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ABSTRACT: The SND@LHC experiment was built for observing neutrinos arising from LHC pp
collisions. The detector consists of two sections: a target instrumented with SciFi modules and a
hadronic calorimeter/muon detector. Energetic vN collisions in the target produce hadronic showers.
Reconstruction of the shower total energy requires an estimate of the fractions deposited in both
the target and the calorimeter. In order to calibrate the SND@LHC response, a replica of the
detector was exposed to hadron beams with 100 to 300 GeV in the CERN SPS HS8 test beam line
in Summer 2023. This report describes the methods developed to tag the presence of a shower, to
locate the shower origin in the target, and to combine the target SciFi and the calorimeter signals
so to measure the shower total energy.
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1 Introduction

The SND @LHC experiment detects high energy neutrinos emerging from LHC collisions at very small
angles [1]. For all neutrino flavors, energetic vN collisions produce hadronic showers. The hadronic
shower energy is one of the observables, together with shower direction and charged lepton track
parameters, needed for estimating the incoming neutrino energy in Charged Current vN interactions.

This report describes the energy calibration for the SND@LHC detector that was performed
with hadron test beams at the CERN SPS in 2023. The detector consists of a massive target section
complemented with a calorimeter section (HCAL) and a muon detector. The reconstruction of the
shower total energy requires to estimate the fraction lost in both the target and the calorimeter. The
energy sharing also depends on the position of the neutrino interaction vertex along the target depth.

After a description of the test beam setup, the report develops in four steps: (i) the construction
of an algorithm to tag the presence of a particle shower and to locate the origin along the target,
(ii) the study of the correlation between energy losses in target and HCAL, and their recombination for
reconstructing the shower total energy, (iii) the analysis of the range of applicability of the shower
energy reconstruction method, and, finally, (iv) the comparison with the performance expected from
Monte-Carlo simulations.



Figure 1. Detector setup in the SPS H8 test beam line with the beam coming from the right. From right to left:
(i) small-size Beam Counter scintillators, (ii) three target walls interleaved with four SciFi X-Y detectors, and
(iii) the hadronic calorimeter (HCAL), consisting of planes of scintillating bars interspaced with (grey) iron walls.

2 Test beam setup

The goal of the SPS beam test was to calibrate the hadronic calorimeter (HCAL) response of the
SND@LHC experiment. Therefore, detectors, frontend (FE) and data acquisition (DAQ) electronics
were built to duplicate the hardware installed in 2022 in the LHC TI18 tunnel in every detail.

In Summer 2023 the detector was exposed to hadron beams with energies in the range of 100
to 300 GeV in the SPS HS8 test beam line (figure 1).

2.1 Hadronic Calorimeter (HCAL)

Five Upstream (US) stations [2] of large scintillating bars constituted the sensitive part in the HCAL,
and were interleaved with 20 cm thick iron walls. The US stations consisted each of ten bars of
plastic ELJEN EJ 200, 60 mm wide, 830 mm long, 10 mm thick. The bars were tightly wrapped
in 20 pm thick aluminized mylar foils, and framed side by side between two 2 mm thick aluminum
sheets, to constitute a station of 830 mm width and 600 mm height. Each bar was read-out, at both
left and right edge, with 6 “large” silicon photomultipliers (SiPM) (Hamamatsu Photonics MPPC
S14160-6050HS, 6 x 6 mm?) and 2 “small” SiPMs (Hamamatsu Photonics MPPC S14160-3050H,
3 x 3mm?). On both sides of a US station, the 60 large and 10 small SiPMs were hosted on a single



Figure 2. PCB hosting the SiPMs that read-out the bars on one side of a US station.

PCB (figure 2). and the PCBs were carefully aligned, so that each bar edge was uniquely read out
by 6 large and 2 small SiPMs on each side.

The optical coupling between SiPM and scintillating bars was implemented on one side with
gel pads and on the other without, similarly to what was done for the US stations of the SND@LHC
detector. First, at one edge, bars were pushed in close contact with the SiPMs with no gel, then
at the opposite end a silicon gel pad — made from WACKER SilGel(R) 612 A/B — was used to
make efficient contact with the SiPMs. This procedure compensated for small differences between
bar lengths. Subsequent US stations in HCAL were arranged so that the gel side was alternate left
or right. At both sides of a US station, the SiPMs signals were routed to the center of the PCB,
and from there to the FE PCB, mounted on the US station and based on two TOFPET ASICs [3]
for the readout 30 SiPMs. A Downstream (DS) station, with two planes of 60 thin bars of 10 mm
width, was also built and installed downstream the HCAL. In the first DS plane bars were arranged
horizontally, in the second vertically.

The complete USO0,1,2,3,4 and DS stations were submitted to thorough electrical and light-tightness
checks. The performance was excellent, comparable to the detectors installed in the SND@LHC. Of
the 800 US SiPMs in 10 PCBs, 99.3 % were functional: two channels were silent and four, being too
noisy, were masked. These six channels were randomly distributed over four PCBs, which where then
used to equip the two most downstream stations in the HCAL. Figure 3 shows the dark count rate as
function of signal thresholds for all channels in both TOFPETSs of both PCBs in the USO station.

Four DAQ boards, spare of the SND@LHC detector [2], were used to acquire data from the
ten FE PCBs of the five US stations. A test stand with the stations lying horizontally on top of
each other was built to acquire cosmic ray data and tune the Read-Out synchronization of the DAQ
boards before installation in the SPS H8 beam area.

2.2 Event timing

The readout system is asynchronous and triggerless, as in SND@LHC. Every time any SiPM fires
(a hit), a new hit is recorded, and this happens for each individual DAQ board independently. The
DAQ system [4] of the SND@LHC experiment runs using an internal clock with a frequency of
160.316 MHz, which translates to clock cycles of approximately 6.25 ns. The DAQ event builder
software merges hits in time over all DAQ boards into events. This grouping is done by looking
at the earliest hit time stamp, and aggregating any other hits whose initial timestamp falls within a
predetermined amount of time, with the preset for the LHC detector being four clock cycles. This
leads to events lasting approximately 25 ns. In the case of the test beam setup, the event window
was increased to sixteen clock cycles, which leads to approximately 100 ns.



TOFPET1-T1

TOFPET1-T1

E 10* 4 Ew’
s | ]
é 1|J-<E &' 107
1 ~ 158 |
10 4 L R 10f 4
o 2
Threshold [DAC counts] Threshold [DAC counts]
, TOFPETOD-T1 GEL TOFPET D -T1
i 1wt
. 1
10 || A {
ot | usoL 1t
Tl USo o
2 | : @
10t arge %
& : SiPMs . {
| =} 1 | . f
10° 4 SiPtds . \ H 10*
s 1l W |'1 :
0 10 20 0 P 50 - n 20' ‘T’; 1 |1 Lﬂ M |!,q
Threshold [DAC counts] Threshold [DAC counts]

Figure 3. Hit frequency as function of the signal thresholds (T1) in both TOFPETs (0 and 1) of both PCBs (Left
and Right) in USOQ, the most upstream HCAL station in the test beam. On the Left side of USO a silicon gel pad was
used to make contact between scintillating bars and the SiPMs. Each plot maps 30 “large” SiPMs and 10 “small”
SiPMs. A few slightly noisier channels show up in the bottom left plot. The T1 threshold is set at 30 DAC counts.
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Figure 4. Sketch of the detector on the beam line. From left to right: the Target (three 10 cm thick iron walls
interleaved with four SciFi X and Y planes) and the hadronic calorimeter (HCAL) (five US planes of scintillating
bars interspaced with 20 cm thick iron walls, and a DS plane of thin scintillating bars). The pion interaction
length in iron is 20.4 cm.

2.3 Target configurations and data taking

The data taking was planned with the goal to study the detector response as function both of the
hadron energy and of the interaction depth in the target.

Figure 4 shows a graphical representation of the detector on beam. Upstream of HCAL, three
10 cm thick iron walls constituted the target, equipped with four 13 x 13 cm? SciFi stations — smaller
area replica of the SciFi detectors used in SND@LHC [2] each with a horizontal and a vertical
fibers plane, for measuring Y and X coordinates respectively. Although the target had a reduced size



Table 1. Number of events collected (in multiples of 10 events), and beam energies and target configurations used.

+ + + - -

bis Vs bis T /s
100GeV  140GeV  180GeV 240GeV 300 GeV

3 target walls 51 50 83 98 121

2 target walls 15 15 30 61 61

1 target walls 15 21 27 64 50

with respect to the SND@LHC, this setup allowed for studying all the features of hadronic showers
development, if the beam was centred in the SciFi acceptance.

Data were collected with hadron beams of five energies and in three configurations of the target,
as summarized in table 1. Beams of positive hadrons (protons and pions, called 7 beam hereafter)
at 100, 140, 180 GeV, and of negative pions at 240, 300 GeV were setup at the SPS H8 beam line.
The beam energy spread was optimised to be narrower than 2 %. The highest energies were available
only with 7~ beams, so that some hours were to be allocated in the data taking plan for switching the
magnet polarities along the beam line. Beam intensities were tuned to about 5 x 10° particles/spill,
because with higher fluxes, given the large iron mass of HCAL, absorbers would need to be installed
around the detector for dumping the radiation background produced by hadronic interactions.

The beam was aligned with the center of the detector. Figure 5 and 6 show the beam profiles
measured in the most upstream SciFi 1 planes X and Y for positive and negative hadron beams
at the five energies.

Data were stored for analysis with the following conditions:

* since the task of the SciFi system was to tell precisely in which target wall a shower originated
and there were four pairs of X, Y planes interleaving three target walls, the online filter asked
that five out of eight planes had hits (example: 1x 1y 2y 3y 4y).

* since US noise was very low (four SiPMs masked out of 800), all signals in HCAL were
accepted, to guarantee no bias on shower shape analysis.

The DAQ system, clone of the SND@LHC one, was able to collect up to 1.5 X 107 events/hour.
Data were collected with three target configurations: a basic configuration with all three target
walls, and configurations with one and two target walls, in order to be able to cross check the HCAL
response dependence on the nuclear interaction depth in the target. Since the pion interaction length in
iron is 20.4 cm and each target wall is 10 cm of Fe, in the three-walls configuration sizable amounts of
interactions occur also in the second and third wall (see table 2), however the comparison with one- and
two-walls configurations provides additional information on potential systematic errors in determining
the hadron shower origin. In the one-wall configuration, the wall was between the third and the fourth
Scifi stations; in the two-walls configuration, there was no wall in between the first and the second
SciFi stations. Note that over 20% of pions cross all target walls without a hadronic interaction, even
in the three-walls configuration, and end up interacting directly in the HCAL 20 cm thick iron walls.
The minimal sample of events to be stored for each configuration was set with a view to
forthcoming analysis requirements. The aim was that the HCAL energy calibration would contribute
a negligible systematic error in measurements with the statistical uncertainty of the expected full
sample of neutrino interactions collected by SND@LHC in LHC Run3 (a few thousands, i.e. about
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Figure 5. Beam profiles recorded in the most upstream SciFi 1 X and Y planes for positive hadron beams.
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Figure 6. Beam profiles recorded in the most upstream SciFi 1 X and Y planes for negative pion beams.

Table 2. Fractions of pion interactions in consecutive 10 cm thick iron walls.

interaction probability fraction of interactions

first wall 38.8 % 50.4 %
second wall 23.7 % 30.8 %
third wall 14.5 % 18.8 %
total 77 % 100 %

2 % uncertainty). A statistical precision of 0.1 % is necessary for uncovering and studying systematic
uncertainties at the 1 % level. In the configuration with three target walls, out of the events passing
the filter conditions, the fraction featuring a hit coincidence between the X and Y planes of the most
upstream station SciFi 1 was close to 10 % at 100 GeV and decreased going up in energy down to
below 5 % at 300 GeV. Table 1 shows the amount of data acquired in each of the fifteen configurations.
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in consecutive events as a function of the time difference between two consecutive events.

In between changes of configuration, data collected with a broad muon beam (3 x 10° muons/run),
generated by closing the beam stopper upstream of the tested detector, were used to monitor the
status of the SiPMs, and the stability of the peak position of the MIP signal checked. A very high
statistics run with a 160 GeV muon beam was also performed.

3 Analysis

3.1 Shower tagging

Since in the SND@LHC HCAL hadronic showers are observed downstream of an interaction target
with about 2.5 ANt (1.5 ANt in the test beam), the shower development measured in the US planes is
highly dependent on the interaction origin in the target. Therefore the first step in the analysis was to
develop a shower tagging algorithm that, besides detecting the presence of a shower and providing a
good separation between showering hadrons and muon background, estimated the shower origin point.

Preparatory to shower tagging was the selection of “in time” hits. In the LHC data throughout
2022 and 2023 [5] a “ringing effect” was seen where delayed hits and even new events were created
shortly after good events. These events had the particular feature of having patterns of firing SiPMs
correlated to the preceding good events. Similarly in the test beam, in which, as mentioned in section 2,
events had a duration of ~ 100 ns, the data showed an increased amount of consecutive events that
were only separated by approximately 100 ns (figure 7). This feature was investigated in more detail.

Figure 8 shows the distribution of hit times within the 100 ns event window in the HCAL DAQ
boards. Most hits tend to appear around coherent time-stamps for each respective DAQ board, forming
clear peaks from = 10ns to = 20 ns. Since the DAQ board collecting data from USQ is the same as for
US1, its hit distribution comprises two overlapping peaks, slightly separated in time. The distributions
show an unexpected broad shoulder for times later than 30 ns. This contribution continues even after
the ~ 100 ns event time window closes, and as such can create new HCAL events immediately after
the first one ends, leading to the excess seen in figure 7.

Noise events are mostly rejected by a filter condition applied to the SciFi data requiring that more
than ten hits are detected within the whole SciFi system. Uncorrelated noise hits appear sporadically
and sparsely, unlike hits from actual particles interacting in the detector. In most cases, the HCAL
“ringing” events should not be capable of passing the SciFi filter. However, the hit time distributions
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show recurrent peaks that approximately match the ~ 6.25 ns clock cycles of the DAQ system, allowing
a fraction of the “ringing” events to pass the selection. In order to mitigate the effect, only events
that do not have a preceding event within 150 ns are considered.

Within an event, SciFi hits are considered “in time” if lying within 0.5 clock cycles (~ 3 ns) from
the most probable value #.r of the SciFi hit distribution in time (figure 9). US hits are considered
“in time” if recorded within +3 clock cycles (= 19 ns) from #.¢. (figure 10). In the US stations, only
hits registered by large SiPMs were considered, since signals from small SiPMs were found to be
dominated by cross talk from the large SiPMs.

The shower tagging algorithm only uses “in time” hits. Several algorithms were studied. The
Shower Tagging via the Hit Density algorithm (section 3.1.1 was found the most effective. In this
use, it is configured to search for “in time” hits in at least 35 consecutive channels (corresponding
to about 0.9 cm) within a sliding window of 128 channels, along both the X and Y planes of each
SciFi station in the target. The most upstream SciFi station satisfying the shower tagging requirement
marks the iron wall where the shower originated. This tagging algorithm gave consistent results across
different runs, energies, and number of iron walls installed in the target (figure 11).
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3.1.1 Shower tagging through hit density

The hit density tagging based algorithm was developed by exploiting the test beam setup design,
where the target walls between SciFi stations could be removed. When no iron walls are present
in the target, the SciFi hit distribution reproduces the beam particle density profile in all four SciFi
stations. As iron walls are added, the beam shape becomes less distinct on the detectors downstream
of the walls due to the showers produced by the interacting particles.
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Figure 12. Result of the performance metric P of the Hit Density tagging algorithm as a function of the hit
density and of the sliding window Radius, for 100 GeV (left) and 180 GeV (right) hadron beams.

Since only a fraction of particles from the incident beam is going to interact in each target wall,
the beam shape seen when no iron walls are in the target upstream should be recoverable by properly
selecting the events where a shower has not yet started.

Thus, if a criterion such as the density of hits within a specific window of channels is defined, an
optimal threshold can be derived by comparing the similarity between the beam profile without an
iron target upstream of the SciFi plane in question, and the beam profile when selecting events that
have not produced a shower upstream of the selected plane, with a fully instrumented target.

This analysis was done using the default timing window for the SciFi hits of [-0.5; +0.5] clock
cycles from tf, i.e. from the most probable value of the SciFi hit distribution in time, as well as
an alternative larger acceptance with a window for “in time” events of [-0.5; +2.0] clock cycles, to
mirror the constraints to be used in upcoming muon neutrino analyses on behalf of the SND@LHC
collaboration. Unless stated otherwise, all the plots shown will be done using the default timing window.

The beam profiles were obtained from the fired SiPM channels in the second SciFi station. The
analysis compared data from runs with three target walls, with runs using only two target walls, as
the latter provide beam profiles without shower for the second SciFi station.

In order to evaluate the similarity between profiles, both the y? and Anderson-Darling (AD) [6]
methods were used. The AD method was chosen as the baseline method for comparison. Comparisons
were made between the X profiles and the Y profiles, and a performance metric that combined
both profiles was chosen as:

P = v/ADx x ADy (3.1)

where P is the performance metric we are trying to minimize and ADx y are the results for the AD
test in the respective X, Y profiles. A similar measurement was done for the y> method. The hit
density, defined as the number of “in-time” fired channels within a set range of channels, required
to tag a shower was varied from 5 to 60 hits within sliding windows that varied from 10 channels to
176 channels, i.e. radii (R) between 5 and 88 channels. The performance P as a function of the hit
density and of the radius of the sliding window can be seen in figure 12 for 100 and 180 GeV data.
P is minimized in a broad range for hit densities between 15 and 35 in sliding windows with Radii
larger than 40. The broadness of the minimum is related to the variability of development among
showers, since the shower origin can be anywhere along the depth of the wall preceding the second

—11 -
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Figure 13. Summary of hit densities that minimize the metric P as a function of the beam energy, for a sliding
window with a radius R=64. Top figure: SciFi timing window of [-0.5; +0.5] clock cycles. Bottom figure: SciFi

timing window of [-0.5; +2.0] clock cycles.

Table 3. Pion interaction length in iron derived by tagging showers using the Hit Density method.

Energy estimated interaction length (cm)
(GeV) | [-0.5;+0.5] (clock cycles) [—0.5;+2.0] (clock cycles)
100 19.247] 18.5+7
140 20.0+73 19.6+75
180 18.2+8 17.9417
240 20.4+%3 20.0+72
300 20.0+73 19.6+7-1

SciFi station. To ensure that showers are enough developed when sampled by SciFi, we choose a
Hit Density working point of 35 hits in a window of R=64 half width.

Since the number of particles in the shower increases with the logarithm of the parent hadron
energy, we do expect a small bias of the algorithm with energy. To quantify the size of this effect, the
method was applied to all available energies, as shown in figure 13. A very small energy dependence
can be seen, for both the default SciFi timing window and the alternative one, however the effect is well
within the broadness of the minimum of the performance metric P in figure 12 and can be neglected.

Finally, we checked that, using the shower tagging algorithm, the measured interaction length
of pions in iron was coherent with the PDG value (Ain1) = 20.42cm [7]). We counted how many
pions were found to interact in each of the three target walls. The surviving pions (SP) along the
target will be distributed as:

SP = Background + ¢®°stant=2/din (3.2)

where Background is the muon contamination in the pion beam. A summary of the estimated
interaction lengths can be seen in table 3, and an example fit in figure 14. All the measurements
are consistent with the expected Ayt of pions in iron.

—12 -



Pions Surviving Along the Target (Energy=100GeV)

«10 ¥ [ ngf 00007838 /1
Constant 1418 + 0.03558

2000
Slope 0.05243 £ 0.005282
Background 5424408 + 5.942e+04

1800

1600

1400

Pions Surviving (2:x10"6 sample)

1200

1000

800
oo v b v b v b b g

0 5 10 15

Position along Target Depth (cm)

Figure 14. Distribution of surviving pions along the target depth in a 2 x 10 sample at 100 GeV in the three-wall
target configuration. The red line is the fit using equation (3.2); slope stands for —1/Ainr.

3.2 Energy calibration method

The data samples collected in the target configuration with three walls (section 2.3) were split into
“calibration” and “test” samples. For every event, the main quantities considered were: origin of shower
as measured with the shower tagging algorithm, the digitized integral charge (QDC) of the SiPM
signals summed over “in time” SciFi hits (QDCgr) and QDC sum of “in time” US hits (QDCys).

As shown in figure 15, both the mean QDCgr; and QDCyg increase with beam energy. However,
while the mean QDCgp; decreases the more downstream the shower originated along the target, the
mean QDCyg increases the more downstream the shower started within the target. This behaviour
is expected and can be modeled as:

Etot =k X QDCSCiFi + a X QDCUS (33)

where Eyy (GeV) is the hadron energy, k (GeV/QDC) and a (GeV/QDC) two calibration constants
to be determined.

The data are further organized into calibration sub-samples representing all 15 combinations of
beam energy and iron wall where the shower initiated. In each sub-sample, the event distribution in the
QDCg, ;g and QDCyg phase space is studied and a clear linear anti-correlation observed (figure 16).
Then, either a linear fit or a Principal Component Analysis (PCA) [8] is used to calculate k and a of
eq. (3.3). The PCA is an iterative event-by-event procedure that finds the axis with respect to which
the dispersion of events is minimized (the major axis in an elliptic phase space). The fit instead is
performed globally on the scatter plots like in the upper plot in figure 16, and similar for other energies
and data samples. The QDCyg range for performing the fit is chosen corresponding to the linear
range of the scatter plot profiles, as shown in the lower plot in figure 16. From the line describing
the major axis of the phase space ellipse one extracts k and «, while the spread of the distribution
along the minor axis provides an estimate of the measurement resolution.

Figure 17 shows that the QDC distributions exhibit a good correlation of SciFi and US when
the shower starts in the first or the second iron wall (“ordinary” showers), and both the fit and PCA
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Figure 15. Top figure: mean QDCg;r; observed in events with different beam energies and start of shower.
The error bars represent the standard deviations of the corresponding QDCg,; distributions. As expected,
the mean QDCgqp; increases with the beam energy but it decreases the more downstream the shower begins.
Bottom figure: mean QDCyg observed in events with different beam energies and start of shower. The error bars
represent the standard deviations of the corresponding QDCyjg distributions. As expected, the mean QDCyg
increases with the beam energy and also grows the more downstream the shower originates.

methods are able to find the major axes of the ellipses. The correlation is much less pronounced when
the shower begins “late” in the final section of the target, the third iron wall in the test beam setup:
in this configuration the shower is sampled by one SciFi station only (SciFi4) in the target, and the
energy deposit is maximal in the first US layer, which can induce saturation of the SiPMs, as discussed
later on. In the following, ordinary and late showers are discussed separately.

3.3 Energy measurement for ordinary showers

Ordinary showers are at a stage of development that allows for sampling in the target by at least two
SciFi stations in both X and Y projections. They originate in walls 1 and 2 in the test beam setup.
The k and @ constants are calculated from the ellipse center and the axis direction of the QDCg;f;
versus QDCyg distributions, figure 18 and figure 19. The resulting average calibration constants are
k = (0.059 = 0.006) GeV/QDC and a = (0.0145 £ 0.0010) GeV/QDC, where the errors include a
+5 Y% systematic uncertainty for the slight variation with energy observed over the tested range.
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Figure 16. Top: QDCgr; vs QDCyg scatter plot for 300 GeV beam energy and shower origins tagged in SciFi2.
Bottom: the corresponding profile along the X axis.

The data of the test samples are then reconstructed with these same constants. The standard
deviation of the Gaussian fit to the core of each reconstructed energy distribution gives an estimate of
the energy resolution (figure 20). One observes that for energies larger than 140 GeV the distributions
have a tail from showers reconstructed with lower energies. This is due to showers with large energy
deposits in the first US station causing SiPM saturation. This contribution grows with the shower
energy: it is below 1% at 140 GeV and reaches about 10% at 300 GeV in the test beam detector
which has a reduced target depth. The effect is studied in details in section 3.4. The relative offset
between the reconstructed energy and the nominal beam energy for each data sample is summarized in
figure 21, where the error bars represent the standard deviation of the reconstructed energy distribution
divided by the nominal energy. The reconstructed energy for showers starting in SciFi2 and SciFi3 is
consistent with the true hadron energy within +10 % across the whole energy range. The achieved
energy resolution is shown in figure 21, ranging from 22% at 100 GeV to 12% at 300 GeV.

3.4 Energy measurement in late showers

Late showers originate near the end of the target depth; they are sampled by only one SciFi station
placed downstream of the target, in both X and Y projections.

The PCA determination of the calibration constants is prone to large uncertainties. Two issues
affect the data: (i) the single SciFi measurement (SciFi4 in the test beam setup) has substantial
shower-to-shower fluctuations; (ii) the US measurement is skewed due to SiPMs saturation.
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Figure 17. Comparison between linear fit and PCA for finding the major axis of the 2D QDC correlation
ellipses, used to evaluate the calibration constants k£ and «. The plots show data from 100, 180 and 300 GeV
beam energy for showers originated in target wall 2 (tagged by SciFi3).

About the k calibration constant of SciFi, it should be noted that the SciFi4 data are used also in
ordinary showers, together with the SciFi2 and SciFi3 measurements. The conversion of QDC counts
to energy has to be the same in either situation. k& must be the same as for ordinary showers.

For the US system, the « calibration constant is significanlty modified since SiPMs saturation
sets a hard limit to the QDC response. Figure 22 shows how the best value of US «, when fitting the
data while keeping constant SciFi k, is modified with respect to the « for ordinary showers () as
function of the hadron energy. The deficit in QDCyg can become as large as 40% for a 300 GeV pion.

Of course, a correction to a depending on the hadron energy is not applicable to SND@LHC
data, in which the shower energy itself is the unknown quantity one aims to measure. However, it is
reasonable to expect that SIPMs saturation will be maximal in USO, the first US station lying about
1 Aint downstream the target. At this stage, the shower transverse dimension is still limited, mostly
contained in one or two scintillating bars, so that only a few SIPMs are fired by large energy deposits
and saturated. When reaching US1, 1 Ajny more downstream, the shower is more open and the energy
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shared over more bars and SIPMs, and saturation less probable. Then, using the linearity in the relation

Eor = k X QDCygir; + @ X QDCyg
= k X QDCgip + @ X QDCygg + a X QDCygj124344

(3.4)

one could envisage to calculate a correction to @ of USO, for the would-be signal above saturation,
by using all that is measured in the rest of the detector, except USO, as a rough shower energy
estimator. This is investigated in figure 23 and 24: it is observed that the energy measured in USO
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in the final section of the target (wall 3 in the test beam setup).

grows until it reaches a limit beyond which all involved SiPMs are saturated. There are significant
differences among SiPMs, some having lower saturation thresholds than others. Hence, a correction
to USO « for the test beam detector is not directly applicable for the USO SiPMs of the SND@LHC

detector, and it should be calculated ad-hoc.

It should be stressed that this procedure would correct the average energy response; shower-by-
shower it would merely provide a very approximate energy measurement, with a large uncertainty.
For showers originating late in the target depth, only a lower limit of the shower energy can be

reliably established.
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Figure 24. Scatter plots of measured shower energies at the left and right end of scintillating bars in USO (the
first HCAL station downstream the target), for 100, 180 and 300 GeV pions interacting in the final section of the
target (wall 3 in the test beam setup).

4 Tuning of the Monte Carlo simulation

The Monte-Carlo simulation of HCAL is based on the sndsw offline software package, which was
initially developed by the SHiP [9] collaboration. It utilizes the FairRoot [10] software for modelling
the detector geometry. sndsw combines several high-energy physics software packages that allow
for realistic simulation of both signal and background. These packages include FLUKA [11, 12] and
GENTIE [13] for neutrino generation and interaction, PYTHIAG [14], DPMJET3 [15] (Dual Parton Model,
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Figure 25. sndsw model of the test beam detector.

including charm) and PYTHIAS [16] for the background from muon deep-inelastic scattering (DIS), and
GEANT4 [17] for the particle propagation through the detector material. The main goal of modeling the
test beam experiment is to tune the detector response in simulation to the experimental data, which will
allow us to interpolate the energy calibration between the measured energies and extrapolate beyond.

4.1 Simulation description

The geometry used to describe the detector setup in simulation employed the same materials that were
used in the test beam experiment (see figure 25). We simulated four datasets with 10° events each of
mono energetic pion beams with Epeayy 100, 180, 300 and 500 GeV. The beam aimed at the center of
the SciFi acceptance as in the test beam. All the information about the kinematics of particles in the
detector (including energy losses, hit coordinates and timestamps) is stored in a ROOT output file.

Digitization is done after the main step of the simulation of the particle propagation through
the detector. The procedure comprises summing energy losses of all particles within the individual
sensitive volumes. It is then assumed that the amount of produced scintillation photons is proportional
to the energy loss in the corresponding scintillating bar and that the number of photons reaching each bar
end is reduced by the photon attenuation length, as estimated from former test beam measurements [2].
In addition, it is assumed that the light detected in each SiPM is on average the light reaching the bar
end divided by the number of large SiPMs (Nsipms) at the bar end. The formula that describes the
signal of the individual SiPM in the upstream part of HCAL is the following:

Zpalrticle E;)(;Sriicle X e_A'dparticle

Signalg;py = 4.1)

2 - Nsipms

Here dparicle 18 the distance to the bar end depending on where (left or right end of a bar) the SiPM
is located. A is the light attenuation length calculated using the data of the previous test beam
experiment [2]. A was estimated in a test beam by measuring the average signal produced in the
electronics as a function of the position of the hit along the detector bars.

4.2 Shower tagging

A procedure was implemented to define the start of the hadronic shower in the simulation (“shower
origin tagging”) similarly to the data. We consider that the shower starts in wall i if

|E; - Ej |
upstream downstream
e il >F (4.2)
Eupstream
l‘ l . . . e
where E|eam and Ef o are the sums of particle energies in the SciFi planes upstream and

downstream of the wall i. F' is an adjustable parameter that can be fixed according to the shower
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Figure 26. Shower origin tagging in the MC simulation. The fraction of tagged showers in each wall relative to
all tagged showers.

tagging in the experiment (see section 3.1). We considered several F values in a range between 0.05
and 0.5 to find the distribution of 300 GeV shower origins closest to the experimental one comparing
with the probability theory prediction. As can be seen from figure 26, the value of F ~ 0.10 provides
the results that best correspond to the experimental data. Hence, we set F' = 0.10.

4.3 Energy calibration

The energy calibration procedure for Monte-Carlo simulated data is similar to the one for the
experimental data. However, instead of using the total signal per event registered in the SciFi and
US detectors, in the calibration we used the total energy losses per event in these detectors to obtain
energy response and resolution that represent an ideal case.

The energy loss distributions for three benchmark energies (100, 180 and 300 GeV) and for
500 GeV are shown in figure 27. Given the inverse linear dependency between total energy losses
in SciFi and US, we fitted this 2D SciFi-US distribution by a linear function SciFi = A - US + B,
where A and B are fitting parameters and SciFi and US are total energy losses, for various initial pion
energies. A and B are equivalent to —«/k and to E/k, respectively, in the test beam data analysis,
where FEy is the reconstructed pion energy (see section 3.2).

We observe, as expected, that A does not change significantly with increasing pion beam energy
Ebeam and that B grows proportionally to Epeary. The reconstructed pion energy Ey distributions are
also shown in figure 28. In contrast with figure 20, the distributions have symmetric tails, since there is
no SiPM saturation in the simulation. The energy resolution values are given by the standard deviations
of the Gaussian fits on the energy distributions and are 17 %, 15 % and 13 % respectively (see figure 29).

The energy calibration performed in the test beam experiment resulted, for “ordinary” showers,
in a energy resolution in reasonable agreement with the Monte-Carlo ideal case. A discrepancy
is observed at lower energies as expected, since, in the simulation, electronic noise is not present
and signal thresholds are kept unrealistically low. Also note that the reconstructed energies for
showers originating late in the target are not biased in the Monte-Carlo simulation as observed in
the experimental data because of SiPMs saturation.

22 —



(a) Pion energy 100 GeV

—— Scifi = -0.43U5 + 0.21 GeV

0.30

025

0.20

015

Sum of energy losses in all four Scifi stations [GeV]

0.2 o.a

0.0 0.6 0.8
Sum of energy losses in all five US stations [GeV]

{c) Pion energy 300 GeV

—— Scifi = -0.39U5 + 0.65 GeV

=]

o
o

o
in

w

o
o

o
o

Sum of energy losses in all four Scifl stations [GeV]
- - a
™

05 1.0 1.5 2.0
Sum of energy losses in all five US stations [GeV]

-15

10

{b) Pion energy 180 GeV

=
3 K —— Scifi = -0.39U5 + 0.38 GeV L
2
30 LX)
-2 25
3
w
5 =
i
Y93 [2
>
0 £
'_E -15
15 io.z
u
ol
E 10
1 .
o
gT_u 01
5 @ 5
) ‘B
E
2
o v o
0.2 04 0.6 08 10 12 14
Sum of energy losses in all five US stations [GeV]
= {d) Pion energy 500 GeV
30 E —— Scifi = -0.42U5 + 1,16 GaV 20
T
3
25 g s
3
o
= 30
G
20 v
S 25
a2

20

Sum of energy losses in

2.5
Sum of energy losses in all five US stations [GeV]

0.5 L0 15 20 3o 35

Figure 27. In the MC simulation, energy losses in SciFi and US stations, for pion beams of three benchmark
energies Epeam (a) 100 GeV, (b) 180 GeV and (c) 300 GeV, and for (d) 500 GeV with energy calibration best-fit
line superimposed.

Reconstructed energy

== 100 GeV: AEJE=0.17
180 Gev: AEJE =0.14

0.025
| w300 GeV: AE/E = 0.12
i w500 GeV: AE/E=0.10
It
0.020 Ik
i !'!
!
0.015 i i
z s A
R S
i 1 I '
] { :.'
0.010 i —
| T
! E LY |
{ 1 .f L f sk
H (O P, M,
i h bi
0.005 i L |
[ s y T
i e
,r ’., 1 .:L‘_ Al “-.‘
o~ AL sl 1l

400

Eror [GeV]

600 100

Figure 28. MC simulation distributions in the reconstructed total energy E for pion energies of 100, 180, 300
and 500 GeV and the SND@LHC test beam setup.

—23 —



¥ MC simulation 24 ®  MC simulation
Test beam. Wall 1 showers Test beam. Wall 1 showers
40 ¥ Test beam. Wall 2 showers 22 [ ] m  Test beam. Wall 2 showers
20

ey
(o]

(Etot - Ebeam)/Ebeamo/
o
1
1
|
i
|
1
]
1
i
i
I
i
i
]
T
i
i
i
i
1
1
1
1
i
i
i
1
i
1
Resolution %
=
[e)]
[ ]
| |

14

=20 - [ ]
12 g

-40 10 =
8

-60

100 200 300 400 500 100 200 300 400 500
Ebeam [GeV] Epeam [GeV]

Figure 29. On the left, relative offset between reconstructed energy Ei and initial pion energy Epeam, and,
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5 Summary

The SND@LHC experiment detects high energy neutrinos emerging from LHC collisions at very
small angles. The detector consists of two sections: a target instrumented with SciFi stations, and
a hadronic calorimeter HCAL equipped with scintillating bars. Neutrino interactions in the target
produce hadronic showers. In order to calibrate the energy measurement, a replica of the SND@LHC
apparatus was exposed to hadron beams of 100, 140, 180, 240, and 300 GeV at the CERN SPS HS8
line. The HCAL was an exact replica of the SND@LHC hadron calorimeter. The target section
consisted of three of the five walls of the SND@LHC target.

The experimental setup allowed for studying the dependence of the energy sharing between target
and calorimeter upon the position of shower origin along the target depth. Showers are tagged using
the density of in-time hits in the SciFi planes, and thus the origins of individual showers can be located
in the target sections interleaving the SciFi stations. Showers are then categorized by their origins
in the target; in each category the shower total energy is obtained from a linear sum of the energy
releases in the target and in the calorimeter, estimated from the signal generated in the SciFi stations
and in the HCAL scintillating bars. By using a Principal Component Analysis (PCA) fit, conversion
factors from measured values of the digitized charge (QDC) to energy in GeV are calculated for both
SciFi and HCAL. Hadronic showers are then grouped in two topologies, named “ordinary” and “late”.

Ordinary showers are sampled in the target region by at least two SciFi stations in both X and Y
projections. The energy resolution is determined to be about 20 % at 100 GeV and 12 % at 300 GeV.

This behavior is in agreement with the expectations of the Monte Carlo simulation. The calibration
constants obtained with the test beam setup apply to showers recorded by the SND@LHC experiment
when the shower origins are in Wall 1 to Wall 4 of the five sections in which the target is subdivided.
However, rescaling factors for SciFi are to be calculated due to the smaller lateral shower radius in
tungsten and to the larger size — i.e. longer fibers — of the SciFi modules. Systematic uncertainties
in the extrapolation to energies smaller than 100 GeV should be carefully evaluated.
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Late showers originate near the end of the target depth and are sampled by only the one SciFi
station downstream the target in both X and Y projections. The PCA fit has large uncertainties, due to
the significant shower-to-shower dispersion of the single SciFi measurement and to the saturation of
the SiPMs of the scintillating bars in the first station of HCAL for narrow energetic showers. Only
a lower limit of the shower energy can be reliably established for showers originating late in the
target depth. Concerning the SND @LHC experiment, this result implies that, although showers can
be efficiently tagged in all five Walls of the target, only interactions in target Wall 1 to 4 should be
considered for measuring the energy distribution of hadronic showers in neutrino events.

Acknowledgments

We are grateful to M. Van Dijk and A. Baratto Roldan for optimizing the SPS H8 beam line for our goals
and for their continuous assistance during the data taking, E.B. Holzer, M.R. Jaekel and D. Lazic for their
help with scheduling the run and to S. Ozkorucuklu for help during the preparation of the experiment.

We acknowledge the support provided by the following funding agencies: CERN; the Bulgarian
Ministry of Education and Science within the National Roadmap for Research Infrastructures 2020—
2027 (object CERN); ANID FONDECYT grants No. 3230806, No. 1240066, 1240216 and ANID —
Millenium Science Initiative Program — ICN2019_044 (Chile); the Deutsche Forschungsgemeinschaft
(DFG, ID 496466340); the Italian National Institute for Nuclear Physics (INFN); JSPS, MEXT,
the Global COE program of Nagoya University, the Promotion and Mutual Aid Corporation for
Private Schools of Japan for Japan; the National Research Foundation of Korea with grant numbers
2021R1A2C2011003,2020R1A2C1099546,2021R1F1A1061717, and 2022R1A2C100505; Fundagéo
para a Ciéncia e a Tecnologia, FCT (Portugal), CERN/FIS-INS/0028/2021; the Swiss National
Science Foundation (SNSF); TENMAK for Turkey (Grant No. 2022TENMAK(CERN) A5.H3.F2-1).
M. Climesu, H. Lacker and R. Wanke are funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation), Project 496466340. We acknowledge the funding of individuals by
Fundacio para a Ciéncia e a Tecnologia, FCT (Portugal) with grant numbers CEECIND/01334/2018,
CEECINST/00032/2021 and PRT/BD/153351/2021. This work has been partially supported by Spoke
1 “FutureHPC & BigData” of ICSC — Centro Nazionale di Ricerca in High-Performance-Computing,
Big Data and Quantum Computing, funded by European Union — NextGenerationEU.

References

[1] SND@LHC collaboration, Observation of Collider Muon Neutrinos with the SND@ LHC Experiment,
Phys. Rev. Lett. 131 (2023) 031802 [arXiv:2305.09383].

[2] SND@LHC collaboration, SND@ LHC: the scattering and neutrino detector at the LHC, 2024 JINST 19
P05067 [arXiv:2210.02784].

[3] R. Bugalho et al., Experimental characterization of the TOFPET2 ASIC, 2019 JINST 14 P03029.

[4] E.Zaffaroni and G. Haefeli, The CuboDAQ data acquisition system, 2025 JINST 20 TO1003
[arXiv:2410.00190].

[5]1 T. Ruf, Afterglow in H8 Data, private communication (2022).
[6] T.W. Anderson and D.A. Darling, A Test of Goodness of Fit, J. Am. Statist. Assoc. 49 (1954) 765.
[71 ParticLE DaTta Group, Review of Particle Physics, PTEP 2020 (2020) 083COl.

—25—


https://doi.org/10.1103/PhysRevLett.131.031802
https://doi.org/10.48550/arXiv.2305.09383
https://doi.org/10.1088/1748-0221/19/05/P05067
https://doi.org/10.1088/1748-0221/19/05/P05067
https://doi.org/10.48550/arXiv.2210.02784
https://doi.org/10.1088/1748-0221/14/03/p03029
https://doi.org/10.1088/1748-0221/20/01/T01003
https://doi.org/10.48550/arXiv.2410.00190
https://doi.org/10.2307/2281537
https://doi.org/10.1093/ptep/ptaa104

(8]

(9]

(10]
(11]

[12]
[13]

(14]

(15]

[16]

(17]

H. Wind, Principal Component Analysis and its Applications to Track Finding, in Formulae and Methods
in Experimental Data Evaluation: With Emphasis on High Energy Physics, vol. 3, European Physical
Society (1984).

SHIP collaboration, A facility to Search for Hidden Particles (SHiP) at the CERN SPS,
arXiv:1504.04956.

M. Al-Turany et al., The FairRoot framework, J. Phys. Conf. Ser. 396 (2012) 022001.

T.T. Bohlen et al., The FLUKA Code: Developments and Challenges for High Energy and Medical
Applications, Nucl. Data Sheets 120 (2014) 211.

C. Ahdida et al., New Capabilities of the FLUKA Multi-Purpose Code, Front. Phys. 9 (2022) 788253.

C. Andreopoulos et al., The GENIE Neutrino Monte Carlo Generator, Nucl. Instrum. Meth. A 614 (2010)
87 [arXiv:0905.2517].

T. Sjostrand, S. Mrenna and P.Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05 (2006) 026
[hep-ph/0603175].

S. Roesler, R. Engel and J. Ranft, The Monte Carlo event generator DPMJET-1II, in the proceedings of the
International Conference on Advanced Monte Carlo for Radiation Physics, Particle Transport Simulation
and Applications (MC 2000), Lisbon, Portugal, October 23-26 (2000)
[DOI:10.1007/978-3-642-18211-2_166] [hep-ph/0012252].

T. Sjostrand et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 (2015) 159
[arXiv:1410.3012].

GEANT4 collaboration, GEANT4 — A Simulation Toolkit, Nucl. Instrum. Meth. A 506 (2003) 250.

—26 —


https://doi.org/10.48550/arXiv.1504.04956
https://doi.org/10.1088/1742-6596/396/2/022001
https://doi.org/10.1016/j.nds.2014.07.049
https://doi.org/10.3389/fphy.2021.788253
https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/10.48550/arXiv.0905.2517
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.48550/arXiv.hep-ph/0603175
https://doi.org/10.1007/978-3-642-18211-2_166
https://doi.org/10.48550/arXiv.hep-ph/0012252
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.48550/arXiv.1410.3012
https://doi.org/10.1016/S0168-9002(03)01368-8

The SND@LHC collaboration

D. Abbaneo®?, S. Ahmad 42, R. Albanese ®1:2, A. Alexandrov®!, F. Alicante @12, F. Aloschi 1’2,

K. Androsov®°, A. Anokhina®3, C. Asawatangtrakuldee 38,M.A. Ayala Torres 32’27,N. Bangaru 1.2,
C. Battilana®*> A. Bay ©°, A. Bertocco®!-2, C. Betancourt ©®’, D. Bick @8, R. Biswas ©°,

A. Blanco Castro©1°, V. Boccia®!-2, M. Bogomilov @!!, D. Bonacorsi ©*3, W.M. Bonivento © 12,

P. Bordalo®!0, A. Boyarsky @ 13-4 S Buontempo @, V. Cafaro®*, M. Campanelli ©'>, T. Camporesi ©'°,
V. Canale ©®'2, D. Centanni ©-1® F. Cerutti ©°, V. Chariton'-?, M. Chernyavskiy @3, A. Chiuchiolo®?!,
K.-Y. Choi®!7, F. Cindolo ©®*, M. Climescu® '8, A. Crupano©*, G.M. Dallavalle ©®**, N. D’Ambrosio ®*3,
D. Davino®!29 R. de Asmundis @', P.T. de Bryas ©°, G. De Lellis ®!-2, M. de Magistris ®!-16,

G. De Marzi ®21 S, De Pasquale 21 A. De Roeck®?, A. De Rdjula 9 D. De Simone @7,

H. De Souza Santos'®, M.A. Diaz Gutierrez®7, A. Di Crescenzo®!-2, C. Di Cristo®!-2, D. Di Ferdinando ®*,
C. Dinc®23 R. Dona®*3, O. Durhan ©®23#3, D. Fasanella®*, O. Fecarotta®!-2, F. Fedotovs ®13,

M. Ferrillo®7, A. Fiorillo®!2, R. Fresa®"2, N. Funicello®?!, W. Funk ©°, G. Galati ©'-2, V. Giordano ©*,
A. Golutvin®2° E. Graverini ®%*! L. Guiducci ®*°, A.M. Guler®2, V. Guliaeva®?7, G.J. Haefeli ©°,

C. Hagner ©3, J.C. Helo Herrera®?7-40, E. van Herwijnen ®%6, A. Taiunese © -6, P. Iengo ® 12, S. Tlieva®% 11,
S.A. Infante Cabanas ©4%-27 A Infantino©?, A. Tuliano®', C. Kamiscioglu®?3, A M. Kauniskangas ©°,
E. Khalikov®3, S.H. Kim®?%, Y.G. Kim ®3°, G. Klioutchnikov ®°, M. Komatsu ®3!, N. Konovalova®3,
S. Kuleshov ©?7-32, H.M. Lacker ©!°, O. Lantwin ®!, F. Lasagni Manghi ©*, A. Lauria®!2, K.Y. Lee ©®%,
K.S.Lee 3, W.-C. Lee ©3, V.P. Loschiavo @120, A. Margiotta®*3, A. Mascellani ©°, M. Majstorovic ©?,
F. Mei ®%5, A. Miano® 144, A. Mikulenko®!3, M.C. Montesi®!-2, D. Morozova!-2, F.L. Navarria ®45,
W. Nuntiyakul 39S, Ogawa 34 N. Okateva®3, M. Ovchynnikov 9 G. Paggi 45 A. Perrotta®4,

D. Podgrudkov 3 N. Polukhina ®3, E. Primavera 4, A. Prota 1’2, A. Quercia m,S.Ramos 10

A. Reghunath®!°, T. Roganova ©3, F. Ronchetti ©°, T. Rovelli ©*3, O. Ruchayskiy ©3°, T. Ruf ©°,

Z. Sadykov®!, M. Samoilov®3, V. Scalera®!-1®, W. Schmidt-Parzefall ©8, O. Schneider ®°,

G. Sekhniaidze ©!, N. Serra®7, M. Shaposhnikov®°, V. Shevchenko®3, T. Shchedrina®!-2, L. Shchutska ©9,
H. Shibuya ®3+36_G_P. Siroli ©*3, G. Sirri ©*, G. Soares @1, J.Y. Sohn ©?°, 0.J. Soto Sandoval ©27-40,
M. Spurio ©@*3 N. Starkov @3, J. Steggemann ©°, D. Strekalina®'-2, 1. Timiryasov ©3, V. Tioukov®!,

C. Trippl ©@°, E. Ursov @', A. Ustyuzhanin ©3’, G. Vankova-Kirilova®!!, G. Vasquez®’, V. Verguilov®!!,
N. Viegas Guerreiro Leonardo @19, L. A. Viera Lopes @19, C. Vilela®!°, C. Visone @12, R. Wanke @8,
S. Yamamoto ®3! E. Yaman®!-2, Z. Yang 6 C. Yazici®!, S.M. Yoo!’, C.S. Yoon ®?°, E. Zaffaroni ©°,

J. Zamora Saa ®?27-32

1 Sezione INFN di Napoli, Napoli, 80126, Italy

2 Universita di Napoli “Federico 11", Napoli, 80126, Italy

3 Affiliated with an institute formerly covered by a cooperation agreement with CERN
4 Sezione INFN di Bologna, Bologna, 40127, Italy

5 Universita di Bologna, Bologna, 40127, Italy

6 Institute of Physics, EPFL, Lausanne, 1015, Switzerland

7 Physik-Institut, UZH, Ziirich, 8057, Switzerland

8 Hamburg University, Hamburg, 22761, Germany

9 European Organization for Nuclear Research (CERN), Geneva, 1211, Switzerland
10 1 aboratory of Instrumentation and Experimental Particle Physics (LIP), Lisbon, 1649-003, Portugal
" Faculty of Physics, Sofia University, Sofia, 1164, Bulgaria

12 Universita degli Studi di Cagliari, Cagliari, 09124, Italy
13 University of Leiden, Leiden, 2300RA, The Netherlands
14 Taras Shevchenko National University of Kyiv, Kyiv, 01033, Ukraine

—27 —


https://orcid.org/0000-0001-9416-1742
https://orcid.org/0000-0001-8236-6134
https://orcid.org/0000-0003-4586-8068
https://orcid.org/0000-0002-1813-1485
https://orcid.org/0009-0003-3240-830X
https://orcid.org/0000-0002-2501-7525
https://orcid.org/0000-0003-2694-6542
https://orcid.org/0000-0002-4654-4535
https://orcid.org/0000-0003-2234-7219
https://orcid.org/0000-0002-4296-9464
https://orcid.org/0009-0004-3074-1624
https://orcid.org/0000-0002-3753-3068
https://orcid.org/0000-0002-4862-9399
https://orcid.org/0000-0003-1268-9485
https://orcid.org/0000-0001-9886-7427
https://orcid.org/0000-0001-5657-8248
https://orcid.org/0009-0005-7034-6706
https://orcid.org/0000-0001-9827-8294
https://orcid.org/0000-0003-3532-6222
https://orcid.org/0000-0001-7738-2041
https://orcid.org/0000-0002-0835-9574
https://orcid.org/0000-0001-6764-6787
https://orcid.org/0000-0002-3651-6370
https://orcid.org/0000-0003-0629-7119
https://orcid.org/0000-0001-9526-556X
https://orcid.org/0009-0002-1544-0634
https://orcid.org/0000-0001-6746-3374
https://orcid.org/0000-0001-5066-1876
https://orcid.org/0000-0003-2303-9306
https://orcid.org/0000-0001-6566-9838
https://orcid.org/0000-0002-9236-6223
https://orcid.org/0000-0002-6871-5753
https://orcid.org/0000-0002-4192-5021
https://orcid.org/0000-0001-7604-6644
https://orcid.org/0000-0002-4255-7347
https://orcid.org/0009-0004-9831-4370
https://orcid.org/0000-0003-3834-6704
https://orcid.org/0000-0002-8614-0420
https://orcid.org/0000-0001-9849-8756
https://orcid.org/0000-0002-7492-8173
https://orcid.org/0000-0002-7268-8401
https://orcid.org/0000-0002-9925-5753
https://orcid.org/0000-0001-5862-1174
https://orcid.org/0000-0003-0814-3041
https://orcid.org/0000-0002-5752-2315
https://orcid.org/0000-0001-9236-0748
https://orcid.org/0000-0002-9228-5271
https://orcid.org/0000-0002-1545-668X
https://orcid.org/0000-0001-8180-4366
https://orcid.org/0009-0004-5100-5052
https://orcid.org/0000-0003-4276-8512
https://orcid.org/0000-0001-6578-4502
https://orcid.org/0000-0003-4644-1752
https://orcid.org/0000-0003-0179-7341
https://orcid.org/0000-0002-2460-7515
https://orcid.org/0000-0002-6097-788X
https://orcid.org/0000-0002-2926-2691
https://orcid.org/0000-0003-0471-8821
https://orcid.org/0000-0002-1714-8656
https://orcid.org/0000-0003-1052-2198
https://orcid.org/0009-0007-9382-3899
https://orcid.org/0000-0001-5140-0299
https://orcid.org/0000-0001-7814-319X
https://orcid.org/0000-0003-0422-6739
https://orcid.org/0000-0001-7348-3312
https://orcid.org/0009-0005-3202-4239
https://orcid.org/0000-0003-2500-8247
https://orcid.org/0000-0003-4647-6429
https://orcid.org/0000-0002-6013-8293
https://orcid.org/0000-0001-5692-2694
https://orcid.org/0000-0003-3676-5040
https://orcid.org/0000-0002-9257-839X
https://orcid.org/0000-0001-6345-7022
https://orcid.org/0000-0002-5310-8598
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0003-2343-3960
https://orcid.org/0000-0002-5035-1242
https://orcid.org/0000-0001-9204-2563
https://orcid.org/0009-0007-6929-5555
https://orcid.org/0000-0002-7854-3502
https://orcid.org/0000-0001-6087-9633
https://orcid.org/0000-0003-2610-6447
https://orcid.org/0000-0002-4285-8027
https://orcid.org/0000-0001-6957-6452
https://orcid.org/0000-0002-3788-9267
https://orcid.org/0000-0003-4312-2959
https://orcid.org/0009-0002-5159-4649
https://orcid.org/0000-0002-6423-707X
https://orcid.org/0000-0001-7916-9105
https://orcid.org/0000-0002-3065-326X
https://orcid.org/0000-0002-7183-8607
https://orcid.org/0000-0003-2384-5973
https://orcid.org/0000-0001-6068-4473
https://orcid.org/0000-0002-9020-9718
https://orcid.org/0000-0001-8613-7451
https://orcid.org/0000-0002-3680-7039
https://orcid.org/0000-0001-8519-9802
https://orcid.org/0000-0001-5757-8274
https://orcid.org/0000-0001-6929-5386
https://orcid.org/0000-0001-6362-5356
https://orcid.org/0009-0004-6457-1563
https://orcid.org/0009-0000-1865-7674
https://orcid.org/0000-0001-6638-1983
https://orcid.org/0000-0001-9601-5781
https://orcid.org/0000-0001-6173-0945
https://orcid.org/0000-0001-7961-4889
https://orcid.org/0000-0002-1664-5845
https://orcid.org/0000-0002-7310-5079
https://orcid.org/0000-0001-8557-6612
https://orcid.org/0000-0001-7002-5201
https://orcid.org/0009-0005-7331-1488
https://orcid.org/0000-0002-7996-7139
https://orcid.org/0000-0002-0773-8185
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0001-6253-8656
https://orcid.org/0000-0003-3820-663X
https://orcid.org/0000-0001-7546-0456
https://orcid.org/0000-0001-8946-2268
https://orcid.org/0009-0003-7438-7674
https://orcid.org/0000-0002-6645-7543
https://orcid.org/0000-0003-3438-9774
https://orcid.org/0000-0002-9746-4842
https://orcid.org/0000-0001-8073-3068
https://orcid.org/0000-0002-8657-3576
https://orcid.org/0000-0001-7527-8945
https://orcid.org/0009-0008-0228-4293
https://orcid.org/0000-0003-4215-211X
https://orcid.org/0000-0002-0996-1508
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-4116-5309
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0001-7930-4565
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0003-1986-4143
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-0197-6270
https://orcid.org/0000-0002-3528-4125
https://orcid.org/0000-0003-2626-2853
https://orcid.org/0009-0008-1827-7776
https://orcid.org/0009-0000-7101-2816
https://orcid.org/0000-0002-8613-0310
https://orcid.org/0000-0002-8698-3655
https://orcid.org/0000-0001-5735-2451
https://orcid.org/0000-0003-4420-5510
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0001-9547-1347
https://orcid.org/0000-0001-5981-5296
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-6519-4526
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-1205-7835
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0001-7911-1093
https://orcid.org/0000-0002-9746-4594
https://orcid.org/0000-0001-8571-0033
https://orcid.org/0000-0002-2088-0346
https://orcid.org/0000-0001-8761-4192
https://orcid.org/0000-0002-3636-360X
https://orcid.org/0000-0002-8859-045X
https://orcid.org/0000-0003-1709-5686
https://orcid.org/0009-0002-8940-7888
https://orcid.org/0009-0004-4564-8713
https://orcid.org/0000-0001-6066-8094
https://orcid.org/0000-0003-1714-9218
https://orcid.org/0000-0002-5030-7516

15 University College London, London, WC1E6BT, United Kingdom

16 Universita di Napoli Parthenope, Napoli, 80143, Italy

17 Sungkyunkwan University, Suwon-si, 16419, Korea

18 Institut fiir Physik and PRISMA Cluster of Excellence, Mainz, 55099, Germany

19 Humboldt-Universitit zu Berlin, Berlin, 12489, Germany

20 Universita del Sannio, Benevento, 82100, Italy

21 Dipartimento di Fisica ‘E.R. Caianello’, Salerno, 84084, Italy

23 Middle East Technical University (METU), Ankara, 06800, Turkey

26 Imperial College London, London, SW72AZ, United Kingdom

2T Millennium Institute for Subatomic physics at high energy frontier-SAPHIR, Santiago, 7591538, Chile

2 Department of Physics Education and RINS, Gyeongsang National University, Jinju, 52828, Korea

30 Gwangju National University of Education, Gwangju, 61204, Korea

31 Nagoya University, Nagoya, 464-8602, Japan

32 Center for Theoretical and Experimental Particle Physics, Facultad de Ciencias Exactas, Universidad Andrés Bello,
Fernandez Concha 700, Santiago, Chile

33 Korea University, Seoul, 02841, Korea

34 Toho University, Chiba, 274-8510, Japan

35 Niels Bohr Institute, Copenhagen, 2100, Denmark

36 Present address: Faculty of Engineering, Kanagawa, 221-0802, Japan

37 Constructor University, Bremen, 28759, Germany

38 Chulalongkorn University, Bangkok, 10330, Thailand

39 Chiang Mai University, Chiang Mai, 50200, Thailand

40 Departamento de Fisica, Facultad de Ciencias, Universidad de La Serena, La Serena, 1200, Chile

41 Also at: Universita di Pisa, Pisa, 56126, Italy

42 Affiliated with Pakistan Institute of Nuclear Science and Technology (PINSTECH), Nilore, 45650, Islamabad, Pakistan

43 Also at: Atilim University, Ankara, Turkey

4 Affiliated with Pegaso University, Napoli, Italy

45 Affiliated with Laboratori Nazionali del Gran Sasso, L'Aquila, 67100, Italy

* Corresponding author

—28 —



	Introduction
	Test beam setup
	Hadronic Calorimeter (HCAL)
	Event timing
	Target configurations and data taking

	Analysis
	Shower tagging
	Energy calibration method
	Energy measurement for ordinary showers
	Energy measurement in late showers

	Tuning of the Monte Carlo simulation
	Simulation description
	Shower tagging
	Energy calibration

	Summary
	The SND@LHC collaboration

