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Abstract

This paper describes the implementation and performance of CsI(T1) pulse
shape discrimination for the Belle II electromagnetic calorimeter, represent-
ing the first application of CsI(Tl) pulse shape discrimination for particle
identification at an electron-position collider. The pulse shape characteriza-
tion algorithms applied by the Belle II calorimeter are described. Control
samples of v, u*, 7%, K* and p/p are used to demonstrate the significant
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insight into the secondary particle composition of calorimeter clusters that
is provided by CsI(Tl) pulse shape discrimination. Comparisons with sim-
ulation are presented and provide further validation for newly developed
CsI(T1) scintillation response simulation techniques, which when incorpo-
rated with GEANT4 simulations allow the particle dependent scintillation
response of CsI(T1) to be modelled. Comparisons between data and simula-
tion also demonstrate that pulse shape discrimination can be a new tool to
identify sources of improvement in the simulation of hadronic interactions in
materials. The K? efficiency and photon-as-hadron fake-rate of a multivari-
ate classifier that is trained to use pulse shape discrimination is presented
and comparisons are made to a shower-shape based approach. CsI(T1) pulse
shape discrimination is shown to reduce the photon-as-hadron fake-rate by
over a factor of 3 at photon energies of 0.2 GeV and over a factor 10 at
photon energies of 1 GeV.

Keywords: Belle 11, Calorimeters, Pulse Shape Discrimination, Thallium
doped Cesium lodide, Particle Identification, GEANT4

1. Introduction

The Belle II experiment at the SuperKEKB asymmetric electron-position
collider plans to integrate a 50 ab™* dataset while operating at and near the
T(4S) resonance, corresponding to a centre-of-mass energy of 10.58 GeV.
With this unprecedented dataset, Belle II will search for physics beyond the
Standard Model through precision flavour sector measurements and searches
for rare/forbidden processes as well as darks sectors [1,2]. Complimentary to
the improved statistical precision to be achieved at Belle II, advancements in
new experimental techniques can also further enhance Belle II sensitivities to
new physics and potentially allow for new measurements. This paper presents
the performance of a new method for calorimeter-based particle identifica-
tion in high energy physics through the novel application of pulse shape dis-
crimination (PSD) with thallium-doped cesium iodide (CsI(T1)) scintillator
crystals. The results presented demonstrate that with pulse shape discrimi-
nation direct insight into the secondary particle composition of calorimeter
clusters is gained, providing a means for highly effective discrimination be-
tween electromagnetic and hadronic showers in the Belle II calorimeter. This
information is shown to be independent of that from other particle identifi-
cation observables in Belle I, including current calorimeter-based quantities,



leading to improvements in K? vs. photon identification. The results pre-
sented represent the first application of this experimental technique at a ete™
collider experiment and opens the way to improve many Belle II measure-
ments where hadronic shower identification is crucial, such as in the flag ship
measurement of sin 2¢; using B — J/¥K? [1].

The scintillation response of CsI(T1) is empirically well known to depend
on the ionization dE/dx of the particle that is depositing energy in the crys-
tal [3]. Highly ionizing particles, such as stopping protons or alpha particles,
are observed to produce CsI(TI) scintillation emission with a faster decay
time relative to the CsI(T1) scintillation emission produced from energy de-
posits by photons or low dE/dx particles 3, 4]. This phenomenon has been
widely exploited in the energy regime of < 10 MeV to discriminate between
interactions caused by electrons, protons and alpha particles [3, 5], as well
as in nuclear physics for low energy nuclei identification [6, [7]. Recent stud-
ies have demonstrated the significant potential for PSD to improve hadronic
shower identification at electron-position collider experiments |4]. Although
several past and present detectors operating at high energy ete™ colliders
have employed CslI(T1) calorimeters, such as Belle [§], BaBar [9,10] and BE-
SIII [11], applying CsI(T1) PSD to improve particle identification has yet to
be attempted at a high energy ete™ collider experiment.

This paper presents the implementation and performance of CsI(T1) pulse
shape discrimination with the Belle II calorimeter using collision data col-
lected during the summer 2018 commissioning of the Belle II experiment.
The data used in this analysis corresponds to an integrated luminosity of
0.5 fb™" collected at the Y(45) resonance [12].

The Belle II detector has a cylindrical geometry and is constructed from of
a collection of sub-detectors that together perform as a spectrometer operat-
ing in a 1.5 T magnetic field. The innermost sub-detector is a vertex detector
beginning at a radius of 14 mm from the interaction point and consists of two
layers of pixel detectors followed by four layers of double-sided silicon strip
detectors. During the summer 2018 commissioning of the Belle II experi-
ment only one octant of the vertex detector was installed. Extending from
a radius of 160 mm to 1100 mm is the central drift chamber, which applies
a 50% He, 50% C,Hg gas mixture to perform charged particle detection,
and identification through dE/dz measurements. After the drift chamber
is a charged particle identification system consisting of a Cherenkov-based
time-of-propagation detector in the barrel region and an aerogel ring imaging
Cherenkov detector in the forward region. The electromagnetic calorimeter



is constructed from CsI(T1) scintillator crystals and includes a barrel region
beginning at a radius of 1250 mm, in addition to forward and backward end-
caps. The outermost sub-detector is the K?-muon detector system. The
endcaps and the initial layers of the barrel region of the K%-muon detector
are constructed from alternating layers of iron plates and scintillating strip
detectors. The outer barrel layers substitute the scintillating strip detectors
with resistive-plate chambers. Additional details of the Belle II detector can
be found in reference [13].

This paper is organized as follows: Section [2] describes the experimen-
tal details concerning the implementation of CsI(T1) PSD with the Belle II
electromagnetic calorimeter. In Section B] the pulse shapes of crystals in
calorimeter clusters produced by control samples of v, u*, 7%, K* and p/p
selected from Belle II data and simulation are studied. This survey demon-
strates that by analysing the scintillation pulse shapes of the CsI(T1) crystals
in a calorimeter cluster, the types of secondary particles produced in the clus-
ter can be identified. In Section[4]the performance of a multivariate classifier,
which is trained to use CsI(T1) PSD to separate K? and photons, is mea-
sured and compared with a shower-shape based approach to neutral particle
identification. Section [l presents the conclusions of this study and discusses
areas for further development of this new experimental technique.

2. Pulse Shape Discrimination with the Belle II Calorimeter

In this section the reconstruction and simulation methods implemented
to apply pulse shape discrimination with the Belle II calorimeter are de-
scribed. The relevant features of the Belle II calorimeter signal chain that al-
low for CsI(T1) waveforms to be digitized and recorded for offline pulse shape
analysis are outlined. The waveform shape characterization techniques are
then described and the methods applied to simulate the ionization-dependent
CsI(T1) response are discussed.

The Belle II calorimeter re-uses the calorimeter of Belle, but with up-
graded electronics following the initial pre-amplification stage. The calorime-
ter is constructed from 8736 CsI(Tl) scintillator crystals that have a trape-
zoidal geometry with front face area of ~ 4.5 x 4.5 cm?, rear face area of
~ 5 x 5 cm? and nominal length of 30 cm. Each crystal is equipped with two
Hamamatsu S2744-08 photodiodes, which have a surface area of 10 x 20 mm?
and are glued to the rear crystal face [13]. Two pre-amplifiers, one for each



photodiode, are also mounted on the rear of the crystal to integrate the signal
emitted by each photodiode [13].

Following the initial pre-amplification stage, the two signals are summed
then processed by a CR—(RC)4 shaping amplifier with shaping time of 0.5
ps [14]. The signal is then digitized into 31 samples with 18-bit precision
and at a sample frequency of 1.7669 MHz (sample time of 0.56594 us).
During data-taking the digitized waveform is processed online with Field-
Programmable-Gate-Array’s (FPGA’s) to measure the magnitude and time
of the energy deposit in the crystal. At present, the waveform analysis by the
FPGA’s is limited to computing only the energy and time of the waveform.
As this does not explicitly contain information that characterizes the wave-
form shape, which is required for PSD, an upgrade of the FPGA firmware
was implemented such that if the energy measurement by the FPGA exceeds
30 MeV then the 31 waveform data points are stored offline. The 30 MeV en-
ergy threshold applied here is limited by the bandwidth of the Belle II data
acquisition system as the number of crystals above a given energy thresh-
old grows rapidly at lower energies due to beam background energy deposits
originating from background particles generated by SuperKEKB.

To characterize the waveform pulse shape the techniques developed in ref-
erence [4] are applied. The study in reference [4] demonstrated that energy
deposits by highly ionizing particles produce a CsI(T1) scintillation com-
ponent measured to have a decay time of 630 + 10 ns. This scintillation
component is referred to as the hadron component as it is only produced by
highly ionizing energy deposits and thus not present in scintillation emission
from electromagnetic showers or energy deposits from low dE/dz particles,
such as minimum ionizing particles [4]. The shape of the CsI(T1) waveform
is characterized by the crystal hadron intensity defined as the fraction of
scintillation emission emitted in the hadron component relative to the total
scintillation emission.

To measure the magnitude of the total and hadron component scintilla-
tion emission, the waveforms recorded offline are fit to the model defined in
equation [II

G (t) = Lpnoton FBPnoton (t - to) + Ltadron BHadron (t B tO) (1>

In equation [I]

G(t) is the CsI(T1) waveform.



t is time.
to is the time the incident particle’s energy is deposited.

Rppoton 1s the photon template, which is defined as the shape of the signal
at the output of the full signal chain of a Belle II crystal channel associated
with the CsI(T1) scintillation produced in an electromagnetic shower.

Ryadron 18 the hadron template, which is defined as the shape of the signal
at the output of the full signal chain of a Belle II crystal channel associated
with the additional CsI(T1) scintillation component produced when
hadronic interactions take place.

Lppoton is the photon scintillation component light output yield.

LHadron is the hadron scintillation component light output yield.

From the quantities measured by the model described in equation [I], the

crystal energy, EZ%#! and crystal hadron intensity are computed using equa-

tions 2l and 3], respectively.

E(':Ifgtitlal = LPhoton + LHadron (2)
. . LHadron
Hadron Intensity = (3)

LPhoton + LHadron

From these definitions, electromagnetic shower energy deposits are ex-
pected to have hadron intensity of zero, whereas energy deposits from highly
ionizing particles, are expected to have hadron intensity greater than zero.
The exact value of the hadron intensity will depend on the magnitude of
energy deposited at an ionization dE/dz that is above the threshold required
to produce hadron scintillation component emission.

Two examples of typical waveforms recorded during summer 2018 Belle 11
commissioning runs are shown in Figure [[l Figure [lal shows a typical wave-
form with a photon-like pulse shape and Figure [ID shows a typical waveform
with hadron-like pulse shape. Comparing these two waveforms, it is observed
that hadron-like pulse shapes have a suppressed tail relative to the photon-
like pulse shapes, which is well modelled by the hadron template.
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Figure 1: Typical Belle IT CsI(T1) waveforms from data with fit to Photon+Hadron tem-
plates overlaid. a) Waveform with photon-like pulse shape, as expected from an electro-
magnetic shower. b) Waveform with hadron-like pulse shape, as expected from a hadronic
shower.

To simulate particle interactions in the Belle II detector, Monte Carlo
(MC) simulations using GEANT4 particle interactions in matter simulation
libraries are applied |13]. The GEANT4 physics list used is the FTFP_BERT.
By default, GEANT4 does not include simulations of the ionization dE/dx
dependent CsI(T1) scintillation response. To simulate the CsI(T1) scintilla-
tion response to highly ionizing particles we apply the simulation methods
described in reference [4]. These methods compute the magnitude of the
hadron scintillation component emission and Birk’s scintillation efficiency
[16] using the instantaneous dE/dxz of the primary and secondary particles
that contribute to the total energy deposited in the CsI(Tl) crystal. Simu-
lated waveforms are constructed by iterating over all discrete energy deposits
in the crystal volume and accumulating a template sum, weighted by the
corresponding scintillation light output contributions from photon compo-
nent scintillation emission and hadron component scintillation emission. To
model the detector noise conditions, noise waveforms recorded from events
that are randomly triggered during data-taking runs are added to the sim-
ulated waveform. After pulse construction, the simulated pulse is fit using
the same methods as described above for data.



3. CsI(T1) Pulse Shapes of Crystals in Clusters from a Selection of
Particle Control Samples

This section presents a survey of the scintillation pulse shapes observed
in crystals from calorimeter clusters produced by control samples of 7, u*,
7%, K* and p/p selected from Belle II commissioning data. These control
samples are presented to demonstrate the variety of pulse shape signatures,
which arise due to the different material interactions initiated by different
types of particles, and the ability to accurately simulate them.

Demonstrated in reference [4], energy deposits by highly ionizing particles
generate hadron scintillation component emission in CsI(T1), which is differ-
entiated from scintillation produced by low dE/dz energy deposits due to
its relatively fast scintillation time. The CsI(T1) scintillation pulse shape is
thus determined by the fraction of energy deposited at an ionization dE/dx
that is significant enough to produce the hadronic scintillation component
emission. This direct dependence allows the CsI(T1) pulse shape to be used
to identify the types of secondary particles that contributed to the energy
deposit in the crystal. As a result the pulse shapes of the crystals in the
cluster will depend on the primary particle type.

The main features of each control sample are summarized as:

v - CsI(T1) pulse shapes of energy deposits from electromagnetic show-
ers.

e ;% - CsI(T1) pulse shapes of energy deposits from minimum ionizing
particles.

e 7% - CsI(T1) pulse shapes of crystals in hadronic showers.

e K* - Due to strangeness conservation in strong interactions, hadronic
interactions of K in the momentum regime studied are suppressed rel-
ative to K~ [17]. This effect is observed with CsI(T1) PSD, illustrating
that CsI(T1) PSD can measure the hadronic activity in a cluster.

e p/p - In the momentum regime studied p frequently will ionize and
stop in the calorimeter. During this process the p becomes highly
ionizing, demonstrating the scenario when the primary particle can
directly produce hadron scintillation light output. The pulse shape
distribution is shown to be distinct from a p, which annihilates in the



CsI(T1). How PSD can be used to improve the GEANT4 simulation of
p interactions is also discussed.

Selections for each control sample are described the respective section below.
Momentum dependent rescaling is applied to simulation to account for in-
efficiencies in data due to event triggering and reconstruction inefficiencies.
After the momentum dependent efficiency correction, the momentum distri-
butions in data and simulation are in agreement thus allowing the calorime-
ter quantities to be compared [18]. Only clusters in the barrel region of the
calorimeter are studied.

3.1. Photons

A sample of electromagnetic showers produced by photons with lab mo-
mentum magnitude, pjap, in the range 0.5 < pp, < 1 GeV/c was selected
from ete™ — ptp~ () events. This selection requires the event to have two
well reconstructed oppositely charged tracks in addition to a photon. Bhabha
events are rejected by requiring the calorimeter cluster energy of each track
to be consistent with an ionization cluster. The mass of the u* =~ system is
required to be consistent with the total centre-of-mass energy of SuperKEKB.
In addition, the magnitude and direction of the photon momentum vector
is required to be consistent with the recoil momentum of the pu*pu~ system.
Backgrounds from ete™ — 77~ (y) and ete”™ — K1TK~(v) are suppressed
by vetoing events where the 'y~ invariant mass is consistent with a p or ¢
[18].

In this momentum range a photon is likely to interact in the CsI(T1)
calorimeter by generating an electromagnetic shower, consisting of only sec-
ondary electrons, positrons and photons. Due to the absence of highly ioniz-
ing particles in the electromagnetic shower, the hadron component intensity
values of the crystals in the photon clusters are expected to be distributed
close to zero, independent of the photon energy and the crystal energy.

Shown in Figure 2lis the crystal hadron intensity vs. crystal energy distri-
bution for the crystals in the selected photon clusters. Observed in this figure,
the crystal hadron intensity values are distributed near zero in data and sim-
ulation, as expected. The hadron intensity fluctuations about zero present in
these distributions arise because a small hadron component contribution can
artificially be added during the multi-component fit to compensate for noise
present in the waveform. As observed in the data and simulation, this fitting
effect results in the hadron intensity to sometimes have small negative values
despite the true hadron intensity always being greater or equal to zero.
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Figure 2: Crystal hadron intensity vs crystal energy distributions for crystals in calorimeter
clusters produced by 0.5 < piap, < 1 GeV/c photons selected from ete™ — utup~(v), a)
data b) simulation.

3.2. Muons

A sample of calorimeter clusters produced by muons with momentum
magnitude in the range 1 < pp, < 7 GeV/c was selected using ete™ —
wrp~ () events [18]. At this momentum scale, the dominant interaction
for muons in CsI(T1) is ionization. If the muon has sufficient transverse
momentum, frequently it will traverse the entire 30 cm depth of the CsI(T1)
calorimeter, resulting in a ~ 200 MeV total energy deposit from ionization.
This energy deposit will be concentrated a compact region of 1-2 crystals.

FigureBlshows the crystal hadron intensity vs. crystal energy distribution
for crystals in the sample of calorimeter clusters produced by the selected
muons. The abundance of crystals with total energy of ~ 200 MeV in these
distributions originates from calorimeter clusters where the muon trajectory
constrained the muon ionization energy deposit to be contained mostly in
a single crystal. The sample of crystals with energies below ~ 200 MeV
are caused by the clusters where the muon trajectory traverses over multiple
crystals, thus the energy deposition is divided into those crystals. The crystal
energy deposits above 250 MeV are typically from electromagnetic showers
generated by energetic delta rays emitted during the muon ionization. The
distributions in Figure [3] demonstrate that independent of the crystal energy
the hadron intensity values of the crystals are distributed near zero, similar
to the crystals in the photon control sample. This observation is consistent
with the measurements presented in reference [4], further demonstrating the
ionization dE/dx of the muons in this sample is too low to produce significant
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amounts of hadron scintillation component emission. The pulse shapes of
crystals in clusters from p~ were observed to display the same characteristics
as the crystals from p* clusters shown in Figure B] [18].
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Figure 3: Crystal hadron intensity vs crystal energy distributions for crystals in calorimeter
clusters produced by 1 < piap < 7 GeV/c muons selected from ete™ — utp~(v), a) data
b) simulation.

3.3. Charged Pions

A sample of charged pions in the momentum range 1 < pp,, < 3 GeV/c
was selected using K2 — 77~ decays. This control sample provided a clean
sample of charged pions by selecting tracks that formed a displaced vertex
and with invariant mass consistent with the K2 mass. In addition, the lab
momentum vector of the displaced vertex was required to be co-linear with
the vector connecting the interaction point to the vertex location [18]. In this
momentum range, a charged pion has about a 50% probability to undergo
a nuclear interaction while traversing 30 cm of CsI(T1) [19]. This results in
two distinct types of calorimeter clusters, as illustrated by Figure 4 showing
the calorimeter cluster energy distribution for the selected pion sample. The
peak in the distributions at ~ 200 MeV corresponds to calorimeter clusters
where the pion did not hadronically interact in the CsI(T1). In this case the
pion leaves an ionization cluster in the calorimeter, similar to that of muons
discussed in the previous section. The remaining clusters in this distribution
primarily correspond to clusters where the pion generated a hadronic shower.

For CsI(T1), the scintillation response to highly ionizing particles is known
to be non-linear due to the Birk’s scintillation efficiency as well as due to
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changes in the scintillation pulse shape [4, 20]. In Figure @ two versions of
simulation are overlaid to illustrate the impact that including the full CsI(T1)
scintillation response in simulation has on the simulated pion cluster energy
distributions. In Figure [ the simulation labelled No Birks and PS uses de-
fault GEANT4 simulations, which do not include modelling of the ionization
dE/dz dependent changes in the CsI(T1) scintillation response. The simula-
tion labelled w Birks and PS, where “PS” stands for Pulse Shape simulations,
adds to the GEANT4 simulation the Birk’s scintillation efficiency [16] and
pulse shape simulation techniques developed in reference [4], which allow the
ionization dE/dx dependent CsI(T1) scintillation response to be modelled.
Comparing the data to the two versions of simulation, it is observed that in-
cluding the full CsI(T1) scintillation response results in improved agreement
between data and simulation. When the full CsI(T1) scintillation response
is included in the simulation, a general trend observed is that the simulated
cluster energies increase. This is caused by the presence of energy deposits
from secondary protons produced in the pion hadronic showers. Protons
are measured to have a Birk’s scintillation efficiency greater than one [4, 120]
causing the measured cluster energy, which is proportional to the scintillation
yield, to increase.
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Figure 4: Cluster energy distributions for charged pions a) 7= b) 7" in the momentum
range 1 < prap < 3 GeV/c, selected using Kg — w7~ decays. The simulation labelled No
Birks and PS uses default GEANT4 simulations, which do not include modelling of the
ionization dE/dz dependent changes in the CsI(T1) scintillation response. The simulation
labelled w Birks and PS adds to the GEANT4 simulation the Birk’s scintillation efficiency
and pulse shape simulation techniques developed in reference [4], allowing the ionization
dE/dz dependent CsI(T1) scintillation response to be modelled.
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The pulse shapes of crystals in pion ionization clusters were observed
to have hadron intensity values distribution near zero similar to the muons
shown previously. This is attributed to the pion ionization dE/dx being too
low to produce hadronic scintillation component emission during pion ioniza-
tion. When the pion initiates a nuclear interaction however, the secondary
hadrons generated in the cluster can produce significant amounts of hadron
scintillation component emission. This is illustrated by Figure [6l showing the
crystal hadron intensity vs. crystal energy distribution for crystals in the 1-3
GeV/c 7t clusters with cluster energy outside the energy range of 150-250
MeV. This cluster energy veto removes ionization clusters, which are formed
by a pion ionizing through the depth of the calorimeter without hadronically
interacting, ensuring the sample is primarily composed of clusters from pion
hadronic showers. In this figure an abundance of crystals with large hadron
intensity values, ranging up to 0.6, is observed in data and simulation. This
is very distinct from the photon and muon distributions discussed previously
where only photon-like pulse shapes were observed and demonstrates the
potential for particle identification with pulse shape discrimination.
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Figure 5: Crystal hadron intensity vs crystal energy distributions for crystals in calorimeter
clusters produced by 77 in the momentum range 1 < pp < 3 GeV/c, selected using
K2 — mtn~ decays, a) data b) simulation.

The distributions shown in Figure [l display several features, which are
observed to be present in the data and simulation. These features arise
due to specific material interactions resulting in crystal energy deposits by
specific compositions of secondary particles. In the region of crystal energy
below 150 MeV and hadron intensity near zero, these energy deposits are
mainly from the primary pion, or a secondary charged pion emitted from the
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pion nuclear interaction, ionizing through a ~ 10 cm CsI(T1) crystal segment
before escaping the crystal volume, without initiating a nuclear interaction.
The population of crystals with energies above ~ 300 MeV and hadron in-
tensity near zero however are unlikely to originate from this scenario due
to the CsI(T1) crystal dimensions limiting the total crystal energy deposit
from only pion ionization. By investigating the GEANT4 simulation truth is
was confirmed that the crystals with energy above ~ 300 MeV and hadron
intensity near zero primarily originate from clusters where a secondary 7
was emitted from the charged pion hadronic interaction. The 7% rapidly de-
cays to two photons leaving a large energy deposit from the electromagnetic
shower, which has a photon-like pulse shape.

In Figure [l a band structure is observed in the data and simulation in
the region of crystal energies below 200 MeV and hadron intensity up to
0.2. This feature is known as the single proton band 4] as crystals will
have a pulse shape on this band when the crystal energy deposit is from
a single proton ionizing then stopping in the crystal volume. The protons
producing these crystal energy deposits are emitted as secondary particles
from the pion inelastic interaction. As the proton kinetic energy approaches
zero, the ionization dE/dx of the proton reaches large values and significant
amounts of hadron scintillation component emission are produced, resulting
in a hadron-like pulse shape. In Figure [l the single proton band is better
resolved in simulation relative to the data. The resolution degradation ob-
served in the data is attributed to crystal-by-crystal variations in the hadronic
scintillation response, which are not included in the simulation. As these dis-
tributions integrate information from crystals across the entire barrel section
of the Belle II calorimeter, the accumulation of variations in hadron response,
which could arise due to non-simulated factors such as differences in thallium
concentration, radiation damage and diode spectral response, are expected
to smear the data distribution. The observation of the single proton band in
data in Figure[Bldemonstrates that crystal-by-crystal variations in the hadron
scintillation response due to these factors however cannot be large, and that
the hadron and photon templates are well calibrated across the calorimeter.

An additional feature observed in Figure [0l is the scatter of crystals with
energy above ~ 200 MeV and hadron intensity above 0.02. Crystals in this
pulse shape range are referred to as multi-hadron pulse shapes because the
energy deposits that generate these crystals are from numerous low energy
hadrons (protons, neutrons, deuterons, tritons, alphas) emitted from the
nucleus de-excitation, which follows the pion hadronic interaction [4]. The
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significant spread in crystal energy and hadron intensity values is a result
of the large variation in the energy, type and multiplicity of the secondary
particles emitted from this interaction.

3.4. Charged Kaons

A charged kaon control sample in the lab momentum range of 0.3-0.5
GeV /c was selected using dE/dz information measured by the Belle IT central
drift chamber [18]. The strangeness of kaons provides an interesting control
sample to illustrate how the CsI(Tl) pulse shapes can give a measure of the
hadronic activity in a calorimeter cluster. This is because in the momentum
range 0.3-0.5 GeV /c strangeness conservation restricts the hadronic material
interactions of K relative to K. For example, a K~ nuclear interaction in
this momentum range can produce a variety of hyperon final states such as
A, 75T and 79%° which are unavailable to the KT [17].

This asymmetry can be visualized in Figure [6l showing the crystal hadron
intensity vs. crystal energy for crystals in calorimeter clusters produced by
charged kaons in the momentum range 0.3 < pp,, < 0.5 GeV/c. Comparing
the distributions for the different charges, it is observed in both data and sim-
ulation that only K~ results in a significant presence of crystals with large
hadron scintillation emission. The abundance of crystals with hadron pulse
shapes in the K~ sample originate from secondary hadrons, such as protons,
emitted in the decays of secondary hyperons, which are produced by the
K~ hadronic interactions. The charge-conjugate interactions however, are
suppressed for the KT resulting in very few crystals with significant hadron
intensity values to be present in the K+ sample. The small sample of crystals
in the KT distributions with hadron-like pulse shapes are found, using sim-
ulation truth, to mainly originate from hadronic interactions initiated by a
secondary pion, which was emitted from the Kt decaying in the calorimeter.
The K+ vs. K~ asymmetry observed in the CsI(Tl) pulse shapes was found
to be maximal at low momentum. As the kaon momenta exceeds 1 GeV/c,
the energy is sufficient for numerous K* hadronic interactions to be above
threshold, resulting in the pulse shape distributions to become more charge
symmetric and appear similar to the charged pion distributions shown in

Sections 3.3 [18].

3.5. Protons and anti-protons

A proton and anti-proton control sample in the lab momentum range of
0.3-1 GeV/c was selected using dE/dx information measured by the Belle 11
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Figure 6: Crystal hadron intensity vs crystal energy distributions for crystals in calorimeter
clusters produced by charged kaons in the momentum range 0.3 < pip < 0.5 GeV/c, a)
K™ data b) K simulation ¢) K~ data d) K~ simulation.

central drift chamber ﬂﬁ] Protons and anti-protons in this momentum range
generate unique CsI(T1) pulse shape signatures. Proton’s are unlike the par-
ticles in the previous samples studied because in this case the primary track
can directly produce hadron scintillation component emission. This is due
to the significant mass of protons relative to pions and kaons resulting in the
ionization dE/dz of protons at the equivalent momenta to be significantly
higher.

In Figure [1 the crystal hadron intensity vs. crystal energy distributions
are shown for crystals from calorimeter clusters produced by protons with
Prab in the range 0.3-1 GeV/c. In p distributions shown in Figure [7] two bands
are observed both in data and simulation. The double band structure was
also displayed in the proton testbeam studies in reference M] and arises from
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Figure 7: Crystal hadron intensity vs crystal energy distributions for crystals in calorimeter
clusters produced by protons in the momentum range pi, 0.3 — 1 GeV/c, a) p data b) p
simulation ¢) p data d) p simulation.

the possibility of the primary proton ionizing across multiple crystals. If the
p ionizes initially through a crystal at a momentum large enough such at the
ionization dE/dz of the p is not yet significant enough to produce hadron
scintillation light output, then this results in the energy deposit to have a
photon-like pulse shape and would correspond to the crystals in the lower
band. After escaping the initial crystal volume, the proton will then enter
an adjacent crystal where it then is likely to deposit its remaining kinetic
energy. When this occurs the proton becomes highly ionizing and produces
hadron light output, resulting in the energy deposit in the adjacent crystal
to have a pulse shape residing on the single proton band.

Comparing the p and p distributions, a charge asymmetry due to p an-
nihilation is clearly observed in the pulse shape distributions. The p distri-
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butions display similar features to the pions studied in Section 3.3l This is
expected as anti-proton annihilation typically results in the emission of nu-
merous charged pions [21]. The pions emitted are then likely to ionize across
multiple crystal widths. This accounts for the significant presence of crystals
with energy below 0.2 GeV and photon-like pulse shapes, which are observed
in the p data and simulation. A scatter of crystals in the multi-hadron pulse
shape region (crystal energy > 0.2 GeV and hadron intensity above 0.02)
are also present in the p sample. These energy deposits originate from nu-
merous hadrons emitted from nuclear de-excitations. Comparing the p data
and simulation, it is observed that the hadron intensity values of the crystals
in the multi-hadron pulse shape region are on average lower in simulation
relative to data. In addition, the average number of crystals per cluster in
simulation for p is over twice that of data. This is interesting because for
the higher momentum pions discussed in Sections [3.3] reasonable agreement
in data and simulation was observed for these quantities. This suggests that
the GEANT4 modelling of the secondary particle emission for p annihilation
can be improved. Further investigation into this discrepancy is beyond the
scope of this work however, this result demonstrates how pulse shape dis-
crimination can be used as a tool to evaluate and improve the simulation
modelling of hadronic interactions.

4. Particle Identification with Pulse Shape Discrimination

The results presented in Section B illustrate that the scintillation pulse
shapes of the crystals in a calorimeter cluster are determined by the types of
secondary particles produced in the cluster. Furthermore, as the composition
of secondary particles is dependent on the material interaction, and by exten-
sion, the type of primary particle, this allows the scintillation pulse shapes
of the crystals in a calorimeter cluster to be used to improve particle iden-
tification. In this section we demonstrate that through CsI(Tl) pulse shape
discrimination, significant improvements in K9 vs. photon identification are
achieved over current techniques, which are restricted to characterization
using only the spatial distribution of energy in the cluster.

4.1. Pulse Shape Discrimination based Multivariate Classifier

A single calorimeter cluster can typically have multiple waveforms associ-
ated with it, one for each crystal in the cluster with energy above 30 MeV. To
condense the information contained in the multiple waveforms into a single
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quantity that characterizes the cluster, a multivariate classifier was trained
to use the crystal level information to classify the cluster as an electromag-
netic or hadronic shower. For each crystal in the cluster that has a waveform
recorded offline and where the offline fit to the waveform has a good x?, the
crystal level quantities listed below are used as classifier inputs.

e Crystal energy computed by multi-template offline fit.
e Crystal hadron intensity computed by multi-template offline fit.

e Crystal offline fit type. In addition to the Photon+Hadron template
fit described Section [2, fit hypotheses for a Photon+Hadron+out-of-
time photon and Photon+Diode-crossing are also implemented and are
attempted if the Photon+Hadron template fit results in a poor x?2.
The Photon+Hadron+out-of-time photon photon fit models waveforms
with an additional energy deposit that is shifted in time relative to the
time of the primary energy deposit and the Photon+Diode-crossing
fit models the scenario where energy is directly deposited in the PIN
diodes.

e Crystal energy computed by a photon template fit done online in
FPGA.

e Location of crystal centre relative to the cluster centre.

e Crystal weight computed by clustering algorithm to measure associa-
tion of crystal to the cluster on a scale of 0 — 1.

The classifier trained is the FastBDT classifier described in reference [22].
Training was completed with particle gun samples of photons, K? and anti-
neutrons. The classifier was trained such that the classifier output response
to photons is 1.0 while the response to K9 and anti-neutrons is 0.0.

4.2. Classifier Response to Control Samples of Photons and K?

To evaluate the classifier performance, control samples of photons and
KY’s were selected from Belle II data. The photon control sample was se-
lected using eTe™ — ptp~(y) events, which allowed a clean sample of pho-
tons in the momentum range 0.05 — 7 GeV/c to be selected. A control
sample of K9’s was kinematically selected using the process ete™ — ¢(vy) —
K2K?(v). For this selection, a K§ — 77~ is required to be reconstructed
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in addition to two neutral calorimeter clusters. One cluster is required to
have energy above 4 GeV in the centre-of-mass frame and is identified as the
initial state radiation (ISR) photon. By applying energy conservation, the
magnitude of the momentum of the K9 candidate is computed. The momen-
tum direction of the K9 is defined by the location of the second calorimeter
cluster. To further constrain the event to be consistent with the process
ete” = ¢(y) = KoK (), we require the invariant mass of the Kg and K9
to be consistent with the ¢ mass. From this selection a sample of K? in
momenta range 2-4.5 GeV/c was selected.

In Figure® the classifier response is shown for the selected control samples
of photons and K?’s with data and simulation overlaid. In Figure [Ral the
classifier response to K’s is observed to be peaking in data and simulation
near 0.0, indicating that the classifier is correctly classifying the significant
fraction of K?’s as hadronic showers. Conversely, in Figure 8D the classifier
response to photons is observed to be peaking near 1.0 in data and simulation,
indicating that a significant fraction of the photons are correctly classified
as electromagnetic showers with significant likelihood. The peaking nature
of the distributions in Figure 8 demonstrate the high degree of separation
that can be achieved by applying pulse shape discrimination for hadronic vs.
electromagnetic shower identification.

In Figure Ral a small sample of K? candidates are observed to have classi-
fier response above 0.8. By studying truth information of the simulation, the
K? in this region correspond to mis-identified K? from background processes
such as efe™ — KOK7%(y) or KK (7). In these events the K2 — 77~
and the radiated photon satisfied the selection requirements and one of the
photons from the decay of the the 7° or 7 is mis-identified as a K? by the
kinematic selection applied. This known photon background is removed from
the K? selected from the ISR sample when computing the efficiency measure-
ments completed in Section £.4] by excluding K? candidates in this sample
with classifier output above 0.8. The bias introduced by this cut on the K9
efficiency is shown in Section [£.4]to be minimal relative to the statistical error
of the measurement. This is demonstrated by the measurements presented
in Section 1.4 Figure [[Tal as K9 efficiency measured for this sample is shown
to be in agreement with independent K9 samples selected from particle gun
and BYBY events, which do not impose this cut.
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Figure 8: Classifier response to control samples of a) K?’s and b) photon’s.

4.8. Impact of Pulse Shape Discrimination on Classifier Response

To further understand the behaviour of the classifier and confirm that the
classifier response is driven by the pulse shape information, a sample of K9
was selected from B°B° simulation. This K? selection applied truth infor-
mation to select calorimeter clusters, which are produced from K9 emitted
from a B decay chain in the event. The K9’s selected in this sample also
span a wide momentum range down to 0.2 GeV/c, allowing for the classi-
fier performance in this momentum region to be measured in the following
section.

For the K9 from B°B° sample, the distribution of the classifier response
was similar to the K? sample shown in Figure RBal such that the distribution
was peaking near 0.0. With this sample however we show that the classifier
response is driven by the input pulse shape information. This is demon-
strated by Figure [0 showing the distribution of the crystal hadron intensity
vs. crystal energy for the crystals in the K9 from B°B° clusters, divided into
samples using the output of the classifier. By scanning from Figure Qal to
Figure [0dl the types of pulse shapes that are present in K? clusters classified
as hadron-like to photon-like can be visualized.

Comparing Figure Qal to Figure [Qd] it is observed that clusters classified
as less hadron-like correspond to clusters that contain crystals with pulse
shapes that are less hadron-like. From Figure[Qalit is shown that if the cluster
contains a crystal with a pulse shape in the multi-hadron region, then the
cluster will be classified as hadronic with significant likelihood, contributing
to the peaking structure near 0.0 in Figure Bal This is in contrast to K9
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clusters mis-classified as photon-like. As shown by Figure[@d], the K? clusters
classified as photon-like are observed to contain only crystals with photon-like
pulse shapes. This demonstrates that these clusters are mis-classified because
the pulse shapes of the crystals in the clusters are photon-like and thus in
terms of pulse shape discrimination, the cluster appears as an electromagnetic
shower.
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Figure 9: Crystal hadron intensity vs. crystal energy distribution for crystals in clusters
from K? from the BB sample, divided into four samples of classifier response.

4.4. Classifier Performance

To present the performance of the classifier a threshold of < 0.1 is im-
posed on the PSD Classifier Output to classify a cluster as a hadronic shower.
The K9 efficiency and photon-as-hadron fake-rate are then measured as a
function of cluster energy and particle momentum. This approach is ad-
vantageous because, although for photons the cluster energy is equal to the
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photon momentum, for K? the cluster energy is only loosely correlated with
the K? momentum due to energy leakage from the invisible component of
the hadronic shower. In addition the relative components of the K interac-
tion cross section will vary as a function of the K? momentum and thus the
classifier performance should be studied as a function of the cluster energy
and particle momentum.
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Figure 10: Measurement of the K9 efficiency and photon-as-hadron fake-rate for the PSD
classifier as a function of cluster energy for several control samples of K¢, and photons.
Errors bars correspond to statistical errors.

Figure [[0 presents measurements of the K? efficiency and photon-as-
hadron fake-rate as a function of cluster energy for the selected control sam-
ples of photons and K?’s. Focusing on the photon-as-hadron fake-rate shown
in Figure [I0, a dependence on the cluster energy is observed. Above 1 GeV
the photon-as-hadron fake-rate is measured to be below 2% in data and
simulation. As the photon momentum drops below 0.5 GeV/c the photon-
as-hadron fake rate increases in data and simulation to a maximum of 25% at
0.1 GeV/c. This energy dependence is driven by two factors. The first is due
to the 30 MeV waveform readout threshold causing lower energy photons to
have less crystals with pulse shape information available. The second factor
is due to the degradation of the hadron intensity resolution at lower crystal
energies, which arises from the decrease in the signal-to-noise ratio of the
waveforms. This effect was observed previously in Section [3.1] Figure 2] by
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the broadening of the hadron intensity values with decreasing crystal energy.
This degradation in resolution increases the difficulty to definitively classify
a crystal energy deposit as hadronic or electromagnetic.

In Figure M0 multiple K? efficiency measurements are overlaid. These
measurements are complementary as together they span the full K momen-
tum range of interest for the Belle II experiment. Beginning by studying the
KY from ISR sample, it is observed that at cluster energies below 1 GeV
the K7} efficiency is measured to be above 80% in data and simulation. At
cluster energies above 1 GeV, the K? efficiency in data is observed to be
20 below the value in simulation. Note the error bars in Figure [II] corre-
spond to statistical errors. With a larger data sample the significance of this
difference in data and simulation can be verified. If confirmed, a potential
source of this discrepancy could be from the modelling of the K9 hadronic
interactions in CsI(T1) by GEANT4. If the simulated cross section for K?
interactions that produce final states with 7°’s is over estimated then this
could result in such a discrepancy. This is because in these interactions the
full 7¥ energy is typically absorbed in the form of an electromagnetic shower
and thus if a 7° is produced the resulting cluster will likely be on the higher
end of the cluster energy spectrum. In addition the significant electromag-
netic shower component of the hadronic shower would result in the cluster
to appear more photon-like in to the pulse shape classifier. This effect was
verified through simulation truth information to be the cause of the drop in
efficiency at larger clusters energies, which is observed in Figure [10 for the
K9 from B°BY sample.

4.5. Comparison to a Shower-shape based Approach

To demonstrate the improvement in particle identification that can be
achieved with pulse shape discrimination, this section compares the PSD
classifier performance to two shower-shape approaches to K9 vs photon iden-
tification.

The shower-shape variable E;Eq is defined as the ratio of the energy in
the centre cluster crystal to the total energy of the 3 x 3 crystal array centred
about the central crystal. Due to the symmetric and centrally peaking nature
of electromagnetic showers, photons tend to have E;Eg values larger than
hadronic showers, where the energy in the cluster is more widely distributed.
We note that although E;Eg is one of several shower-shapes and likely alone
does not exploit the full shower-shape potential, it has been selected for use
in independent optimization studies for photon selection at Belle II for 7
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reconstruction [23]. This allows it to provide a reference to the performance
of the typical shower-shape variables currently applied.

A second shower-shape approach that we compare to is an independently
trained shower-shape based classifier referred to as the Zernike classifier. The
Zernike classifier is a Boosted Decision Tree trained to use the spatial distri-
bution of the cluster energy to perform photon vs. K? identification. The
inputs to the Zernike classifier are the first eleven Zernike moments of the
cluster computed from the energy of the cluster crystals, in addition to the
first eleven Zernike moments of the larger connected region of clusters that
the local cluster might belong to. Each of these moments corresponds to
a cluster energy centroid-like quantity computed by applying the Zernike
polynomials [24] as weights. Unlike the PSD classifier and the variable E;Eq,
the input information to the Zernike classifier extends beyond the primary
cluster as the second eleven inputs to the Zernike classifier incorporate in-
formation from all clusters in close spatial proximity to the main cluster.
For K? identification, this boosts performance from the use of split-off infor-
mation, however, this in turn limits performance of the Zernike classifier in
situations where the photon is not well isolated.

To compare the performance of the PSD classifier to the shower-shape
approaches, Figure [T shows the K9 efficiency and corresponding photon-as-
hadron fake-rate measured as a function of particle momentum for the PSD
classifier (Figure [[Ta), the E,Eg variable (Figure [IID]) and for the Zernike
classifier (Figure [[Id) at threshold’s which set the corresponding K9 effi-
ciency above 3 GeV/c to be equal to the PSD classifier efficiency. For the
measurements in Figure [[1 the Zernike classifier and E;Eqg thresholds are
set such that the same K9 efficiency as the PSD classifier is achieved. By
setting the K? efficiency equal between the three methods, the performance
of the methods is compared using the corresponding photon-as-hadron fake-
rate, where a lower photon-as-hadron fake-rate indicates better performance.
In Figure [l the momentum of the K9 from ete™ — KYK?(y) sample is
computed using the measured K$ and v momentum, and applying energy
conservation. The momentum of the K9 from the BB sample and the par-
ticle gun sample corresponds to the generated momentum of the simulated
K.

In Figure [I1D the photon-as-hadron fake-rate for the E{Eqg shower-shape
variable is observed to be approximately constant as a function of the photon
energy with a value of about 55%. Compared to the PSD classifier, which
at 1 GeV/c achieves a photon-as-hadron fake-rate below 2% and a photon-
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Figure 11: Measurement of the K¢ efficiency and photon-as-hadron fake-rate for the a)
PSD classifier b) E{Eg shower-shape ¢) Zernike classifier as a function of particle mo-
mentum for several control samples of K9, and photon’s. The Zernike classifier is an
independent classifier, which uses only shower shape information. The threshold for the
E1Eg shower-shape and Zernike classifier is set such that the same K9 efficiency as the
PSD classifier is achieved; this allows the comparison of the performance of the classifiers
to be made using the photon-as-hadron fake-rate. Errors bars correspond to statistical
errors.

as-hadron fake-rate of 15% at 0.2 GeV /c, the significant improvement in K?
vs. photon separation that can be achieved by applying CsI(T1) pulse shape
discrimination is demonstrated.

In Figure[IIdthe Zernike classifier is shown have a photon-as-hadron fake-
rate of 23% at 1 GeV/c, increasing to a fake-rate of 50% at 0.2 GeV/c. The
improvement of the Zernike classifier over the E;Eq shower-shape variable
demonstrates that incorporating information beyond the primary cluster can
improve the K9 vs. photon identification performance. The PSD classifier is
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observed to achieved improved performance over the Zernike classifier, reduc-
ing the photo-as-hadron fake-rate by a factor of 3 at lower photon energies
and a factor of 10 at photon energies above 1 GeV. Recall that the Zernike
classifier uses information not just from the primary cluster but also from
any clusters in close proximity to the primary cluster in order to improve the
K9 efficiency. Further investigating the Zernike classifier behaviour in the
photon sample we find that, even in the low multiplicity eTe™ — putu=(7)
events, a limiting factor of the photon-as-hadron fake-rate for the Zernike
classifier is due to the photon isolation from the muons in the event. Due to
the PSD classifier only using information from the primary cluster, and that
PSD is directly sensitive to the secondary particle composition of the clus-
ter whereas shower-shape approaches can only have indirect inference, PSD
approaches are much less sensitive to cluster isolation effects. This also indi-
cates an area for future studies can be to investigate the application of PSD
techniques in specialized cases where shower-shape approaches are known to
be limited, such as clusters from merged photons resulting in the shape of
the electromagnetic shower to appear hadron-like.

5. Summary and Conclusions

This paper presents the first application of CsI(T1) pulse shape discrimi-
nation at an electron-positron collider. The results demonstrate that CsI(T1)
pulse shape discrimination provides a new and effective method for improving
K9 vs. photon separation at the Belle IT experiment.

The upgrade of the Belle II calorimeter readout with waveform digitiza-
tion having 18-bit precision and a 1.7669 MHz sampling frequency enabled
the implementation of pulse shape discrimination. A multi-template fit is
applied to characterize the waveform shape by measuring the fraction of
scintillation emission emitted by the hadron scintillation component. Distri-
butions of the scintillation pulse shape of crystals from calorimeter clusters
produced by control samples of v, u™, 7%, K* and p/p illustrated how the
scintillation pulse shape can identify the secondary particle composition of
the calorimeter cluster. Comparisons between data and simulation provided
further validation of the CsI(T1) scintillation response simulation techniques
developed in reference [4] and now are applied at Belle II. These studies
demonstrate the potential application of pulse shape discrimination as a new
tool to identify areas of improving the simulation modelling of hadronic in-
teractions in materials.
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The K? efficiency and photon-as-hadron fake-rate of a multivariate clas-
sifier trained to use pulse shape discrimination to classify calorimeter clusters
as hadronic or electromagnetic showers was evaluated using control samples
of photons and K9’s selected from Belle II commissioning data. Pulse shape
discrimination was shown to be responsible for the classifier performance,
which was measured to achieve a K9 efficiency above 80% with a corre-
sponding photon-as-hadron fake-rate of 15% at cluster energies of 0.2 GeV
and below 2% at cluster energies of 1 GeV. This corresponds to a significant
improvement in photon vs. K? identification over a standard shower-shape
approach, which for comparison was measured to have a photon-as-hadron
fake-rate of 55% in order to achieve the same K efficiency. Comparisons to
a shower-shape based classifier also demonstrated that PSD can reduce the
photon-as-hadron fake-rate by a factor of 3 at photon energies of 0.2 GeV
and a factor 10 at photon energies of 1 GeV.

To improve performance there are several areas for potential upgrades in
the future. A limitation of the present performance was shown to be due to
the 30 MeV waveform readout threshold restricting the amount of pulse shape
information available for lower energy clusters. Implementation of waveform
shape characterization at the FPGA level could remove this limitation in
the future. In addition, although this study focused on K? vs. photon
identification, the results presented show clear potential for the application of
pulse shape discrimination to improve charged particle identification, as well
as, motivating studies to explore the potential for neutron vs. K? separation
using pulse shape discrimination.

The improvements in the areas of neutral particle identification achieved
with the application of CsI(T1) pulse shape discrimination at Belle IT encour-
ages other calorimeters constructed from pulse shape discrimination capable
scintillators such as Nal(T1) [25], CsI(Na)[26], pure CsI [27], PbWO, (doped)
[28], BaF3[26] to consider implementing this technique. In addition calorime-
ter designs for future experiments should consider extending design criteria
to include pulse shape discrimination.
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