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ABSTRACT: The Veto-2 is a fundamental component of a multiple-stage veto system for the
SIDDHARTA-2 experiment installed at the DA®NE collider at INFN-LNF in Italy. It was developed
to improve the signal-to-background ratio for the challenging measurement of X-ray transitions to
the fundamental level in kaonic deuterium. Its purpose is the suppression of hadronic background in
the form of Minimum Ionizing Particles by using the topological correlation between signals in the
X-ray and Veto-2 detectors. The Veto-2 system consists of a barrel of plastic scintillators read out by
Silicon Photomultipliers. The system performed its first successful test run within the apparatus with
a helium-4 target in 2022. The efficiency of the Veto-2 was determined and found to be 0.62 + 0.01.
The Veto-2 improved the signal-to-background ratio for the kaonic helium-4 L, measurement by
~ 16%, which is crucial due to the low expected X-ray yield of kaonic deuterium.

Keyworps: Photon detectors for UV, visible and IR photons (solid-state) (PIN diodes, APDs,
Si-PMTs, G-APDs, CCDs, EBCCDs, EMCCDs, CMOS imagers, etc); Scintillators, scintillation and
light emission processes (solid, gas and liquid scintillators)
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1 Introduction

The SIDDHARTA-2 experiment, installed at the DA®NE collider at INFN-LNF in Italy, performs
X-ray spectroscopy of kaonic deuterium (K~d) atoms to measure transitions to the fundamental
level. These results will, in combination with the kaonic hydrogen (K™ p) measurement [1], allow to
obtain the antikaon-nucleon scattering lengths and to advance the understanding of the low-energy
antikaon-nucleon interaction with strangeness. DA®NE, an e*e™ collider operating at the centre-of-
mass energy of the ¢-meson at 1.02 GeV, represents a unique source of monochromatic charged
kaon pairs with low momentum (127 MeV /c [2]). X-ray spectroscopy of kaonic deuterium poses
an even bigger experimental challenge than that of kaonic hydrogen due to several factors: the low
X-ray yield, which is expected to be one order of magnitude smaller than for kaonic hydrogen [3-6],
and the broad width of the K™d 1s level in kaonic deuterium (expected to be ~ 1000 eV and thus
twice as large as for kaonic hydrogen [7—11]), in combination with a high-radiation background
present at DA®NE. Therefore, several methods are utilised in the apparatus to increase the signal-
to-background ratio (S/B) by at least one order of magnitude compared to the K™p measurement.
The first one is the implementation of a lightweight, gaseous target cell for the formation of the
kaonic atoms. Secondly, a new X-ray detection system made of Silicon Drift Detectors (SDDs)
was developed [12—15]. The new SDDs have a smaller active area of 8 x 8 mm? each compared to
the ones of the K™ p measurement, leading to an improvement of the drift time from approximately
800 ns to approximately 450 ns. Thirdly, a multiple-stage veto system was implemented for the
active suppression of the synchronous background. The purpose of the first veto stage (Veto-1) is
the reduction of background originating from kaons stopping in the solid support structures of the
setup instead of in the gaseous target via timing information [16]. The second stage and focus of this
paper, the Veto-2 system, suppresses background from Minimum lonizing Particles (MIPs) passing
through the X-ray detectors. The MIPs are produced in the absorption of the kaons on the nucleons
of the target after the formation of a kaonic atom. They can create a signal in the region of interest
(RO]) for K™d X-rays (5-15keV), depending on their path through the SDDs, as shown in figure 1.
A MIP traversing the detector on the edge of its active area deposits less energy than a central hit.



This is also the case for secondary X-rays or backscattered electrons crossing the X-ray detectors.
This source of background is eliminated by using the topological correlation between signals in the
SDDs and signals in the corresponding Veto-2 detectors.

The Veto-2 system further provides timing information which is useful for the characterisation
of the background present during data acquisition, as well as the optimisation of the setup.

The SIDDHARTA-2 experiment performed its first successful measurements including the
complete veto systems with a helium-4 target in 2022. In this paper, a detailed description of
the method of background reduction, timing performance, and efficiency of the Veto-2 system is
presented. More details can be found in [17].
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Figure 1. Motivation for the Veto-2 system: (0) Most frequent case in which the MIP passes through the
centre of the SDD active area, producing a large signal; (1) The MIP passes the SDD through the edge of its
active area, producing a signal in the ROL. (2) Delta-rays, (3) backscattered electrons or secondary X-rays
produced in the setup pass through the SDD.

2 Veto-2 detector design and experimental apparatus

The Veto-2 system consists of 24 units. Each unit contains four detectors; one detector consists of a
12 X 5 x 50 mm? EJ-200 plastic scintillator and a Silicon Photomultiplier (SiPM) with an active area
of 4 x 4mm?. The SiPMs were produced by AdvanSiD in Trento, Italy, and operate in the near-UV
range with a peak sensitivity wavelength of 420 nm [18]. Figure 2(a) shows the schematics of one
Veto-2 unit. To minimise the crosstalk between the four detectors in the same unit, the scintillators
are wrapped in Teflon tape.

Since the detectors are mounted in a high-radiation environment, a calibration system based on
pulsed LEDs is implemented to monitor their performance in-situ. The LEDs are placed between two
SiPMs (see figure 2(b)), resulting in a total of 48 LEDs for the full system. Eight LEDs are supplied
in parallel by a pulse generator developed and constructed at Stefan Meyer Institute in Vienna,



which provides TTL pulses with a frequency of 100 Hz and a pulse width of 126 ns. Dedicated
amplification boards supply the bias voltage for the SiPMs and the amplification and front-end
processing of their output signals [19]. Each board features sixteen input channels and a total of
32 output channels. For each input, there is one analogue and one digital output channel. The
analogue output delivers the amplified voltage pulse of the SiPMs. The digital output provides a Low
Voltage Differential Signal (LVDS) for the Time-over-Threshold (ToT) of the analogue pulse. The
bias voltage of approximately 31 V for the SiPMs is provided by High-Voltage (HV) modules. The
HYV modules were updated to operate as constant-voltage sources, providing a constant overvoltage
independent of the dark current. This update was crucial due to radiation damage to the SiPMs, as
described in section 3. Figure 3 shows the block diagram of the HV module for one SiPM.

(b)

Figure 2. (a) Schematic drawing of a Veto-2 unit consisting of four scintillators and SiPMs. (b) Two SiPMs
with a blue LED in-between, mounted on a printed board.
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Figure 3. Block diagram of a HV module for the supply of a constant bias voltage to the SiPM [19, 20].
Reprinted from [19], Copyright (2016), with permission from Elsevier.

The Veto-2 system was installed in the SIDDHARTA-2 apparatus in 2022, located at the
interaction point (IP) of the DA®NE collider (figure 4). It performed its first cycles of operation
during the spring and summer runs. A kaon trigger consisting of a pair of scintillators with
photomultiplier readout, placed above and below the beam pipe, detects the back-to-back charged
kaons from ¢-decay. A luminosity monitor provides real-time feedback of the beam quality and
background conditions [21-25]. After passing through a thin kaon degrader, the negatively charged



kaon is stopped in the gaseous target cell and a kaonic atom is formed, whereas the positively charged
kaon will not form a kaonic atom, but decay after its mean lifetime of 12.4 ns [26]. The X-rays emitted
from the kaonic atoms are detected by the system of 48 arrays of SDDs surrounding the cylindrical
target cell, with each array consisting of eight SDD cells. The Veto-2 system is mounted directly behind
the SDDs. The Veto-1, a barrel of twelve plastic scintillators with photomultiplier readout, surrounds
the vacuum chamber on its outside. Data were collected with a gaseous helium-4 target (1.1%
Liquid Helium Density (LHeD)) for an integrated luminosity of 5 pb~! (corresponding to 3 days).
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Figure 4. Schematic drawing of the SIDDHARTA-2 experimental apparatus installed at DA®NE. A detailed cross
section view of the Veto-2 system (blue) surrounding the SDDs and the target cell (yellow) is shown on the right.

3 Veto-2 detector characterisation

Since the Veto-2 system is based on solid-state photodetectors and is installed in a high-radiation
environment, radiation damage of the SiPMs is a concern. The Veto-2 was first mounted in DA®NE
during its commissioning phase in 2019, where the background radiation was high due to beam
losses and bremsstrahlung. After approximately six months in this environment, the Veto-2 detectors
showed signs of radiation damage. Firstly, their dark current had increased by one to two orders of
magnitude compared to unirradiated SiPMs at equal bias voltage. Figure 5 shows the current-voltage
curves for two SiPMs that were previously installed in DA®NE (7B1, 7B2) and for two unirradiated
ones (55, 53). The increase of dark currents is a well-known phenomenon of radiation damage to
SiPMs and its causes are, for example, described in [27].

Secondly, the SiPM signal amplitudes decreased down to the noise level, which was mainly
due to the electronic configuration of the HV modules. They operated as constant-current sources,
which led to a decrease of the bias voltage to or below the SiPMs’ breakdown voltage in an attempt
to stabilise the high dark currents. This deterioration of signal made it impossible to distinguish
between MIP signals and thermal noise. The modification of the HV modules to constant-voltage
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Figure 5. Current-voltage curves for two SiPMs irradiated in DA®NE (7B1, 7B2) compared to two
unirradiated SiPMs (53, 55). The irradiated detectors show an increased dark current at equal bias voltage.

sources enables the detectors to operate also for moderate radiation damage. A constant bias voltage
is supplied, and a distinction between signals and noise is possible even at high dark currents. This
allows for the operation of the Veto-2 system for approximately six months before the need to
exchange the SiPMs. For more details refer to [17].

The performance of the Veto-2 system during its operation in the SIDDHARTA-2 apparatus in
terms of its efficiency and timing capabilities has been studied. Figure 6 shows the X-ray spectrum
accumulated with a helium-4 target for an integrated luminosity of 5pb~!, after the application
of all steps of background suppression. These included the following measures: a coincidence
between signals in the two scintillators of the kaon trigger provided a clean kaon signature, and a
Time-of-Flight (ToF) measurement by the kaon trigger was used to distinguish kaons from MIPs
produced in beam-beam interactions. Finally, the SDD timing was employed to suppress the
asynchronous background, while the synchronous background was suppressed by the veto system.
The L-X-ray transitions of kaonic helium-4 are clearly visible in the resulting spectrum. In addition,
the spectrum shows transitions from kaonic atoms produced in the solid structures of the apparatus,
including the support structures, entrance window and walls of the target cell. As described before,
the purpose of the Veto-2 system is the suppression of synchronous background in the form of MIPs
produced by the absorption of the K™ on the target nucleons. This component can be reduced via
an evaluation of the spatial correlation of signals in the SDDs and the corresponding signals in the
Veto-2 detectors, in coincidence with the detection of a pair of charged kaons in the kaon trigger.
For each SDD cell, eight Veto-2 detectors are considered. They include the four detectors in the
unit directly behind the SDD array, as well as the two neighbouring ones. This allows to include
inclined or grazing hits due to the broad kaon stopping distribution in the target cell. An SDD signal
is discarded as background when one of the Veto-2 detectors corresponding to that SDD cell also
registers a hit within a 5 ps window after the kaon trigger.
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Figure 6. X-ray spectrum after background reduction for 5 pb~! of 1.1% LHeD data.

In this configuration, the efficiency of the Veto-2 system was determined from the helium-4 data
collected in 2022. Its intrinsic detection efficiency was studied in 2018 with cosmic rays and found
to be > 99% [28, 29]. To select events produced by hadronic background in the data, a coincidence
of signals in the SDDs and in one of the two spatially corresponding Veto-1 detectors was required
(figure 7). For the efficiency determination, SDD signals with energies >20 keV were selected since
they correspond to central MIP hits of the SDDs and thus produce signals in the SDDs, the Veto-2,
and the Veto-1. Given the SDD-Veto-1 coincidence, eight Veto-2 detectors were monitored for a
signal (see the darker magenta units in the centre in figure 7). The number of events Xyeo.» for which
one of those eight counters detected a signal was calculated. The efficiency was then determined as
the ratio of Xyeo-2 to the number of coincidences Zcoine between SDDs and Veto-1 detectors, and
found to be 0.62 + 0.01 (table 1).

The uncertainties on Zveto-2 and Zcoinc Were determined according to Poisson statistics, and the
final uncertainty was calculated via error propagation. The topological correlation of the detectors
in the coincidence used for the analysis is shown in figure 7, which was chosen to consider off-center
grazing hits, as described previously. The importance of this geometric correlation is corroborated
by the significant decrease of efficiency of the Veto-2 system to 0.23 + 0.01 when only the single
Veto-2 detector directly aligned with the respective SDD cell is considered.

Table 1. Efficiency of the Veto-2 system within the apparatus.

Target ZVeto-2 2 Coinc Efficiency
1.1% LHeD 7671 £87 12422 +111 0.62+0.01
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Figure 7. The geometrical approach to determine the efficiency of the Veto-2 system. For each high-energy
SDD hit, two Veto-1 detectors were considered and a coincidence of SDDs and Veto-1 was required to select
hadronic background events. Given this coincidence, eight Veto-2 detectors (dark magenta) were monitored
for a signal.

Compared to its intrinsic detection efficiency of > 99%, the efficiency of the Veto-2 system
within the apparatus is substantially lower. This discrepancy can be explained by the presence
of an additional component of background to the kaon-correlated hadronic one, originating from
beam-beam interactions via the Touschek effect and/or the following bremsstrahlung. This additional
background component leads to accidental coincidences in the SDDs and Veto-1 system. In addition
to actively suppressing the synchronous background, the Veto-2 system therefore provides a valuable
tool to understand the background level and its composition during data acquisition, and to adapt
and optimise the performance of the machine and of the setup accordingly.

The performance of the apparatus for X-rays generated by kaonic atoms can be optimised by
using the timing information from the Veto-2 system. Since the time resolution of the Veto-2 is
(293 + 45) ns [29], distinguishing between kaon stops in the target gas and kaon stops in the solid
structures of the setup is possible on the basis of timing information, analogously to the Veto-1
system [16]. The solid structures in the setup in particular include the entrance window and side walls
of the target cell and the entrance window to the vacuum chamber. The kaon stop in a solid leads to
the prompt emission of MIPs, whereas in the target gas the moderation time is much longer. Figure 8§
shows the leading edge time distribution of the time-over-threshold signals summed over all 96
Veto-2 channels during the K=*He run, requiring a signal in the SDDs. The origin of the double-peak
structure was investigated by selecting only events with energies corresponding to transitions from
specific kaonic atoms, in particular the kaonic helium-4 L, transition, the kaonic carbon (5 — 4)
transition, the kaonic nitrogen (6 — 5) transition, the kaonic aluminium (7 — 6) transition, and
the titanium K, fluorescence line. The timing spectra corresponding to these transitions are shown
in the left panels of figure 9. The panels on the right show the correlation between the transition
energies and the leading edge timing for these transitions. The two transitions with the highest
statistics, i.e. the K™*He L, and K~C (5 — 4) transitions, are enclosed in the ellipses. The data
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Figure 8. Leading edge timing summed for all Veto-2 channels for the 1.1% LHeD run.

indicate a difference in timing depending on the selected transition. The kaonic carbon and nitrogen
X-rays originate in the target cell entrance window made of Kapton polyimide (C2;H19N,Os), and
thus have faster arrival times than the kaonic helium X-rays produced in the target gas. The titanium
fluorescence lines are produced in the top part of the target cell which consists of titanium, and the
kaonic aluminium transitions originate from the target cell bottom ring and sidewall frames. The
timing information provided by the Veto-2 system can be used to identify the origin of the detected
X-ray transitions. It thus provides information on the kaon stopping distribution in the setup, which
depends on the configurations of the kaon degrader and target cell entrance window, as well as on
the target gas density. This provides additional evidence for the capability of the Veto-2 system to
optimise the setup. The timing information can, in particular, be used to optimise components like the
kaon degrader, the material and thickness of the target cell entrance window, and the target gas density,
and also to monitor their performance as well as any changes to the system during data acquisition.

4 Outlook: the Veto-2 background suppression

By utilising the 5pb~! data collected with the helium-4 target, the effect of the Veto-2 system on
the signal-to-background ratio was studied. To obtain this ratio, a fit function was applied to the
X-ray spectrum. The kaonic helium-4 L, transition was reproduced in the fit by a Voigtian function
(the convolution of a Gaussian and a Lorentzian function). The signal strength was obtained from
the amplitude of the fitted Voigtian curve. The background shape was described in the fit by the
sum of a constant and an exponential function. Since in the energy region from 7 to 8 keV the
background shape is approximately constant, the background level in the K~*He region (~ 6.4 keV)
was obtained from the mean value of 50 equidistant points of the background function in this region.
Finally, to extract the effect of the Veto-2 system on the signal-to-background ratio, the fit was
performed on the X-ray spectrum before and after applying the Veto-2 system suppression (see
figure 10). The suppression of hadronic background using the topological correlation between
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Figure 9. Left: leading edge timing summed over all Veto-2 channels for selected transitions in various
kaonic atoms and fluorescence lines. Right: energy-timing scatter plot for the selected transitions. The kaonic
helium-4 L, and kaonic carbon (5 — 4) transition clusters are shown by the ellipses, indicating earlier arrival
times for the kaonic carbon X-rays than for the X-rays produced in the target gas.

signals in the X-ray detectors and signals in the Veto-2 system leads to an improvement of the S/B of
approximately 16% [17]. This value is in agreement with the result of a dedicated SIDDHARTA-2
Monte Carlo simulation based on GEANT4, which predicts an improvement of the S/B due to
the Veto-2 system by 17% [30, 31]. This calculation assumed a 1:1 ratio between kaon-correlated
and uncorrelated backgrounds, which was observed in the data analysis during this measurement.
An additional suppression of the uncorrelated background during the upcoming data taking would
amplify the effect of the Veto-2 system on the S/B. This can be achieved by improving the passive
shielding around the apparatus, which is planned for the upcoming periods of data taking. For a
hypothetical reduction of the uncorrelated background by 70%, the Monte Carlo simulation predicts
an improvement of the S/B by 43%. The background suppression provided by the Veto-2 system is
crucial for the challenging kaonic deuterium measurement: the K, X-ray yield in kaonic deuterium
is expected to be lower by approximately two orders of magnitude with respect to the L, yield
in kaonic helium-4 [3-6, 32]. Therefore, conserving the strength of the signal, together with an
efficient suppression of correlated background, is vital for the success of the K~ d measurement.
Based on the results from the kaonic helium run, the design of the Veto-2 system has recently
been updated. As shown by the analysis of the performance of the system, the granularity of the



detectors can be decreased without loss of efficiency. Consequently, the new Veto-2 system features
two scintillators of size 13 X 5 x 100 mm? per unit instead of the previous four. Each scintillator is
read out by two SiPMs. In this way, a coincidence between the signals in the two SiPMs is required,
which results in the efficient suppression of electronic or thermal noise. The new version of the
Veto-2 system already performed its first run at DA®NE. After operating for an integrated luminosity
of 200 pb~! (corresponding to approximately four months), the SiPMs again showed increased dark
currents from 110 pA to 190 pA, due to radiation damage. The currents were originally set to 3 pA
and the overvoltage remained constant. Nevertheless, the first analyses indicate that the Veto-2
system operated efficiently during this time despite the damage, thus certifying the effectiveness of
the electronic modifications.
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5 Conclusion

The Veto-2 system was characterised during its first successful run at DA®NE with a helium-4
target in 2022. Despite the challenging conditions at the DA®NE collider, the Veto-2 was able to
efficiently suppress the synchronous background via the topological correlation between signals in
the X-ray detectors and signals in the Veto-2 detectors, thus improving the signal-to-background ratio
for the kaonic helium-4 L, transition by ~ 16%. The detection efficiency of the Veto-2 within the
SIDDHARTA-2 apparatus was studied and found to be 0.62 + 0.01. In addition to the background
suppression, the Veto-2 system has proven to be a very useful tool to evaluate the level of background
radiation present during beam time as well as its composition. The timing information provided by
the Veto-2 system enables to reconstruct where the kaonic atoms are formed. This information is
crucial for the optimisation of the kaon degrader thickness, the entrance window of the target cell,
and the target gas density. The challenging measurement of kaonic deuterium by the SIDDHARTA-2
experiment with an optimised Veto-2 system is currently ongoing.
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