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Abstract

The NA62 experiment aims at measuring the branching ratio of the ultra-
rare decay KT — 7t v with 10% precision. To achieve the desired precision,
high levels of background rejection must be accomplished using techniques
such as high-resolution timing, kinematic rejection, particle identification,
and hermetic vetoing of photons. K+ — 7770 (K,9) decays, one of the
largest background sources, are mainly rejected by kinematics reconstruc-
tion and photon vetoing in NA62. To evaluate K, o background rejection
capabilities of the NA62 system, we studied the inefficiency of these two
techniques. Ko and KT — pu'v (Kug) events were selected from 2015
minimum bias data runs using Kro/K,2 separation cuts whose efficiency
was also studied in details. The inefficiency of kinematics suppression was
found to be (2.16 4 0.21) x 1073, and the upper limit of the photon veto
inefficiency was 7 x 107 at 90% confidence level. Combined with correction
factors from Monte Caro simulations, a preliminary result, S/B > 0.2, was
estimated for K9 background in the measurement of K — 7 v, Also, an
upper limit on the branching ratio of the invisible decay 70 — v, 4.3 x 1077,
was obtained at 90% confidence level.
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Preface

This thesis is based on the experimental apparatus and data of the NA62
experiment.

The NA62 collaboration has 337 members from 30 different institutions.
I joined the experiment in January 2015 when the 2014 pilot run finished.
Since then I mainly focused on the data analysis and tried to evaluate K o
background rejection capabilities of the NA62 system. I also worked with the
STRAW working group during my stay at CERN. Under the supervision of
Hans Danielson, I conducted several tests using the STRAW prototype: gas
leak measurements, experimenting with methods of decreasing the ambient
noise signal, examining the signal threshold using the scanning data and
also gain measurement presented in Appendix Al In addition, I participated
in a few data taking shifts in 2015 and 2016.

The apparatus description in Chapter 3| is mainly based on the NA62
technical design [1] and papers on related detectors. The corrections (section
4.1), one track selection cuts (section [4.2)) and additional LKr reconstruction
algorithm (section are developed by Giuseppe Ruggiero. With the
help of Douglas Bryman and Giuseppe Ruggiero, I set photon veto cuts in
Chapter [5l I completed all the data analysis of 2015 minimum bias data
and Monte Carlo data presented in this thesis except reconstruction of data
runs which was conducted by Antonino Sergi.

iii



Table of Contents

Abstract . . . ...
Preface . . . . . . . i
Table of Contents . . . . . . . ... .. ... ..., fiv]
List of Tables . . . . . . . . . . . . ... vl
List of Figures . . . . . . . . . . . . . . .. tviidl
Glossary . . . . . . ... i
Acknowledgements . . . . . .. ... ... ... ... il
Dedication . . . .. .. .. ... ... xivi
1 Introduction . ... ... ... ... ... ... ... . ... . 1|
1.1 Overview of the NA62 experiment . . . . . . ... ... ... 1
1.1.1 Motivation for the NA62 experiment . . .. .. ... [

1.1.2 Decay-in-flight technique . . . ... ... ... ....

1.1.3 Main background sources and rejection techniques . . [4]

1.2 K,o background study . . . ... ... .. ... ....... K]
1.3 70 swostudy ... ... [8
1.4 Outline of the thesis . . . . . . . ... ... ... ... ..., [0l

2 NA62 Experimental Apparatus . . . ... ... .. ...... [11]
21 Beamline . . ... .. .. .. ... ... 13
2.2 Tracking devices . . . . . .. .. ... oL 14
221 GTK ... .. 15

2.2.2 STRAW spectrometer . . . . .. .. ... ... .... 16l

2.3 Particle identification and timing . . . . . . ... .. ... .. 18
231 CEDAR .. ... .. . . ... 18

232 RICH . ... ... . . ... 19

v



Table of Contents

2.4

2.3.3 CHOD . ... ... .. . . .
Vetosystem . . . ... ...
2.4.1 CHANTI . ... ... . ... ... . .. .. . ...
2.4.2 Photonveto . ... ... ... .. ... .. ...,
24.3 Muonveto . .. ... ... ...

Analysis strategies . . . . ... ... 0.

3.1

3.2

K9 background evaluation . .. ... .............
3.1.1 Kinematics suppression . . . . ... ... ... ...
3.1.2 79 suppression . ... ... ... ... ... ... ..
Upper limit on the branching ratio of the decay 7% — vi

Data sample selection . . .. ... ... ... ... .......

4.1

4.2
4.3

4.4

Corrections . . . . . . . . . ..
4.1.1 Spectrometer momentum correction . . . . .. .. ..
4.1.2 LKrcorrection . .. ... ... ... .. ... .....
One track event selection cuts . . . . . ... ... ... ...
Ko and K5 separation cuts and efficiency evaluation . . . .
4.3.1 Overview of separation cuts . . . . .. .. ... ...
4.3.2 FEfficiency . .. ... .. ... o
Final cuts used for selecting the data sample . ... ... ..
4.4.1 Cuts for kinematics suppression study . . . . . .. ..
4.4.2  Cuts for the 7° suppression study and 7 — v study

Photon vetocuts . . . . ... ... ...

5.1

5.2
5.3

5.4

LKr photon . . . . .. .. .
5.1.1 LKr standard photon . . . ... ... ... ... ...
5.1.2 LKrextra photon . . ... ... ... ... ......
LAV photons . . . . . . . . ...
SAC and IRC photons . . . . . . .. ... ... ... .....
5.3.1 SAV-LAVFEE photons . . ... ... ... ......
5.3.2 SAV-CREAM photons . . . ... ... ........
False veto effect . . . . . . ..o

Analysisresults . . ... ... ... ... ... ... ..., .

6.1

6.2
6.3

Kinematics . . . . . .. . ... ... .
6.1.1 Kinematics rejection for Ko . . ... ... ... ...
6.1.2 Kinematics acceptance for Krpp . . . . . . . . . ...
79 rejection using photon veto cuts . . . . . ... ... ...
Ko background . . . .. ... Lo

36
36
36

38



Table of Contents

6.4 Branching ratio of the decay 7° — v . . . . ... ... ... 71
7 Conclusions . . ... ... ... 73
Bibliography . . . . .. ... 75
Appendices
A Gain measurement of the STRAW spectrometer . .. . .. S0

B Study of the false K> rejection caused by additional 7+ LKr
clusters . . . . . . ... 34

vi



List of Tables

1.1
1.2

2.1

4.1
4.2

5.1

6.1

Most frequent K decays . . . ... ... ... ... ..... 4
Photon destinations in NA62 . . . . . . . . . ... ... ... 9

Comparison between the measured properties of full intensity

beam in 2015 run with the design values . . . . . . . ... .. 14
Geometrical acceptance cuts for detectors. . . . . . ... ... 42
Efficiency of LKr and MUV3 cuts for selecting K2 and K2

events . . ... L. 09
Number of K5 events passing photon cuts . . . . ... ... 66]

Number of K 9 events in two momentum ranges passing the
photon vetocuts. . . . . . ... ... [71]

vii



List of Figures

1.1
1.2

1.3

14
1.5

1.6
1.7

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8

2.9

2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17

4.1
4.2

A bird’s-eye view of the SPS and NA62 site . . . . . . .. ..
The box and penguin diagrams contributing to the K™ —
atvvdecay . . . ... ..
The seven candidate events of the BNL E787 and E949 ex-
periments. . . . ... Lo
Kinematics of the decay K™ — ntwi . . . . . . ... ... ..
Mgﬂ-s sing distribution for the signal and the kinematically con-
strained K™ decays. . . . . ... .. ... ... ... ...
Mn2u'ssing distribution for the signal and generic K+ decays.
Diagrams contributing to the 7° — v decay . . . ... ...

Layout of the NA62 experimental setup . . . . ... ... ..
Scheme of the primary and secondary beams . . ... .. ..
Schematic layout of the GTK . . . ... ... ... ... ...
Schematic view of the magnetic spectrometer . . . . . . . ..
Schematic drawing of the four views of each straw chamber
Schematic layout of the CEDAR . . . . .. ... ... .. ..
Schematic layout of the RICH . . . . . . ... ... ... ...
Fitted RICH ring radius for different downstream particles in
2015 run . . ..o e
Sketch of two planes of the CHOD . . ... ... .......
Schematic layout of the new CHOD . . . .. ... ... ...
Beam induced background rejected by the CHANTI . . . . .
A layout of a complete CHANTI station . . . . ... ... ..
Picture of the first LAV station . . . ... ... ... .....
Details of the ribbons and electrodes . . . . . . .. ... ...
Shashlyk technology . . . . . ... ... ... ... .. ....
Layout of a scintillator plate in MUV1 and MUV2 . . . . ..
A view of the MUV1 and MUV2 . . . ... ... ... ....

Number of straw chambers hit by downstream track . . . . .
Straw momentum difference before and after fit . . . . . . . .



List of Figures

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14
4.15

4.16
4.17

4.18
4.19

5.1

5.2

2.3

5.4

9.5

6.1

Diagrams for matching the CHOD Candidate with the Spec-
trometer track . . .. ..o
Criteria for matching the LKr Cluster with the Spectrometer
track . . . . L e
Criteria for matching the CEDAR Candidate with the Spec-
trometer track . . .. ..o
Criteria for matching the CHANTI Candidate with the Spec-
trometer track . . . ... oL oo
Diagrams for matching a multi-ring RICH Candidate with
the Spectrometer track . . . . . . . ..o
Diagrams for matching a single-ring RICH Candidate with
the Spectrometer track . . . . . . . ... ... L.
CDA and Z position distribution of decay vertex reconstructed
with nominal kaon . . . . .. .. ..o oL
CDA and Z position distribution of decay vertex reconstructed
with GTK kaon . . . . . . .. . ... ... ... .. ......
RICH mass distributions for one track events . . . . . .. ..
% distribution for one track events . . . . .. .. .. ... ..

2 . . .

Mmissing—ﬂ' distribution for one track events . . . . . . . . ..
2 . . .

Mmissingf u distribution for one track events . . . . . . . . ..
2 2 . . .

M. issing—r and My o, distributions for both Kro and

Kipdecays . . ... ...

Efficiency of M72nissing77r cut for selecting Ko sample . . . . .
RICH mass distributions for Ko and K2 decays . . . . . ..

Efficiency of RICH mass cuts for selecting K2 and K2 events.

% distributions for K9 and K, decays . . .. ... ... ..

Time difference between the LKr photon candidates and the
associated CHOD track . . .. ... ... ... .. ......
Time difference between the LKr extra photon candidate and
the associated CHOD track . . ... ... ... ... .....
Time difference between LAV photon candidate and the as-
sociated CHOD track . . .. ... ... ... ... ......
Time difference between LAVFEE based SAV photon candi-
date and the associated CHOD track . . . . .. ... ... ..
Time difference between CREAM based SAV photon candi-
date and the associated CHOD track . . . . .. ... ... ..
M2

missing—m

distribution for K9 MC events . . .. ... ...

ix



List of Figures

6.2

6.3
6.4

Al
A2
A3
A4

B.1

B.2

anissing—ﬂ distribution for K 2 events using GTK kaon and

spectrometer . . . . ... Lo
Mfm-mng_Tr distribution for K ,; MC events . . . . . . . . ..
K9 events surviving each photon vetocut . . . . . ... ...

Straw prototype with Gas and HV Input Connected . . . . .
Gain v.s. Voltage for Ar — COy(70-30) at 970 mbar . . . . .
Gain v.s. Voltage for Ar — CO3(85-15) at 970 mbar . . . . .
Gain v.s. Voltage for Ar — CO2(93-7) at 970 mbar . . . . . .

Distance of the selected LKr cluster to the projected position
of mminthe LKr . . . ... ... ... . ... .........
The reject efficiency distribution for different radii of the
masked region . . . . .. ... L Lo



Glossary

BNL
BR

CEDAR
CERN

Brookhaven National Laboratory

branching ratio, fraction of particles which decay by an
individual decay mode with respect to the total number of
particles which decay

CErenkov Differential counter with Achromatic Ring focus

European Organization for Nuclear Research, the world’s
largest particle physics laboratory located in Geneva on the
Franco-Swiss border

CHANTI CHarged ANTIcounter

CHOD
C.L.
GTK
IRC
LAV
LHC

LKr
MIPs
MUV
NAHIF
RICH
SAC

Charged particle HODoscopes
confidence level

GigaTracker

Inner Ring Calorimeter

Large Angle Veto

Large Hadron Collider, the world’s largest and highest-energy
particle accelerator at present.

Liquid Krypton Calorimeter
Minimum Ionizing Particles

Muon Veto

North Area High Intensity Facility
Ring Imaging CHerenkov detector

Small Angle Calorimeter

X1



Glossary

SM Standard Model of Particle physics

SPS Superconducting Proton Synchrotron (see http://home.cern/
about/accelerators/super-proton-synchrotron)

S/B Signal-to-background Ratio

xii


http://home.cern/about/accelerators/super-proton-synchrotron
http://home.cern/about/accelerators/super-proton-synchrotron

Acknowledgements

Firstly, I would like to express my sincere gratitude to my supervisor, Doug
Bryman, for the support and advice. He was always available when I ran
into a problem and had questions on detectors and analysis. His guidance
helped me in all the time of research and writing of this thesis.

I would also like to thank Tommaso Spadaro and Giuseppe Ruggiero for
their help on data analysis. My particular thanks go to Giuseppe Ruggiero
who provided the initial analysis code example and helpful comments. 1 am
also grateful to Antonino Sergi for the reconstruction of physics data and
answering questions on the NA62 experiment. Special thanks go to Hans
Danielson for his supervision when I was working in STRAW group.

Furthermore, many thanks go to all the other NA62 members for the
detector construction and the development of the simulation and recon-
struction packages.

I would like to acknowledge Reiner Krucken as the second reader of this
thesis.

Finally, I have to express out appreciation to my family and friends for
always supporting me throughout my years of study.

xiii



To my parents.

Xiv



Chapter 1

Introduction

1.1 Overview of the NA62 experiment

The NA62 experiment [2] is a fixed target kaon experiment driven by Su-
perconducting Proton Synchrotron (SPS) at the European Organization for
Nuclear Research (CERN). Its primary goal is to measure the branching
ratio (BR) of the ultra-rare kaon decay K+ — wtvi with 10% precision
by collecting O(100) Kt — 7tvi events with less than 10% background,
for testing Standard Model (SM) predictions where new physics effects may
induce a deviation.

Figure 1.1: A bird’s-eye view of the SPS and NA62 site (http://na62.
web.cern.ch/NA62/).

1.1.1 Motivation for the NA62 experiment

Among many rare flavour changing neutral current K and B decays, the
extremely rare kaon decay KT — wTvi is very sensitive to new physics


http://na62.web.cern.ch/NA62/)
http://na62.web.cern.ch/NA62/)

1.1. Overview of the NA62 experiment

through the underlying mechanisms of flavour dynamics and can be used to
explore the short-distance scales up to O(1,000 TeV) [3]. This decay is one
of the best probes for new physics effects complementary to Large Hadron
Collider (LHC) searches, especially within Non-Minimal Flavour Violation
models [4, 5].

The K+ — 7Tvi decay is the strongly suppressed second order weak de-
cay in the SM. It arises at the quark level from s — dvv decay, which receives
one-loop contributions from electroweak W-box and Z-penguin diagrams in
the SM as shown in Figure [6].

Figure 1.2: The box and penguin diagrams contributing to the K+ — 7 Tvi
decay.

The predicted SM branching ratio of this decay has been calculated to
high precision [7, 8, 9]:

Br(K" — 7Tv)spr = (0.781 4 0.075 4+ 0.029) x 10710 (1.1)
where the first error comes from quark-mixing parameter uncertainties and
the second error is the theoretical input uncertainty, while the most precise
experimental result so far is,

Br(KT — 1t wi) ey = (1.737732) x 10710 (1.2)

obtained by the E787 and E949 experiments [10] at the Brookhaven National
Laboratory (BNL) based on only 7 observed candidate events shown in
Figure Although this result agrees with the SM theoretical prediction,
the experimental error is quite large. A measurement of the rate with at
least 10% precision is needed for a significant test of new physics. This
motivates the next generation rare kaon decay experiment, NA62.

1.1.2 Decay-in-flight technique

Unlike E797 and E949 which used a stopped-K ™ technique, the NA62 Col-
laboration tries a decay-in-flight technique at beam momentum of 75 GeV /c.

2



1.1. Overview of the NA62 experiment

45:— ® E949-PNN2 -
A E949-PNN1 '

40 Y E787-PNN2
[ o

E787-PNN1

» Simulation

50 60 70 80 90 100 110 120 130 140 150
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Figure 1.3: This figure shows seven K™ — 7tvi candidate events of the
E787 and E949 experiments in the PNN1 and PNN2. Two signal regions
were indicated as boxes. The points near £ = 110 MeV are background
KT — 7% mg events which survive photon veto cuts, and the small grey dots
represent the simulated K™ — 7t v events passing the trigger [10].

This new technique brings in some advantages. First, it allows us to get
high momentum kaons and decay particles, which leads to a more efficient
detection of decay particles, particularly photons arising from 7% (70 — 77)E|
in the KT — 770 (K,2) decay. Besides, this approach does not require
tagging of the m — u — e decay chain as needed in stopped-K ™ technique
[10]. The decay-in-flight technique hence permits a higher rate, which makes
it possible to detect more candidate events in a short time.

A detailed description of the NA62 experimental setup is presented in
Chapter . The 400 GeV/c SPS proton beam at a rate of 1.1 x 10'? Hz
produces a secondary charged beam by impinging on a beryllium target.
After passing a rigorous selecting system, the secondary beam’s momentum
is confined to (75.0 & 1%) GeV/c with a small angular deviation. Then the

LBr(n® = vy) ~ 98.82%, Br(n® — ete ) ~ 1.17% [11].



1.1. Overview of the NA62 experiment

Decay Channel BR (%) Rejection Strategies
Kt — uty, 63.55 +0.11 p-ID; kinematics
KT — ntq0 20.66 + 0.08 Photon veto, kinematics
Kt — ntgta~ 5.59 £ 0.04 | Charged Particle Veto, kinematics
Kt — m%ty, 5.07+£0.04 Photon veto, e-ID
K™ — 9y, | 3.353 £0.034 Photon veto, pu-ID
Kt — nt7070 1.761 £ 0.022 Photon veto, kinematics

Table 1.1: List of the six most frequent K decays with corresponding
rejection techniques.

high intensity hadron beam (~750 MHz) enters an 117 m long cylindrical
vacuum tank with a diameter of 1.92 to 2.8 m and decay there. Nearly
4.5 x 10'? kaons per year are expected to decay in a 60 m long useful decay
region starting from the beginning of the tank. Assuming a branching ratio
of 10719 and a 10% detection acceptance for K+ — ntvo decay, we can
detect ~90 signal events over two years of date taking.

In order to study the extremely rare decay in this high rate environment,
we need powerful background suppression techniques with precise timing
ability.

1.1.3 Main background sources and rejection techniques

There are two main kinds of background sources. Primary backgrounds
come from KT decays; the other sources are beam-related.

Generic K™ decay backgrounds

K™ decays with high branching ratio, shown in Table can mimic signal
events in some cases. Although the very rare decay K™ — 7w vi is three-
body decay, see Figure [1.4, only one secondary particle is detectable. The
signature of the signal event is a 7" track matched in time with a KT
track. So if only one decay particle, 7+, in Kt decays were detected with
other particles escaping the detection, it might produce the same signal as a
K+ — ntvp event. It happens when the 7¥ from K o decay is undetected.
Besides, backgrounds are also contributed by decay modes which have only
one detectable decay particle, like K — ptv (K,2). If u were tagged as
7 by mistake, it would also mimic a signal event.



1.1. Overview of the NA62 experiment

Figure 1.4: Kinematics of the decay K™ — 7w Tvir. Pk is the kaon momen-
tum detected by GTK, Py is the pion momentum detected by STRAW, and
Ok refers to the angle between two tracks.

To achieve the goal of NA62, the Signal-to-background Ratio (S/B) can-
not be lower than 10 so that the suppression factor for these kaon decays
needs to reach the order of 10'2. For this, several techniques were exploited
to veto generic K+ decay backgrounds as shown in Table accurate
kinematic reconstruction, rigorous particle identification, and powerful de-
cay particle vetoing.

Firstly, kinematics is one of the most discriminating variables for sup-
pressing generic KT decay backgrounds. Since KT decays have different
neutral decay products with each other, we can calculate and use a squared
missing mass for backgrounds rejection:

m?nissing = (PK“' - P7T+)2 (1'3)

where Pg+ and P+ are four-momentum of the kaon detected by the Giga-
Tracker (GTK, section and the pion track detected by the STRAW
(section . The missing particles are neutral particle which cannot be
detected by the STRAW. Given particles are relativistic, and the angles

between two tracks are quite small (order of mrad), m? can be easily

missing
calculated as:
P ity
mTZnissing ~ m%((l i ) + m72r(1 - ) - ’pKHpr%(ﬂ' (14)

‘pK| ‘prr‘

It should be noted that the detected decay particle is normally assumed as a

. . 2 . .

pion for calculating the Miissing: But in some cases, we also assume it has
i 2 — _ 2 . .

MUON MAss, 1.e. Myyiging = (Pg+ — P,+)?, for convenience. As shown in

Figure three largest background decays, K2, Kro and KT — nrnta™

(Kr3), are well kinematically constrained in the m%m'ssing

signal regions can be defined to reject these decay events:

spectrum. Two

2 .
missing

e RegionI:0<m <m2, —o(m2)

70



1.1. Overview of the NA62 experiment

2

missing < mzn([m2 (KW?))])

° Region II: mfro + O'(m?ro) <m missing

where o(m?,) represents the resolution of the Ky peak to exclude the Gaus-

sian tails. The region I and region II were set to be 0 ~ 0.01 GeV?/c* and
0.026 ~ 0.068 GeV?/c* [12]. Due to factors like the resolution effects, the
multiple Coulomb scattering and the non-Gaussian tails, backgrounds of the
kinematically constrained decays may leak into defined signal regions. A de-
tailed Monte Carlo (MC) simulation of the whole tracking system, based on
GEANT4 [13], shows the inefficiencies of kinematics rejection on the decays
Ko and K9 are about 5 x 1073 and 1.5 x 10~4, respectively [2]. However,
10~* is insufficient to achieve the necessary rejection ability (107'2). Let
alone there are other decay modes, like KT — 70
constrained as can be seen in Figure |1.6

etv., which cannot be

2
c K'—>r*n?
=
2
i
1 -
= o
£ ; K'snintn
<
&A :.'
War
+ -
N R R ; I
-0.15 01 -0.05 0 0.05 0.1 0.15

m2.__ GeV¥c?

miss

Figure 1.5: MV%Lissing distribution under the hypothesis that the detected
downstream particle is a pion, for the signal (solid curve) and the kine-
matically constrained KT decays (dotted curves). The spectra are plotted
in arbitrary units, not weighted with the branching ratios, and neglecting

resolution effects [1].

Further techniques are needed to achieve the rejection goal. Muon veto
system described in section and 7/p separation achieved by a Ring
Imaging Cherenkov (RICH, see section counter further suppress the
decay modes with muons. A powerful photon veto system described in sec-
tion is used to detect photons and electrons generated by 7¥ decays.
It rejects the decay modes with v and 7°. Not only does the liquid Kryp-
ton (LKR, see section M) electromagnetic calorimeter provide the great

6



1.1. Overview of the NA62 experiment

miss

dr
r_lft dm?
e
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Figure 1.6: MV%Lissing distribution under the hypothesis that the detected
downstream particle is a pion, for the signal (red line) and generic K™
decays (both kinematically constrained and not constrained) indicated in
other colours. The backgrounds are normalized according to their branching

ratio, and the signal is multiplied by a factor of 1019 [14].

photon veto ability, but it can also act as a powerful particle identifier for
T and et which suppress the decays with muons and positrons.

Beam related background

Besides generic KT decays, there are several beam related backgrounds. For
example, beam particles undergoing inelastic interaction in the GTK may
produce a low-angle 7+ detected by the STRAW, which may mimic a signal
event. Thanks to the CHANTI, this inelastic interaction can be detected as
discussed in section 2.4.1 Besides, mistagging beam particles can also con-
tribute to the accidental background in high rate environment. Like, a beam
particle, pion or proton, may be accidentally mistagged as a decaying kaon
in the upstream and is unexpectedly associated to a downstream 7 coming
from interactions of beam with the residual gas. To avoid this, we need main
detectors to have high-resolution timing ability and also an upstream kaon
identification detector, a Cerenkov threshold detector (CEDAR, see section

2.3.1), for precisely tagging K.



1.2. K o background study

1.2 K,» background study

As shown in Table there are two techniques for rejecting the Ko back-
ground: kinematics suppression and 7° vetoingﬂ Although MC simulations
were conducted for evaluating the rejection inefficiency of these two tech-
nique, no experimental result has been achieved so far. In this thesis, we
analyzed the 2015 physics run data and several MC event samples to achieve
the experimental evaluation for two suppression factors, providing the esti-
mated S/B for the Ko background in NAG62.

Previous simulation results

A MC study suggests that the kinematics inefficiency for rejecting Ko back-
ground is 5 x 10~% as mentioned in section [1.1.3

For photon vetoing, a simulation using an estimation of the inefficiency of
photon veto detectors based on NA48 experimental measurements indicates
that the average ¥ veto inefficiency with (without) 7% momentum cutE| is
1.6 x 1078 (8.4 x 1078) [1]. The momentum cut on 7+, 15 to 35 GeV/e,
guarantees the 70 has at least 40 GeV. There are four photon veto modules,
which are LKr, LAV, SAC, and IRC (see Section, providing a hermetic
coverage for photons up to 50 mrad and down to 100 MeV in NA62. Two
simulation studies show that destination of photons from K, decay can
only have three possible configurations: both photons hit the LKr, SAC
or IRC; one photon hits the LKr, SAC or IRC and the other one hits the
LAV, and one photon hits the LKr, SAC or IRC, and the other one with
an angle larger than 50 mrad is undetected. Corresponding fractions of
configurations are shown in Table The major contribution to the overall
photon veto inefficiency comes from the third configuration, containing 0.2%
events, where only one photon is detected in the forward direction. Although
only one photon is detected, this photon normally has an energy in the 10
GeV range or even more, which makes it easier to be detected.

1.3 7% = v study

The NA62 experiment is like a unique 70 “factory” due to abundant K o
decays in the fiducial region which provide a great number of tagged 7°. We
can take advantage of this enormous 7° sample and powerful photon veto

279 vetoing totally depends on photon veto detectors in NA62.
315 to 35 GeV/c, see section m



1.3. 7% = vo study

Study 1 [1] | Study 2 [15]
Destination of two photons Fractions (%)
Both LKr, IRC, SAC 81.22 80.05
LAV / one of LKr, IRC, SAC 18.58 19.90
One of LKr, IRC, SAC/ Undetected 0.2 0.05%
LAV / Undetected 0 0
Both undetected 0 0

Table 1.2: Destinations of photons from Ko decay in NA62 from previous
simulations

“smaller than the result of study 1 since beam pipe is not considered here

ability of the NA62 photon veto system to improve the measurement on the
branching ratio of the rare decay 7° — vi.

This decay is forbidden by angular momentum conservation if the neu-
trino is the purely massless left-handed particle. As demonstrated by the
discovered neutrino oscillation [16, 17], neutrinos do have a finite mass.
Hence the SM-forbidden decay 7 — v¥ can occur due to Z-boson exchange
shown in Figure [1.7]

<

Figure 1.7: Diagrams contributing to the 7% — v decay. [18]

Theoretical and experimental branching ratio

The theoretical branching ratio of this rare decay depends on the neutrino
mass[19, 20, 21]. It can be given as

Br(n® — vp) =3 x 1078(2)2 x  [1 — 4(—~

2 1.
M0 m o ) (1.5)



1.4. Outline of the thesis

for a single neutrino type in the case of Dirac neutrino [22]. Using the upper
limit of neutrino mass, m, < 0.23 eV, reported by Planck collaboration [23],
the branching ratio of the 7% — v decay is constrained to be lower than
1.65 x 10724, while another study shows it should be lower than 3 x 10~1?
assuming m,, ~ leV [24].

The present experimental upper limit on the branching ratio of this SM-
forbidden decay was set by the E949 experiment with Br(z® — vi) <
2.7x 1077 at 90% confidence level (C.L.) to all possible v states [22], which
is much larger than what above studies suggested. In E949, the upper limit
is entirely determined by how well photons, coming from 7° decays, can be
rejected.

In this thesis, we used the similar method but with 7° samples from the
NAG62 for exploring a new upper limit. With a much more powerful photon
detection system in NA62, we are expected to lower this limit to 1078,

1.4 Outline of the thesis

The setup of the NA62 experiment is described in Chapter Chapter
presents strategies for studying the Ko background, and the branching ratio
of the rare decay 7° — viv. A set of selection cuts is illustrated in Chapter ,
where the efficiency results of several 7+ /u™ suppression techniques are also
presented. Chapter [5 shows how we set photon veto cuts using a small part
of data taken in 2015. Finally, Chapter 6] presents analysis results based on
different runs taken in 2015 and Monte Carlo simulations.

10



Chapter 2

NAG62 Experimental
Apparatus

The layout of the NA62 experimental setup is shown in Figure 2.1l Beam
properties are described in section There are two tracking detectors for
measuring the momentum and position of the K track (section and
7t track (section . Besides, a particle identification system is used
to tag the incident K (section and distinguish 7+ from p* (section
and e (section . Furthermore, veto modules for rejecting beam
background (section|2.4.1), photons (section[2.4.2) and muons (section 2.4.3)
are designed to reach the required sensitivity. A detail description of the
apparatuses and their working status during the 2015 data taking can be
found below.

11
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Figure 2.1: Layout of the NA62 experimental setup (scaled model) [25,.
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2.1. Beam line

2.1 Beam line

The SPS is a particle synchrotron accelerator with a circumference of nearly
7 km. It takes particles from the Proton Synchrotron and accelerates them
up to 400 GeV/c , providing beams for the LHC and the other three fixed-
target experiments including the NA62 in the North Area. As shown in
Figure the proton beam extracted from the SPS is split onto three
target stations (T2, T4, and T6) to generate secondary beams for those
experiments. Not all beam particles interact in T4 and T6 stations due
to the presence of the magnets. The non-interacted proton beam is then
transported via a series of tunnels (P42 beamline E[) for approximately 823 m
to the North Area High Intensity Facility (NAHIF) [26]. At the beginning of
the P42, there are two vertically-motorized beam-dump/collimator modules,
TAX 1 and TAX 2, whose apertures can be changed to get different proton
beam flux intensity.

Y Y it H2
=== —
. > H4
T2 wobbling bens —
- cedaf)—— > HE
> H8
T4 wobbling pa2 T -
K12

Figure 2.2: This diagram shows how extracted proton beam from the SPS
feeds the NA62 experiment.

On the exit of the P42, the proton beam is focused and directed onto a
beryllium target in the T10 target station at a zero angle. This beryllium
target is a 400 mm long cylinder with a diameter of 2 mm. After interacting
with the target, a secondary hadron beam is produced and passes the two

4An alternative path for the protons is available via target T6, which joins P42 after
~130 m

13



2.2. Tracking devices

Parameter Measured | Design value

Average particle momentum (GeV/c) 74.9 75

Proton flux on Tl.O target per 4.8s spill 3.3 % 1012 3.3 % 1012
(full intensity)

Total flux per pulse (full intensity) 2.2 x 107 2.25 x 10?
RMS divergence at CEDAR horizontal (mrad) 0.07 0.07
Fraction of proton in beam (%) 22.4 23
Fraction of Kt in beam (%) 6.6 6
Fraction of 7+ in beam (%) 70.2 70
Fraction of pu* in beam (%) N.A. <1

Table 2.1: Comparison between the measured beam properties in 2015 run
with designed values [27]

collimators with an adjustable aperture which select particles with the angle
lower than ~ 4 mrad. Beam optics consist of quadrupole magnets (Q1, Q2,
and Q3) and a beam dump element consisting of a momentum-defining
slit are used to select hadrons with a central momentum of 75 GeV/c (+
1%). Also, another series of quadrupole magnets (Q4, Q5, and Q6) serve to
preserve the beam alignment and sweep aside external muons and positrons.

The choice of momentum at 75 GeV/c is a result of the trade-off between
several factors mentioned in the NA62 technique design [1]. In one word,
the purpose is to maximize the accepted rate of the K+ — 7mTvi events in
the useful 60 m fiducial region. At the momentum of 75 GeV/c, the ratio of

production rate K /K~ is about 2.1, and the ratio of gf;;t
which is the reason why we chose to use a positive hadron beam rather
than negative one. Only 6% of the secondary particles are KT, the others
are protons and 7. During the 2015 data taking, the K12 beam line was
successfully commissioned. Its properties at full intensity can be checked in
Table Although it could reach the full intensity, most of the data were

taken in low intensity to protect the electronics from the radiation.

equals ~1.2,

2.2 Tracking devices

There are two tracking spectrometers; one is placed in the upstream of the
decay region for measuring the momentum and position of beam particles,
and the other is put in the downstream for detecting charged decay par-
ticles. The whole experiment cannot succeed without knowing the precise

14



2.2. Tracking devices

momentum of two tracks, which makes the tracking system an essential
part in NA62. Not only does it give the signature of K+ — 7 tvv events,
but it also provides the mzm-ssmg to veto backgrounds of the kinematically
constrained decays. Besides, the decay vertex reconstructed by two tracks’
momentum is useful for checking whether the decay happens in the fiducial
region or not, further suppressing accidental beam background caused by
hadronic interactions. With the precise position and direction of the decay
particles, tracks can be propagated to other detectors, providing more cross

check criteria to reject the background.

2.2.1 GTK

The GigaTracker (GTK), operating in the vacuum, measures the momentum
of beam particles with a total rate ~750 MHz. It was placed along the
beam line behind the kaon tagging detector (CEDAR) but before the fiducial
region. It is composed of three stations interleaved within four achromat
magnets, as shown in Figure Each station is a silicon pixel detector
with a total number of 18000 pixels (300um x 300um) arranged in a matrix
of 90 x 200 elements. This configuration provides the precise positions of the
charged particles with a spatial resolution of ~0.087 mm. The thickness of
the pixel is set to be 200 pum corresponding to 0.22 X (radiation length).

Mag2 Mag3

p"
Py Bk

Py

- -

Mag1 Mag4

F

Figure 2.3: Here is the GTK schematic layout. Three GTK stations (in
blue) and four dipole magnets (in grey) are visible. The yellow line show
the path of the K™ beam.

To measure the direction and momentum of the charged particles, the
first two magnets (Magl and Mag2) bent the beam off-axis, and then the

15



2.2. Tracking devices

other two magnets (Mag3 and Mag4) reflect it back to its original path.
We can measure the value of the momentum by checking how much the off-
axis displacement of the beam particle is. The GTK provides a 0.2% RMS
momentum resolution and nearly 16 prad angular resolution [1].

Due to the high rate of particles, and the fact that kaons are ten times
less than pions in the beam, a time resolution lower than 200 ps of the GTK
must be achieved to avoid accidental background mentioned in section [1.1.3|
Thanks to the fast readout electronics consisting of ten Application Specific
Integrated Circuit (ASIC) chips [28], the estimated track time resolution
using all three stations can be better than 150 ps. In order to reduce the
radiation-induced leakage current on sensors, an innovative cooling system
circulating a flow of liquid CF'4 in micro-channels was designed to keep the
temperature of the detector at 0 C° (upper limit: 5 C?).

There are three more beam elements between GTK2 and GTK 3: a
muon scraper for sweeping away most of the muon halo from the beam line
by means of a toroidal magnetic field, a collimator to clean up the residual
hadron halo, and a dipole magnet (TRIMS5) to deflect the beam by 1.2 mrad
towards positive X E|

During 2015 data taking, all three GTK stations were installed but not
fully commissioned. Since the readout channels of GTK are noisy in 2015
run, more than 90% events were lost if requesting GTK candidate. But the
data with GTK is still enough for investigating the detect’s performance,
such as the kinematic suppression efficiency for the K2 background. Except
noisy readout, all infrastructure, such as vacuum, mechanics, and cooling,
worked properly. The time resolution of three GTK stations measured under
the bias voltage H in 2015 run is: ogrgr = 235 ps, ogrre = 233 ps, and
oaTis = 257 ps [27]. This is a little bit worse than the required value, 200
ps, which is caused by the systematic errors of the time offsets.

2.2.2 STRAW spectrometer

The STRAW is a spectrometer placed nearly 80 m downstream away from
the GTK3 for tracking charged decay particles and vetoing decays, which
have multiple charged tracks, like K 3 decay. The Straw spectrometer also
works in vacuum to minimize multiple scattering. It consists of four cham-
bers intercepted in the middle by a high aperture dipole magnet (MNP33)
providing a vertical B-field of 0.36T for measuring the momentum. A

5The NAG62 reference frame is right-handed, with the Y axis pointing to the zenith and
the Z axis on the direction of the beam line.
SGTK1 and GTK2 were at 300 V, and GTK3 was at 216V.
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2.2. Tracking devices

schematic view of the detector is shown in Figure 2.4. Each chamber is
made of 1792 straw tubes has two modules providing the measurement of
four coordinates (x, y) and (u, v) [29], see Figure [2.5| For each coordinate
view, it has four layers each with 112 straws. The layout configuration of
straws was designed to make sure that at least two hits per view are always
present. Straw tubes are filled with working gas Ar/CO2(70/30). They are
made of 30 pm tungsten anode wire and 36 pm thick polyethylene tereph-
thalate film coated on the inside with 0.05 pm of Cu and 0.02 pm of Au.
Internal diameter and length of tubes are 9.8 mm and 2.1 m, respectively.

Magnet MNP33

xy.uv Lyuyv E Xyuyv YUy

183 m from target 10m 10m 15m

Figure 2.4: Schematic view of the magnetic spectrometer.

MNP33 provides a momentum kick of 270 MeV/c towards negative X,
roughly compensating for the 1.2 mrad deviation introduced by GTK, see
section [2.2.1l

To provide enough kinematical constraints, the straw tracker should sat-
isfy two requirements: % < 0.01 and Afg, < 60 prad. For this, the
spatial resolution should be better than 130 pm per coordinate. The spatial
resolution highly depends on the detector’s gain, one of the most important
parameters of gaseous chamber. Different working voltage and the gas mix-
ture would end up with different gain values. The first gain measurement
of the straw is shown in Appendix [Al Besides, a detailed description of the
straw readout system can be found in reference [30].

During 2015 date taking, all four straw chambers were commissioned,
and all straws except one participated on a regular basis. The time resolution
of the STRAW is not so good, ~ 5 ns, that we usually use other downstream
detectors, such as RICH or CHOD, to provide the time of downstream track.

17



2.3. Particle identification and timing

a) X Coordinate View b) Y Coordinate View

@

¢) U Coordinate View d) Overlay of four Views

Figure 2.5: Schematic drawing of the four views of each straw chamber. a,
b, ¢ show the views of x coordinate with vertical tubes, y coordinate with
horizontal tubes and u coordinator with 45° oriented tubesﬂ respectively. d
shows a full chamber with all four views.

2.3 Particle identification and timing

2.3.1 CEDAR

To distinguish kaons from pions and protons in the incoming beam of about
750 MHz particles, a CErenkov Differential counter with Achromatic Ring
focus (CEDAR) was placed before the GTK. The CEDAR is designed to
only detect the Cerenkov light produced by particles of kaon mass because
the Cerenkov light produced by particles of different masses would have
different angles so that it cannot pass optics selection and is absorbed on its
way. Overall, the particle rate that the CEDAR observes is nearly 45 MHz.

The CEDAR is a ~ 7 m long vessel filled with hydrogen or nitrogen
gas at room temperature, which reduces multiple Coulomb scattering. The

18



2.3. Particle identification and timing

internal optical system consists of a Mangin mirror, a chromatic corrector,
lenses and a diaphragm as shown in Figure The Cerenkov light emitted
by particles is reflected by a spherical Mangin mirror at the end of the vessel;
then it passes through a chromatic corrector which makes sure that light of
all wavelengths arrives at the same radius onto a ring-shaped diaphragm of
100 mm radius with adjustable aperture width. The aperture was set to
only allow the light produced by kaons to hit on the photodetector made of
384 photomultipliers (PMTs) divided into 8 light boxes called octants.

Ring Image Corrector Light path  Mirror
» at Diaphragm/ / /
/

Figure 2.6: Schematic layout of the CEDAR.

The CEDAR detector is required to achieve a kaon tagging efficiency
above 95%, with a time resolution of 100 ps, and a contamination of the
kaon sample smaller than 1074 [31].

2.3.2 RICH

The Ring Imaging CHerenkov (RICH) is another particle identification de-
tector placed after the fourth straw chamber along the beam line. Its main
purpose is to provide a further muon suppression factor of more than 100
by identifying 77 and p*. The RICH consists of a 17 m long, 4 m wide
cylindrical vessel, filled with neon gas at atmospheric pressure. There is a
beam pipe inside the vessel to allow free passage to the undecay beam.

A mosaic of 20 mirrors placed at the end of the vessel is used to reflect
the Cherenkov light and focus it onto photon detector placed in the front.
The mirror mosaic is composed of 18 spherical mirrors of hexagonal shape
(350 mm side) and 2 mirrors of semi-hexagonal shape located close to the
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2.3. Particle identification and timing

beam pipe. The semi-hexagonal mirrors have a thickness of 2.5 cm. These
mirrors have a focal length of 17 m. And the photon detector is made of
2000 photomultipliers (PMT) arranged into two groups to avoid the shadow
induced by the beam pipe. A schematic layout of the-the RICH detector is
shown in Figure [2.7]

Figure 2.7: Schematic layout of the RICH. A beam pipe is shown in red line,
and a mosaic of 20 mirror is visible.

The Cherenkov light emitted by a particle would form a ring on the
photon detector. The radius of this ring

r= ftanf = ftan(arccos(n—cv)) (2.1)
only depends on the velocity of the particle assume the refractive index (n)
of gas medium and focal length (f) is set. So particles with different mass
at same momentum would end up with different radius shown in Figure |2.8|.
From knowledge of the ring radius in the RICH and particle’s momentum
measured by the STRAW, the mass of the detected particle can be deduced

as,
P/1- 32 1

o , therein ncOS(al“Ctan(g))

2.2
= (22)
This is how RICH detector works to identify particles with different masses.

A particle can emit Cherenkov radiation once its momentum is greater
than a threshold, P; = \/% For the neon gas at atmospheric pressure, this

threshold is nearly 12.5 GeV/c. Hence, the 77 momentum should be greater
than 15 GeV /c in order to have a full efficiency of detecting 7. As momen-
tum (velocity) increase, the radius signal of the 7+ and p* would become in-
distinguishable from each other as shown in Figure[2.8] At same momentum,
particles with lower mass, like electrons, are corresponding to larger radius
as indicated by Equation [2.2. However, as particle momentum increases,
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Figure 2.8: Here is the events distribution of fitted RICH ring radius of
decay particle versus its straw momentum for a 2015 data run.

the ring radius will reach a limit. When momentum is above ~ 35 GeV/c,
it is difficult to distinguish the radius between pions and muons. Hence, the
upper limit of track momentum is set to be 35 GeV /c for K™ — 7T v study.
Overall, the momentum range of straw track for 7% /u™ separation is from
15 and 35 GeV/c. A test on a RICH prototype shows the ™ suppression
inefficiency is 0.7%, and the time resolution is better than 100 ps averaged
over the momentum range [32]. The remarkable timing ability of the RICH
makes it a perfect timing device for decay particles. Besides, it can also
be used to reject multi-track events and provide a cross-check to the 7
momentum measured by the straw spectrometer assuming the particle is a
pion.

It should be noted that mirrors alignment was not optimal during the
2015 run. The taken data indicates that the pion-muon separation factor of
RICH is worse than expected; a cut on reconstructed rich mass, [0.1325, 0.2]
GeV/c?, rejects 98.51% muons with the pion passing efficiency at 85.31%,
see section 4.3.2]
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2.3. Particle identification and timing

2.3.3 CHOD

The Charged particle HODoscopes (CHOD), also was used at NA48, is a fast
scintillator system which produces signals when crossed by charged particles.
It provides information on the positions of the track impact point and precise
time with a resolution of nearly 200 ps [33]. This powerful timing ability
can be used in the trigger to select decay events with charged particles in
the final state. It can also be used to detect photonuclear reactions in the
RICH mirror plane. Since the RICH mirror system amounts to nearly 20%
of radiation length, it is possible that the high energy photon produced by
79 in Kro decay would undergo photonuclear interactions with mirror and
produce lower energy hadrons which cannot be detected by the LKr, hence
increase the photon veto inefficiency. Fortunately, the CHOD, placed after
the RICH tank and before the LKr, can detect low energy charged hadrons
and re-establish the photon veto sensitivity of the LKr.

I i

Figure 2.9: Sketch of two planes of the CHOD.

CHOD is composed of 128 plastic scintillator counters which are arranged
in two planes, providing x and y coordinates, see Figure The upstream
plane has 64 vertical counters, while the downstream plane has 64 horizontal
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2.4. Veto system

counters. Each plane is divided into four quadrants with 16 counters so that
specific triggers could require various combinations of hit locations in each
plane. Two planes are separated by around 30 cm. The time difference
between two planes’ signal can be used to reject fake coincidences caused by
the back-scattering from the LKr calorimeter. Each counter has a thickness
of 2 ¢cm corresponding to 0.05 radiation length. The length of counters varies
from 60 cm to 121 ¢cm and the width changes from 6.5 cm to 9.9 cm [6]. The
scintillation light produced by the cross of a charged particle in each counter
is read by a Photonis XP2262B photomultiplier (PMT) through a fishtail
plexiglass light guide. Four modules of the front-end electronics developed
for the LAV are exploited to process CHOD signals [34].

During the 2015 run, the CHOD provides level 0 trigger signal and level 0
reference time to select events. A loose trigger selection requires at least two
counter hits within a time window, while a strict one required the coincidence
between the signals of at least one vertical and one horizontal counter of
adjoining quadrants. The coincidence allows track time to be corrected for
the hit impact point. Since the CHOD cannot handle a high hit rate, a new
CHOD with a higher level of segmentation was built, see Figure It has
been installed and is ready for the 2016 run.

2.4 Veto system

2.4.1 CHANTI

The CHarged ANTIcounter (CHANTTI), placed behind GTK, is used to
identify inelastic interactions of the beam with the collimator and the GTK
stations as well as to tag beam halo muons in the region immediately close
to the beam. The critical events are the ones in which inelastic interactions
of the hadron beam with the silicon detector of the GTK3 take place. This
inelastic interaction would bring in the beam related background in case
only 7" of the produced particles is detected by the STRAW. The presence
of the CHANTT can reject this event as shown in Figure It is shown by
a GEANT4 simulation that around 0.1% beam kaons may undergo inelastic
interactions with GTK3 [35], so left rejection factors contributed by the
CHANTI veto and analysis cuts must reach the 10% in order to sufficiently
suppress this background.

The CHANTI is composed of six square shape stations, placed inside the
vacuum tube respectively at 27 - 77 - 177 - 377 - 777 - 1577 mm distance
from the GTK3. Each station has a length of 300 mm and a rectangle
hole (95 mmx65 mm) present in the centre. It is made of two layers, x
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Figure 2.10: Schematic layout of the new CHOD [27].

(v) layer, which is composed of 24 (22) scintillator bars arranged in the
vertical (horizontal) direction. Each layer has two sublayers, made of 10412
(10+14) bars. A schematic layout of a complete CHANTTI station in shown
in Figure For particles hitting the centre of the GTK3, the CHANTI
covers hermetically the angular region between 38 mrad and 1.38 rad, while
a coverage between 57 mrad and 1.16 rad is expected for the particle hitting
the corner of the GTK [35].

To work in the expected detect rate around 2 MHz, the CHANTT must
have a time resolution better than 2 ns to keep the random veto rate at
an acceptable level. The CHANTI is able to veto about 95% of all kaon
inelastic interactions with the GTK3. This vetoing efficiency reaches almost
99% if restricting to potentially signal-like events [35].

During the 2015 data taking period, CHANTT has been working smoothly,
and its time resolution is steadily better than 1 ns. The single layer efficiency
has been measured to be higher than 99% for straight tracks.
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2.4. Veto system

Beam particle
GTK3 I I

Figure 2.11: This figure illustrates how inelastic interactions of beam with
the GTK3 can mimic an event signal. The interactions produces multiple
particles including low angle 7+ whose path is indicated in green lines. If
7T is the only particle reaching the STRAW, it may mimic a K+ — 7 tvw
event signal (7" matches with K+). However, with the presence of CHANTI
shown in blue colour, this event would be rejected due to hits on CHANTI
from other particles.

2.4.2 Photon veto

The photon veto system is composed of several calorimeters providing nearly
complete hermeticity for decay photons with polar angles from 0 to 50 mrad.
The large angle region, from 8.5 to 50 mrad, is covered by a system of
12 calorimeters (LAV), while a Liquid-Krypton electromagnetic calorimeter
(LKr) covers the angular region between 1 mrad and 8.5 mrad. The other
two calorimeters, the IRC and SAC, are used for the angular region below
1 mrad. Overall, the photon veto system must provide a suppression factor
of 10® for rejecting Ko decays.

LAV

The LAV is composed of 12 stations situated between 120 and 240 m (see
Figure [2.1). The first eleven calorimeters incorporated into the decay tank
work in the vacuum, while the last one is placed after the RICH detector
and exposed to air. Each station is made up of four or five rings of lead
glass blocks, recycled from the OPAL electromagnetic calorimeter [36]. Fig-
ure is the picture of the first station, Al, with lead glass installed.
The number of the blocks in each station increases from 160 to 256 as the
diameter of the stations increases.
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Figure 2.12: A layout of a complete CHANTI station.

The particles crossing the LAV detectors mainly are photons from kaon
decays, as well as muons and pions in the beam halo. When photons tra-
verse the lead glass block, produced electromagnetic showers would emit the
Cherenkov light which is detected by the PMTs via a 4 c¢m long cylindri-
cal light guide. A test on the prototype with lead glass modules shows the
inefficiency for the detection of the electron is 1.2f8:§ x 104 at 203 MeV
and 1.1759 x 107° at 483 MeV [37], which satisfies the requirement that the
detection inefficiency of LAV for photons with energies as low as 200 MeV
should reach 1074,

The LAV provide time and energy measurements based on the time-over-
threshold (ToT) technique. Results [6] show the time resolution of a single

block is 990
o1 = —e— () 140 ps (2.3)

VE(GeV)

and the energy resolution is

op 9.2% 5%

— = 2.5% 2.4

E  /E(GeV) N2 E(GeV) D2 24
The readout chain for the LAV is composed of two different types of boards, a

dedicated front-end board (LAV-FEE) board and a common digital readout
board called TEL62, used by many of the NA62 detectors.
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Figure 2.13: Here is the first LAV station which has 5 rings of OPAL lead
glass blocks. The glasses are wrapped.

LKr

The Liquid Krypton Calorimeter (LKr) is a key detector for the NA62 ex-
periment. First, it has powerful photon veto ability. To meet the required
photon rejection factor, LKr must have a detected inefficiency better than
10~° for photon with energy larger than 35 GeV. A study shows its photon
veto inefficiency is lower than 0.9 x 107° at 90% C.L. for detecting photons
whose are energies greater than 10 GeV [38]. It also plays an important
role in separating muons, pions and electrons which have different deposited
properties, such as the size of particle showers and deposited energy over
STRAW momentum (£).

The LKr calorimeter is a quasi-homogeneous ionization chamber [39],
filed with liquid krypton at the temperature of 120 K. Its volume is an
octagonal cylinder with surface area of 5.3 m? and depth of 1.27 m. The
volume was divided into 13248 ionization cells of a cross section 2 cm x 2
cm by 18 mm wide, 40 pm thick copper-beryllium ribbons which are used as
electrodes to collect the ionization signal. An anode was set in the centre of
two cathodes as shown in Figure A photon or an electron entering the
LKr produces an electromagnetic shower composed of low energy photons
and electrons which produce a certain number of electron-ion pairs propor-
tional to the deposited energy. The shower is called a cluster, normally
encompassing quite a few LKr cells. The number of radiated cells depend
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on the incident angle and the type of particles.

Figure 2.14: Details of the ribbons and electrodes

The LKr also provides the energy, position and time measurement of
the particle. The energy resolution of the LKr, measured using an electron
beam, can be presented as:

og  3.2% 9%
T =BG &y 5GP 5 o.42% (2.5)

For particle energy at 20 GeV, the energy resolution is around 1%. On the
other hand, the space resolution is 1.1 mm in each coordinator, using the
test result:

Oy 0.42
Ey —(\/W®O.06)Cm (2.6)

The time resolution of a single shower is nearly 500 ps.

For working at high rate environment, a new readout system, the Calorime-
ter REAdout Module (CREAM), is designed and used to provide 40 MHz
sampling of 13248 calorimeter channels, zero suppression, and programmable
trigger sums for the experiment trigger processor [40].

IRC

The Inner Ring Calorimeter (IRC) is situated before the LKr. It is a cylin-
drical tube consisting of two parts: the first one has 25 layers of lead and
scintillator, while another has 45 layers. The layout of lead and scintillator is
based on the Shashlyk technology: alternating lead and plastic scintillator
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2.4. Veto system

plates as shown in Figure 2.15. The incoming electron or photon inter-
acts with the lead and produces an electromagnetic shower where charged
particles produce scintillation light. Then light is then absorbed by fluo-
rescent material and re-emitted to longer wavelengths which can transverse
the plastic as attenuation length increases. Finally, the longer wavelength
light can be detected by four PMTs via the wavelength shifting fibers. IRC
is segmented into 4 parts, hence it has 4 channels.

<— WLS fibers

lead  scintillator

Figure 2.15: Shashlyk technology.

SAC

The Small Angle Calorimeter (SAC) is placed at the end of the experiment
to cover small angular region not covered by the IRC. A magnet located at
248 m from the target is used to deflect the non-interacting charged particles
of the beam so that only neutral particles, like photons, can reach the SAC.
It also exploits the Shashlyk technology and has four channels.

Both the SAC and IRC are exposed to photons with energies higher than
5 GeV, and must provide the detection inefficiency better than 10~4. During
2015 run, both detectors readout was connected to LAV-FEE and CREAM
so they have two readout modules.

2.4.3 Muon veto

Muon veto system consists of three detectors, called the MUV1, MUV2,
and MUV3, expected to provide a further u* suppression of the order of
10° with respect to 7.
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2.4. Veto system

Although the MUV1 and MUV2 are a part of muon veto system, they
are actually hadronic calorimeters instead of fast veto detectors like MUV 3.
They are used as complementary calorimeters to the LKr, measuring addi-
tional deposited energy and also shower shapes of incident particles. Most
muons deposit less energy in the LKr and these two hadronic calorimeters
than pions do. This can be exploited as a criterion, not significant de-
posited energy, for distinguishing muons from pions. However, in some cases,
muons may also deposit a major fraction of their energy via catastrophic
bremsstrahlung or direct pair production. To distinguish these muons from
pions, we should compare the difference between the shape of the electro-
magnetic muon cluster and that of the hadronic pion cluster and find a
cut.

The MUV3 is a hodoscope, similar as the CHOD, for detecting non-
showering muons. It can act as a fast veto in the level 0 trigger to suppress
the high rate of the K3 decays.

MUV1-2

The MUV1 and MUV2, placed after the LKr, are classic iron-scintillator
sandwich calorimeters with 24 (MUV1) and 22 (MUV2) layers of scintil-
lator strips which are alternatively oriented in the horizontal and vertical
directions. Each scintillator layer consists 48(44) scintillator strips in MUV1
(MUV2), the layout of one scintillator plate of both detectors is shown in
Figure

In the MUV1, there are 23 inner steel layers with a dimension of 2700 x
2600 x 25 mm? and 2 outer steel layers with a dimension of 3200 x 3200 x 25
mm3. The larger outer layers serve as support for the whole structure and
for the WLS fibers, the photon detectors, and the read-out. Each iron plate
is separated by 12 mm and contains a central hole of 212 mm diameter to
allow the passage of undecayed beam particles. While for MUV2, 23 steel
layers have a similar dimension of 2600 x 2600 x 25 mm? and also have 12
mm gap and 212 mm diameter central hole. The MUV1 and MUV2 are
constructed by simply stacking alternating iron and scintillator layers onto
each other. A view of the MUV1 and MUV?2 is shown in Figure 2.17

In the MUV1, the scintillator light is collected by WLS fibers, while the
MUV2 routes the light by light guides. The MUV1 and MUV2 calorime-
ters are read via the same ADC-based CREAM module used by the LKr
calorimeter [40].

30



2.4. Veto system

2730.0

2.600

108.0

1
L1390

Figure 2.16: Layout of a scintillator plate in MUV1 (left) and MUV2 (right).
The dimension of the scintillator strips is indicated in blue number with a
unit of mm.

MUV3

The MUV3 is located after MUV2 and an 80 cm thick iron wall filter. It
consists of 12 x 12 scintillator tiles with a dimension of 220 x 220 x 50
mm?. The light produced by traversing charged particles is collected by
PMTs positioned about 20 cm downstream. Due to this geometry, the
maximum time jitter between photons from particles hitting different parts
of the scintillator tiles is less than 250 ps, thus preserving the required time
resolution of this detector.
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2.4. Veto system

Figure 2.17: A view of the MUV1 (grey) and MUV2 (blue).
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Chapter 3

Analysis strategies

3.1 K, background evaluation

We have two tools to suppress the Ko background: 7° vetoing and kine-
matics suppression. Almost all 7 decay into two photons, so 70 rejection
entirely relies on the photon rejection ability in NA62 and is usually referred
as photon vetoing. Assuming there is no correlation between rejection fac-
tors, the overall rejection level for the K o background can be obtained by
multiplying two rejection factors with the branching ratio for Ko decay.
The estimated the S/B for the K o background in NA62 is:

BT(KTFVI_/) - Akinematics - Apv - AKTWD
B7'<K7r2) - Skinematics * SPV * AKfr2
8 x 1071 . Akinematics - Apv - AKm/f/

_ 3.1
0.207 - Skinematics : SPV : AK-;rz ( )

S/B

To get the S/B, we first need to assess suppression factors of the kinematics
(Skinematics) and photon veto cuts (Spy) for Ko events. Then MC simu-
lations should be generated to evaluate the acceptance of selection cuts for
both decays (Ag,, and Ak, ,) and the acceptance factor of kinematics cuts
(Akinematics) for KT — mTvip events. Moreover, the acceptance factor of
the photon veto cuts for K™ — 7nTvi events, Apy, can be estimated by
studying the efficiency of photon veto cuts for rejecting K2 decays since
both decay modes do not have photons in decay products.

3.1.1 Kinematics suppression

The kinematic cut we used is squared missing mass, Mgmsmg, defined in
Equation [1.3. To get the kinematics suppression factor, Skinematics, of the
kinematic cut for K, o decay, we first need a pure K o sample identified
by a series of K 9 selection cuts, listed in section The momentum
of the 71 in the K o sample must be within the range from 15 GeV/c
to 35 GeV/c, which defines K™ — 7w signal region. To make sure we

get the accurate result, we used the GTK tracks, rather than the nominal
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3.2. Upper limit on the branching ratio of the decay m° — v

kaons, for calculating Mgmsmg even though this costs more than 90% data
as mentioned in section Once acquiring the pure K o decay sample,
we just need to check how many K, o events leak into the Mgu»ssmg signal
regions. Based on that we can estimate the Skinematics for Kro decay.

3.1.2 7" suppression

For studying the 7° suppression, Spy, we also need a pure Ko sample in the
right momentum range to provide tagged 7°. But K o selection cuts used
here are different from those for the kinematics study (see section for
the details of selection cuts). The 7¥ suppression factor in NA62 is expected
to reach 10~%, much lower than the expected kinematics Ko rejection factor,
1073. So we have to use the nominal kaon tracks with the momentum of
near 75 GeV/c in order to get a large number of K o events.

The critical part for the 7¥ suppression study lies in how we set photon
veto cuts. Unlike the above kinematics study where Mfms sing Signal regions
are set in advance (see section [1.1.3)), we need to set photon identification
cuts based on the response of photon detectors for K, o events. This pro-
cess can be biased and brings in large uncertainties. Certainly, wider cuts
can increase photon veto efficiency, but it also leads to large accidental veto
effects. Fortunately, we can use a K2 data sample and a K2 MC sample
where 70 was forced to decay into v7 to estimate the false veto effect. More-
over, to avoid bias we can use a set of K 9 events as a training sample to
set the photon veto cuts first. And then we can apply these cuts on other
(unbiased) K o events to check their suppression inefficiency Spy:

Nleft
NK+ : BT(KW2) : AK,rg : CFalse
Nleft
NK,rg : CFalse

Spy =

(3.2)

where Ay _, is the acceptance of Ko events, Nk _, is the total number of
Ko events in the unbiased data sample, Nj.t; is the number of remaining
events surviving photon veto cuts, and the correction factor Cggse Which
corrects the signal losses due to the false rejection of the photon veto cuts.

3.2 Upper limit on the branching ratio of the
decay ™ — vi

This study is similar to the above 70 rejection study because the upper limit
on the branching ratio of the SM-forbidden decay is entirely determined by
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3.2. Upper limit on the branching ratio of the decay m° — v

how efficient we can detect 7° in tagged K o events as shown below:

Nyt = Nroup _ Nk,

BT(KWQ) : BT(”TO - Vﬂ) ’ AKTFQ(WO—WD) - CFRaise BT(KWZ) ’ AKﬁg

N, |
B’I”(T('O N I/I7) _ 70— Ko

NKﬂ—Q : CFalse : AKWQ(ﬂO%VD)
— Niest (3.3)

A 0

Kro(r?—vp)

Ni. - Cratse - 3
T2

Hence, it follows the same analysis strategy as the 70 suppression study,
except that we need to consider the difference between acceptance factors of

AKﬂ.Q (70 —vi)

selection cuts, v . It can be computed by comparing the acceptance

T2
of select cuts in Ko MC sample which had common 7° decays with that in

another K o MC sample where 7° were forced to decay into neutrino pairs.
Besides, the other difference between is that we do not have to apply
T momentum cut, [15, 35] GeV/c, for selecting Ko events here, which
enables us to get more 7° events in this study. However, requesting events
with high 77 momentum would potentially weaken the photon detection
efficiency and the RICH identification ability, so a cut on momentum, < 40
GeV /c, is still needed for studying the branching ratio of the decay 7¥ — vi.
Our study is sensitive to any decays of the form 7° — “nothing”, where
“nothing” refers to any system of weakly interacting neutral particles.

a
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Chapter 4

Data sample selection

In this chapter, we go through all cuts we used to acquire pure K2 and K2
samples. These cuts consist of two parts. The first part contains various cuts
used for getting one track events, where a valid straw track is required to
match with an upstream CEDAR track and also track candidates of the sev-
eral downstream detectors. It is a prerequisite step for getting the K o and
K, > events samples since both decay modes only have one observable decay
track. The second part of cuts contain different combinations of the Ko or
K5 identification cuts which are applied on one track events to select desired
events for different study purposes. There are a few K 2 and K> separa-
tion techniques contributed by kinematics, photon detection, calorimeters
and the RICH. Before setting suitable separations cuts for different studies,
we check the efficiency of these identification cuts using one minimum bias
run Pl taken in 2015.

4.1 Corrections

Before selecting one track events, we need to correct the reconstructed mo-
mentum of the candidate in order to account for the change in the field
integral of the dipole bending magnet, and for misalignment of the drift
chambers. Besides, the reconstructed energy of the LKr cluster must be
corrected for non-linearity (zero suppression), energy loss in the entrance
window of the cryostat and the global energy scale. The position of LKr
cluster should also be shifted for alignment.

4.1.1 Spectrometer momentum correction

The magnetic field correction (parameterized by /) has the same sign for all
tracks, while the correction required for the chamber misalignment (param-
eterized by a)) depends on the charge of the track so the correction has the

8Run: A series of SPS bursts taken under uniform data collection conditions; Each run
has its own ID number (a 32-bit unsigned integer).
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4.1. Corrections

form:
Pafter :Pbefore(1+ﬁ)(l+a'Q'Pbefore) (41)

Therein, ¢ is the charge of the track, and the values of a and 3 for each run
were determined by reconstructing the invariant mass in the decay K™ —
7T tr~ and comparing it with the nominal kaon mass provided by the
Particle Data Group (PDG) [41]. It should be noted that o and g values
vary between runs and can be acquired in the online table ﬂ For run 3811,
a=—10.85 x 1078, 3 = 1.57 x 10~ when the unit for momentum is MeV.

4.1.2 LKr correction
1. Energy (GeV)

e Non-linearity correction if the number of cells in the cluster is
greater than 9 [42]:

(
E’LLTLCOT’T’

0.7666 + 0.0573489 - In(Euncorr)’

Z'f Euncorr < 22

Euncorr

0.828962 + 0.0369797 - In(Eyncorr)’

Ecorr1 = Zf 22 < Eyncorr < 65

EUT’LCO’I"I’

[ 0.828962 + 0.0369797 - In(65)’

Zf E’LLTLCOTT Z 65
(4.2)

e Global scale factor:

Ecoer = Ecorrl -1.03 (43)

e Energy loss in the hole depends on the distance of cluster to the
centre(D):

Ecorr2 - 0.9999

Ecorrs = { 0.97249 + 0.0014692 - D’
FEcorro, otherwise

if 140< D <185 mm

Ecorr4 = Ecorr?) ' (1 - T) (45)

“nttps://na62-sw.web.cern.ch/reprocessing
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4.2. One track event selection cuts

Therein,

0.0042 — 3.7-107%- D, if 140 < D < 180 mm
r= ¢ —0.00211, if 180 < D < 200 mm
—0.01694 — 7.769 - 10~*- D, if 200 < D < 220 mm

e Energy loss at low energy:

(Ecorra +0.015) - 15 - 0.9999

Efina = 550005 , when FE.prq <15
(4.6)
2. Position (mm)
Tafter = Thefore + 1.3 (47)
Yafter = Yvefore +0.8 (48)

4.2 One track event selection cuts

In this section, we used data from Run 3811, taken in 2015 with proton
beam at 1% nominal intensity['’, to demonstrate how we set the one track
event cuts. We also used the data to check the efficiency of K o and K2
separation cuts in section

Nearly four hundred official reconstructed burstﬂ were analyzed. They
are reconstructed by the NA62Reconstruction package (version 834). After
reconstruction we can easily get access to the information like positions,
momentum, and energy of the hits or clusters produced by particles in de-
tectors.

The trigger schemes in Run 3811 are minimum bias triggers: CHOD/3
and CHODx!MUV3/1, where 3 and 1 are downscale factors. The CHOD
trigger, requiring a coincidence of hits from the same quadrant in the hori-
zontal and vertical planes of the CHOD plastic scintillator slabs, guarantees
that at least one charged particle reaches the CHOD in the event. The
IMUV3 trigger rejects events with the MUV3 hit whose energy is above the
threshold. Although the CHOD x!MUV3 trigger kills most K2 events, both

10 A1l 2015 minimum bias run were taken with proton beam at 1% nominal intensity
HBurst: the basic data-taking time unit; each burst lasts 3-4 s and is delivered every
30 s (the SPS duty-cycle).)
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4.2. One track event selection cuts

triggers contribute to K o events sample. Hence, we do not have to just se-
lect data with CHOD trigger but requesting all data for the analysis. Other
2015 minimum bias runs also have same triggers.

Selection criteria for getting one track event are as follows:

1. Select events with at least one but less than ten spectrometer tracks.
The event should have at least one LKr hit and one CHOD hit.

2. Loop over every spectrometer candidate in each event. Select valid
spectrometer candidate which satisfies following requirements:
(a) Good spectrometer track:

e Track leaves hits on four straw chambers, i.e. Nepamper == 4,
see Figure 4.1

1Y
o
w

Entries 563928
Mean 4.336
Std Dev  0.3704

'y
a
o

B
o
o

Number of Tracks

()
a
o

@W
o
o

250

200

150

100

4 5
Number of Chambers having track hits

Figure 4.1: Number of straw chambers hit by downstream track.

e 2 <20
® |Pycfore-fit — Pafrer-fir] < 20 GeV/c, see Figure

e Track has less than two common hits with another spectrom-
eter track

(b) Track doesn’t form a good vertexrzl with another not fake spec-
trometer track®|

2Good vertex: (CDA < 15) mm && (60 < Verter.Z < 200) m && (|Tirackr —
T(tracks2)| < 50 ns)

Y3Fake spectrometer track: (Newamper! = 4) && [(x* > 30) or (has less than two
common hits with another spectrometer track)]
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4.2. One track event selection cuts

o F Entries 552411
g - 1 Mean — -224.3
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Figure 4.2: Straw momentum difference before and after fit.

()
(d)

()

Its linear extrapolated positions on other detectors are within
detectors’ geometrical acceptance shown in Table

Spectrometer track should match with a CHOD candidate. The
CHOD candidates are reconstructed at analysis level by pairing
two hits from vertical and horizontal planes. Hits are required to
be in the same quadrant. Time of the candidate is corrected for
TO and slewing using the same corrections applied at reconstruc-
tion level. A best CHOD candidate is selected by minimizing a
discriminant Dogop [42] which depends on the time difference
between two CHOD hits, the time difference between spectrom-
eter time and reconstructed CHOD time, and the distance of
extrapolated CHOD position to reconstructed CHOD position.

(Terop — Tivack)® | (Tvhit — Trnit)® | DErop—to—track
(3 : 0'5T)2 | (3 ’ 05Thit32) | Dzut
Therein, o is the parameter of the fitted gaussian function and
D.,; = 60 mm as shown in Figure A cut on discriminant,
D < 1.1, is set to check whether the spectrometer track match
with the selected CHOD candidate or not. If no, then reject this

the spectrometer track.

Dcuop =

Spectrometer track should match with a LKr cluster

e Look for a LKr cluster which is closest to the extrapolated
track position at LKr from all reconstructed clusters. And see
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4.2. One track event selection cuts
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Figure 4.3: Diagrams for matching the CHOD Candidate with the Spec-
trometer track. a) to c¢) show the parameters for calculating the CHOD
discriminant: a) Time difference between CHOD candidate and spectrom-
eter track with the fitted gaussian distribution whose fitted parameters are
shown in statistics table parameters. b) Time difference between CHOD
V-plane-hit and H-plane-hit. ¢) The distance of extrapolated CHOD posi-
tion to reconstructed CHOD position. The parameter, D.,; = 60 mm, is
indicated with red arrow line. d) CHOD discriminant distribution. Red line
shows the cut value.
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4.2. One track event selection cuts

Detector Geometrical Acceptance Cut
STRAW (4 Chamber Stations) 75 < D|“| < 1000 mm
RICH (Front and end surface) 90 < D < 1100 mm
CHOD (V and H plane) 125 < D < 1199 mm
LKr D > 150 mm and within a octagon|b|
MUV1 130 < D < 1100 mm
MUV3 130 < D < 1100 mm

Table 4.1: Geometrical acceptance cuts for detectors.

“Distance of extrapolated impact point on a detector’s station to the centre of that
station. It should be noted that the centre of station is not exact (0,0), it varies between
detector’s station even for the same detector. The position of each centre can be found in
Reference [1]

’The surface of the LKr is a regular octagon with 1130 mm apothem. It also has a
circle hole with the radius of 150 mm in the centre to let undecayed beam particle pass.

whether this cluster can pass the following matched criteria
as shown in Figure |4.4

- |T;€rack - TLKT—cluster| < 20ns

— The distance from extrapolated LKr position of the straw
track to the position of the reconstructed LKr cluster is
less than 150 mm.

e If no LKr cluster were found, a new LKr cluster is recon-
structed at the analysis level by grouping valid LKr hits |E|
around the extrapolated impact point of the track on the
LKr. The reconstruction succeeds if there is at least one
valid LKr hit, and the energy of the most energetic hit is
greater than 40 MeV. If this new reconstructed LKr cluster
5] also does not satisfy the above LKr matching criteria, then
veto the spectrometer track.

(f) Spectrometer track should match with a CEDAR candidate. A
closest in-time CEDAR candidate is chosen among candidates
with NSector > 4. Time different distribution is shown in Figure
4.5l The spectrometer track would be rejected unless the chosen
CEDAR track pass the time cut, —2 < (Togpar — Tocmop) <
4 ns.

14valid LKr hits should satisfy: D < 150 mm && |Thit — Tirack| < 40ns.
15Tts position is the average valid hit positions weighted with energy. Its energy is the
sum of all valid hits. Its time is the time of the energetic hit.
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Figure 4.4: Criteria for matching the LKr Cluster with the Spectrometer
track. a) time difference between LKr clusters and spectrometer tracks, red
line indicates the fitted gaussian distribution b) The distance of extrapolated
position of track on the LKr to the centre of the LKr cluster.
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Figure 4.5: Here is the distribution of the time difference between the
selected Cedar candidate and the matched CHOD candidate.
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4.2. One track event selection cuts

Figure 4.6:
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Here is the distribution of the time difference between the

selected Cedar candidate and the matched CHOD candidate.

(2)

Spectrometer track should not match with a CHANTI candidate.
If a CHANTI candidate passed a time cut, —6 < (ToganTr —
Termop) < 7 ns, then reject the straw track. Time difference
distribution is shown in Figure 4.6l

Spectrometer track should match with a RICH candidate (op-
tional). The matching process is similar to that of CHOD can-
didate. But we considered two types of RICH candidate recon-
structed by two different algorithms: multi-ring RICH candidates
and single-ring RICH candidates. Multi-ring RICH candidates
are reconstructed based on Ptolemy theorem [43] in the stan-
dard reconstruction process. A valid multi-ring RICH candidate
should have more than three RICH hits and fitted x? < 10. In
addition, an offset was applied to ring centre to correct the mir-
ror misalignment assuming the light coming from the mirror hit
by the spectrometer track. To get a single-ring RICH candidate,
the offset corrections were first applied for every hit from a RICH
Time Candidatelﬂ at the analysis level and then a least squares
fit was redone using these corrected hits. For each type, a best

16 A group of RICH hits near in time
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4.2. One track event selection cuts

candidate is selected by minimizing a discriminant [42] :

(Tcandidate - Ttrack - MT)Z (Dcandidate - Dtrack)2
(3 RNox T)2 D2

cut

Dgricu =

As shown in Figure and [4.8. For multi-ring RICH candidate,
or = 5.12 ns and pur = 0.6 ns, while for single-ring RICH can-
didate o7 = 5.08 ns and ur = 0.65 ns. And Dgy = 13 mm is
set for both types. The distribution of the calculated discrimi-
nant is shown in Figure|4.7|¢) and |4.8 ¢) for both types. Cuts on
the discriminant, Drrog—muiti < 1.8 (DRICH—single < 2.5), and
fitted chi-squared, x? < 3, are set as match cuts.

3. After getting valid spectrometer tracks, we need to check whether the
decay happened in the fiducial region or not. We can set cuts on the
decay vertex. If straw track passed following vertex cuts, then they
would become a one track event.

A decay vertex is defined as the middle of the closest distance (CDA)
between the kaon track and selected spectrometer track after blue field
correction. There are two ways for setting the kaon track. Firstly,
we can select it from GTK candidates which have three hits in three
different GTK stations. Among those candidates, a closet in-time
GTK track relative to the time of CHOD track was selected to be
a GTK kaon candidate. To become a valid GTK kaon track, the
candidate must satisfy requirements: x? < 40, |Terx — Tonop| <
1.5 ns, 72.7 < Prgon < 77 GeV, 0, < 0.0002 and 6, < 0.0002. If
no valid GTK kaon track is found, the event would be rejected. The
other way is to set the kaon track as the nominal kaon track assumed
using the average momentum near 75 GeV/c, 6, and 6, from the run
monitor information in the online table. Obviously, it is more precise
to use the GTK kaon track but it costs plenty of data due to noisy
GTK readout in 2015. In order to get enough events, the nominal
kaon track was assumed for photon veto study in this thesis.

For these two kaon cases, different cuts on the decay vertex were used
to select one track event from valid straw tracks.

e Nominal kaon track:
(1) CDA < 35 mm
(2) 110 < Vertex.Z < 165 m, to avoid the decays in the collima-
tor, as shown in Figure 4.9
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4.2. One track event selection cuts
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Figure 4.7: Diagrams for matching a multi-ring RICH Candidate with the
Spectrometer track. a) time difference between the multi-ring RICH can-
didate and spectrometer track with the fitted gaussian distribution, fitted
sigma is shown in the statistics table b) The distance of extrapolated RICH
position to the position of the selected RICH multi-ring Candidate. ¢) Dis-
tribution of the multi-ring RICH discriminant d) Distribution of the fitted

x2. Red lines with an arrow in c¢) and d) show the match cut.
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4.2. One track event selection cuts
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Figure 4.8: Diagrams for matching a single-ring RICH Candidate with the
Spectrometer track. Similar as Figure
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4.3. Kirp and K5 separation cuts and efficiency evaluation
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Figure 4.9: Left figure shows CDA of the decay vertex of one track candi-
dates in Run 3811. The vertex was reconstructed using the nominal kaon
track and the spectrometer track. Right figure shows the vertex.z distribu-
tion.

e Valid GTK kaon track.
(1) CDA <7 mm
(2) 105 < Vertex.Z < 165 m , see Figure 4.10\

Once applying above criteria on the data, we get one track events and
can start to identify K9 and K2 events from them.

4.3 K and K, separation cuts and efficiency
evaluation

In this section, we present techniques for identifying K o and K, events.

Before using them we should check their efficiency of separating K o and

K,>. We used one track events, surviving the above one track event cuts
assuming nominal kaon track, from Run 3811 for this study.

4.3.1 Overview of separation cuts

Although both Ko and K3 decays can survive one track event cuts, there
are a few methods to distinguish them. Some are used to identify 71 and
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4.3. Kirp and K5 separation cuts and efficiency evaluation

Entries 85528

Mean 1.452

Std Dev  1.835

Entries. 97318

Mean  1.348e+05

Std Dev 1.956e+04

Events /0.1 mm
Events /600 mm
3
o

800

2
10 600

10,

200

i
o IlIII

2,
o

Figure 4.10: Same as Figure but the vertex was reconstructed using the
GTK kaon track and the spectrometer track.

ut, while other cuts are contributed by distinct properties of 7° and v.

First, different mass between 7= and p* leads to the discrepancy in
RICH signal. We can use Equation [2.2]to calculate the mass of RICH track.
The calculated RICH mass distributions of one track events in Run 3811
are shown in Figure The left plot shows the mass of RICH multi-ring
tracks, and the right is the plot for RICH single-ring tracks. K o events
are corresponding to the pion peak near 0.1349 GeV/c?, while K u2 events
are near the muon mass peak. It can be noticed that though the number of
RICH single-ring tracks is less than that of multi-ring tracks, multi-ring mass
has worse 71 and u™ separation efficiency. So we only use Massg ICH-single
to set the K9 and K2 identification cut.

Apart from the RICH, the electromagnetic calorimeter LKr and the
muon veto detector, MUV3, can also be exploited to identify 7% and p™.
As mentioned in Section [2.4.2] different types of particles would deposit
different energy in the LKr even though they have same energy. Electrons
deposit almost all of energy in the LKr while muons act like Minimum Ion-
izing Particles (MIPs) and typically deposit only a small fraction of their
energy through ionization. Hence, we can use Pf;}g‘w (a ratio of deposited

energy of track in the LKr to track’s straw momentum, %), to distinguish
et /nT /ut. As shown in Figure electron normally has £ ~ 1, while
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4.3. Kirp and K5 separation cuts and efficiency evaluation
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Figure 4.11: Left plot shows the mass distribution of RICH multi-ring
candidate for one track events. Right plot is for RICH single-ring Candidate.
Pion and muon peaks can be clearly seen in diagram.

muons and pions are corresponding to % < 0.1 and 0.1 < % < 0.9. As for
MUYV3, almost all pions would be stopped before reaching the MUV 3, while
most muons can hit it. Hence, we can use it to check whether the track is
1T or not.

In addition, we can use kinematics reconstruction to separate K o and
K, events. Due to the fact that 79 and v, neutral decay product missed
by the STRAW spectrometer, have different mass, K2 and K2 events
would end up with different Mfmssmg, the mass squared of missing parti-

cles. As shown in Figure the M? distributions for K9 and

missing—m
K, decays are distinct from each other. K o events have the Mfmssmgf7r
near the Mass?ro ~ 0.0182 GeV?/c*, while K u2 events are corresponding to
Mfm-ssmg less than 0. We can also assume the straw track has muon mass
to get Mgnissing—u
Mfm-s sing—p for selecting K2 events since most K2 events lie at 0 GeV? / ct
in M2 distribution as shown in Figure

missing—b
Finally, it comes to photon detection. The 7V from K 9 decay can fur-
ther decay into photons or electrons which can be detected by photon veto
detectors, LKr, LAV, IRC, and SAC mentioned in Section However,
for K2 events, decay product neutrino cannot be observed, i.e., have no
matched photon. The cuts for finding photons are discussed in Chapter [5
Photon detection plays an important role in getting pure K2 and K2 de-

for convenience sometimes. For example, it is easy to use
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4.3. Kirp and K5 separation cuts and efficiency evaluation
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Figure 4.12: The % distribution for one track events.

cay samples for studying the efficiency of above cuts as well as Skinematics
in Section [3.1.1l

In next subsection, we check the efficiency of above techniques except
photon veto for separating K2 and K2 events.

4.3.2 Efficiency
Tight cuts for getting K2 and K> events

To study the efficiency of one cut, we need to get pure K2 and Ko decay
samples by applying other three cuts on one track events. The details of
cuts are as follows:

o M2

missing cut
Kro: 0.013 < M2, o o < 0.023 GeV?/c!
KuQ: ‘M%

| <0.005 GeV?/c?

1SSINg—

e RICH singe-ring mass cut
Kot 0.133 < Massgic-single < 0.17 GeV /c?
K20 0.05 < MassricH-singie < 0.115 GeV /c?

e LKr and MUV3 cut
Ko: 0.1 < % < 0.8 and no matched MUV3 candidate
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4.3. Krp and K, separation cuts and efficiency evaluation
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Figure 4.13: Upper plot shows the momentum of straw track versus the
calculated Mgmsmg_ﬂ of one track event assuming the straw track has 7+
mass. Lower plot is the projection of upper plot in x axis, i.e., M2

missing—m
distribution. K2 and K3 decay peaks are denoted in both plots.
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4.3. Krp and K, separation cuts and efficiency evaluation
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Figure 4.14: Upper plot shows the momentum of straw track versus the
calculated Mfmsmg_ ., of one track event assuming the straw track has wt
mass. Lower plot is the projection of upper plot in x axis, i.e., Mfmssmg_ L
distribution. K2 and K2 decay peaks are denoted in both plots.
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4.3. Kirp and K5 separation cuts and efficiency evaluation

K 2: % < 0.1 and has matched MUV3 candidate

e Photon cut
K7-r2:
see 0 cut in section 4.4.1]
KHQ:
No matched photon in the LKr, LAV, IRC, and SAC.

These cuts are stricter than we normally use in order to get fewer background
events in the samples.

M2

missing

Once applying the sample selection cuts except the Mfmssmg cut on one

track events in Run 3811, we got pure K 2 and K3 samples to set efficient

Mg’bissing cuts to distinguish K9 and Ko events. Figure shows the
Mfm’ssing—w (right) and Mfmssmg_ ., (left) distribution for selected Kro and
K, events.

We can set a cut, 0.01 < M?

missing—pion

events. As shown in Figure right, the Mg@

< 0.026 GeV?/c*, to select Ko
distribution of K o
events has a peak at 0.01819 GeV?/c* which is close to the square value
of pion mass 0.134982 GeV?/c*, while M2 for most K2 events is

missing—m
less than 0. The resolution of Mgmsmg of the Ko events is about 4 x 1073

GeV?/c*, a little bit worse than the design value because nominal kaon
momentum was used for calculating Mr%zissing rather than that of GTK kaon
candidate. Three times better resolution can be acquired if using GTK kaon
candidate, see Figure 6.2l To choose a suitable cut, we examine several cuts
whose range are [0.018-i-n, 0.018+i-n] where i is the step (set it as 0.001
GeV/c? here) and check the Ko and Ko passing efficiency of those cuts.
The efficiency plot for two situations, non-momentum cut and moment cut
(15 to 35 GeV/c) on straw track, is shown in Figure It is clear that
those cuts are quite efficient, with the maximum muon efficiency at 1073
(10=%) level before (after) momentum cut. In order to get large statistics
and the anissmg signal regions (see section IE for KT — mtuvi events,
we chose a cut with wider range, [0.01, 0.026] GeV?/c*. This cut has (95.17+
0.07)% K2 selection efficiency and (2.77 £ 0.32) x 10™% K ;5 veto efficiency
after momentum cut.

Similarly, we also set a cut on Mfmssm%# to select K2 events. Since

we do not need a great number of K3 events to obtain Cjqpgom in section

1S8INg—T
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4.3. Krp and K, separation cuts and efficiency evaluation
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Figure 4.15: The M2, ...
samples. The right plot shows M2

missing—m
a straw track has pion mass, i.e. (Pg+ — P.+)?, while the left plot shows
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Figure 4.16: Here shows the efficiency of several M2, .. g—n cuts for select-

ing the Ko sample. The arrow shows the direction of increasing steps.
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4.3. Kirp and K5 separation cuts and efficiency evaluation
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Figure 4.17: The RICH mass distributions for Ko (red) and Ko decays
(green) sample selected by the other three tight cuts. Only tracks with
straw momentum from 15 to 35 GeV /c were chosen in samples. RICH mass
was calculated by using the radius of single-ring RICH candidate and straw
momentum.

the cut we chose is [-0.007,0.007] GeV?/c* which gives 83.9% (84.5%)
K5 selection efficiency and 10~4 (2.14 x 107°) K, veto efficiency before
(after) momentum cut.

RICH single-ring mass cut

The efficiency study of RICH single-ring cut follows a similar process, but
we used different selection cuts to select Kro and K2 samples. The cuts
include Mﬁmsmg cut, calorimeter cut and photon cuts in section as
well as the momentum cut (15 to 35 GeV/c). After getting the samples, we
calculated the RICH mass whose distribution is shown in Figure [4.17

As shown in Figure we examine the efficiency of a few RICH mass
cuts, [0.02-i-n, 0.02] GeV/c? where the step i is set as 0.0005 GeV/c?, for
selecting Ko and K2 events. It is obvious that RICH separation cut is
worse than the kinematics. The cut we chose for selecting Ko is 0.1325 <
MassricH-singie < 0.2 GeV/c?, which has 85.31% pion efficiency and 1.49%
muon efficiency.

While for getting K2 events, we set 0.05 < Massgich-single < 0.11
GeV/c? which has 70.69% muon efficiency and 1.07% pion efficiency.
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4.4. Final cuts used for selecting the data sample
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Figure 4.18: This figure shows the efficiency of different RICH mass cuts
for selecting K2 and K2 events.

Calorimeters

Three tight cuts other than the calorimeter cut were used to select the K o
and K5 samples. The % distributions for two samples are shown in Figure
We can set a upper limit at 0.85 to decrease the electron contamination
in the pion sample by at least a factor of 200 [44], while a cut % > 0.1 is
needed to efficiently reject muons. In summary, we can use 0.1 < % < 0.85
and required no MUV3 matched candidate for selecting K o decays. The
efficiency of this cut is shown in Table

Since we plan to use K2 events to study the random veto effect of the
LKr, we did not use this LKr related cut % for selecting K2 events. But a
cut on matched MUV3 candidates can be used.

4.4 Final cuts used for selecting the data sample

In summary, we can use following cuts to select desired events for the dif-
ferent study purposes.

4.4.1 Cuts for kinematics suppression study

For the kinematics suppression study, we need to get a pure K s sample
from one-track events with valid GTK kaon tracks. Obviously, we cannot
use anissmgfﬂ for selection. The Ko selection cuts are:
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4.4. Final cuts used for selecting the data sample
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Figure 4.19: The % distributions of Ko (red) and Ko (green) decays for
run 3811. No cut on STRAW track momentum is set.

15 < PsrRAW —track < 35 GeV/c

0.1325 < MassricH-singte < 0.2 GeV/c?

e 0.1 < £ <085 IMUV3

e 10 cut:

— Events with only two LKr standard photons but no other photons
(see details in Chapter [5).

— Cut on average time of two photons: |Tphotons—TsTRAW| < 12 118,

— Cut on the 7° decay vertex reconstructed by using the energy
and positions of two photons: 105 < Vertex — 7°; < 180 m.

— Cut on the energy of two photons deposited in LKr and MUV1
(Etwo-photons) and energy of 7t track using RICH: Erjcm-track +
Etwo-photans > 70 GeV.

4.4.2 Cuts for the 7° suppression study and 7° — v study

Since the 7% — v study here entirely depends on the 7° suppression, the
procedures for studying the 70 suppression and 7% — v are almost the
same. The difference is that a momentum cut, 15 < Psrraw —track < 35
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4.4. Final cuts used for selecting the data sample

pu Efficiency 7T Efficiency

Separation cuts 15 to 35 GeV/c 15 to 35 GeV/c
Non-momentum cut Non-momentum cut

, B (6.45 4 0.18) x 1073 (73.58 +0.13)%

LRreut: 0.1 <5 <085 5 67 1 0.12) x 10— (73.51 £ 0.11)%

-1
MUV3 (3.38 £0.42) x 1074 (73.56 £ 0.11)%
(2.64 +£0.25) x 10 (73.48 +£0.11)%

Table 4.2: Efficiency of LKr and MUV3 cuts for selecting Ko events and
K, events

GeV/c, must be applied for the 7° suppression study. Hence, we used the

same cuts as follows and leave the momentum cut till the last step for the

70 suppression study. To guarantee the performance of the photon veto

detectors, PsTrAw —track < 40 GeV /c was requested for 7 — v study.
After applying one-track selection cuts (nominal kaon) on the data sam-
ple, we can use the following cuts to select K2 and K2 events:
® Ngx2
2 2.4
= 0.01 < My, ccing—n < 0.026 GeV=/c
— 0.1325 < MassricH-singie < 0.2 GeV /c?

—- 0.1< £ <0.85 IMUV3

° u2

- |M31issing—muon| < 0.007 G6V2/C4
— 0.05 < MaSSRICH—smgle < 0.11 GGV/C2
— Matched MUV3 candidate
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Chapter 5

Photon veto cuts

We can set photon identification (vetoED cuts by checking the photon de-
tectors’ response in a “training” K s sample, since almost all photons in
the Ko sample are supposed to leave signals in photon detectors and be
detected. In this study, photon veto cuts are time cuts, which can be used
to check whether there is a photon detected by four photon veto modules,
the LKr, LAV, SAC, and IRC. A photon can leave a cluster in the LKr or
a hit in the other three detectors. For each detector, one or several photon
candidates were selected for setting photon veto cuts.

The “training” K o sample were identified from four 2015 minimum bias
runs (3789, 3799, 3801, 3805), which have the same running and trigger con-
ditions as Run 3811, using K2 selection cuts in section . For executing
a “blind” analysis, these K 9 events were not included in the final result for
70 rejection.

No matter how we set photon veto cuts, there is always false veto effect
due to the presence of additional 7% clusters in the LKr and the noise in
all photon detectors. As it shown in section a MC simulation and a
K, 2 sample identified by cuts in section from Run 3809 were used
to evaluate the additional false rejection factor caused by the accidental
rejection of photon veto cuts.

5.1 LKr photon

5.1.1 LKr standard photon

A LKr standard photon is an in-time LKr cluster reconstructed by the stan-
dard algorithm. Beside the photon from 7% decay, a 7+ track can also leave
one or several clusters in the LKr. To make sure a LKr cluster did come
from a photon rather than a 7T track, we had to define a circular region,
with the centre at the projected position of the 71 track in the LKr, which

"In the n° suppression study, the event would be rejected once it has a identified
photon. So we consider photon identification as photon veto.
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5.1. LKr photon

was masked for searching LKr photon candidates. In other words, we be-
lieved all LKr clusters inside this circular region were associated with the
7T track, and all other LKr clusters beyond this region became LKr photon
candidates. However, it is possible that additional LKr clusters left by =+
track may exist outside this region and mimic photons. Hence, we need
to consider the rejection effect brought by additional 7+ LKr clusters as a
contribution to false veto factor, C'gyse. The larger the radius of the masked
region is, the smaller the chance of the false rejection would be. As demon-
strated by a MC study in Appendix B\ nearly 5.64% of Ko events were be
rejected by 7 clusters if the radius of the circular region were set to be 150
mm, which leads to Cpyse_rt+ = 94.36%.

Figure 5.1 shows the time difference between the LKr photon candidates
and the associated CHOD track of all K o training events for two energy
ranges. We can set time cuts to identify a LKr photon among selected LKr
photon candidates. For candidates whose energy is lower or equal to 2 GeV
in Figure left, a time cut was set as —5 < Tk cluster — LcHop < 8 ns
(i.e. [-5, 8] ns) to check if they are LKr photons, while two time ranges
[-11,16] ns and [-30, -20] ns were set for left LKr photon candidates having
larger energy due to several peaks shown in Figure right. As long as
only one LKr photon candidate satisfied time cuts, we believed there was a
photon presented in the event.

5.1.2 LKr extra photon

Since LKr standard reconstruction for 2015 runs was reported to be ineffi-
cient for detecting photons, an alternative LKr reconstruction was used as
a supplementary photon veto cut after all LKr, LAV, SAC and IRC photon
cuts. Details of the algorithm can be found in meeting report [45]. The al-
ternative LKr reconstruction was only activated when there was no standard
LKr photon.

Among all newly reconstructed clusters which are 150 mm away from
the projected position of the 7™ track in the LKr, the most energetic cluster
was selected to become a LKr extra photon candidate in every event. For
avoiding large noise, this candidate should have energy greater than 1 GeV
otherwise no LKr extra photon was identified. Figure shows the time
difference distribution of all LKr extra photon candidates relative to CHOD
tracks in “training” Kro events. A slightly wider time cut, [-8, 6.5] ns, was
set to identify the LKr extra photon.
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5.2. LAV photons
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Figure 5.1: Distribution of the time difference between the LKr photon
candidates and the associated CHOD track for candidates whose energy is
< 2 GeV (left), and > 2GeV (right) in all “training” Ko events. There are
more peaks in the right diagram so a wider time window is required.

5.2 LAV photons

LAV photon is an in-time LAV hit. Among all reconstructed LAV hits, only
hits with specific edge-combination types were considered [46]. Besides, a
valid hit should not come from the identified noisy LAV channels in 2015
run. Among all valid LAV hits in every K o event, only the closest-in-time
hit relative to the CHOD time was selected to become the LAV photon
candidate. Figure shows its timing information for corresponding LAV
stations. If hit candidates come from the station LAV12, two time cuts,
[-3.5, 7] ns and [12, 21] ns, were set for checking whether candidates are
LAV photons or not. While for candidates from the other stations, a time
cut, [-5, 5] ns, should be set.

5.3 SAC and IRC photons

Like the LAV photon, SAC and IRC photons are also in-time hits. But
there are two readout modules for small angle veto (SAV) detectors: the
LAVFEE and the CREAM board [47]. As can be seen in section we
treated CREAM based SAC photon veto cut as a supplementary cut and
put it after SAV-CREAM photon rejection cut.
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5.3. SAC and IRC photons
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Figure 5.2: Distribution of the time difference between the LKr extra photon
candidates and the associated CHOD tracks in all “training” K o events.

5.3.1 SAV-LAVFEE photons

There is no reconstructed energy information for LAVFEE based hits. But
we can exploit the time-over-threshold (TOT) value which is almost pro-
portional to deposit energy [48, 49]. Among all LAVFEE based SAC hits in
every event, we selected one hit having the largest TOT value as LAVFEE
based SAC photon candidate. Same for the IRC. Figure left and right
shows the timing of LAVFEE based SAC photon candidates and LAVFEE
based IRC photon candidates in Ko events from run 3801, respectively.
Time cuts, [-5, 5] ns and [-6.5, 6.5], were set for identifying (rejecting) SAC
photons and IRC photons, respectively.

5.3.2 SAV-CREAM photons

Unlike LAVFEE, we do have the energy of CREAM based hits. Energy cuts,
> 1 GeV and > 2.5 GeV, was placed on SAC and IRC hits, respectively, to
reduce noise. As a supplementary cut to LAVFEE, we selected the closest-
in-time hits instead of the most energetic hits as photon candidates. As
you can see in Figure [-5, 5] ns and [-8, 8] ns can be set for identifying
CREAM based SAC photons and IRC photons.
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5.4. False veto effect
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Figure 5.3: Distribution of the time difference between the LAV photon
candidates and the associated CHOD tracks in all “training” Ko events.
The right diagram shows the time difference of LAV photon candidates from
the LAV12, while the left diagram is for candidates from left eleven LAV
stations.

5.4 False veto effect

Apart from the 7" clusters, false rejection is also contributed by the acciden-
tal rejection caused by the photon detector’s noise which was not taken into
account in the MC simulation. Hence, we estimated the additional random
veto factor, Craise—random, Dy applying above photon veto cuts on the K
sample from Run 3809. As we can see in Table there is a tiny difference
between the Cryise—random for momentum range [15, 35] GeV/c and that for
< 40 GeV/c. This factor was evaluated to be nearly 0.983, which could also
be used as Apy in Equation since photon veto cuts should have almost
same accidental veto effect on K+ — nTvi events.

Combined with Cpyjse_r+ in section [5.1.1] total false rejection factor
C'Fuse 18 estimated to be 92.77%.
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5.4. False veto effect
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Figure 5.4: Distribution of the time difference between the LAVFEE based
SAV photon candidate and the associated CHOD track in K 9 events from
run 3801. The left diagram shows the time difference of LAVFEE based
SAC photon candidates, while the right diagram is for LAVFEE based IRC
photon candidates.
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Figure 5.5: Distribution of the time difference between the CREAM based
SAV photon candidate and the associated CHOD track in Ko events from
run 3801. The left diagram shows the time difference of CREAM based
SAC photon candidates, while the right diagram is for CREAM based IRC
photon candidates.
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5.4. False veto effect

Events number

Events number

Kz 15 to 35 GeV/c < 40 GeV/c
Trial events 406560 565836
Reject LKr standard photons 405785 564737
Reject LAV photons 400148 557111
Reject SAV-LAVFEE photons 400044 556963
Reject SAV-CREAM photons 399745 556541
Reject LKr extra photons 399675 556435
C'False—random 98.31% 98.34%

Table 5.1: This table shows how many K> events from Run 3809 passed

each photon cut.
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Chapter 6

Analysis results

In this chapter, we followed the analysis strategies in Chapter 3| to eval-
uate the K o background and the branching ratio of the decay 7n° — vi
using other 2015 minimum bias runs and MC data. These runs were re-
constructed by the NA62Reconstruction|§| package v0.9.1 (latest revision).
To estimate Apinematics aNd Cissreco, We generated some K5 and Ko
events using NA62MC package v0.9.1 and reconstructed them with the same
NAG62Reconstruction package.

6.1 Kinematics

6.1.1 Kinematics rejection for K,
MC simulation

300K K o MC events were generated for studying kinematics rejection ef-
ficiency. After applying selection cuts in section except the 70 cut,
on MC events, we got 19288 trial events whose Mfmssim}_7r distribution is
shown in Figure 6.1, where the NA62 accessible K+ — 7Fvp phase space
regions I and II are roughly indicated by green lines. Almost all events re-
side in a narrow core with resolution of 1.14 x 1073 GeV?/c*. There are 21
events leaking into two signal regions: 11 events entered in region I, [0, 0.01]
GeV?/ct, and 10 events were found in region I, [0.026, 0.068] GeV?/ct. In
summary, MC results suggest that the inefficiency of kinematics rejection

for Kno events is (1.09 4 0.24) x 1073,

Data

We also analyzed nearly 2500 bursts from Run 3821 and identified 49077
K2 events using all selection cuts in section [4.4.1 Figure [6.2] shows the
Mfmssmgﬂr spectrum for these events. It can be seen that the spectrum of
Ko events from data has slightly wider distribution than MC simulation

18N A62 Software contains NA62MC, NA62Reconstruction, NA62Analysis and NA62DB
packages, see https://na62-sw.web.cern.ch/software|for details
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6.1. Kinematics

Entries 19288
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Figure 6.1: The M2,  ;n,  distribution for Ko MC events. M2, .. .~
was calculated using momentum of a GTK kaon track and a spectrometer
track. KT — 7 vv signal regions were indicated by green lines.

and is a little bit noisy. This might be caused by accidentals since part of
the GTK system suffered from high noise during the run. Of the 49077 trial
events, 52 events entered in region I and 54 events were found in region II,
which results in Skinematics = (2.16 & 0.21) x 1073,

6.1.2 Kinematics acceptance for K.,

In addition to 300K Ko MC events, we also generated 300K K ,; MC
events to estimate the Apinematics i1 Equation The analysis process
is same as MC study in section Compared with the Ko MC simu-
lation, there are more K ,; events surviving one track selection cuts and
K9 selection cuts, which means those cuts have different efficiency for Ko

and K5 decays. Based on the simulation %’:’2’7 = % ~ 1.362. The
Mfm-s sing—r distribution of selected K, events in shown in Figure Out
of 26269 K, events, 15077 events enter into two signal region, which gives

Akinematics = 5739% .
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6.1. Kinematics
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6.2. 7° rejection using photon veto cuts
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Figure 6.4: This figure shows how Ko events from six 2015 minimum bias
runs survived each photon veto cut.

6.2 7 rejection using photon veto cuts

Using the cuts described in section we got 7.1M K o events from six
minimum bias runs (3809, 3810, 3811, 3813, 3818, 3821) before placing the
momentum cut. Then we checked the 7° veto efficiency by applying photon
veto cuts one by one on the selected K o sample. As shown in Figure
most remaining K o events (red bars) have high 7% momentum. This is
not surprising since photon detectors have small efficiency of detecting low
energy photons. We got no events left in the desired momentum ranges after
placing all photon veto cuts.

Only K 2 events with 77 momentum in [15, 35] GeV/c were used for
this study. As shown in Table 6.1, we got zero events left out of 3553586 trial
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6.3. Ko background

Kro 15 to 35 GeV/c | < 40 GeV/c
Trial events 3553586 4735650
Final events 0 0

Table 6.1: Number of K 9 events in two momentum ranges passing the
photon veto cuts.

events. When zero events were observed, the number of remaining events
was limited to be < 2.3 at 90% C.L. using Poisson statistics, which results
in:

Spy = Nt
N7r0 ’ CFalse
2.3

=7.0x 1077 (90% C.L.)

3553586 x 0.9277

6.3 K, background

Plugging all the factors into Equation the S/B ratio for the Ko back-
ground should be:

8 x 1071 % 0.574 x 0.983 x 1.362 0.2
0.207 x 2.16 x 103 x 7.0 x 10—7

S/B >

6.4 Branching ratio of the decay 7’ — v

We generated another 300K Ko MC events where 7° was forced to decay

. — A 71'0 127 :
into vv to compute "B ov?) - Gmaller Ak, was expected due to miss-
AK 2 T2

reconstruction of the 7+ tr:;rck, which may happen when photons or electrons
from 7% decays overlap with the 7% track but doesn’t not occur if 7° decays
into neutrino pairs. We got 23479 events surviving the selection cuts in
section m (except the 7° cut) from this MC sample, compared to 19288
events from the Ko MC sample where neutral pions went through common

A w0 v
decays. Hence, K”j( ovE) — %gggg ~ 1.217.

K
As shown in Table 2 after photon veto cuts no events were left from
4735650 Ko events where 77 momentum is below 40 GeV/c. Actually,
we found one interesting event from Run 3813 (burst number:889, event
number: 4112) which survived all K9 selection cuts in sectionm except
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6.4. Branching ratio of the decay ™° — vi

= cul and all photon veto cuts. However, this event is probably not
7T — v candidate since it has a few in-time MUV1 candidates with large
deposited energy. We added the energy of all in-time MUV1 candidates
in that event and found that the ratio of total energy deposited in MUV1
to the momentum of straw track, (%) is 2.37. This ratio is abnormally

large for a 70 — v event since the maximum blij U1 we acquired from 58073

KTFQ(WO —wi) MC events is only 1.24. This event motivated us to set another

70 — v identification cut, % < 0.6, besides photon veto cuts, for future
70 — v study. The efﬁcienéy of this cut for observing 7° — v decay in
tagged Kr2 event was estimated to be 99.63% using K o(,7) MC events.

In summary, based on zero remaining events the 90% C.L. upper limit
of the branching ratio of the decay 7° — v was obtained as:

2.3

=43x1077
1735650 x 0.9277 x 1217 k3 <10

Br(r® — vp) <

"The £ of this event is 0.8993, failing the 0.1 < £ < 0.85 cut. But the mass of
matched sing-ring RICH candidate is 0.138747 GeV/c?, close to the 7+ mass. It should
be noted that this event does not have matched multi-ring RICH candidate and the straw
momentum of 7" is 15.03 GeV/c.
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Chapter 7

Conclusions

This study provided the preliminary result of the S/B for the K o back-
ground in the measurement of K* — 77vw in NA62. The S/B was esti-
mated to be greater than 0.2 based on the efficiency results of the kinematics
suppression and 7¥ veto vetoing and some efficiency factors acquired from
MC simulations. The required S/B should be at least 10 for the success of
the NA62. Our result was limited by insufficient K 9 events, which made it
difficult to determine the real inefficiency of 7° rejection in NA62.

Several 2015 minimum bias runs were analyzed to provide the Ko and
K2 samples for studying the kinematics and 7° vetoing factors. To set
cuts for identifying K2 and K2 events, the RICH performance for distin-
guishing 7+ /ut in 2015 run was evaluated; a RICH mass cut, 0.1325 <
MassricH-singie < 0.2 GeV /c?, would kill 98.53% muons with the efficiency
of getting pions at 85.31%. The efficiency of other identification cuts such
as kinematics and calorimeters was also evaluated. The kinematic rejection
of Ko events using GTK kaon tracks was found to be (2.16 4 0.21) x 1073
based on 101 survived events out of 49077 trial Ko events. This inefficiency
was at the same level with what MC simulation found, (1.09 4 0.24) x 1073.
Nominal kaon tracks were assumed for 7% veto study to acquire more trial
K9 events. Based on zero remaining events out of nearly 3.55M Ko events,
the 7 veto inefficiency of < 6.98 x 1077 (90% C.L.) was obtained.

Besides, a slightly larger number of identified Ko decays obtained with
wider momentum range were used to search for the helicity-suppressed decay
70 — vi. We got zero 7° — v candidates out of approximately 4.74M trial
events, which leads to an upper limit of the branching ratio at 4.3 x 1077
(90% C.L.) Although at present this result is 1.6 times larger than what
E949 reported, the limit of 7% detection in NA62 has not been reached yet.

We need more Ko decays from future runs in NA62 to explore the limit
of ¥ detection and get the precise results for the S/B of the K 2 background
in NA62 and the branching ratio of the decay 7% — vo. In future study, if
possible the GTK kaon tracks rather than the nominal kaon tracks should be
used to reconstruct kinematics variable for studying the 7° rejection. Once
we get remaining events in future, an estimation of background events in
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Chapter 7. Conclusions

K5 trial events should be achieved. Also, it should be noted although zero
K9 events survived our present photon veto cuts, these cuts may not be
the most efficient for rejecting 7°. We should optimize these cuts one by
one to get maxiumum real 7¥ rejection (Nyeq = Nyejected—n0 % CFalse) in
the “training” sample. This method was adapted in the E949 [22]. In future
multivariate techniques will also be used to improve the optimization of the
photon veto cuts for greatest efficiency and rejection.
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Appendix A

(Gain measurement of the
STRAW spectrometer

In order to value and optimize NA62 straw trackers’ performance, we mea-
sured the dependence of the gas gain versus applied voltage at 970 mbar
absolute pressure for three different gas mixtures, Ar — COs (70-30 & 85-15
& 93-7). Battery and a new method of gas gain measurement were used
to get more accurate current. Our results indicate the gain for Ar — C'Oq
(70-30) gas mixture at 1752 V is (5.479 & 0.213) x 10%.

Setup

The straw prototype at CERN was used to conduct the experiment. 16
tubes were connected with flex-rigid circuits borad to one Front-End board.
We used one board with high voltage and gas input connected shown by
Figure [A.1l An auto-ranging Keithley-6487 picoammeter with sensitivity
0.01 pA has been connected between the straw cathode and the ground to
measure the produced currents. Although the sensitivity of picoammeter is
quite high, its reading is constantly fluctuating, & 0.2 nA, once connected
to the high voltage supply. This may be caused by the noisy grounding. To
solve this problem, we use a 130V battery as power supply, which avoids
parasitic ground loops and then allows us to measure very small current,
for detecting primary current. Besides, we took a new method proposed in
which radiation source rates can be changed without affecting measurement
so that we can use high activity source, an 2.7GBq ®®Fe source, to get the
larger primary current. Due to space charge effect and safety issue, 0.32 mA
current was set as upper limit.

Get I v.s. Voltage curves

After putting 5° Fe source in the nearest distance, we used voltage division
for the battery to get different voltage from 45 to 130V and measured the
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Get I v.s. Voltage curves

Figure A.1: Straw prototype with Gas and HV Input Connected

current in some points. As shown by Figure a, we get a plateau (gain
~ 1) for the current within this range, which demonstrates I,;imary equals
431.8 + 4.05. Without moving the source, we replaced battery with high
voltage supply, changed the voltage and got Curve 1. Then the distance
and angel of ®® Fe source was adjusted to decrease source rate, Curve 2 was
acquired after this. So was Curve 3. Finally, we got the current v.s. voltage
line shown in Figure a.

Using the equation gain = %}‘%, gain for Curve 1 is easy to get.
Then we can calculate the average constant k; = Imfj::m for Curve 2 using
the known gain of several points deduced from Curve 1. Gain for other
points in Curve 2 can be obtained using known k;. Repeating this, we can

got gain v.s. voltage in Figure b.
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Figure A.2: Gain v.s. Voltage for Ar — CO5(70-30) at 970 mbar
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Gas gain result

We followed the above process and got gain v.s. voltage curves for Ar —
CO4(70-30, 85-15, 93-7) corresponding with Figure [A.2, Figure and
Figure respectively. Pressure was set at 970 mbar.

Due to the fact that current reading fluctuates with high voltage power
supply as mentioned above, we drop the points whose current below 2 nA.
Besides, Figure shows when gain is above 2 x 10° straw tracker enters
into non-proportional counting region, a transition region to the Geiger re-
gion. Hence, to get credible linear fit result we use the data whose gain is
within the region [10, 2 x 10°]. Curves were linear fitted using bivariate cor-
related errors and intrinsic scatter (BCES) model. The error in y coordinate
equals 1% in current reading plus initial error in primary current.

We can use fit parameters to estimate the gain at exact voltage like 1750,
but it brings large uncertainty 5(1100;) = In(10) * da. Consequently, we decide
to directly use the data point. For Ar — COs (70-30) gas, at 1752 V, the
gain should be (5.479 4- 0.213) x 10* assuming total error equals maximum
2% in reading plus 0.945% error in constant K (0.655% in K and 0.29% in

K>) plus error in primary current, 0.938%.

It is obvious that with the proportion of Ar increased the gain dramati-
cally increases. The corresponding voltage for gain achieving 10* is 1575V,
1400V and 1275V for 70-30, 85-15 and 93-18. If we want to achieve 10° in
gain for the best resolution, the working voltage should be set at 1825V for
the present working gas mixture, i.e., 70% Ar and 30% CO-, at 970 mbar.
Using gas mixtures with denser Ar can decrease the working voltage. 1610V
or 1460V is required if we used Ar — CO3(85-15) or Ar —CO2(93-7) as filled
gas.
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Figure A.3: Gain v.s. Voltage for Ar — CO2(85-15) at 970 mbar
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Figure A.4: Gain v.s. Voltage for Ar — CO2(93-7) at 970 mbar
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Appendix B

Study of the false Ko
rejection caused by
additional 77 LKr clusters

We generated 300K Ko MC events where ¥ was forced to decay into vi.
In this MC simulation, LKr clusters were only generated by 7 track so
that we can use these events to study the false rejection effect caused by
additional 7+ LKr clusters.

First, we applied the one track selection cuts and K o selection cuts
(section 4.4.2) on MC event. In each survived MC event, we selected only
one LKr cluster which is furthest from the 7 projected position in the
LKr from all LKr clusters except the one associated with the 7™ track. It
should be noted that the distance was set to 0 if no additional LKr cluster
was found. The distance distribution of these selected clusters is shown in
Figure B.1l Nearly 75% K o705 events in this study only have one LKr
cluster, which is associated with the 7+ track.

As long as the distance of the selected LKr cluster in a MC event was
larger than the radius of the masked region we set, we treated that LKr
cluster as a fake photon cluster and reject the event. The reject efficiency
distribution for different radii is shown in Figure [B.2l The efficiency is
around 94.36% if we set the radius of the masked region to 150 mm.
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Appendix B. Study of the false Ko rejection caused by additional 7+ LKr clusters
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Figure B.1: This figure shows the distance of the selected LKr cluster to the
projected position of 77 in the LKr.
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Figure B.2: This figure shows the rejection efficiency for different radii of
the masked region.
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