight
decays in a few years, with a 10% acceptance. The extremely small branching ratio of the BR(K* —
n*vv) decay combined with the weak signature of the signal events requires a very challenging O(10'?)
suppression of the main K* decay modes. Several independent experimental techniques are required
to reach this level of background suppression.
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The NAG62 apparatus for the K* — 7"vv measurement, developed and built between 2008 and
2014 and replacing the NA48 one, is sketched in figure 2. The primary 400 GeV/c proton beam
from CERN SPS impinges on a Be target producing secondary hadrons. A 100 m long beam line
selects, collimates, focuses and transports positively charged particles of (75 +0.8) GeV/c momentum
down to a 100 m long evacuated decay region. Kaons provide about 6% of the 750 MHz particle
rate in the charged beam. They are identified and timestamped by a nitrogen-filled Cerenkov counter
(KTAG) located on the beam line. A beam spectrometer with three silicon pixel stations (GTK)
of 6 x 3 cm? surface traces and timestamps all the beam particles upstream of the evacuated decay
region. A guard ring detector (CHANT]I) at the entrance of the decay volume tags upstream hadronic
interactions. About 10% of beam kaons decay in the vacuum region between the beam line and the
downstream detectors. Large angle annular lead glass electromagnetic calorimeters (LAV) surround
the decay and downstream volumes to detect y up to 50 mrad. Charged particles are traced by a
magnetic spectrometer with four straw tubes stations in vacuum, located at the downstream end of the
decay volume. Holes around the beam axis in the spectrometer chambers allow undecayed particles
to pass through without interacting. The large vacuum volume ends at the last spectrometer station
and downstream the beam passes in vacuum inside a beam pipe.

A 17 m long neon-filled RICH counter provides particle identification for #*, u* and e* up to
40 GeV/c. The time of charged particles is measured both with the RICH and with two scintillator
hodoscope planes (CHOD). The NA48 liquid kripton eletromagnetic calorimeter (LKr) detects for-
ward y and contributes to charged particle identification. A shashlik small-angle annular calorimeter
(IRC) in front of LKTr efficiently detects vy which would otherwise interact with the LKr inner edge
outside the LKr acceptance. An hadronic calorimeter made by two modules of iron-scintillator sand-
wiches (MUV1 and MUV?2) provides further 7t /u* separation and hadronic energy based triggers.
A fast scintillator array (MUV3) downstream of the calorimeters identifies and triggers muons with
sub-nanosecond time resolution. In order to detect y down to zero angle a shashlik calorimeter (SAC)
is located further downstream on the beam line after a dipole magnet deflecting undecayed charged
particles outside its acceptance. All the downstream detectors see less than 1% of the beam rate.

A multi-level trigger architecture is used. The level zero trigger is based on timing information
from CHOD, RICH and MUV3 and on calorimetric variables from electromagnetic and hadronic
calorimeters, determined using FPGA mounted on the TEL62 readout boards [28]. Data from KTAG,
LAYV and magnetic spectrometer are used in the software-based higher level trigger.

NAG62 collected data in 2014 and 2015. The hardware and readout of the detectors have been
commissioned at 10% of the nominal beam intensity, the beam line up to the nominal intensity. The
GTK ran with a partial hardware configuration. Data samples with beam intensity varying from
percent of the nominal up to the nominal one have been recorded in 2015. Data at low intensity have
been triggered with CHOD only. At higher intensities K* — n*vv-like events have been triggered
at level zero by calorimetric information. A preliminary analysis of a subset of the low intensity
sample, aiming to exploit the data quality in view of the K™ — n*vy measurement, is described in the
following sections. The analysis of the full 2015 data set is in progress.

3.2 Principles of the measurement

The K* — #*vv signature in NA62 consists of a track in the GTK compatible with a kaon hypothesis,
a charged particle in the detectors downstream and nothing else. Other (more abundant) kaon decays
and beam related activity are the main sources of background.

For each event we define the squared missing mass as Mmyss = (Px — P,)*, where P is the 4-
momentum of the beam kaon and P, that of the downstream track under pion mass hypothesis. As
can be seen in figure 3, the expected squared missing mass distribution of the signal has a broad shape
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Figure 3. (left) Squared missing mass distribution expected for K* — n*v¥ signal (multiplied by 10'°) and for
main kaon decays K* — u*v, (K,2), Kt = n°n° (Ka,) and K™ — ntatn(Ks,). (right) Squared missing mass
distribution measured on single-track selected events collected in 2015.

typical of three-body decays, while more than 90% of the charged kaon decays are peaking. Two
signal regions are defined outside the K* — n*z° and K* — u*v, peaks. Semileptonic decays, radia-
tive processes, beam induced tracks and reconstruction tails of main K* decays are expected sources
of background in these regions. Precise kinematic reconstruction, efficient photon detection, particle
identification and sub-nanosecond timing coincidences between subdetectors must be employed to
reach the required background rejection.

3.3 Data quality analysis for the K* — 7*vy measurement

The quality of data for K* — n"vi measurement is studied after applying the following selection.
Tracks reconstructed in the straw spectrometer are selected, matching in space CHOD signals and
energy depositions in calorimeters. The event is required to contain a single track, i.e. a track not
forming a vertex with any other in-time track in the decay region between the last GTK station and
the first plane of the straw spectrometer. A vertex is defined as the average position of two tracks
projected back in the decay region at their closest approach, provided their distance (CDA) is less
than 1.5 cm. In order to select a single track originating from a kaon decay, a GTK track is required to
match the downstream track both in time and space, forming a vertex in the decay region with it, and
also to be in time with a kaon-like signal in KTAG. The time resolution of RICH, KTAG, GTK track,
and CHOD have been measured in the range between 70 and 200 ps, matching the design values.
Figure 4(left) shows the distribution of events in the track momentum-squared missing mass plane
for 2015 data recorded at low intensity. Regions populated by main K* decays are clearly visible.
The same distribution for events not related to kaons, selected with KTAG in anti-coincidence, is
plotted in figure 4(right). The analysis of these events show that beam 7" decays, elastic scattering
of beam particles in the material along the beam line and inelastic scatterings in the last GTK station
are the main sources of downstream tracks from beam-related activity. Kinematic resolution, particle
identification and 7y rejection are studied using the sample of single track events from kaon decays
selected above.

The resolution on mﬁms
1073 GeV?/c?, close to the 10 GeV?/c* design value. Taking the average beam momentum in

measured from the width of the K* — n*n° peak is about 1.2 x
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Figure 4. Squared missing mass ditribution vs. pion momentum, for: kaon-related events selected with KTAG
in coincidence (left), non-kaon-related events with KTAG in anti-coincidence (right).

place of the event-by-event kaon momentum measured with the Gigatracker increases the resolution
by a factor 3. The mﬁms variable obtained from NA62 spectrometers is used to reject K+ — n*z® and
K* — u*v events. The measured suppression for K* — w70 is of the order of 103, still below the
design value (10* — 10°). This is due to m?,. _ tails caused by beam track mis-reconstruction in the still
partially equipped GTK.

The NAG62 particle identification, based on a combined usage of RICH and calorimeters, is de-
signed to separate 7" from u* and e* and reach a 107 suppression of K* — u*v in addition to the
kinematic rejection. Pure samples of K™ — n*7° and K* — u*v events are used to study the 7t /u*
separation in RICH and calorimeters. A 10?> muon suppression with 80% pion efficiency is obtained
by the RICH in the required track momentum region (15 + 35) GeV/c, as shown in figure 5. A simple
cut-based analysis of calorimeters data provide an additional muon suppression factor between 10*
and 10° for a pion efficiency ranging between 90% and 50%. More efficient analysis techniques are
under study.

The NA62 layout is designed to provide a 10® suppression for K* — n*n” events in addition to
the kinematic rejection by detecting at least one photon from #° decay in one of the electromagnetic
calorimeters LAV, LKr, IRC and SAC, covering an overall angular region between 0 and 50 mrad.
The suppression of 7°s from K* — n*n° decays is measured on kinematically selected K* — 7*n°
events. The measurement of 7° suppression is statistically limited at a lower limit of ~ 10°.

Commissioning of NA62 for K* — n*vy is almost completed. The preliminary data quality
analysis of low intensity 2015 data shows that NA62 is approaching the K* — x*vv design sensitivity.
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