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Abstract

The NA62 experiment at CERN represents state-of-the-art kaon physics research
with the ultimate goal of observing indirect signals of Physics Beyond the Standard
Model. The experiment is designed to measure with a ten per cent error margin
the branching ratio of K+ → π+νν̄, predicted by the Standard Model to be at
10−10 level, and to study with great precision various other kaon decay modes.

In 2007 the NA62 Experiment collected a large sample of charged kaon decays
with a highly efficient trigger for decays into electrons. The kaon beam decaying
in-flight can be used as a source of tagged neutral pion decays.

The main goal of this thesis is to exploit the 2007 data sample and determine
the slope parameter of the neutral pion transition form factor (TFF). The π0

TFF enters predictions for important quantities like e.g., the rare π0 → e+e−

decay rate or so-called hadronic light by light scattering contribution to the muon
anomalous magnetic moment. In this thesis we present the analysis of ∼1.1 million
fully reconstructed π0 → γ e+e− Dalitz decays. To this day, the obtained result
a = (3.68 ± 0.56) × 10−2 represents the most precise measurement of the form
factor slope in the time-like momentum region.

The thesis also provides an overview of the Trigger and Data Acquisition System
in the NA62 Experiment. The emphasis is on the author’s contribution to the
development and operation of the Local Trigger Unit and Straw Detector readout
system.
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Abstrakt

NA62 experiment v CERN-e predstavuje špičku v oblasti výskumu fyziky kaónov,
ktorej cieľom je pozorovanie nepriamych signálov prítomnosti novej fyziky rozširu-
júcej Štandardný Model elementárnych častíc. NA62 experiment je navrhnutý tak,
aby s presnosťou 10 percent zmeral pravdepodobnosť vzácneho rozpadu nabitého
kaónu K+ → π+νν̄, ktorá je očakávaná na úrovni 10−10. Predmetom skúmania
budú tiež iné zriedkavé rozpadové kanály kaónov.

V roku 2007, NA62 experiment zaznamenal veľké množstvo rozpadov nabitých
kaónov za použitia vysoko efektívneho trigger nastavenia experimentu pre rozpady
s elektrónmi v koncovom stave.

Hlavným cieľom tejto dizertačnej práce je využitie dát z roku 2007 na meranie
prechodového formfaktora neutrálneho piónu. Tento formfaktor vstupuje do viac-
erých teoretických výpočtov dôležitých veličín, akou je napríklad pravdepodobnosť
vzácneho rozpadu π0 → e+e− alebo príspevok takzvaného hadrónového “light by
light” rozptylu do anomálneho magnetického momentu miónu. V predkladanej
dizertačnej práci je prezentovaná analýza približne 1,1 milióna plne zrekonštruo-
vaných Dalitz rozpadov neutrálneho piónu π0 → γ e+e−. Dosiahnutý výsledok pre
parameter v lineárnom rozvoji formfaktora, a = (3.68± 0.56)× 10−2, predstavuje
doteraz najpresnejšie meranie prechodového formfaktora v zodpovedajúcej oblasti
fázového priestoru.

V dizertačnej práci je tiež zhrnutý systém pre trigrovanie a zber dát NA62
experimentu s dôrazom na príspevok autora do vývoja Local Trigger Unit (lokálnej
trigrovacej jednotky) a systému pre zber a monitorovanie dát z detektora Straw.

Kľúčové slová:
NA62 experiment, zriedkavé rozpady kaónov, formfaktor neutrálneho piónu



1 Introduction

1.1 π0 Dalitz Decay and Transition Form Factor

The neutral pion is the lightest meson and plays a very important role in the
study of low-energy properties of the strong nuclear force. Its basic properties are
summarised in the following table.

Particle symbol π0

Quark content (uū− dd̄)/
√

2
Quantum numbers IG(JPC) = 1−(0−+)
Mass (134.9766± 0.0006) MeV/c2

Mean lifetime (8.52± 0.18)× 10−17 s

Table 1: Neutral pion physical properties [1].

The π0 decays almost instantaneously via the electromagnetic interaction with
two photons. The branching ratio of the dominant decay π0 → 2γ is 98.823%;
the second most important decay channel, the so-called Dalitz decay (π0

D): π0 →
e+e−γ, proceeds via the same π0γγ vertex with probability 1.174 %. The Dalitz
decay is named after Richard H. Dalitz who first studied it in [2]. The remaining
observed decay channels are very rare: π0 → e+e−e+e− (BR ∼ 3.3 × 10−5),
π0 → e+e− (BR ∼ 6.5× 10−8) and π0 → γ positronium (BR ∼ 1.8× 10−9). [1]

(1.1) π0 → 2γ decay channel. (1.2) π0 → e+e−γ, Dalitz decay (π0
D)

Figure 1: Main π0 decays: Leading-order Feynman diagrams.

In the π0
D process, the standard kinematic variables x and y are defined in terms

of particle four-momenta:

x =
(
me+e−

mπ0

)2
= (pe+ + pe−)2

m2
π0

, y = 2 pπ0 · (pe+ − pe−)
m2
π0(1− x) . (1)
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The differential decay width of the π0
D decay reads

1
Γ(π0

2γ)
d2Γ(π0

D)
dxdy = α

4π
(1− x)3

x

(
1 + y2 + r2

x

)
|F(x)|2 (1 + δ(x, y)) , (2)

where F(x) is the π0 transition form factor (TFF). In the allowed kinematic
region for the π0

D decay, F(x) is expected to vary slowly and it is sufficient to use
a linear approximation

F(x) = 1 + ax , (3)

where a is the so-called TFF slope parameter. Function δ(x, y) encodes the
radiative corrections to the π0

D differential decay width and can be divided into
three parts, based on their origin, δ = δvirt + δBS + δ1γ IR, where δvirt stands for
the virtual radiative corrections, δBS for the bremsstrahlung, and δ1γ IR for the
one-loop one-photon irreducible contribution, neglected in [3], and computed for
the first time in [4].

Since the π0 transition form factor does not depend on the y Dalitz variable, in
our measurement of the π0 TFF (see section 2) we extract the slope parameter
only from the reconstructed distribution of x Dalitz variable. We can therefore
integrate the π0

D differential decay width in eq. (2) over y and obtain

1
Γ(π0

2γ)
dΓ(π0

D)
dx = 2α

3π
(1− x)3

x

(
1 + r2

2x

)√
1− r2

x
(1 + δ(x)) (1 + a x)2 , (4)

Function δ(x) with its components is shown in Fig. 2. We see that the radiative
corrections effectively introduce an extra slope to the x spectrum in comparison
to the LO differential decay width, which means that it is essential to take them
into account in a π0 TFF measurement.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(x
)

δ

0.4−

0.35−

0.3−

0.25−

0.2−

0.15−

0.1−

0.05−

0

0.05

(x)IRγ1δ

(x)virtδ(x) + bremδ
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Figure 2: Size of the radiative corrections to the π0
D Decay versus x.
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1.2 K+ → π+νν̄ Decay and New Physics

The NA62 experiment aims to measure the branching ratio of the ultra-rare
K+ → π+νν̄ decay, and to study various other kaon decay modes as well. For
reference, basic properties of charged kaons are listed in the following table. In the
second table six main decay modes of K+ with their branching ratios are given.

Particle symbol K+

Quark content us̄

Quantum numbers I(JP ) = 1/2(0−)
Mass (493.677± 0.016) MeV/c2

Mean lifetime (1.2380± 0.0021)× 10−8 s

Table 2: Charged kaon physical properties [1].

Final state Decay type Branching ratio
µ+νµ leptonic (63.560± 0.110) %
π+π0 hadronic (20.670± 0.080) %
π+π+π− hadronic (5.583± 0.024) %
π0e+νe semileptonic (5.070± 0.040) %
π0µ+νµ semileptonic (3.352± 0.033) %
π+π0π0 hadronic (1.760± 0.023) %

Table 3: K+ main decay modes [1].

The K+ → π+νν̄ decay arise only at loop level in the SM. The corresponding
flavour changing quark transition s̄→ d̄νν̄ receives contributions from electroweak
penguin (Z boson exchange) and box (W boson exchange) diagrams, see Fig. 3.

s̄

ν̄

ν

d̄

ū, c̄, t̄

W+ W+

Z

(3.1)

s̄

ν̄

ν

d̄

ū, c̄, t̄

W+

Z

(3.2)

s̄

d̄

ν

ν̄

e, µ, τū, c̄, t̄

W+

W−

(3.3)

Figure 3: Feynman diagrams for the K+ → π+νν̄ decay in the Standard Model.
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The latest update on the SM prediction for the K+ → π+νν̄ branching ratio (BR)
has reached a very high precision in the SM framework [5]:

BRSM(K+ → π+νν̄) = (9.11± 0.72)× 10−11 . (5)

The K+ → π+νν̄ branching ratio can be significantly enhanced beyond the SM,
but the size of this enhancement strongly depends on NP scenario considered
and the constraints in a given scenario coming from other observables. The
decay has been studied over many years in various concrete extensions of the SM,
such as Z ′ models [6], and the Minimal Supersymmetric Standard Model [7]. A
comprehensive review of the analyses performed until 2007 can be found in [8].
Recent analysis in [9] studied the decay together with other flavour observables
in the simplest extensions of the SM in which the most stringent correlations
between these observables are present.

The K+ → π+νν̄ decay has been observed by the E787/E949 experiments at the
Brookhaven National Laboratory. The measured branching ratio value is based
on the observation of seven candidate events and reads

BRexp(K+ → π+νν̄) = (17.3 +11.5
−10.5)× 10−11. [10] (6)

High uncertainty of the experimental result is the main motivation for a new
measurement of the branching ratio with an improved precision at NA62.

Figure 4: K+ → π+νν̄ events recorded by the E787 and E949 experiments [10].
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2 π0 Transition Form Factor Measurement

The NA62 experiment with its high intensity kaon beam can be also viewed as a
π0 factory. Neutral pions are produced in four of the six main K+ decay modes
(see Table 3). The cleanest one for a π0 analysis purposes is the K+ → π+π0 (K2π)
decay; the charged pion can be used to tag the production of π0. Moreover there
are no neutrinos in the final state, thus more stringent kinematic constraints can
be imposed on the reconstructed particle properties in order to suppress possible
background processes.

In 2007 the NA62 experiment used a modified beamline and detector from its
predecessor, the NA48/2 experiment. Data taking conditions were optimised
for acquisition of electrons in order to obtain a large sample of the helicity
suppressed K± → e±ν decays, in order to measure the decay rate ratio RK =
Γ(K± → e±ν)/Γ(K± → µ±ν). The beam intensity was reduced in comparison
with NA48/2 by a factor of ∼ 10 to enable the operation of a minimum-bias trigger
configuration with high efficiency, and to minimise the accidental background.
This makes the 2007 data sample optimal for an analysis of the π0 Dalitz decay.

The slope parameter of the π0 TFF enters the differential decay width of the π0
D

decay, see eq. (4). The slope value can be extracted from π0
D events selected from

the NA62 2007 data sample by comparing the reconstructed distribution of the x
kinematic variable (defined in eq. (1)) to a reconstructed distribution obtained
by a Monte Carlo (MC) simulation, where the slope value is known and can be
changed. The measured value of the slope parameter is the one that gives the
best agreement between data and MC distributions.

A new MC π0
D decay generator was developed specifically for the analysis presented

in the thesis. The main improvement of the new event generator in comparison
to the previously existing generators lies in the correct x Dalitz variable distri-
bution, inclusive of the radiative corrections and simulation of radiative photons
(bremsstrahlung) in the final state.

An important part of the analysis is the K± → π±π0
D → π±e+e−γ event selection

procedure. Since the π0 mean free path in the NA62 experimental setup is
negligible (few μm), we select events with three reconstructed tracks (π±, e+, e−

candidates) originating from the same vertex in the experimental fiducial decay
region. Next we ask for exactly one good cluster in the electromagnetic calorimeter
not associated to any of the tracks, which we then consider as our γ candidate. A
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series of kinematic constraints is then used to identify the tracks and π0
D events.

Distributions of the reconstructed invariant masses and the x Dalitz variable are
shown in Fig. 5.

]2 [GeV/cπ2 M
0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56

)2
 E

ve
nt

s 
/ (

1 
M

eV
/c

210

310

410

510

Data

Data

D
0π ±π → ±K

ν±µ D
0π → ±K

ν± eD
0π → ±K

(5.1) π±π0 invariant mass.

]2 [GeV/cγee M
0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17

)2
 E

ve
nt

s 
/ (

0.
5 

M
eV

/c

210

310

410

510

Data

Data

D
0π ±π → ±K

ν±µ D
0π → ±K

ν± eD
0π → ±K

(5.2) e+e−γ invariant mass.

 x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 E
ve

nt
s 

/ 0
.0

1

10

210

310

410

510

Data

Data

D
0π ±π → ±K

ν±µ D
0π → ±K

ν± eD
0π → ±K

(5.3) Dalitz x variable.

Figure 5: Distributions of reconstructed invariant masses and Dalitz x variable.

The extraction of the π0 TFF slope from the selected event sample is based on a
comparison between the data distribution of the reconstructed x Dalitz variable,
and MC distributions corresponding to different TFF slope values a used at the
generator level. The fit result corresponds to the MC distribution with the best
data/MC agreement. For the data/MC histogram comparison we decided to use
a binned χ2 test. Since a χ2 estimator does not work properly for histograms
with very few events per bin (or empty bins), equipopulous binning for the x
histograms was used.
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A re-weighting method was used to create x distributions according to different
slope values from a single produced MC sample. At the generator level we used a
constant value, asim = 0.032, which corresponds to the central value of the PDG
world average [1]. Then in order to prepare a MC histogram corresponding to
a particular slope value a, the following weight needs to be applied to each MC
event:

w(a) = ( 1 + a xtr)2

( 1 + asim xtr)2 , (7)

where xtr is the MC true value of the x Dalitz variable. The measured value of
the π0 transition form factor slope using the NA62 2007 data sample is

a = (3.68± 0.51)× 10−2 , (8)

where the total statistical uncertainty is quoted. The uncertainty is dominated
by the statistical uncertainty due to the data sample size (δadata = 0.48× 10−2)
with a smaller contribution from the MC sample size (δaMC = 0.18× 10−2). The
χ2/ndf corresponding to the data/MC(afit) comparison is 54.8/50, which has a
p-value of 26.4%.

The fit result is illustrated in Fig. 6 where the effect of a positive TFF slope is
clearly seen from the ratio of the data and MC distribution with a = 0. The
horizontal positions of black markers correspond to the barycenters of the data
divided into 20 equipopulous bins. MC events are re-weighted to obtain the
distribution corresponding to the flat form factor (zero TFF slope value). Red
solid line represents the TFF function with the slope value equal to the fit central
value. Red dashed lines correspond to the 1σ band.
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Figure 6: Fit result illustration.
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The thesis also includes a study of systematic effects on the TFF slope result.
The most important systematic uncertainties were assigned due to the measured
shifts of the TFF slope fit result after variation of the spectrometer momentum
scale calibration and tests against accidental background events. The statistical
and systematic uncertainties are summarised in the following Table 4.

Source δa (×102)
Total statistical 0.51
Statistical – data 0.48
Statistical – MC 0.18
Total systematics 0.24
Spectrometer momentum scale 0.16
Accidental background 0.15
Particle mis-ID 0.07
Spectrometer resolution 0.05
LKr non-linearity and energy scale 0.04
Beam momentum spectrum simulation 0.03
Neglected π0

D sources 0.01

Table 4: Summary of uncertainty sources.

The main contribution to the overall error budget is statistical, coming from the
data sample size. Systematic uncertainties are well under control. The final result
of our measurement of the π0 TFF slope parameter is:

a = (3.68± 0.51stat ± 0.24syst)× 10−2 = (3.68± 0.56)× 10−2 . (9)

The result is compatible with theoretical predictions at ∼1σ level. For example,
the vector meson dominance model predicts the value of a = 0.0309± 0.0010 [11],
and calculations within the two-flavour chiral perturbation theory framework gave
the slope value a = 0.029± 0.005 [12]. The slope parameter was also extracted
from space-like data using Padé approximants in [13] (a = 0.0324± 0.0020), and
a dispersive analysis of the TFF [14] resulted in a = 0.0307± 0.0006.

The obtained NA62 result can be directly compared to other experiments that
studied the π0 Dalitz decay and extracted the TFF slope from the reconstructed x
spectrum. The first such measurement which included radiative corrections to the
π0
D simulation was performed at CERN in 1977 [15]. The technique used in the

measurement is very similar to the approach used in our analysis. TheK+ → π+π0
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followed by a prompt π0
D → e+e−γ decay was studied. The measurement quotes

only the statistical error in the slope parameter estimation and reads

a = 0.10± 0.03stat ; [15]. (10)

Three other experiments used a different technique to produce neutral pions,
namely charge exchange of negatively charged pions with protons π−p → π0n.
The results on the TFF slope were mostly consistent with the theoretical prediction
of a positive slope.

a = −0.110± 0.030stat ± 0.080syst [16]

a = 0.026± 0.024stat ± 0.048syst [17]

a = 0.025± 0.014stat ± 0.026syst [18]

(11)

We see that the experimental precision of the π0 TFF slope determination from
the π0

D decays was very limited with the large statistical and systematic errors
in comparison to the theoretical expectations. Our result represents the most
precise measurement of the form factor slope in the time-like momentum region
to this day as illustrated in Fig. 7. The positive slope value is directly observed
with more than 6σ significance for the first time.

 TFF slope0π
0.1− 0.05− 0 0.05 0.1

Geneva-Saclay (1978)

Saclay (1989)

SINDRUM I @ PSI (1992)

TRIUMF (1992)

NA62 (2016)

30k eventsFischer et al.

32k events
Fonvieille et al.

54k eventsMeijer Drees et al.

8k eventsFarzanpay et al.

1.1M events

Figure 7: Results on the TFF slope from π0
D measurements.
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3 Contributions to NA62 Trigger and Data
Acquisition System

The NA62 experiment was designed to measure the branching ratio of the ultra-
rare K+ → π+νν̄ decay. Unlike the experiments E787/E949 [10] which used
a separated K+ beam with kaons stopped at a target, the NA62 experiment
will use a high momentum (∼ 75 GeV/c) unseparated kaon beam produced by
400 GeV/c momentum protons delivered from the Super Proton Synchrotron
(SPS) accelerator impinging on a beryllium target. Consequently, a decay in flight
technique will be used to identify K+ decay products. The intense flux of the
hadron beam yields very strong requirements for Trigger, and Data Acquisition
(TDAQ) system of the experiment. All systems (trigger distribution, sub-detector
read out) will have to deal with very high particle rates. Therefore a new fully
digital system has been developed, fully described in [19].

3.1 Local Trigger Unit Development

The Local Trigger Unit (LTU) serves as an interface between the L0 Trigger
Processor (L0TP) and sub-detector readout electronics. The LTU is a 6U VME1

board, electrically connected to the L0TP and to the boards belonging to the local
partition of the Trigger, Timing and Command (TTC) system, originally designed
and used by LHC experiments.2 Development of the LTU control software and
the LTU module testing was the main responsibility of the Bratislava NA62 group
in the development phase of the NA62 experiment. During the NA62 data taking,
the group provides support for the operation of the LTU. The author of the
presented thesis has been one of the main contributors.

In the normal run of the NA62 experiment, the LTU is in the so-called global mode
when it serves as a transparent interface between the L0TP and the sub-detector
front-end electronics. Together with the TTCex module, it encodes the electrical
input from the L0TP to the TTC optical network. The trigger signals are encoded
in the optical network together with the 40MHz clock signal. The LTU also
provides useful monitoring tools (e.g. counters of different trigger related signals)
and configuration options (e.g. timing delays). [20]

1https://en.wikipedia.org/wiki/VMEbus
2http://cern.ch/ttc/
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An important feature of the LTU is that it can be switched into the second mode
of operation, so-called standalone mode. In the standalone mode the LTU can can
emulate a L0TP and send trigger signals by itself. This mode is very useful in a
laboratory setup during a sub-detector development phase. The standalone mode
can be also used in the experimental setup when a specific sub-detector wishes to
be disconnected from the global trigger chain.

The control software for users of the LTU involves an additional layer of Graphical
User Interface (GUI) software, written in Java programming language. The GUI
provides an easy way for users to control different LTU functionalities and settings
easily by “clicking” buttons instead of writing complicated commands into the
command line. An example is shown in the software screenshot in Fig. 8, where
the LTU main menu window and the L0TP emulation control is shown.

The L0TP emulation is one of the most complicated parts of the LTU firmware
and software. The emulation logic was designed by the author and Marian Krivda,
who then implemented it in the LTU firmware. The emulation control software
was developed by the author.

Figure 8: LTU software screen-shot,
Top controller (left), L0TP emulation controller (right).

LTU module proved to be very reliable and stable in the NA62 data taking. The
LTU monitoring tools were used to identify various TDAQ system related issues
encountered during the preparation for the NA62 physics run.
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3.2 Straw Spectrometer Online Software

Every device in the NA62 TDAQ chain (readout subsystems, L0TP, clock distri-
bution system, PC farm) is controlled and monitored during data taking by the
NA62 Run Control (RC) software. The RC software is running in the Control
Room of the experiment, and it is operated by shifters. From the software, the
shifters can issue commands to all the TDAQ devices in order to, e.g. apply
specific configuration or to start recording and sending data to the PC farm.
Communication between a subsystem and the RC proceeds via DIM protocol, de-
veloped at CERN.3 The responsibility of each subsystem is to develop an interface
software which listens to the pre-defined commands sent from the RC.

Straw run control interface software is a program running on the computers
controlling the Straw Readout Boards (SRB). The program runs as a daemon
server, it uses a finite state machine architecture, with four defined states and
several commands.

Figure 9: Straw run control server states and commands.

The operation of the NA62 Straw Spectrometer requires continuous monitoring
of the data acquisition system status in order to ensure the high quality of the
delivered physical data. Monitoring of the Straw DAQ is automatically performed
by the Straw run control interface software. In particular, hardware status, internal
buffer overflows and connection stability between SRBs and Covers are checked
after every SPS spill. Results are logged together with the run and spill number
and the information can be later used in the offline analysis.

After receiving a special command, the SRB can store the raw data containing all
recorded hits and received triggers from one SPS spill in its DDR memory. These

3http://cern.ch/dim/
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data are then read out via VMEbus and saved on the hard drive of the controlling
VME Single Board Computer (SBC). The command is issued periodically by the
Straw run control interface software to all SRBs or manually by an expert. The
raw data are then automatically processed by a dedicated module and the results
are stored in the form of ROOT [21] histograms. Multiple analysis tools in the
Straw raw data monitoring framework which combine the recorded trigger and
hit information proved to be very helpful during the commissioning and initial
data taking stages.

(10.1) Straw Spectrometer channel activity.

(10.2) Track properties reconstructed by the Straw Spectrometer.

Figure 10: A screenshot of Straw online data monitoring plots from 2015 run.
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