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Abstract

This work presents the results of a time-based event selection for the search of X-ray signals
from kaonic atom transitions using a quasi-hemispherical Cadmium-Zine-Telluride, (CZT)
detector at the DAPNE collider. To mitigate the high background level in‘the measured
X-ray spectra, a dedicated event selection strategy was developed, exploiting the precise

timing correlation between e™e™ collisions and detector signals.

This approach enabled, for the first time, the observation ef two characteristic X-ray
transitions from kaonic aluminum atoms with a CZT detectors For the 5-4 transition at
50 keV, 362 + 41 (stat.) £ 20 (sys.) signal events were observed over 1698 + 197 (stat.) +
25 (sys.) background events within +50, with an energy resolution of 9.2% FWHM. For the
4-3 transition at 106 keV, 295 £+ 50 (stat.) £ 20 (sys.) signalrevents were measured over
2939 £ 500 (stat.) £ 16 (sys.) background events, with au energy resolution of 6.6%
FWHM. A background suppression of approximately»95% of the triggered data was
achieved through this time-based selection.

The demonstrated timing capability of the CZT det‘actor proved highly effective in isolating
time-correlated events within an 80 ns window, setting an important benchmark for the
application of compound semiconductors in timing-based X-ray spectroscopy.

These results highlight the potential of CZT-based detection systems for future precision
measurements in high-radiation environments, paving the way for compact,
room-temperature X-ray and d=ray.spectrometers in fundamental physics and related fields.

1 Introduction

Nuclear and particle physics experiments require detectors capable of covering a broad energy range
while maintaining high energy reselution. Additionally, good timing performance, environmental
stability, and resilience t{high radiation fluxes over extended periods, especially in collider-based
experiments, are gssential characteristics for such applications.

In recent years, significant efforts have been devoted to developing compound semiconductors with
wide band gaps and highratomic numbers, compared to silicon and germanium detectors, for X and
~v-ray detection. One ofithe main advantages of these materials lies in the possibility of tailoring their
physical [properties, such as band gap, atomic number, and density, making them highly adaptable to
a broad range of applications.

Ambng compound semiconductors for radiation detection, Cadmium Zinc Telluride (CZT, CdZnTe)
has emerged as one,of the most promising [1]. This material exhibits high detection efficiency, good
energy-anddtime resolutions at room temperature, up to hundreds of keV, making it well suited for
experiments in both applied and fundamental research using compact, non-invasive setups [2, 3].
Recent progress in crystal growth, as well as in innovative techniques for electric contacts and data
processing [4, 5, 6, 7], has made possible to develop new precise systems for X-ray and ~-ray
detection using this technology.

The first application of a CZT-based detection system in fundamental particle and nuclear physics
was carried out by the SIDDHARTA-2 (Silicon Drift Detectors for Hadronic Atom Research by
Timing Application) collaboration [8, 9, 10] at the DA®NE collider at Frascati National Laboratories
of Istituto Nazionale di Fisica Nucleare (INFN-LNF) by testing, characterizing and using for the first
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time a CZT-based apparatus to perform intermediate-mass kaonic atoms spectroscopy

[11, 12, 13, 14].

The experiment exploits the DA®NE ¢-factory [15, 16, 17, 18] to produce a low-energy charged kaon
beam, originating from the decay of the ¢ meson. The kaons are then stopped in a target so that
they can bind to a nucleus and form an atomic bound state. The kaonic atom is formed in a highly
excited state and undergoes a cascade de-excitation, which is radiative in its finalsstages. By
performing spectroscopic measurements of these transitions, relevant observables can be extracted,
crucial for a wide range of topics in fundamental physics, from low-energy strong interaction studies
[8, 19, 10, 20, 21] and astrophysics [22, 23], to atomic cascade model validations [24,25] and
precision tests of QED [26].

This work represents a significant step forward in demonstrating the feasibility of using this
technology under the harsh conditions common in fundamental physies experiments, such as the high
radiation flux to which the detectors are exposed and the need to lextract signals several orders of
magnitude smaller than the background. The deployment of CZT detgtors in such settings opens
new prospects for compact, room-temperature, and high-resolutionddetection systems in fundamental
physics research.

One of the primary challenges in this application is the suppression of intense background radiation.
This elevated background level, typical of collider environments characterized by extremely high
event rates, arises from two main sources: beam lo§ses occurring within the accelerator beam pipes
(asynchronous background), and radiation directly produced by particle collisions at the interaction
point (synchronous background).

Mitigating the impact of this background requires the.development of a detection system capable of
discriminating the signal from both synchronous and asynchronous background sources. This
necessitates not only dedicated hardware, but alsora data selection strategy that fully exploits the
timing capabilities of the CZT detectors of the collaboration, allowing for a precise temporal
separation between signal and. background events. Furthermore, the integration of complementary
detection systems operating in ceincidence with the CZT modules is essential. These additional
systems provide an extra layer of time-based selection, further enhancing the robustness and
reliability of the measurement strategy.

In this paper, we presentrthe experimental setup for the CZT-based detectors and the key aspects of
the data selection performed on'a dataset collected at DA®PNE during the 2024 data-taking
campaign. Specifically; therdata‘discussed here were acquired using a single CZT detector between
February 28*" and Maxch 20", 2024, with a total delivered integrated luminosity of 81 pb~!, and a
live time of. 100%, using an/aluminium target.

Section 2 provides an overview of the experimental setup. Section 3 outlines the key steps of the data
selection procedure applied to one of the detectors, including relevant findings that confirm the fast
timing performance achieved by the CZT detectors. Finally, in Section 4, we present a representative
energy.spectrum from a single run, demonstrating both the effectiveness of the analysis strategy and,

for the first time, the observation of kaonic atom transitions with a CZT detector.

2 Experimental Setup

2.1 DADPNE Collider

The test measurements were performed at the DA®NE collider at INFN-LNF. DA®NE is a unique
double-ring electron-positron collider operating at a centre-of-mass energy of 1.020 GeV. At this
energy, the cross-section for ete™ inelastic scattering is dominated by ¢ meson production. The ¢
meson is produced with a slight boost along the axis, directed from the interaction point (IP) inward
toward the centre of the rings (boost-side), and promptly decays into a pair of back-to-back
low-energy charged kaons (8 ~ 0.25), with a branching ratio (BR) of 48%. The low-energy negatively




oNOYTULT D WN =

IOP Publishing

AUTHOR SUBMITTED MANUSCRIPT - MST-129874.R2 Page 4 of 20
Journal vv (yyyy) aaaaaa Author et al

charged kaons can thus be easily stopped in a target material, enabling the study of kaonic atoms
through the measurement of their cascade transitions. A schematic overview of the main rings of the
DA®NE collider, indicating the SIDDHARTA-2 IP and the location of the CZT detection system

used for the measurements described in the following section, is shown in Figure 1,

CZT Detector

Boost side

SIDDHARTA-2 IP
Antiboost side

L
Figure 1: Schematic areal view of the main rings of DA®NE collider. The SIDDHARTA-2 interaction
point, together with the CZT detection system setup, is highlighted. Adapted from [27].

In the DA®NE collider, the dominant source for the machine-induced experimental background are
the effects from intra-bunch ‘electromagnetic interactions producing off-energy particles, which arise
when high-density beams are operated at relatively low energies to maximize luminosity (Touschek
effect) [28]. A significantyfraction of these particles exhibit momentum deviations large enough to
prevent them from remaining,confined within the nominal beam trajectory. Consequently, they are
lost in the focusing magnets before reaching the interaction point, exiting the beam line, and
generating a strong electq)magnetic background. The CZT detection system is located near the
focusing magnets in front of the IP, and in this region, the background is particularly intense, posing
a major challenge for precision measurements and requiring an accurate analysis for background

reduction.

2.2 The CZT Detection System

The SIDDHARTA-2 experiment was installed at the only active interaction point of the DA®NE
collider, highlighted in Figure 1. The main experimental setup employed Silicon Drift Detectors
(SDDs) [29, 30, 31}sto study kaonic atom transitions from light-mass, cryogenic targets, with X-ray
energies ranging from a few keV up to several tens of keV. A detailed description of the setup can be
founddn [32].

The primary SIDDHARTA-2 apparatus was arranged above and below the IP, featuring a
sophisticated system composed of multiple detectors. Due to the limited space available only in the
plane of the collider’s beam pipe, a compact detection system was required to extend the
measurements to kaonic atom transitions of intermediate-mass elements, which emit X-rays in the
energy range from tens to hundreds of keV. For this purpose, CZT-based detectors were employed to
test and demonstrate the effectiveness of the new technology in this field and to complement the

SDD measurements.
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During the data-taking campaign, the CZT detectors were placed in the boost side of DA®NE’s 1P,
on the plane of the collider rings. Moving outward from the interaction point, the boost-side
luminometer (LUMI) was positioned first. This module consists of an 80 mm x 40 mm X 2 mm
Scionix BC-408 organic scintillator coupled to two PMTs [33] through plastic lightguides. Used in
combination with an identical module on the antiboost side, the LUMI served both for,\luminosity
measurements and for charged kaon selection via time-of-flight (see Section 3), andswas, located 10.2
cm from the IP. Immediately after the LUMI, a solid target was placed, in which the kaons stopped
and formed atomic states with the nuclei of the target material. In the run presented. in this work, an
aluminum target was used. Finally, the X-rays emitted by the kaonic atoms'were detected by the
CZT system, composed of eight 13 mm x 15 mm x 5 mm quasi-hemispherical CZT detectors grown
using Traveling Heater Method (THM) by REDLEN Technology (Canada), enclosed in a thin
aluminum box with a 0.27 pgm thick aluminum window, housing both the active detector material
and the front-end electronics. Each detector is characterized by a rectangular electrode (3.8 x 1.8
mm?) on the anode side, while the cathode electrode covers thé full cgzstal area (13 x 15 mm?).
Gold electroless contacts were realized for both the cathode and thé anode electrodes. The detectors

were positioned 17 cm from the target. A schematic view ©fithe setupds shown in Figure 2.

LUMI
anti-boost

Figure 2: Schematic view of the experimental setup of the CZT detection system in DA®NE. A
description of the materialsfollows: The DAPNE beam pipe (around the IP in the Figure, displayed
in grey) is made byfa mixture of aluminum and carbon fiber; the LUMI detectors (housing and
lightguides shown wrapped in aluminized mylar, coloured in silver); the Target (shown in light gray)
is an aluminum plate; the CZT detection system’s box (displayed in light grey) is made of aluminum;
mechani¢al supperts and mounting structures (brackets yellow, kinematic mounts orange) are made
of aluminum alloy. "Additional small components visible: an electronics/power module (magenta) and
support plates (cyan/turquoise).

Each CZT detector'in the system was connected to a custom front-end electronic chain based on
analog charge-sensitive preamplifiers (CSPs) [11, 34]. The CSPs are characterized by an equivalent
noise ‘¢harge (ENC) of about 100 electrons (equivalent to about 1 keV FWHM for CZT detectors)
and equipped with a resistive-feedback circuit with exponential decay and time constant of 100 us. A
dedicated digital acquisition system recorded, in real time, the output waveforms from all eight
detectors. The acquired data consisted of sets of snapshot waveforms (SWs) per detector channel,
where each pulse was time-stamped using the single delay line (SDL) shaping technique.

The SWs were later analysed offline within a dedicated LabView-based framework, developed to

extract pulse characteristics and generate energy spectra. Each snapshot covered a time window of
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10 ps, which can be considered the actual dead time of the process. This configuration ensures a high
throughput, defined as the ratio of output to input counting rate (OCR/ICR), reaching 99% up to an
ICR of 1500 cps, which is the highest rate measured during beam-on conditions. A detailed

description of the data acquisition and processing is reported in previous works [11, 34].

2.8 The DAQ Logic

The DAQ logic was based on a setup already employed and described in a previous study)[12]. The
signals from the two LUMI scintillators were processed by an ORTEC 935 Constant Fraction
Discriminator (CFD) and then sent to a CAEN N93B Mean Timer unit. The output of the Mean
Timer was used as the stop signal for an ORTEC 566 Time-to-Amplitude’Converter (TAC), while
the start signal was provided by a triple coincidence between the DA®NE RF/4 clock and the LUMI
signals, generated using a CAEN N455 Coincidence Unit. The datafin this run,were acquired in
trigger mode, meaning that the signals on the detectors were recorded each'time there was a
coincidence between the two TAC and the DAPNE collider radiofrequency(RF) signal.

The TAC output was a signal with an amplitude proportional to the ane difference between start
and stop, and it was sent to the same digitizer that recorded the CZTsignals. Both the TAC and
CZT outputs were acquired by a digitizer controlled by a custom firmware developed at the
University of Palermo. In addition to waveform acquisition, the digitizer also provided the time of
arrival of each signal relative to the TAC output.

A scheme of the DAQ system can be found in Eigure 3.

le+ p \
czT H o o (
Delayand | &—— fo—- ® DAFNE RF/4
amplification H I L
stage Luminometer e
CZT SIGNALS Mean Timer
Unit
(X
Digitizer for R
signal — Coincidence unit
acquisitio
(waveforms
and TAC output b
snapshots) | <=———— | Time to Amplitude Converter (TAC)
-

Eigure 3: Schematic view of the DAQ system of the experiment. Adapted from [12].

3 _Data Selection

This work introduces a data selection strategy that exploits the timing capabilities of CZT-based
detectors. Combined with the two LUMI for time-of-flight selection, these detectors proved to be well
suited for kaonic atom spectroscopy and, more broadly, for accelerator-based fundamental physics
research where background reduction is essential. To this goal, we describe the optimization of data
selection performed on the dataset acquired with one of the eight quasi-hemispherical CZT detectors
employed in the experiment.

After summarizing the CZT energy calibration method, we present the approach used to maximize
the signal significance (Z) and how it is applied to the selection of kaon-related signals on one of the
detectors. This selection is enabled by the LUMI system, as already explored in previous works

[11, 12], and is also used to study and exploit the distribution of the time difference between the
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detector signal and the trigger (At). Finally, we present the resulting spectrum obtained with the
optimized cut and evaluate the background rejection factor achieved through this methodology. A

schematic flowchart of the data selection process can be found in Figure 4 .

[ Raw Data }

Preliminary Selection on Kaon gate

and At gate
Optimization of Z varying the Optimization of Z varying
width of horizontal kaon gate lower limit of At gate
e N
Optimization of Z varying the Optimization of Z varying
width of diagonal kaon gate upperlimit of At gate
o /
[ Final,Selection ]
L

Figure 4: Scheme of the data selection optimization process described in the section.

3.1 Energy Calibration Method

The calibration used for the dataset analysed in this work was performed on March 5", 2024, in the
middle of the data-taking run. The calibration procedure for the CZT detector has been thoroughly
described in a previous work [34].

The detector calibrated with this method demonstrated good energy stability across the entire
data-taking period, confirming the reliability of the system and its resistance to potential issues
arising from electronics or environmental conditions.

For a more detailed/discuission.of the calibration method, the a priori estimation of systematic errors,

and the results on the/System’s energy stability, we refer the reader to our previous work [34].

3.2  Kaon-MIPs Discrimination

The signals from thetwo LUMI scintillators, combined with the DA®NE collider radiofrequency (RF)
signal, can be used\to discriminate charged kaon pairs originating from the interaction point [11, 12].
The narrownmomentum spread and low [ of the kaons from ¢ meson decays allow for the selection of
kaon-related signals through time-of-flight measurements. The TAC-processed luminometer used in
the experiment was shown to effectively distinguish between kaons and minimum ionizing particles
(MIPs) [11, 12]. For the 2024 run, the combined signal from both the boost side and antiboost side
LUMIs was employed, representing a significant improvement in kaon pair discrimination capability.
Figure 5 shows the spectrum of the two luminometer signals after TAC processing and their
combined 2D histograms. The narrower peaks correspond to the kaon windows, due to the smaller
momentum spread compared to MIPs. Four similar patterns, corresponding to kaon and MIP
arrivals, appear because the TAC operates at a frequency of 1/4 of the DA®NE RF, which is 3.7
MHz [15, 16, 17, 18].
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Figure 5: 2D histogram of TAC1 vs TAC2. Kaon.relatede¢oincidences appear as narrow peaks within
the green guidelines.

In this work, the two time windows for, kaon, selection were optimized to maximize the signal

significance (Z), defined as:
As

VAg’

where Ag is the number,of events in the,Gaussian peak representing the signal, and Ap is the

7 =

number of background events. in the same energy region.

After a At cut (see next section),to select only the events on the detector correlated in time with the
collisions and remove the asynchronous background, the time-of-flight selection was optimized by
calculating the signal significance for different time windows. This yielded a distribution of Z as a
function of the selected kaon region, from which the optimal window, corresponding to the maximum
7, was identified. Theeptimization was performed by fixing the right-hand boundaries of the two
TACs (where the signal starts to rise, as shown in Figure 5), while progressively extending the other
boundaries to enlarge the kaon window. For each configuration, an energy spectrum was extracted
and fitted to evaluate the visible signal, and Z was computed following Equation 1.

A similar appreach was applied using a linear window in the TAC1 vs TAC2 plane, in which the
window width was\varied while its center remained fixed. This method allowed the identification of
the time-of-flight selection region that maximizes signal significance while effectively suppressing
background.

The fitting procedure and details of the signal significance calculation are described below. The
number of signal events was determined by fitting the visible kaonic atom transitions in the energy
spectrum - specifically the K-Al 5—4 (50keV) and 4—3 (106keV) transitions - with Gaussian
functions. The means were fixed to values calculated using the MCDFGME code [35], and the

standard deviations were modeled as a function of energy:

o(E)=+Va+bE (2)

Page 8 of 20
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following [36], with the parameters a and b fixed to values determined from detector calibration. The
areas of the peaks were left as the only free parameters.
The background was modeled using a combination of an exponential term, a complementary error

function, and a linear term, following the approach in [34]:

fbkg(x):a+b.x+c-exp(d-x)+erfc(egx). (3)

where a and b are the parameters of the linear function describing the eleetronic baseline; ¢ and d are
the parameters of the exponential component accounting for the backgroundsgenerated by photons
and electrons undergoing Compton scattering; e and f are the two parameters of the complementary
error function, which accounts for the low-energy cutoff resulting from the presence of shielding and
electronic components. The exponential term for Compton scattering arises from the fact that the
particles from the IP interact with the air and the materials between the beam pipe and the detector,
producing a considerable number of secondary particles at lower energ&s. Two additional
background peaks originating from lead fluorescence were included. In particular, the lead Ka
transition required an extra component to account for incomplete charge collection. This was

modelled using an exponential function multiplied by a complementary error function:

T(z) = € x N X exp (?) % erfc (% + \éﬁ) : (4)

where p and ¢ are the mean and standard deviation of the corresponding Gaussian, e controls the
tail amplitude, and 8 defines its width. This model wastintroduced and validated in [34]. Tail
parameters were fixed to calibration yvalues, and the incomplete charge collection effect was negligible
in all other peaks.

The full background model, including tail ecomponents, was also validated during a dedicated run
with the DA®NE collider operating, as reported in [34].

In Figure 6, a plot showing one of the fits:done for optimizing the kaon time-of-flight window is
reported, with the KAl and lead tramsition labelled.
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Figure 6: One of the fits to the distribution of eventsper energy in one CZT detector, used to quantify
the signal significance of the kaonic aluminum peaks with the different cuts. The K-Al transitions,
the background in Equation 3, and the two backgrouna peaks due to lead fluorescence are shown
together with the total fit. The errorbars represent the statistical errors on the number of counts N

(1/VN).

The Zs for the two K—Al peaks in each time window were then obtained by extracting from the fit
the area of the Gaussians representing the signal and the corresponding background area in the
region between p — 50 and p + 50 underneath them - with p representing the mean of the Gaussian,
and o the standard deviation - and finally applying Equation 1.

After obtaining the Z distributions as a function of the varied boundary values (as shown in Figure
7), an arbitrary maximum Z value within the region of highest values was selected to define the final
limit used for the cutsFhe.reported errors correspond to the statistical uncertainties on the signal

amplitude, which/represent the dominant contribution.
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29 . . R .. o . .
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3.8 Timing Analysis

In kaonic atom spectroscopy at DA®NE, as demonstrated by the SIDDHARTA and SIDDHARTA-2
experiments [37, 9, 8], the time distribution of detector signals plays a crucial role in applying
time-based cuts. In particular, a clear time correlation exists between the signals originating from
kaon production and the collisions, which manifests as a peak in the distribution of the,time
difference between the trigger and a detector signal (At). By selecting events withimthis peak région,
it is possible to significantly reduce the background from uncorrelated processes, thereby enhancing
the signal quality.

In previous works, CZT detectors demonstrated ideal timing capabilities forskaonic atom
measurements. In particular, the characteristic peak in the distribution of the difference between the
CZT signal time and the trigger time (At), corresponding to the beam-related events, was observed
[12]. In the run analyzed in this work, the timing distribution proved again to be promising, showing
the expected excess in the At spectrum.

The final At window was chosen after applying the same method used &r thie time-of-flight selection,
choosing the time window in which the signal significance is higher. At first, the upper limit was
fixed to a high value of 300 ns, and the lower limit was varied to obtain the Z distribution.
Subsequently, the lower limit was fixed to the optimal value, andsthe upper limit was varied to

obtain the distribution of the Z. The two distributions arewreported in Figure 9a and 9b, respectively.

10{ T ZKAl43 i 100 Z KAI43
Z KAI54 i i Z KAI54
8 i v g |
@ ! —
< i < 6 5
Nt § N W
N N 4 ,',,,;‘ i,,,f?‘,,‘;.,‘;;,
{ i + """""" }....‘m
21 1/ | |
0 : : ‘ : ‘ 0+ —— : ‘
—-100 =75 =50 =25 "0 25 50 0 50 100 150 200 250
At Lowe\r Limit (ns) At Upper Limit (ns)

(a) Z vs lower limit of A¢ (upper limit fixed at -10 ~ (b) Z vs upper limit of At (lower limit fixed at 70
ns). ns).

Figure 9: Left: Z distribution in function of lower limit of At with upper limit fixed at 300 ns. The
maximumdsrhighlighted in green (-10 ns). Right: Z distribution in function of upper limit of At with
lower limit fixed at 10 ns. The maximum is highlighted in green (70ns).

The reported errors correspond to the statistical uncertainties on the signal amplitude.

In the first distribution, the maximum value is reached around = -10 ns, which corresponds to the
chosen lower limit of the window. In the second one, the maximum is found around 70 ns, after
whicha plateau is observed for the 5-4 transition, less affected by background. This value
corresponds to the chosen upper limit of the window. This study confirms that the evident peak
around -10 ns is due to the synchronous background, while the signal related to kaonic atoms spans
the wider time window. The optimized kaon window limits, highlighted in green, are reported in
Figure 10. The dominant contribution to the observed width of the At distribution arises from the
charge drift time within the CZT detector: a kaon with 5 ~ 0.25 covers the 10.2 cm between the
interaction point and the target in about 2 ns, while the timescales for kaon capture, atomic cascade,

and X-ray emission range from 10712 s to 1072 s. Likewise, the photon flight time over the 9 cm
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from the target to the detector is less than 1 ns. The contribution of these processes to the overall
At width is therefore well below the nanosecond level and can be considered negligible. Consequently,
the measured FWHM can be regarded as a direct measurement of the detector’s intrinsic time
resolution, obtained using X-rays and particles spanning a wide range of energies. Overall, a
dedicated study performed in a low-background environment with a monochromatic photon source

would provide a more precise characterization.

—— Delta Histogram

2500 — Peak
------ Baseline
2250 Half MaximumgFWHM = 23 ns
n Optimized window width = 80 ns
£ 2000/
m - - Ppp——
c
> 1750
o
O
1500
1250
1000
—-100 =50 0 50 100 150 200 250 300
At (ns)

Figure 10: Measured cumulative spectrum of the drift time with the optimized limits of the signal
region reported in green. In the legendithe EWHM of the peak and the width of the selected window
are reported.

A ~ 100 ns At window givesia very good result, compared to that achieved with the SDDs used in
the experiment [(507.60 + 0.47) ns,at FWHM] [38]. This finding demonstrates the remarkable

potential of CZT detect% timing for background reduction in high-radiation environments.

4 Final Selected Spectrum
The spectrum with kaonsand At selections, acquired by the CZT detection system, compared with

the raw spectrumyis reported in Figure 11.
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Figure 11: Histogram of the raw spectrum (red), comparedyto the one after the optimized selections
with counts multiplied by a factor 7 (blue), with'the kaonic aluminum transitions highlighted in red.

After the two selection steps, approximately 95% of the ﬁ"iggered events are discarded. In a previous
study [39], the overall rejection facter. for total events was evaluated using the coincidence of a kaon
signal on a single LUMI scintillator and @wariable At window. That work showed that, within a 100
ns At window, the rejection factor relative to the total number of triggered and untriggered events
was on the order of 10%, a comparable rejection efficiency is expected when considering the total
number of events on the detector:yThese findings further confirm the method’s strong background
suppression capability, ighlighting its potential for future precision measurements in high-radiation
environments.

In the spectrum, two kaonic aluminum transitions, KAl 5-4 (50 keV), and KAl 4-3 (106 keV), are
visible, confirming the tobustness of both the analysis and the detection system.

To confirm the successfuh)bservation of the two transitions, a final fit was performed on the dataset.
The fitting procedure/was the same as described in Section 3. In this final fit, the two parameters
describing the'detector’s energy resolution and the two parameters modelling the incomplete charge
collection for the'Pb Ko transition were left free, in order to avoid bias and to determine the final

resolution after the euts. The resulting fit, together with the residuals, is reported in Figure 12.
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Figure 12: Fit to the data after the optimized selection (up). The errors of the number of counts
reported are the statistical errors (1/4/counts). The plot of residuals for each bin normalized at their
standard deviation (o) isalso reported (down).

The measured resolutions at 50 keV and 106 keV are respectively (FWHM /nominal value) 9.2 % 50
keV and 6.3% at 106'keVA, compatible with the ones reported in previous works [12, 34].The resulting

peaks and background/areaswith the corresponding Z value are reported in Table 1.

ine Transition Signal events Background events (£50) Significance (Z)
ine KAI 544 [362 + 41 (stat.) & 20 (sys.) 1698 & 197 (stat.) £ 25 (sys.) 8.78 & 1.13 (stat.) & 0.49 (sys.)
KAl 437 | 295,450 (stat.) & 20 (sys.) 2939 & 500 (stat.) + 16 (sys.) 5.44 % 1.03 (stat.) £ 0.41 (sys.)
ine

Table 1: Table reporting the number of signal events, background events and Z value obtained from
the final fit fo the two transitions.

The systemiatic uncertainties were evaluated as follows:

1. Four additional fits were performed by shifting the calibration gain and offset by 0.0015 and
0.075, respectively. According to calibration studies reported in [34] , these values correspond
to the expected variations over several tens of days. The systematic uncertainty from this effect
was estimated by taking the quadratic sum of the deviations from the nominal values after

applying the gain and offset shifts.

2. Two additional fits were carried out by varying the energy window limits by +5 keV (upper
limit) and +1 keV (lower limit), and the resulting differences were used to estimate the related
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systematic contribution.

3. One additional fit was performed modifying the background model by removing the linear term

(parameter b in Equation 3 ).

4. The binning was varied by 45 channels, and the corresponding variation in the fitted results

was recorded.

5. Finally, the total systematic uncertainty was obtained by adding in quadrature the

contributions from all the sources listed above.

The most relevant systematic contributions to the number of events arisé from the gain variation
(point 1) and the choice of binning (point 4).

The observed Z and energy resolution are sufficient to resolve the individual lines, demonstrating the
good timing and spectral performance of the CZT detectors, even within the challenging conditions
of an accelerator-based experiment.

This method will be applied to the analysis of the full kaonic aluminua dataset, as well as to the
measurements acquired with different targets during the 2024 data-taking campaign, which are

expected to provide new results in intermediate-mass kaonic atom ‘Spectroscopy.

5 Conclusions

In this paper, we presented the data selection procedure and,the first X-ray spectrum acquired by a
single CZT detector (out of an array of eight) tested.by the SIDDHARTA-2 collaboration during a
20-day run with an aluminum target. IS

After briefly describing the experimental setup/and calibration methods, we discussed the
optimization of the kaon selection window and ‘the time difference window between the trigger and
the detector signal, aimed at maximizing the signal significance Z.

We demonstrated that most of the kaoniec-aluminum signal is concentrated within a time window of
80 ns from the trigger, confirming therexcellent timing performance of CZT detectors for background
suppression.

The resulting energy speetrum, after applying all selection criteria, clearly shows the first observed
kaonic-aluminum transitien peaks using a room-temperature detector. The significance values
calculated using Eq. 1(were 5.45 #£,1.03 (stat.) & 0.41 (sys.) for the 4-3 transition at 106 keV, and
8.79 + 1.13 (stat.) &= O.Q(sys.) for the 54 transition at 50 keV, with corresponding energy
resolutions (FWHM /nominal energy) of 9.2% and 6.3%, respectively. These results demonstrate both
the effectiveness of the CZT-based detection system developed by the SIDDHARTA-2 collaboration
and the feasibility of preécision kaonic atom spectroscopy with CZT detectors.

This work.establishes ajwvalidated data selection strategy for CZT detectors and represents a proof of
concept ffor futuresmeasurements of intermediate-mass kaonic atoms using CZT-based systems. The
present analysis was performed on the data acquired by a single detector in a short test run, while the
same methodology will be applied to the full dataset collected at DA®NE during the 2024 campaign.
Finally, this study paves the way for new applications of CZT detectors in kaonic-atom spectroscopy,
both at, DA®NE and at J-PARC, demonstrating their strong potential for precision measurements in

challenging experimental environments.
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