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Abstract This paper describes the design and performance
of a compact detector, BDX-MINI, that incorporates all fea-
tures of a concept that optimized the detection of light dark
matter produced by electrons in a beam dump. It represents
a reduced version of the future BDX experiment expected
to run at JLAB. BDX-MINI was exposed to penetrating par-
ticles produced by a 2.176 GeV electron beam incident on
the beam dump of Hall A at Jefferson Lab. The detector
consists of 30.5 kg of PbWO4 crystals with sufficient mate-
rial following the beam dump to eliminate all known parti-
cles except neutrinos. The crystals are read out using silicon
photomultipliers. Completely surrounding the detector are
a passive layer of tungsten and two active scintillator veto
systems, which are also read out using silicon photomulti-
pliers. The design was validated and the performance of the
robust detector was shown to be stable during a six month
period during which the detector was operated with minimal
access.

1 Introduction

BDX is a Beam Dump eXperiment searching for Light Dark
Matter particles in the MeV-GeV mass range produced by
the interaction of the Jefferson Lab (JLab) multi-GeV, high-
intensity electron-beam with the experimental Hall-A beam
dump [1]. BDX will have the requisite sensitivity to explore
a entirely new physics regime (“Dark Sector”), where light
dark matter (LDM) is the lightest stable state. LDM parti-
cles χ are charged under a new U(1)D broken symmetry,
whose mediator is a massive vector boson called A or “dark
photon”. The dark photon can be kinetically mixed with the
Standard Model (SM) hypercharge field, resulting in SM-
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DM interaction. We refer the reader to the recent review
works [2–4] for a comprehensive discussion of the LDM
theory and the corresponding ongoing experimental effort.

In the BDX experiment, a high-current (up to 150 µA)
e beam accelerated to energy up to 11 Gev by CEBAF, hits
the experimental Hall-A Al/water beam dump [5], produc-
ing, together with a large number of SM particles, a “dark
beam” of χ particles. LDM is produced in the beam dump
via two main mechanisms: A -strahlung [6, 7], which is con-
ceptually akin to bremsstrahlung for SM, and e+e resonant
annihilation [8]. The beam dump is heavily shielded with
20 m of concrete, iron and dirt, acting as a filter for almost
all SM particles. Only weakly interacting particles (SM ν

and LDM χ) propagate through the shielding to the BDX
detector that is designed to identify rare interactions. The
BDX detector is a homogeneous electromagnetic calorime-
ter, surrounded by a dual-layer veto system to reject the cos-
mogenic background [9]. The χ interaction with the atomic
electrons in the calorimeter results in a high-energy scat-
tered e that can be easily detected in the BDX detector. The
scattering is identified by detecting a high-energy electro-
magnetic shower with no associated activity in the surround-
ing veto systems. Considering the low probability of LDM
production and detection, beam-dump experiments require
intense beams and a large accumulated charge. With more
than 1022 electrons-on-target (EOT) expected in one year of
running, BDX will cover altogether unexplored regions of
the parameter space of LDM coupling versus mass, thereby
exceeding, by up to two orders of magnitude, the discovery
potential of existing and planned experiments. The BDX ex-
periment was approved with the highest scientific rating by
the JLab Program Advisory Committee in 2018 [10]. While
preparing for the design and construction of a new subter-
ranean hall downstream of the existing Hall-A beam dump,
the BDX collaboration fabricated and deployed a reduced
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version of the full detector, BDX-MINI, performing a first,
preliminary search for LDM at lower beam energy. We have
fabricated and deployed a reduced version of the BDX de-
tector, BDX-MINI, performing a first, and as such, a prelim-
inary search for LDM at low beam energy. BDX-MINI ran
in spring/summer 2020 collecting a charge of 4 1021

EOT. This paper describes the BDX-MINI detector design
and construction, and its performance compared to Monte
Carlo simulations. The document is organized as follows. In
Section 2, we present the experimental set-up describing in
detail the BDX-MINI detector components. In Section 3, we
describe the Monte Carlo simulations used to study the de-
tector response to the LDM signal and background. Finally,
in Section 4 we report on the performance of the BDX-MINI
detector and its individual components during production
and dedicated calibration runs taken in 2020 and 2019, re-
spectively.

2 The BDX-MINI experiment at JLab: experimental
setup

2.1 Detector location

The detector was installed 26 m downstream of the Hall-
A beam dump at JLab, inside a well (Well-1) at beamline
height. The detector was shielded from the background pro-
duced in the beam dump by 5.4 m of concrete and 14.2 m
of dirt, shown schematically in Fig. 1. BDX-MINI accumu-
lated data during a period of six months between 2019 and
2020. During most of the time, Hall A received one-pass
beam from the accelerator (2.176 GeV) and all muons gen-
erated in the beam dump ranged out before reaching the de-
tector. In a previous paper, we described the physical layout
and measurements of the muon flux produced by 10.6 GeV
electrons incident on the beam dump [11]. The present mea-
surements use a new detector, which is deployed in the well
closest to the accelerator.

The detector was situated inside a 20-cm diameter stainless-
steel watertight cylindrical vessel, shown in Fig. 2, covered
by steel lids on top and bottom, supported by steel cables
that were used to move it up and down using a hand winch.
The electronic cable connections to the detector were routed
through a 5 cm diameter PVC pipe that was firmly attached
to the top of the vessel. The PVC pipe came in six 122 cm-
sections that could be screwed together (or unscrewed) as
the detector was hoisted up and down inside the well. The
height of the detector was determined using a tape measure
attached to the individual PVC segments with registration
marks to ensure reproducibility as they were connected and
disconnected. The location of the detector at beam height
was checked by measuring a non-stretch fishing line low-
ered down with a plumb bob to the top of the vessel. The

Fig. 1 Schematic representation of the location of the wells relative to
the Hall-A beamdump. From left to right, the Hall-A aluminum-water
beamdump (blue-green), the concrete beam-vault walls (gray), the dirt
(brown), and the two vertical pipes. The detector was located in the
well closest to the accelerator, Well-1. (Color online)

Fig. 2 Some pictures of BDX-Mini detector positioning phases. Left
Panel shows the BDX-mini detector inside the stainless-steel water-
tight cylindrical vessel. Right Panel shows the detector lowering phase
in the pipe: a PVC segment with the attached tape is cleary visible.

systematic error associated to the procedure was estimated
to be ∆YPos = 5 cm.

The readout electronics and the DAQ system were mounted
on a dedicated electronic rack at ground level near the en-
trance to the well. To protect the BDX-MINI from the weather,
the entire experimental setup was situated within a sturdy
field tent that covered both wells, the electronic equipment,
and power breakers. The environment was further condi-
tioned using a portable air conditioning unit to maintain a
suitable temperature and humidity.

2.2 BDX-MINI detector

The BDX-MINI is a complete detector package that incor-
porates, on a reduced scale, all the detector elements that
are envisioned for the BDX experiment. The compact elec-
tromagnetic calorimeter (ECal) composed of PbWO4 crys-
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tals ( 4 x 10 3 m3 total volume), is surrounded by layers of
hermetic passive and active vetoes. The innermost layer con-
sists of passive tungsten shielding (WS), shaped as a prism
with an octagonal base, with tungsten lids on top and bot-
tom. The middle (Inner Veto, IV) and the outer (Outer Veto,
OV) layers are active detectors, made of plastic scintillators.
The IV matches the WS octagonal shape, while the OV is a
cylinder. Each of them are sealed, on top and on the bottom,
by plastic scintillator lids. The whole detector is inserted in
a stainless steel vessel for protection and handling.

Figure 3 shows the ECal, the W-shielding, and the two
active vetoes during the detector construction. The BDX-
MINI components are described in detail in the following
subsections.

2.2.1 Electromagnetic Calorimeter

The BDX-MINI ECal is composed of 60 parallelepiped PbWO4
crystals. Two types of lead-tungstate crystals are employed:
32 15 x 15 x 200 mm3 crystals, produced by the SICCAS1

company and formerly used as spares in CLAS12 - For-
ward Tagger detector (FT) [12], and 28 20 x 20 x 200 mm3

crystals, produced by the BTCP2 company, used as spares
in the PANDA-ECal [13]. To reduce the number of read-
out channels, the FT crystals were glued in pairs along the
15 x 200 mm2 face to obtain 16 30 x 15 x 200 mm3 compound
crystals. Each of the resulting 44 crystals were then wrapped
in a reflecting aluminized Mylar foil.

The BDX-MINI ECal is assembled from two modules
(as shown in Fig. 3, Panel A), each composed of 14 PANDA
and 8 compound FT crystals. A 3D-printed plastic mechani-
cal support holds the crystals in place. The two modules are
mounted vertically, resulting in an approximately cylindrical
shape 40 cm long and 11.5 cm in diameter (see Fig. 4).

The BDX-MINI ECal uses 6 x 6 mm2 Hamamatsu MP-
PCs (S13360-6025PE) to read out the PbWO4 scintillation
light. The sensor is placed in the middle of the 20 x 20 mm2

face of each PANDA crystal and optically coupled with op-
tical grease. Likewise, the sensor is optically coupled on the
junction between the two glued crystals of the 30 x 15 mm2

face of the FT compound crystal.

2.2.2 Tungsten Shielding

The ECal is enclosed in a 0.8 cm-thick tungsten shield (Fig. 3 C),
shaped as an octagonal prism, with length l = 45 cm and base
side 5 cm. It is composed of 10 separate parts: two octagonal
plates form the prism upper and lower bases, while the lat-
eral surface is made of 8 plates. In the lower octagonal plate
a small open slot allows the passage of the ECal signal ca-
bles. The purpose of the passive tungsten layer between the

1Shanghai Institute of Ceramics, Chinese Academy of Science
2Bogoroditsk Technical Chemical Plant

vetoes and the ECal is to protect the active vetoes from elec-
tromagnetic showers produced by χ e interactions that
may accidentally self-veto the interaction.

2.2.3 Inner Veto

The IV is composed of EJ200 plastic scintillators, 0.8 cm
thick, forming an hermetic octagonal prism with a 6.2 cm
base side and 49.4 cm in length (Fig. 3 D). Two octagonal
scintillators are used for the upper and lower prism bases.
Machined into each of them is a spiral groove, which con-
tains a Wavelength Shifter (WLS) fiber used to collect and
transfer the light to a SiPM. The lower base has a small open
slot to allow the cables to come out. The lateral surface of
the prism is composed of 8 bars coupled to each other with
optical glue in order to obtain an optically continuous piece
(see Fig. 5 B). In each bar, four WLS fibers are inserted into
a linear groove running down the middle and parallel to the
long side of the plastic, transporting the scintillation light to
a SiPM light sensor. Both the IV and the OV (described in
the next section) use 3x3 mm2 Hamamatsu S13360-3075CS
SiPMs. The bias voltage and amplifiers boards are the same
ones used in the ECal, but with a lower gain factor.

2.2.4 Outer Veto

The OV, made up of 0.8 cm thick EJ200 plastic scintillators,
is cylindrical in shape with radius of 9.7 cm and 53.0 cm in
height. It is formed by two round caps and a single cylindri-
cal tube (Fig. 3 E). Light produced in each cap is extracted
by a wavelength-shifting fiber inserted into a spiral groove
on the paddle’s surface and coupled to a SiPM (Fig. 5 A).
As for both the IV and the WS, the lower OV cap also has
an open slot to extract the cables. The cylinder features eight
equally spaced grooves, running along the length of the scin-
tillator and each containing four WLS fibers. In this config-
uration, both the IV octagonal prism and the OV cylinder
have a redundant readout of eight SiPMs each.

2.3 Front-end electronics

Each SiPM is connected via an 8-m long coaxial cable to
a custom front-end circuit that provides the bias voltage to
the photosensor and amplifies the corresponding signal. The
SiPM cathode is connected to the circuit input via the coax-
ial cable inner conductor, while the anode is connected to
ground via the cable outer shield. We found that the noise
associated with this connection scheme was sufficiently low
to distinguish the individual photo-electrons signals for each
and every one of the SiPMs. Signal amplification is obtained
by means of a custom transimpedance amplifier, with a gain
factor of 100 for ECal, 80 for IV octagon and OV cylinder,
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A B C D E

Fig. 3 The different components of BDX-MINI are showed while they were assembled. Panel A shows full assembled ECal, Panel B and C the
tungsten shielding, Panel D the inner veto, and Panel E the outer veto.

and 44 for IV and OV caps. It provides two equal output sig-
nals through a built-in 1:1 passive resistor divider following
the last amplification stage. The bias voltage is provided by a
custom-designed board, which uses a 5 V input tunable DC-
DC converter [14]. All the front-end circuits are mounted in
a rack outside the well, which also contained the data acqui-
sition electronics and computer.

2.4 Data acquisition and trigger system

As mentioned before, each detector signal is amplified by
a custom circuit, which provides two equal outputs of the
signal. The first copy of the signal is sent to a leading-edge
discriminator (CAEN v895), whose digital output is sent to
a programmable logic board (CAEN FPGA v1495) imple-
menting a custom trigger logic. A threshold of 10 MeV is
implemented for the crystals, while for veto signals a thresh-
old of few photo-electrons is used. The second copy is fed
to a Flash Amplitude-to-Digital converter. Signals from the
inner and outer veto photodetectors were processed with a

Fig. 4 Lower module of the BDX-MINI ECal.

A

B
Fig. 5 Panel A: OV cylinder picture where the grooves for the WLS
fibers are clearly visible. Panel B: Scintillator bars forming the IV lat-
eral surface.

2 V, 14 bit, 500 MHz module (CAEN FADC v1730), while
those from the crystals were processed with a board featur-
ing a lower 250 MHz sampling rate (CAEN FADC v1725).
To guarantee synchronization, the clock was generated from
the first board and distributed to the others through a daisy-
chain setup.

The trigger conditions implemented for the experiment
are reported in Tab. 1. For each bit, the table gives the av-
erage rate corresponding to the nominal detector operations
(2.176 GeV beam or no beam). The first two triggers, i.e.
the “OR” of all top/bottom crystal signals, were used for
the LDM measurement. In parallel to these, other trigger
equations were implemented for monitoring, calibration and
debugging. Each trigger bit could be prescaled by a user-
programmable factor, from 1 to 16384. The global trigger
condition is the union of all individual trigger bits after pre-
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Trg # Definition Typ. rate
0 Top Crystals OR 1.6 Hz
1 Bottom Crystals OR 1.6 Hz
2 IV/OV Top Caps coincidence 1.5 Hz
3 IV/OV Bottom Caps coincidence 0.9 Hz
4 IV Top/Bottom Caps coincidence 0.1 Hz

Table 1 Summary of trigger bits implemented for the BDX-MINI
detector.

scale. For each trigger, all the FADC raw waveforms were
written to the disk without further processing. In order to
monitor the rates in the detector, as well as the trigger rate
and the livetime, individual scalers were implemented in the
FPGA firmware and regularly read through the slow controls
system, as discussed in the next section.

We used the standard JLab “CEBAF Online Data Acqui-
sition” (CODA) software to handle the readout system [15],
and software from a recent measurement, with minor modi-
fications, to allow for an increased number of boards [11].

2.5 Slow controls

A custom, EPICS-based slow-controls system was devel-
oped for the BDX-MINI setup [16]. Several software Input
Output Controllers (IOCs) are implemented, each associated
to a different set of Process Variables (PVs) in the experi-
mental setup. The system is integrated with the main JLab
slow-controls system, in order to access accelerator-related
PVs, for example reporting the beam current and energy. A
custom graphical interface was developed to interact with
the PVs. During data-taking runs, the values of all PVs are
periodically recorded to the data stream.

The temperature and the humidity at the detector loca-
tion was monitored by two probes (model Adafruit 3251,
embedding a Si7021 sensor) installed inside the watertight
cylindrical vessel. Both probes are read by an Arduino Uno
board, connected to the main slow-controls system and in-
terfacing with a specific IOC. Likewise, at the experimen-
tal area inside the tent, where the readout electronics was
housed, the temperature and humidity were monitored with
an AKCP sensorProbe device, interfaced to another IOC.
Finally, a third IOC has been developed to read the FPGA
scalers and configure the trigger bit prescale values.

2.6 Online monitoring system

To monitor the detector performance during data taking and
to rapidly identify and thereby correct any problems as quickly
as possible, various online monitoring tools were developed.
The count rate for each detector channel, for each trigger
bit, and for the total trigger rate were displayed on a cus-
tom, EPICS-based, graphical user interface (GUI). Trigger

bits rates were shown both before and after prescaling. This
GUI also showed the temperature and humidity at the detec-
tor location and in the experimental area. The time evolu-
tion of these quantities was also monitored using the EPICS
StripTool program.

During data taking, an online reconstruction system mon-
itored both single-event FADC waveforms and accumulated
observables, including the spectrum of the energy deposited
in each crystal, and the total energy deposited in the two
BDX-MINI modules. The online system interfaced with the
DAQ through the JLab “Event Transfer System (ET)” [17],
that provides a very fast and robust method of transferring
events between different processes. The online reconstruc-
tion was based on the same JANA-based libraries that are
used in the offline reconstruction. Single-event FADC wave-
forms and histograms were displayed via the RootSpy sys-
tem [18].

3 Monte Carlo simulations

We used Monte Carlo simulations in order to study the in-
teraction of cosmic rays, beam-induced muons produced in
the beam dump, and beam-induced neutrinos with the BDX-
MINI detector. We performed different simulations, using
both the FLUKA [19, 20] and the Geant4 [21] codes. The
interaction of neutrinos with the detector was simulated us-
ing the GENIE program [22, 23].

3.1 Detector geometry and response

The geometry, the materials and the response of the BDX-
MINI detector were implemented in Geant4 via the GEMC
interface [24]. Figure 6 shows the detector geometry as im-
plemented in the Geant4 geometry. The PbWO4 crystals are
shown in light blue (PANDA crystals) and dark blue (FT
crystals), surrounded by the tungsten shielding (gray). Out-
side the shielding, the inner veto (cyan) and the outer veto
(green) are shown. The inner veto and outer veto top caps
are show in yellow and orange, respectively, in wireframe
style. The simulation does not include the photosensors and
the inner/outer veto grooves hosting the WLS fibers – the ef-
fect of these on the veto response was effectively included in
the corresponding response parameterization, as discussed
in the following.

The description of the PbWO4 crystal response includes:
a light yield (LY) of 310 photons per MeV deposited, a de-
cay time driven by two time constants (64% for the 6.8 ns
fast component, 36% of the 33.4 ns slow component) and the
SiPM nominal photon detection efficiency (PDE) of 22%.
Due to the limited size of the crystals, no light attenuation
length has been included in the code. The same parame-
ters were used for both types of crystals. Systematic differ-
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Fig. 6 Geant4 implementation of the BDX-MINI detector - for better
visibility, the inner/outer veto top caps and the tungsten top shielding
are shown in wireframe style. See text for details. (Color online).

ences among FT and PANDA crystals, as well as differences
among the two batches, were absorbed in individual cali-
bration constants in data analysis. The comparison between
the simulated cosmic muon energy deposition spectrum and
the measured one is shown in Fig. 7. The absolute normal-
ization of the simulated distribution was scaled to the mea-
sured one. The two distributions are in very good agreement,
confirming the validity of our parameterization in Monte
Carlo of the crystal response to muons. Furthermore, we
note that this marks the first use of SiPMs in high-energy
electromagnetic calorimetry with PbWO4 crystals. The re-
sult here reported demonstrates that the use of a 6x6 mm2

SiPM with 25 µm pixel size coupled to a PbWO4 crystal
results to a light yield of 1 phe/MeV. The use of four of
these SiPMs per crystal could achieve a statistical resolution
term of 2%

√
E(GeV), avoiding saturation effects up to

50-100 GeV.

A detailed description of the veto geometry and photo-
electron response was implemented in the BDX-MINI sim-
ulation framework. Both the IV and OV caps and lateral
surfaces were described as separate scintillator pieces. For
each scintillator, the deposited energy of a hit was converted
to photoelectrons. As described above, the lateral surfaces of
the IV and OV consist of optically continuous large scintilla-
tor pieces, with multiple SiPM readout. When a charged par-
ticle hits them, scintillation light travels to the WLS fibers,
where it is collected and transported to SiPMs. As a result,
all photo-detectors produce a signal with an amplitude de-
pending on the position of the WLS fibers relative to the
hit point on the scintillator. In particular, there are two main
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Fig. 7 PbWO4 crystal cosmic-rays energy spectrum: data are shown in
black, while simulations results are reported in red. (Color online).

effects in the light transmission to each WLS fiber. First,
light transmitted in the plastic will be attenuated in accor-
dance with the distance traveled. Given the dimension of the
two components, this effect cannot be neglected. Secondly,
a large fraction of light is absorbed whenever it crosses one
of the grooves containing the WLS fibers. This translates
to a discretized light reduction depending on the number of
grooves that the scintillation light crosses while propagat-
ing from the hit point to a particular sensor. To account for
this behavior, an effective formula (for both the IV and OV)
was implemented in the MC, describing the light attenuation
factor for the i-th SiPM depending on the energy deposition
position:

ai(φ z) = FNG
G (1 ZL)e

φ

φatt +F7 NG
G (1 ZR)e

2π φ

φatt (1)

Here φ is the azimuthal angle between the charged particle
hit position and the axis defined by the WLS fiber of the i-th
SiPM and z is the hit vertical position, being z = 0 defined
as the lower edge of the IV and OV (see Fig. 8). FG is the
parameter describing the fraction of scintillation photons ab-
sorbed when a single groove is crossed, NG is the number of
grooves light crosses to reach the i-th fiber traveling coun-
terclockwise looking the scintillator from the top and φatt
is the parameter defining the angular attenuation length. Fi-
nally, ZL and ZR are the factors describing the attenuation
light undergoes as it travels vertically along the scintillator:

ZL =
(

1 e
z

zatt

)
cos(φ 2)H (π φ) (2)

ZR =
(

1 e
z

zatt

)
cos((2π φ) 2)H (φ π) (3)
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Fig. 8 Scheme showing the light transmission in the OV lateral sur-
face. When a charged particle hits the veto, scintillation light is emit-
ted from the impact point (red dot in the picture). The generated light
then travels through the scintillator both clockwise and counterclock-
wise. As an example, to reach the WLS fiber coupled to SiPM 3 (in the
green circle) light has to cross the grooves containing the other fibers
(photons traveling clockwise cross 4 grooves, while light moving coun-
terclockwise crosses 3 grooves). (Color online).

where zatt is the light attenuation length along z, and H is
the Heaviside step function. The two terms in Eq. 1 repre-
sent the two different paths light can follow. Since the IV and
OV lateral surfaces are optically continuous, the light gen-
erated by a particle reaches the WLS fiber of a given SiPM
traveling both clockwise and counterclockwise.

All the parameters in Eq. 1 were tuned by comparing
cosmic-ray data to MC. We selected several muon trajecto-
ries that hit the lateral surfaces of the vetoes using the co-
incidences between the crystals and veto caps. The different
parameters of Eq. 1 were then adjusted by comparing the
peak position of the charge distribution of the SiPMs from
the data to MC. The values of FG and φatt where obtained
by selecting muons trajectories hitting the vetoes with fixed
z, while trajectories crossing the vetoes at different heights
were used to evaluate the value of zatt . This procedure was
employed separately for the IV and the OV in order to ob-
tain two different set of parameters. The values FG = 0 6
and zatt = 100 cm where found to describe the light attenua-
tion in both the IV and OV. However, two different values of
the attenuation length along φ were obtained: φatt OV = 7

9 π ,
φatt IV = 2

3 π .

3.2 Beam-induced muons

Muons produced in the beam dump and reaching the detec-
tor are a very useful calibration source. There was a short pe-
riod in 2019 when the accelerator delivered 10.38 GeV e -
beam to Hall A and the corresponding high flux of muons
that traversed the detector were used for calibration. We note
that during the LDM production period all muons produced
in the beam dump ranged out before reaching the BDX-
MINI detector.

In order to simulate the production, propagation, and de-
tector interaction of muons produced by the interaction of
the primary e with the Hall-A beam dump, we adopted the
same procedure detailed in Ref. [11]. We used the existing
configuration of the Hall-A beam dump geometry and ma-
terials implemented in FLUKA-2011.2c.5 by the Jefferson
Lab Radiation Control Department [25]. The input card used
to run FLUKA includes all physics processes and a tuned set
of biasing weights to speed up the running time while pre-
serving accuracy. FLUKA was used to generate muons in
the beam dump and propagate them to a plane near the de-
tector. From there, Geant4 was used to track particles all the
way up to the detector, and to simulate its response.

Using this procedure, we verified that particles produced
by the 2.176 GeV electron beam, except neutrinos, are fully
absorbed by the concrete vault and the dirt between the dump
and the detector, thus not contributing at all to the back-
ground rate in the detector. At the same time, Monte Carlo
simulations predicted a sizable interaction rate due to beam-
related muons when the primary beam energy was set to
10.38 GeV. The signal corresponding to the propagation of
these particles through the BDX-MINI detector was used for
calibration, alignment, and efficiency studies, as discussed
in Section 4.

3.3 Cosmic rays

Our characterization of the cosmogenic backgrounds in the
BDX-MINI was determined empirically from data taken dur-
ing beam-off periods. Cosmic rays, however, are exploited
also during beam-on periods to monitor the detector sta-
bility and to cross-check the energy calibrations obtained
with beam-induced muons. We did so by identifying specific
muon trajectories, selected using a combination of energy
thresholds in the crystals and topological selections in the
inner and outer veto systems, to make data to MC compar-
isons. Therefore, we required a realistic generator of cosmic
muons.

The cosmic muon energy spectrum and angular distri-
bution reported in Ref. [26] were implemented directly in
Geant4, using the algorithm originally developed for the study
of cosmogenic backgrounds in the Modane underground lab-
oratory [27]. Cosmic particles were generated in a fiducial
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v ol u m e l ar g e e n o u g h t o c o nt ai n t h e d et e ct or a n d a c ar ef ul
n or m ali z ati o n h as b e e n p erf or m e d t o c orr e ctl y t a k e i nt o a c-
c o u nt t h e cr ossi n g o n t h e l at er al si d es. P arti cl es f o u n d cr oss-
i n g t h e fi d u ci al v ol u m e w h er e t h e n pr oj e ct e d o ut t o pr o d u c-
ti o n v erti c es o utsi d e t h e dirt. I n t his w a y, t h e si m ul ati o n c or-
r e ctl y a c c o u nt e d f or t h e eff e cts of e n er g y l oss, m ulti pl e s c at-
t eri n g, a n d s e c o n d ar y p arti cl es pr o d u cti o n i n t h e o v er b ur d e n
a b o v e t h e d et e ct or.

3. 4 N e utri n os

Alt h o u g h t h e b e a m-r el at e d n e utri n o b a c k gr o u n d c orr es p o n ds
t o a m u c h l o w er i nt er a cti o n r at e i n t h e d et e ct or c o m p ar e d t o
t h e d o mi n a nt c os m o g e ni c o n e, it r e pr es e nts a n irr e d u ci bl e
c o ntri b uti o n t o t h e L D M m e as ur e m e nt. T h er ef or e, w e p er-
f or m e d a d et ail e d M o nt e C arl o c al c ul ati o n of t his b a c k gr o u n d.

T h e F L U K A c al c ul ati o n s a m pl e d t h e n e utri n o fl u x usi n g
t h e s a m e s et u p a d o pt e d f or t h e si m ul ati o n of b e a m-i n d u c e d
m u o ns. We c o m p ut e d t h e fl u x o n a s c ori n g pl a n e l o c at e d
0. 5 m u pstr e a m t h e B D X- MI NI d et e ct or, p er p e n di c ul ar t o
t h e pri m ar y e − b e a m dir e cti o n. I n p arti c ul ar, t o pr es er v e

c orr el ati o ns a m o n g ki n e m ati c v ari a bl es, w e s a m pl e d t h e 3 D
distri b uti o n Φ ν (E ν ,c os (θ ν ),R 2

ν ), w h er e E ν , c os(θ ν ), R 2
ν ar e,

r es p e cti v el y, t h e n e utri n o e n er g y, t h e c osi n e of t h e n e utri n o

m o m e nt u m a n gl e wit h r es p e ct t o t h e pri m ar y e − b e a m di-
r e cti o n, a n d t h e n e utri n o r a di al i m p a ct p oi nt at t h e s c ori n g
pl a n e dist a n c e fr o m t h e pri m ar y e − a xis. T h e Φ ν distri b u-
ti o n w as s a m pl e d i n d e p e n d e ntl y f or e a c h n e utri n o t o p ol o g y

(ν e , ν e , ν µ , ν µ ). T h e e n er g y distri b uti o n of n e utri n os pr o-
d u c e d b y t h e 2. 1 7 6 G e V e − b e a m, i nt e gr at e d o v er t h e ot h er
v ari a bl es, is s h o w n i n Fi g. 9 .

N e utri n o i nt er a cti o ns wit h t h e d et e ct or el e m e nts a n d wit h
t h e s urr o u n di n g m at eri als w er e si m ul at e d usi n g t h e G E NI E
g e n er at or, v. 3. 0. 6 [ 2 2 , 2 3 ]. A c ust o m a p pli c ati o n w as d e-
v el o p e d usi n g t h e G E NI E li br ari es, i n or d er t o us e t h e i n p ut
n e utri n o fl u x Φ ν dis c uss e d pr e vi o usl y a n d t h e s a m e B D X-
MI NI d et e ct or g e o m etr y i m pl e m e nt e d i n G e a nt 4 – t his w as
i m p ort e d i n G E NI E usi n g t h e G D M L f or m at.

T h e G 1 8 _ 0 2 a _ 0 0 _ 0 0 0 t u n e w as us e d f or n e utri n o cr oss-
s e cti o n d at a.

T h e G E NI E si m ul ati o n o ut p ut is a list of u n w ei g ht e d
n e utri n o e v e nts, t o g et h er wit h t h e c orr es p o n di n g n or m ali z a-
ti o n (i. e. t h e n u m b er of E O T t h at w o ul d r es ult i n t h e s a m e
n u m b er of n e utri n o i nt er a cti o ns). F or e a c h e v e nt, G E NI E

pr o vi d es t h e i nt er a cti o n v ert e x p ositi o n a n d t h e list of s e c-
o n d ar y p arti cl es. T o s p e e d- u p t h e si m ul ati o n, o nl y e v e nts
wit hi n a 4 0- c m r a di us fi d u ci al s p h er e c e nt er e d at t h e d et e c-
t or ar e c o nsi d er e d. As a n e x a m pl e, t h e o bt ai n e d v ert e x dis-
tri b uti o n of ν e v e nts is s h o w n i n Fi g. 1 0 . T h e s h a p e of t h e
d et e ct or is cl e arl y visi bl e, wit h n e utri n os v erti c es distri b ut e d
a c c or di n g t o t h e diff er e nt m at eri als d e nsiti es.

T h e G E NI E e v e nts w er e t h e n us e d as i n p ut t o t h e G e a nt 4-
b as e d si m ul ati o n of t h e B D X- MI NI d et e ct or i n or d er t o st u d y

2−1 0 1−1 0 1
E ( G e V)
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Fi g. 9 N e utri n o diff er e nti al fl u x, p er E O T, of n e utri n os pr o d u c e d b y
t h e i nt er a cti o n of t h e C E B A F 2. 1 7 6 G e V e − b e a m wit h t h e H all- A
b e a m d u m p. T h e fl u x is s c or e d o n a pl a n e l o c at e d 0. 5 m u pstr e a m
t h e B D X- MI NI d et e ct or. E a c h c ol or c orr es p o n d t o a diff er e nt n e utri n o
t o p ol o g y, as r e p ort e d i n t h e Fi g ur e. ( C ol or o nli n e).

t h e c orr es p o n di n g r es p o ns e. Fi g ur e 1 1 s h o ws t h e n e utri n o
e n er g y d e p ositi o n s p e ctr u m, p er E O T, i n t h e B D X- MI NI

cr yst als, c o m p ari n g all e v e nts ( bl a c k) wit h e v e nts w h er e t h er e
is n o a cti vit y i n t h e s urr o u n di n g v et o s yst e ms (r e d). T h e l at-
t er a nti- c oi n ci d e n c e c o n diti o n is d e fi n e d as t h e a bs e n c e of

a n y v et o Si P M si g n al wit h c h ar g e gr e at er t h a n 5 p h e 3 . T h e
t ot al n u m b er of e v e nts f or a n e n er g y t hr es h ol d of 0. 2 G e V is
1 .1 · 1 0 − 2 0 / E O T a n d t h e n u m b er of a nti- c oi n ci d e n c e e v e nts

is 1.1 · 1 0 − 2 1 / E O T. 4 T his c orr es p o n ds t o a t ot al n u m b er of
a nti- c oi n ci d e n c e b a c k gr o u n d n e utri n o e v e nts of ∼ 4 .4 f or
t h e a c c u m ul at e d c h ar g e of 4 · 1 0 2 1 E O T t h at w as a c c u m u-
l at e d d uri n g t h e B D X- MI NI m e as ur e m e nt.

4 R es ults

B D X- MI NI a c c u m ul at e d d at a f or a p pr o xi m at el y si x m o nt hs

i n 2 0 2 0. D uri n g m ost of t his ti m e, H all A r e c ei v e d 2. 1 7 6 G e V
e − b e a m wit h c urr e nts r a n gi n g fr o m f e w u p t o 1 5 0 µ A. At
2. 1 7 6 G e V, n o b e a m-r el at e d S M p arti cl es, e x c e pt n e utri n os,
ar e e x p e ct e d t o r e a c h t h e B D X- MI NI d et e ct or. A f e w s p e-
ci al r u ns w er e t a k e n i n l at e 2 0 1 9 at 1 0. 3 8 1 G e V wit h c ur-
r e nts fr o m 5 t o 3 5 µ A. At t his e n er g y w e o bs er v e a l ar g e
fl u x of m u o ns pr o d u c e d i n t h e d u m p [ 1 1 ]. M u o ns tr a v ersi n g
t h e d et e ct or w er e us e d f or e n er g y c ali br ati o n a n d d et e ct or
c h ar a ct eri z ati o n, as dis c uss e d i n S e cti o n 4. 2 .

3 T his v al u e is si mil ar t o t h e fi n al t hr es h ol d e n visi o n e d f or t h e i n-
n er/ o ut er v et o s yst e ms i n t h e L D M a n al ysis.
4 T h e r el ati v el y hi g h n u m b er of s elf- v et o e d e v e nts is l ar g el y d u e t o ν µ

t h at pr o d u c e p e n etr ati n g m u o ns d uri n g c h ar g e d- c urr e nt i nt er a cti o ns.
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Fi g. 1 0 Distri b uti o n of n e utri n o i nt er a cti o n v erti c es (i n ar bitr ar y u nits)
i n t h e B D X- MI NI d et e ct or as o bt ai n e d fr o m t h e G E NI E si m ul ati o n.
T h e c ol or s c al e r e fl e cts t h e i nt er a cti o n pr o b a bilit y a n d t h er ef or e t h e
d e nsit y of d et e ct or m at eri als. C y a n: P b W O 4 cr yst als, y ell o w: t u n gst e n
s hi el di n g, d ar k bl u e: I V a n d O V: O V, li g ht bl u e: st ai nl ess st e el v ess el,
w hit e: air b et w e e n v ess el a n d P C V pi p e, bl u e: P C V pi p e a n d s urr o u n d-
i n g dirt. ( C ol or o nli n e).
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Fi g. 1 1 N e utri n o e n er g y d e p ositi o n s p e ctr u m i n t h e B D X- MI NI cr ys-
t als, f or all e v e nts ( bl u e) a n d f or e v e nts wit h n o si g n al i n t h e s urr o u n d-
i n g v et o (r e d). ( C ol or o nli n e).

C os mi c-r a y d at a w er e c oll e ct e d b ef or e a n d aft er t h e a c-
c el er at or o p er ati o ns. I n a d diti o n, d uri n g b e a m o p er ati o ns t h e

b e a m c urr e nt w as us e d t o i d e ntif y b e a m- o n a n d b e a m- off
p eri o ds. E v e nts c oll e ct e d 5 s b ef or e a n d aft er t h e b e a m-tri p-
ti m e i nt er v als w er e e x cl u d e d fr o m t h e d at a a n al ysis. As a n
e x a m pl e, t h e b e a m c urr e nt as a f u n cti o n of ti m e is s h o w n i n
Fi g. 1 2 .
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Fi g. 1 2 T o p p a n el s h o ws a n e x a m pl e of t h e b e a m c urr e nt as a f u n cti o n
of ti m e. B ott o m p a n el s h o ws a z o o m of a s h ort p eri o d: t h e bl u e p oi nts
r e pr es e nt t h e b e a m o n p eri o ds, t h e r e d o n es ar e t h e b e a m- off p eri o ds
a n d t h e gr e e n o n es ar e t h e p eri o ds e x cl u d e d fr o m t h e d at a a n al ysis -
s e e t e xt f or m or e d et ails. ( C ol or o nli n e).

4. 1 E v e nt r e c o nstr u cti o n

T h e d at a r e c o nstr u cti o n s oft w ar e w as d e v el o p e d usi n g t h e

“J L a b D at a A n al ysis Fr a m e w or k ” (J A N A) [ 2 8 ]. F or e a c h
e v e nt, t h e r e c or d e d w a v ef or ms w er e pr o c ess e d i n or d er t o
e xtr a ct t h e c orr es p o n di n g c h ar g e, a m plit u d e a n d ti m e. T his

i nf or m ati o n w as c o n v ert e d i nt o p h ysi c al u nits b y a p pl yi n g
pr o p er c ali br ati o n c o nst a nts, a n d fi n all y writt e n t o R O O T-
b as e d D at a S u m m ar y Ta p es ( D S Ts), w hi c h w er e t h e n s u b-

s e q u e ntl y us e d f or o ur d at a a n al ysis. F or e v e nts f e at uri n g a
l ar g e e n er g y d e p ositi o n i n t h e cr yst als wit h n o a cti vit y i n
t h e s urr o u n di n g v et o s yst e ms, t h e r a w w a v ef or ms w er e als o
s a v e d i n t h e D S T, t o all o w f or a n e v e nt- b y- e v e nt s cr uti n y.

F or t h e P b W O 4 cr yst als, e a c h w a v ef or m w as first c or-
r e ct e d, e v e nt b y e v e nt, s u btr a cti n g t h e p e d est al, w hi c h w as

e v al u at e d as t h e a v er a g e v al u e of t h e first 3 0 m e as ur e d s a m-
pl es. T h e c orr e ct e d w a v ef or m w as t h e n n u m eri c all y i nt e-
gr at e d wit hi n a 1 6 0 ns ti m e wi n d o w, st arti n g 2 0 ns b ef or e
t h e m a xi m u m. Fi n all y, t h e i nt e gr at e d c h ar g e w as c o n v ert e d
t o M e V u nits b y usi n g c ali br ati o n c o nst a nts o bt ai n e d wit h
b e a m- pr o d u c e d m u o ns.

F or pl asti c s ci ntill at or d et e ct ors, w e us e d t h e a m plit u d e
of e a c h si g n al wit h r es p e ct t o t h e p e d est al a n d its c orr e-
s p o n di n g ti m e. T h e a m plit u d e w as t h e n n or m ali z e d t o t h e
si n gl e p h ot o el e ctr o n v al u e, as d et er mi n e d d uri n g d e di c at e d,
r a n d o m-tri g g er, r u ns. Si n c e t h e m ai n g o al of t h e v et o d e-
t e ct ors w as t o u n a m bi g u o usl y d et e ct all si g n als i nsi d e t h e
a cti v e v ol u m e, t h e g ai n of t h e Si P M a m pli fi ers w as s et t o
b e s e nsiti v e t o i n di vi d u al p h ot o el e ctr o n si g n als, at t h e pri c e
of a s m all er d y n a mi c r a n g e t h at w as li mit e d b y t h e a m pli-
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Fi g. 1 3 C orr el ati o n b et w e e n t h e p uls e a m plit u d e a n d Ti m e- o v er-
T hr es h ol d v al u e f or a si n gl e Si P M. T h e r e d c ur v e c orr es p o n ds t o t h e
f u n cti o n d es cri b e d i n t h e t e xt. ( C ol or o nli n e).

fi er s at ur ati o n b y hi g h- e n er g y si g n als. D uri n g t h e c ali br a-

ti o n p h as e, h o w e v er, it w as f o u n d t h at, f or a b ett er c o m p ari-
s o n b et w e e n d at a a n d M C, a pr o p er m e as ur e m e nt of hi g h-
e n er g y e v e nts w as r e q uir e d. T his w as o bt ai n e d b y m e a ns
of t h e Ti m e- o v er- T hr es h ol d ( T o T) t e c h ni q u e, a p pli e d t o t h e

di giti z e d w a v ef or ms. T h e T o T t e c h ni q u e m e as ur es t h e ti m e
i nt er v al b et w e e n t h e l e a di n g e d g e a n d t h e tr aili n g e d g e of a
p uls e, b ot h d et er mi n e d at t h e s a m e a m plit u d e t hr es h ol d. As

l o n g as t h e d y n a mi cs of t h e a m pli fi c ati o n c h ai n r e m ai ns li n-
e ar, t h e T o T c a n b e us e d t o c al c ul at e t h e c orr es p o n di n g p uls e
a m plit u d e, e v e n f or v er y l ar g e si g n als. Fi g ur e 1 3 s h o ws, f or a

si n gl e s e ns or, t h e c orr el ati o n b et w e e n t h e T o T v al u e (i n ns,
y - a xis) vs t h e p uls e a m plit u d e A (i n m V, x - a xis) f or a T o T
t hr es h ol d V T O T

t hr of 4 0 0 m V, c orr es p o n di n g a p pr o xi m at el y t o
4 0 p h e. Hi g h- e n er g y e v e nts r es ulti n g i n a m pli fi er s at ur ati o n
ar e cl e arl y visi bl e. T h e r e d c ur v e c orr es p o n ds t o t h e f u n c-
ti o n5

A = V T O T
t hr ·

T 0

T 0 − T o T
, ( 4)

w h er e t h e p ar a m et ers T 0 a n d V T O T
t hr w er e d et er mi n e d b y a

fit t o t h e pr o fil e hist o gr a m of d at a i n Fi g. 1 3 , e x cl u di n g s at-
ur ati o n. T h e T o T t e c h ni q u e w as i m pl e m e nt e d i n t h e r e c o n-
str u cti o n fr a m e w or k f or all s e ns ors. T h e f u n cti o n p ar a m et ers
w er e d et er mi n e d s e p ar at el y f or e a c h c h a n n el.

4. 2 E n er g y c ali br ati o n

T h e c ali br ati o n w as d et er mi n e d wit h m u o ns pr o d u c e d b y a n
el e ctr o n b e a m wit h a n e n er g y of 1 0. 3 8 G e V b y c o m p ari n g

5 T his f u n cti o n c orr es p o n ds t o t h e e x a ct T o T vs A r el ati o ns hi p f or a n
i d e al tri a n g ul ar si g n al, wit h T 0 b ei n g t h e t ot al si g n al wi dt h.
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Fi g. 1 4 T o p: r el ati v e n u m b er of m u o n tr aj e ct ori es as a f u n cti o n of
t h eir I D n u m b er f or t h e B ott o m h alf of t h e E C al. D at a ar e c o m p ar e d
wit h M C pr e di cti o ns f or t h e d et e ct or i n t h e n o mi n al p ositi o n ( n o R ot)
a n d r ot at e d cl o c k wis e b y 2 0 d e gr e es. Si mil ar r es ults h a v e b e e n f o u n d
f or t h e T o p h alf. B ott o m: arr o ws s c h e m ati c all y i n di c at e t h e s et of m u o n
tr aj e ct ori es ( n u m b er e d fr o m 0 t o 7) us e d t o c ali br at e t h e cr yst als. Cr ys-
t al n u m b eri n g r ef ers t o t h e B ott o m h alf of t h e E C al. ( C ol or o nli n e)

t h eir m e as ur e d a n d si m ul at e d e n er g y s p e ctr a. S p e ci fi c m u o n
tr aj e ct ori es w er e us e d as d es cri b e d i n S e cti o n 4. 2. 1. T h e c al-
i br ati o n pr o c e d ur e is d et ail e d i n S e cti o n 4. 2. 2, a n d st u di es of
t h e c ali br ati o n st a bilit y ar e r e p ort e d i n S e cti o n 4. 2. 3.

4. 2. 1 M u o n tr aj e ct ori es a n d d et e ct or ali g n m e nt

Si xt e e n s ets of m u o n tr aj e ct ori es w er e us e d f or e n er g y c ali-
br ati o ns: ei g ht f or t h e t o p h alf of t h e E C al a n d ei g ht f or t h e
b ott o m. T h e y ar e s c h e m ati c all y s h o w n i n Fi g. 1 4 . E a c h tr a-
j e ct or y s et is d e fi n e d b y r e q uiri n g t h e pr es e n c e of a si g n al
wit h ≥ 1 0 M e V i n t h e r el e v a nt cr yst als ( e. g. cr yst als n u m-
b ers 2 9, 3 4, 3 9 f or t h e tr aj e ct or y n u m b er 0 of t h e b ott o m
h alf). B y c o m p ari n g t h e r at e of e v e nts m e as ur e d f or e a c h
s et of tr aj e ct ori es wit h t h at pr e di ct e d b y M C, w e dis c o v er e d
t h at t h e d et e ct or w as r ot at e d wit h r es p e ct t o b e a m dir e cti o n
b y 2 0 d e gr e es, as s h o w n i n Fi g. 1 4 . T h e r at es of t h e r ot at e d
d et e ct or m at c h t h e M C e x p e ct ati o n.
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Fig. 15 A calibrated energy spectrum of a crystal of the ECal for data
at 10.381 GeV. Red points are for beam-related muons extracted from
MC simulations. (Color online).

4.2.2 Calibration procedure

For each crystal we extracted the energy spectrum of muons
crossing the crystal and belonging to the corresponding tra-
jectory set (e.g. TrjID 0 for crystal number 34). The same
energy spectra have been constructed using MC simulations
with BDX-MINI rotated by 20 degrees. From each simu-
lated histogram a probability density function (pdf) was ex-
tracted. The pdf of each detector was then used to fit the ex-
perimental spectrum and extract the calibration coefficient.
Fig. 15 shows an example of the MC simulation superim-
posed on the calibrated energy spectrum.

4.2.3 Calibration stability

The high rate of muons at a beam energy of about 10 GeV
allowed us to collect enough statistics for our purposes in
few hours. Due to the scheduling of the CEBAF accelera-
tor, no other 10 GeV runs were taken during the rest of the
measurement. Therefore, in order to check the stability of
the PbWO4 crystal response for the whole BDX-MINI run
period, which lasted for several months, we developed an
ad-hoc procedure based on cosmic rays. We defined for each
crystal an event selection algorithm resulting in a deposited
energy distribution, in charge units, with a clear minimum-
ionizing Landau peak. Events were selected according to a
combination of the OV and IV SiPMs with the largest signal
amplitude. For each crystal, depending on its position in the
detector assembly, a different combination was used, based
on the photo-detectors closer to it. The additional require-
ment of a dual coincidence between the IV and OV upper
(lower) caps for crystals in the upper (lower) layer selected
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Fig. 16 Measured energy distribution for a single ECal crystal, in
charge units, for cosmic-rays events selected according to the algo-
rithm described in the text. The red curve represents the result of the fit
performed using the template shape obtained from Monte Carlo simu-
lations. (Color online).

events corresponding to the passage of cosmic muons with
well identified trajectories. A typical example of the energy
deposition distribution obtained by this procedure for a ECal
crystal is shown in Fig. 16. The same selection procedure
was applied to Monte Carlo events, generated according to
the procedure described in Sec. 3.3. The resulting MC en-
ergy spectrum was then used to develop a template for fits
to the measured charge distribution, where the calibration
constant (charge-to-energy) was the single fit parameter. To
improve the convergence of the fit, only the energy range
close to the Landau peak was considered.

In order to pinpoint any variations over time of the cali-
bration constants, this procedure was repeated independently
for all crystals for each data-taking run. An example of the
stability of calibration constant as a function of time (num-
ber of data taking days) for one crystal is shown in Fig. 17.
The points represent the ratio of the calibration coefficients
using cosmics during the run and the value obtained with
beam-muons prior to the run period. The result indicates that
the system was stable to within 10% over the data-taking pe-
riod. It is worth noting that this variation also includes the
uncertainty in the cosmic calibration procedure challenged
by broad MIP peaks and limited statistics.

4.3 Veto efficiency

The overall capability of the two veto systems to reject cos-
mic rays for our dedicated search for LDM is discussed be-
low. Specific studies on the detection efficiency of the IV
Octagon (IV-O) and OV Cylinder (OV-C) were performed
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Fig. 17 Long term stability of a single crystal over a period of 2
months.

using the 10.38 GeV data. For central muon trajectories, i.e.
TrjID = 4 in Fig. 14, the measured detection efficiency is com-
patible with 100% within the statistical errors ( 0 1%).
This result is obtained by requiring that at least one SiPM
of the IV-O (OV-C) detects a signal that is 4 p.e. The use
of higher thresholds does not affect the efficiency until they
exceed 10 p.e. A 100% detection efficiency is also observed
by selecting the other trajectories, from TrID=1 to TrjID=7,
both in the upper and lower half of the ECal.

We used selected cosmic ray trajectories to study the de-
tection efficiency of the IV and OV Caps since beam muons
had parallel trajectories to them. Central and nearly-perpen-
dicular cosmic-ray tracks were selected by requiring a sig-
nificant release of energy ( 10 MeV) in at least one of the
central crystals of the ECal Top half (CryID=6, 8, 9, 10,
13, 14, 15), in the corresponding crystals of the bottom half
(CryID=28, 30, 31, 32, 35, 36, 37), and in the Caps that are
not under study (e.g. ECal crystals in coincidence with the
OV Caps, OVThr 5p.e., when the efficiency of the IV Caps
is measured, and viceversa). No activity in all the other crys-
tals and Veto channels is also requested. As for the IV-O and
the OV-C discussed above, the measured efficiency of the
Caps is 100% within the statistical errors.

4.4 Validation of MC description of IV and OV

The data collected with beam muons were used to check the
veto response in the simulation as a function of the position
of the hit. As described in Sec. 3.1, the light transmission
in the IV and OV lateral surfaces results in a nontrivial de-
pendence of the signal measured by the SiPMs on the muon
hit position on the vetoes. To include this behavior in the
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Fig. 18 Comparison between data and MC simulation for the OV. The
distributions show the response of SiPM#4 to muons traversing the
detector with the trajectory number 0. The two peaks correspond to
different muon topologies. (Color online).

MC framework, an effective formula describing light trans-
mission has been obtained from the study of cosmic muons.
The muon flux generated by the 10.38 GeV electron beam
provides an independent check of this modeling. A full sim-
ulation of the secondary muon beam was performed, and the
signal spectra of the different SiPMs of the IV and OV lat-
eral surfaces was compared to the measured distributions,
for the different muon trajectories selected with the proce-
dure described in Sec. 4.23. As an example, Fig. 18 shows
the data-MC comparison for the signal amplitude distribu-
tion of the SiPM 4 of the OV, for muons crossing the de-
tector with the trajectory 0. The spectrum features a rich
structure, with two peaks corresponding to different muon
topologies. The MC spectrum reproduces this structure with
a reasonable agreement: the main peak is correctly repro-
duced, while the simulation slightly overestimates the posi-
tion of the lower one. This level of agreement is typically
obtained for all other SiPMs and trajectories of the IV and
OV. Given that the vetoes were used only to reject cosmics
and not to measure the energy released in the hit, we con-
sider this result quite satisfactory.

4.5 Cosmic rejection studies

In order to estimate the veto system capability to reject cos-
mic events, the beam-off data were analyzed. The data sam-
ple considered consists of about 33 days of data taking. Fig. 19
shows the reconstructed energy distribution of events mea-
sured by the BDX-MINI, with no condition on the vetoes
(black points) and requiring for the anti-coincidence of the
veto system with the IV (red points) and with the OV (blue
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p oi nts). I n t h e d at a a n al ysis t h e mi ni m u m d et e ct a bl e e n er g y
w as s et t o 6 M e V f or e a c h cr yst al a n d it is r e q uir e d t h at at
l e ast o n e cr yst al e x c e e ds a n e n er g y of 2 0 M e V. M or e o v er t h e

f oll o wi n g d e fi niti o n w as us e d f or t h e v et o a nti- c oi n ci d e n c e.
A n e v e nt is c o nsi d er e d v et o e d if:

– At l e ast t w o Si P M si g n als of t h e O V (I V) e x c e e d a 2. 5

p h e t hr es h ol d wit hi n a ti m e wi n d o w of 2 0 0 ns c e nt er e d
o n t h e ti m e of O V(I V) Si P M wit h t h e hi g h est a m plit u d e.

– Ot h er wis e, if t h e pr e vi o us c o n diti o n is n ot s atis fi e d, at

l e ast a si n gl e Si P M si g n al e x c e e ds a hi g h er t hr es h ol d
( 5. 5 p h e).

I n a d diti o n, t h es e c o n diti o ns w er e t est e d o n d at a c oll e ct e d
d uri n g a r a n d o m-tri g g er r u n a n d it r es ult e d i n a n e gli gi bl e
r at e of f als e p ositi v e d u e t o el e ctr o ni c n ois e.

T h e r es ults s h o w t h e hi g h r ej e cti o n c a p a bilit y of t h e t w o
v et o s yst e ms. At t h e mi ni m u m-i o ni zi n g p e a k, c e nt er e d at
∼ 1 2 0 M e V, t h e diff er e nti al c o u nti n g r at e is s u p pr ess e d b y
a f a ct or 3 8 0 0 w h e n t h e a nti- c oi n ci d e n c e is r e q u est e d. M or e-
o v er, n o c os mi c e v e nt wit h e n er g y hi g h er t h a n 4 5 0 M e V is

m e as ur e d wit h o ut hits i n eit h er v et o. It is w ort h str essi n g
t h at t h e t w o s yst e ms, c h ar a ct eri z e d b y t w o diff er e nt g e o m e-
tri es, s h o w si mil ar c os mi c-r a y r ej e cti o n c a p a biliti es. T h er e-
f or e t h e o ct a g o n g e o m etr y is pr ef er a bl e o v er t h e c yli n dri-
c al o n es, si n c e it is l ess e x p e nsi v e, si m pl er t o ass e m bl e, a n d
e v e nt u all y e asi er t o r e p air.

5 S u m m a r y a n d c o n cl usi o ns

B D X- MI NI r e pr es e nts t h e first d et e ct or s p e ci fi c all y d esi g n e d
f or a b e a m- d u m p e x p eri m e nt s e ar c hi n g f or L D M p arti cl es

wit h a n el e ctr o n b e a m. T his p a p er d es cri b es t h e B D X- MI NI
d et e ct or a n d its e x c ell e nt p erf or m a n c e d uri n g a l o n g L D M
m e as ur e m e nt c a m p ai g n p erf or m e d at J L a b. It is a c o m p a ct
d et e ct or c o m p os e d of a P b W O 4 el e ctr o m a g n eti c c al ori m e-
t er, s urr o u n d e d b y a l a y er of t u n gst e n s hi el di n g a n d t w o h er-
m eti c pl asti c s ci ntill at or v et o s yst e ms. T h e s yst e m p erf or-
m a n c e w as st u di e d usi n g c os mi c-r a y d at a c oll e ct e d d uri n g
b e a m- off p eri o ds a n d wit h b e a m-r el at e d m u o ns pr o d u c e d
i n s p e ci al r u ns wit h a n el e ctr o n b e a m e n er g y of 1 0. 3 8 G e V.
F or t h e e ntir e m e as ur e m e nt p eri o d t h e d et e ct or r es p o ns e w as
c o nst a ntl y m o nit or e d a n d s h o w n t o b e st a bl e. T his is a n o n-
tri vi al r es ult, c o nsi d eri n g t h e l o n g r u n p eri o d t h at t h e d et e c-
t or w as o p er ati n g o ut d o ors i n a fi el d t e nt.

T h e i n n o v ati v e s ol uti o ns of t h e d et e ct or d esi g n w er e v al-
i d at e d. Si P Ms w er e us e d as t h e li g ht s e ns ors f or a n el e ctr o-
m a g n eti c c al ori m et er c o nsisti n g of P b W O 4 cr yst als. T h e r e-
s ults d e m o nstr at e a li g ht yi el d of ∼ 1 p h e/ M e V. M or e o v er,
w e f o u n d t h at e v e n c o n n e cti n g t h e Si P M a m pli fi c ati o n st a g e
at 8 m fr o m t h e s e ns ors, t h e n ois e w as l o w e n o u g h t o disti n-
g uis h t h e i n di vi d u al p h ot o- el e ctr o ns si g n als f or all Si P Ms.
T h e us e of t w o v et o s yst e ms, i nst e a d of o n e, h as t h e cl e ar

a d v a nt a g e i n i n cr e asi n g t h e c os mi c-r a y r ej e cti o n ef fi ci e n c y.
F or e x a m pl e, t h e a nti- c oi n ci d e n c e of b ot h v et o es all o w e d
us t o l o w er t h e E C al e n er g y t hr es h ol d fr o m 7 0 0- 8 0 0 M e V

d o w n t o 4 5 0 M e V wit h n o b a c k gr o u n d e v e nts o bs er v e d. T h e
t w o v et o s yst e ms h a v e diff er e nt s h a p es. H o w e v er, b ot h of
t h e m d e m o nstr at e d a c o m p ar a bl e hi g h b a c k gr o u n d r ej e cti o n
ef fi ci e n c y, i n di c ati n g t h at t h e o ct a g o n al g e o m etr y is t o b e

pr ef err e d i n t er ms of c ost a n d r o b ust n ess.
T his p a p er pr o vi d es a d et ail e d d es cri pti o n of t h e s ol u-

ti o ns a d o pt e d t o b uil d a r o b ust M o nt e C arl o fr a m e w or k. T h e

H all- A b e a m li n e, b e a m d u m p a n d p assi v e s hi el di n g h a v e
b e e n i n cl u d e d i n t h e si m ul ati o ns as w ell as t h e d et e ct or r e-
s p o ns e. C os mi c r a ys, b e a m i n d u c e d m u o ns, a n d n e utri n os
h a v e b e e n si m ul at e d a n d pr o p a g at e d u p t o t h e d et e ct or. T h e
d et e ct or r es p o ns es w er e us e d t o v ali d at e t h eir d es cri pti o n i n
t h e M C. T h e s el e cti o n of c os mi c r a ys a n d m u o n tr aj e ct o-
ri es all o w e d us t o p ar a m et eri z e t h e li g ht tr a ns missi o n i n t h e

v et o s yst e ms as a f u n cti o n of t h e hit p ositi o n o n t h e s ci n-
till at or, i n cl u di n g t h e eff e ct of li g ht a bs or pti o n d u e t o t h e
W L S gr o o v es. T his M o nt e C arl o si m ul ati o n fr a m e w or k will
b e us e d i n t h e s e ar c h f or L D M i nt er a cti o ns a n d t o d et er mi n e
t h e e x cl usi o n li mits o bt ai n e d fr o m t h e m e as ur e d si g n al r at es.

A c k n o wl e d g m e nts

T h e a ut h ors w o ul d li k e t o t h a n k t h e J L a b Dir e ct or at e a n d
P h ysi cs Di visi o n, a n d t h e It ali a n Istit ut o N a zi o n al e di Fisi c a
N u cl e ar e f or i n v al u a bl e s u p p ort d uri n g t h e e ntir e pr oj e ct. We

w o ul d als o li k e t o t h a n k t h e I N F N t e c h ni c al st aff f or t h e e x-
c ell e nt w or k i n c o nstr u cti n g t h e d et e ct or, J L a b P h ysi cs t e c h-
ni c al st aff f or c ar ef ul i nst all ati o n, J L a b F a ciliti es f or d esi g n,
s ur v e y, a n d l o gisti c al s u p p ort, J L a b N et w or ki n g/ C o m p uti n g
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