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The kaon identification system in the NA62
experiment at CERN SPS
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Introduction

The principal physics goal of the NA62 experiment is to test the Standard Model (SM) with a precision measurement of the branching fraction (BF) of the ultra-rare kaon decay K + → π + ν ν̄. The
aim is to collect ∼ 100 events, corresponding to a 10% measurement of the SM BF of 7.81+0.80
−0.71 ×
10−11 [1], in 3 years of operation, commencing in October 2014. The most precise current ex−10 [2], based on seven candidate events,
perimental result is BF(K + → π + ν ν̄) = 1.73+1.15
−1.05 × 10
obtained by the BNL experiment E787/E949, using stopping kaons. It is consistent with the SM
prediction. NA62, uses a different strategy, namely the in-flight decay of kaons of momentum
75 GeV/c, which enables efficient detection of muons and photons and a consequent increase in the
fraction of rejected background. To measure K + → π + ν ν̄ with 10% accuracy, based on the SM
BF, requires O(1015 ) charged kaons, which form 6% of the unseparated hadron beam, the reminder
consisting of protons (23%) and pions (71%). About 10% of the incident kaons decay over a 65 m
long decay tube evacuated to a pressure of 10−6 mb. The identification of kaons is performed using
KTAG, an upgraded CEDAR ring imaging Cherenkov detector [3, 4]. Charged kaons are identified
with a time resolution of better than 100 ps, which enables the rejection of background produced
by the accidental overlap of events in the detector.
The performance of the partially instrumented NA62 detector [5] was assessed during the
technical run in November 2012. In particular, with half of the KTAG detector equipped with
Hamamatsu R7400 photomultiplier tubes (PMTs), the measured time resolution already met the
required detector performance. The capability of distinguishing between kaons and pions was
confirmed by varying the pressure, and hence refractive index, of the nitrogen gas filling CEDAR
and seeing the Cherenkov light from each particle species in turn.
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1

2

K + → π + ν ν̄ signatures in the NA62

The layout of the NA62 experiment is shown in figure 1.
The design capability of the NA62 detector, driven by the required background rejection efficiency, is achieved via precise kinematic information, particle identification and hermetic acceptance for both charged and neutral decay products of the kaon, enabling precise downscaling of
common decay modes (table 1). The sensitivity comes from the 50 MHz kaon flux in the 800 MHz
unseparated beam of 75 GeV/c charged particles produced when a 400 GeV/c proton beam from
the SPS is focussed onto a beryllium target.
The reconstruction of the K + → π + ν ν̄ decay requires the efficient detection of the K + and π +
together with very accurate measurements of their momenta and positions.
Identification of the K + is achieved by KTAG, with a design efficiency of greater than 95%,
+
K purity of 100%, and timing resolution of better than 100 ps. The π + is identified with a ring
imaging Cherenkov counter (RICH) having similar time resolution to KTAG and a rejection factor
against µ + of 100 [6].
Measurement of the K + is performed with the GigaTracker (GTK) comprising three thin
(100 µm) silicon pixel detector planes designed to deliver kaon momentum, direction and time
resolution of σ (pK )/pK = 0.2%, σθ = 16 µrad and 200 ps/detector plane respectively.

Table 1. The 6 dominant K + decay modes with their respective branching fractions and suppression strategy
in the NA62 experiment.

Decay Channel
K+ → µ +ν
K+ → π +π 0
K+ → π +π +π −
K + → π 0 e+ ν
K+ → π 0 µ +ν
K+ → π +π 0π 0

Branching Fraction (%)
63.55 ± 0.11
20.66 ± 0.08
5.59 ± 0.04
5.07 ± 0.04
3.353 ± 0.034
1.761 ± 0.022

–2–

Suppression Strategy
µ veto + 2-body kinematics
γ veto + 2-body kinematics
Charged particle veto + kinematics
E/p + γ veto
µ veto + γ veto
γ veto + kinematics
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Figure 1. The NA62 experimental layout.

(b)

Figure 2. (a) kinematics of K + → π + ν ν̄ decay. (b) missing mass squared distribution for signal and
backgrounds from the main kaon decay channels. Backgrounds are normalized according to their respective
branching ratios. The signal is enhanced by 10 orders of magnitude.

Charged particles, including the π + will be measured by 4 STRAW detectors situated within
the vacuum tank to minimize material, comprising two pairs on either side of a magnetic dipole
giving charged particles a transverse momentum kick of about 260 MeV/c. Each STRAW detector
is built from 4 planes of STRAW tubes in each of the X(0◦ ), Y(90◦ ), U(-45◦ ) and V(+45◦ ) orientations orthogonal to the beam axis, to enable efficient pattern recognition, with expected momentum
resolution σ (p)/p = (0.32 ⊕ 0.008p)%.
Identification of the π + to distinguish the rare π + ν ν̄ decay from the common K + decay to
µ + ν requires π : ν separation at the level of 107 , of which 105 is provided by the MUV detectors
and a factor of 100 by the RICH, with the additional important feature of timing resolution of
100 ps, which enables discrimination against background. The schematic representation of the
decay K + → π + ν ν̄ is shown in figure 2(a).
The kinematics of the decay constrained by the observable kaon ~pK and daughter pion ~pπ 3momenta, together with the decay angle θπK and respective masses, are described by the missing
mass squared of the undetectable neutrino-antineutrino pair
m2miss = m2K + m2π − 2EK Eπ + 2|~pK ||~pπ | cos θπK
where Ei =

(2.1)

q
|~pi |2 + m2i , for i ∈ {K, π}. Based on the quality of the tracking the foreseen resolution

on the missing mass squared is 0.001 GeV2 /c4 . The distribution of m2miss for K + → π + ν ν̄ overlayed
with the highest BF kaon decay channels prone to mimic signature of the signal, is shown in
figure 2(b). The signal is measured within two regions defined by the edges of 3 major K + decays,
namely K + → µ + ν, K + → π + π 0 and K + → π + π + π − , where backgrounds can be kinematically
controlled. Monte Carlo studies indicate that 92% of the background kaon decays are rejected by
kinematic constraints on the reconstructed m2miss .
For decays involving photons, e.g. π 0 → 2γ coming abundantly from K + → π + π 0 , the hermetic system of veto calorimeters comprising Large Angle Veto (LAV), Liquid Kripton (LKR),
Intermediate Ring Calorimeter (IRC) and Small Angle Calorimeter (SAC), ensures coverage up
to 50 mrad with respect to the beam axis. At larger angles detection is provided by the LAV sub-
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(a)

detectors, a hermetic set of 12 rings made of lead-glass blocks spaced at intervals along the vacuum
decay region. Small angle photons are measured by the IRC and SAC, both made of scintillators
sandwiched between iron walls. The position and energy of the remaining photon and electron
secondaries from kaon decays are measured from LKR energy deposits. The overall photon veto
system inefficiency accounts for less than 10−8 for π 0 originating from K + → π + π 0 .

3

KTAG upgrade for CEDAR

3.1

KTAG mechanics and optics

NA62 will use a CEDAR Cherenkov counter filled with hydrogen at 3.6 bar or nitrogen at 1.7 bar.
The CEDAR detectors were developed in CERN in the early 1980’s to identify particles in SPS
secondary beams at fluxes of a few MHz with time resolution of a few ns. However, to obtain
the necessary, precise time resolution in the 800 MHz NA62 beam the original 8 large PMTs were
replaced with an array of 384 small, fast Hamamatsu (series R9880U [9]) PMTs. The new PMTs
are housed within the KTAG detector volume. The mechanical challenge for the upgrade was
to preserve the current optical stability of the CEDAR and ensure that all the Cherenkov light
reaches the photo-detectors. This required the accurate mounting of the photo-detectors and optical
components in a rigid, light-weight (spider-shaped) structure that could be precisely located relative
to the quartz windows of the existing CEDAR nose. Since the beam is surrounded by a highintensity muon halo, accompanied by low energy neutrons, the KTAG frame locates the photodetectors at a radius of 35 cm and associated electronics within an envelope of radius 50 cm, thus
minimising the background. The mechanical design of the KTAG upgrade for CEDAR photon
detector is shown in figure 3. In this new configuration PMTs are subdivided into octants with 48
PMTs each and facing perpendicularly towards the beam axis.
With KTAG the Cherenkov photons emerging from CEDAR quartz windows are reflected off
90◦ angle spherical mirrors to arrive at the PMT matrices. Before the reflection, the divergence of
the Cherenkov light exiting the quartz window is corrected by a focusing lens (optical cap lens) to
improve photon yield at the photosensitive plane. The final 48 PMT matrix is attached onto light
collecting cones (with aluminised mylar inserts) machined into curved aluminium plates (light
guides). The protection against mechanical shock and electromagnetic noise for each group of
48 PMTs and their associated front-end electronics is provided by embedding them within ‘lightboxes’ having metallic sides to form a Faraday cage. To minimise temperature gradients during the
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The NA62 experimental strategy demands 95% kaon identification with the pion misidentification
probability below 10−4 to be performed by the KTAG. Furthermore, the precise time mapping
between different rate environments upstream and downstream of the decay region, imposes the
requirement of better than 100 ps time resolution requirement for the identification of the kaons
crossing KTAG at 50 MHz. The excellent timing is essential to reject fake triggers originating
from interactions, with residual gas molecules in the vacuum tank, of the 94% component of pions
and protons in the beam. This enables a relaxation on the required vacuum quality in the decay
region to ≈ 10−6 mbar [7], which is necessary given the difficulty in pumping such a large volume.
In addition the precise timestamp aids in the rejection of candidate kaon decays originating from
pion and proton interactions on the last GTK station.

(b)

Figure 3. (a) KTAG detector computer-aided design (CAD) model, showing fully instrumented half of the
support frame. (b) Geant4 [8] simulation of the KTAG for the CEDAR upgrade. The components of the
optical system outside the CEDAR vessel are sketched.

operation of the CEDAR, KTAG and the upstream end of the CEDAR are both surrounded by a
light-tight thermal enclosure. The modest heat generated by the electronics within each of the light
boxes is removed via a water cooling system. In addition, safety considerations require a nitrogen
blanket around the optical-readout electronics and high voltage (HV) components to eliminate any
possibility of combustion in the event of a hydrogen leak from the Cherenkov vessel.
To monitor the long-term optical performance of the mirrors and light-collection cones they
are illuminated by blue light from a light emitting diode (LED), transmitted via a set of 8 optical
fibres situated symmetrically about the quartz windows. The KTAG support structure is built in
two halves for ease of assembly around the beam pipe and dowelled to a rigid cylinder permanently
attached to the CEDAR flange.
3.2

KTAG front-end and read-out electronics

The KTAG front-end electronics is based on NINO boards with 8 NINO ASIC [10] mezzanine
chips (8 channels each), allowing for read out of up to 64 PMTs per octant. The boards are kept
in thermal contact with the cooled lid of the light box. Each NINO chip operates in Time-OverThreshold (TOT) mode with remotely adjustable threshold level. The NINO requires differential
input, therefore the standard single-anode PMT High Voltage Divider (HVD) from Hamamatsu
has been replaced by custom-made printed circuit board (PCB) with differential anode output. The
frond-end NINO board attached onto the light box cooling plate is shown in figure 4(a).
The PMT output signal is initially discriminated and shaped via NINO before being sent as
Low Voltage Differential Signal (LVDS) to 128-channels Time to Digital Converter (TDC) modules. The TDCs are hosted by TEL62 [11, 12] motherboards (figure 4(b)) — integrated trigger
and data acquisition boards developed by the NA62 collaboration. Each TDC module contains
four High Performance Time to Digital Converter (HPTDC) chips with the time resolution of
∼ 97 ps [13] and provides precise time tagging of electronic signals. In order to compensate for the
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(a)

(b) TEL62 motherboard

Figure 4. The KTAG Electronics.

variation in rise time (slewing) across signals with different amplitudes, both leading and trailing
edges of the NINO LVDS output are stored.
3.3

2012 technical run results

The performance of the partially instrumented (32 PMTs in 4 octants) KTAG/CEDAR detector
was assessed with physics beam during 2012 Technical Run (TR2012). As a proof of principle
the pressure scan was performed (figure 5(a)) for the CEDAR filled with nitrogen. This enabled
the precise pressure to be found at which the kaon identification was most efficient. All beam
particles were resolved with varying efficiencies and purities depending on the level of coincidence
required. Maximum purity for the kaon signal is seen when at least one photon is detected in each
of the 4 octants. It should be noted that the final implementation of KTAG to be used from October
2014 onwards, will have all 8 octants populated with 48 PMTs, rather than the 32 per octant used
in 2012. The nitrogen pressure from the fit to the kaon distribution showing 4-fold spectrum was
1.742 bar, which is consistent with the value from the previous test beam in 2011 [14].
The KTAG time resolution σKTAG (t) for kaon tagging is a function of the average PMT time
resolution σPMT (t) and the mean number of hits per kaon candidate NPMT (see eq. (3.1)).
σPMT (t)
σKTAG (t) = √
NPMT

(3.1)

During TR2012, a value of NPMT = 7.86 ± 0.02 was measured and after channel synchronisation (T0 calibration) and channel-by-channel corrections to compensate the different detection
latencies of signals with different amplitudes (slewing correction) the evaluated PMT time resolution (figure 5(b)) was σPMT (t) = (287.1 ± 0.8) ps. This translates to KTAG time resolution of
σKTAG (t) = (102.4 ± 0.3) ps with less than half of the detector equipped. The result is already at
the level required by the NA62 experiment (100 ps). The time resolution is expected to improve
2014 (t) . 70 ps) upon completion of the detector for the coming physics run.
further (60 ps . σKTAG
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(a) NINO board

(b)

Figure 5. TR2012 results: (a) pressure scan. (b) PMT time distribution with respect to the kaon candidate
time, after different levels of corrections.

(a)

(b)

(c)

Figure 6. Input granularity for Cedar Vessel alignment algorithms: (a) asymmetry. (b) chi-squared minimisation. (c) geometrical fit; presented with fit result.

3.4

CEDAR vessel alignment

In order to maximise K + identification efficiency, CEDAR vessel alignment with respect to the
beam axis has to be monitored. This is achieved by 3 different methods: asymmetry, χ 2 minimisation and geometrical fit, all using photon yield per PMT as a starting point, but evaluated
with different information granularity. With the most coarse approach i.e. asymmetry (figure 6(a)),
one monitors photon occupancy per octant in up-down and left-right ratios ((U-D)/(U+D) and (LR)/(L+R)), adjusting Cedar vessel position in the suggested direction until no asymmetry (or improvement) is observed. The χ 2 procedure (figure 6(b)) subdivides each octant in to groups of 8
PMTs and produces Monte Carlo (MC) templates with PMT photon counts, for possible x and y
vessel misalignments with respect to the z (beam) direction. The actual CEDAR position is determined from the data by finding the template which minimises χ 2 .
The final method, geometrical fit (figure 6(c)) introduces an artificial (X,Y) plane where all
octants are rotated to face downstream. By exploring circular symmetry, a circle fit is performed
to the Cherenkov light distribution recorded per each PMT. The assumption is that the observed
shift in the best circle center coordinates is correlated with the movement of the CEDAR. Similarly
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(a)

to χ 2 approach MC templates are produced, in this case separately for x and y center coordinates.
The actual alignment parameters are extracted from data by finding intersection between contours
reflecting data fit on the respective templates. The accuracy of the template based methods will
strictly depend on the quality of the model and is expected to improve with first data.

4

Conclusions
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KTAG installation into the NA62 experiment in CERN was completed by the end of September
2014. For the first part of a Physics Commissioning run of 60 days, starting in October 2014, the
activities are concentrated on the commissioning of hardware, readout electronics, data acquisition
and triggering with a low-intensity beam. During the second part of the run, data will be taken
to enable the relative BFs of the 6 common decay modes of the K + to be measured as a proof of
principle that the detector has been understood. For the 3 years of operation from 2015–2017 the
main goal of the experiment will be the measurement of K + → π + ν ν̄ decay, collecting O(100)
events predicted by the SM with 10% precision to search for any discrepancy from the Standard
Model prediction.

The NA62 collaboration
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