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1 Executive summary

The last year has been a very intense and fruitful period for ENUBET with several significant
advances along the following directions:

1. the detector R&D with a prominent effort being dedicated to the finalization of the ENUBET
demonstrator (Sec. [1.1)).

2. the design of the hadronic beamline has undergone a significant step forward in quality with
the implementation of very interesting and ambitious optimization algorithms (Sec. |1.2]).

3. the assessment of systematics on the neutrino flux has been cast into a consistent framework
that has allowed to test, for the first time, the reduction of the uncertainty on the flux related
to hadroproduction after fitting the distributions of measured leptons (positive muons and

positrons) (Sec. [L.3).



4. we have started exploring the possibility of possible synergies with the nuSTORM project
with a dedicated session in the context of the NuFact workshop that was held in Cagliari (IT)
in September 2021 (Sec. [1.4)).

We will in the following concentrate on the advances with respect to the previous report where we
gave a more comprehensive overview[I] of the project.

1.1 Demonstrator construction

The layout of the demonstrator is shown in Fig. The goal is to prove the performance, cost-
effectiveness and scalability of tagger detector concept i.e. a sampling calorimeter (e, 7%, p*
PID and energy measurement) with a light tracker (fo-layer) in the innermost region (for e/7°
separation). The demonstrator is 1.65 m long in the longitudinal direction and it spans 90° in
azimuth. The inner radius is 1 m.

The central 45° central region will be instrumented and readout while the rest will prove the
mechanical requirements. The structure is designed to be extendable to a full 27 object by joining
four similar detectors with minimal dead regions.

The demonstrator comprises 75 layers or iron (15 mm thick) and 75 layers of scintillators (7 mm
thick). The instrumented fraction (50%) corresponds to 15(z)><3(r)><25(¢)E| (=1125) calorimeter
channels and 15(z)x2(layers)x25(¢) (=750) to-layer channels, with 1875 channels in total.

The iron part extends radially for 11 ¢cm while the remaining 30 cm are filled with 22 mm thick
with Borated P.E. slabs with 5% Boron (BPE, green in the figures). A section of the detector
corresponding to the basic unit in z, is shown in Fig. [2] left.

The overall detector is held by a mechanical crawl sitting on four extensible legs that are designed
to allow tilting the calorimeter-beam angle in the vertical plane and adjusting the horizontal position
by means of a wheel-rail mechanism. The total weight is 7 ton.

The layout of scintillators is shown in Fig. [2] left. All tiles are trapezoidal in shape such that to
minimize dead regions, with transverse dimensions of ~3x3 cm?. The to-layer tile (innermost radial
position) holds two grooves. They are 1 mm deep such that the full WLS diameter is enclosed in
the scintillator. These two grooves are meant for light collection (“readout” grooves) and they are
propagated to the other three outer tiles where they only have the function of letting space to host
the WLS fiber without letting the scintillation light to enter (“transit” grooves). Transit grooves
hence need to be covered with a chemical etching treatment to make them optically opaque. The
second tile has readout grooves on the other side of the transit grooves. This pattern repeats as
in the Figure. For tile 2 and 3 readout grooves are slightly offset-ed with respect to 0 and 1 to
accommodate them with the transit ones.

"We denote with z the coordinate along the cylinder axis and with r and ¢ the radial and azimuthal coordinates
respectively.
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Figure 1: Left: 3D rendering of the demonstrator. Right: assembly at INFN-LNL.

Figure 2: Left: rendering of a section of the demonstrator corresponding to the extension along the
beam axis of single module (LCM). Scintillators are shown in gray, borated polyethylene shielding
in green and fiber concentrators in black. Right: layout of the frontal grooves readout scheme.
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Figure 3: The borated polyethylene shielding slabs.

Ten WLS fibers belonging to the same LCM are routed by passing through grooves milled in

the BPE slabs (Fig. [3) and bundled to a 4 x 4 mm? SiPM. The tg-layer fibers will be read by two
independent 3 x 3 mm? SiPMs .

The demonstrator will adopt WLS fiber “concentrators” that we developed using 3D-printing
techniques. These objects (Fig. E[) are essential to ease the process of fibers bundling. In such a
way the coupling of WLS fibers to the SiPM can be accomplished in a neat and reproducible way
allowing a good, homogeneous optical contact. After fiber polishing, five SiPM (three 4x4 mm?
and two 3x3 mm? for the to-layer), soldered on a 7 x 4 cm? PCB (Front-end, FE board), will be
fixed to the top of each fiber concentrator with screws.

1.1.1 Status of procurement and construction

The tests of the demonstrator at CERN are scheduled for October 2022 (weeks 40 and 41) at the
CERN-PS/T9 beamline.

e Structure. The mechanical structure is basically finalized as it can be seen in Fig. (1], right.
It shows the current status of the prototype at INFN-LNL where it is being assembled. The
telescopic legs have also been delivered and the only remaining step is mounting the base and
the system of rails for the horizontal displacement, shown in black and beige in Fig. [I} left.
The 75 iron arcs and 150 BPE arcs are also ready for assembly (partially visible in Fig.
right). The darkening of the setup will be achieved with an extendable box made with plastic
and the additional covering with a thick black tissue (in delivery).

e WLS fibers. The WLS fibers Y-11 double clad 1 mm diameter have also been delivered from
Kuraray (JP).

e Fiber concentrators. We have printed about 25% of the total needed (375) with a battery
of five commercial 3D printers. The total production can be finalized within ~ 1 month with
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Fiber concentrator

Figure 4: Fiber concentrators.

limited manpower.

e Photo-sensors. The procurement of Silicon Photomultipliers for the ENUBET demonstrator
has been finalized and Hamamatsu models S14160-3050HS (3 x 3 mm?) and S14160-4050HS
(4 x 4 mm?) were selected.

e Electronics. A prototype digital board to handle the signals from a 4 channel ADC board
(250 MS/s, 14 bit) and to provide a USB interface with the PC has been designed around
an Altera 5CGXBC3B6F23I7TN FPGA and manufactured. It is undergoing extensive tests in
order to validate the different parts. These boards are unfortunately not mature enough for
a large scale production but their performances will nevertheless be tested on a more limited
amount of channels. To compensate for this reduction, in the readout of the final ENUBET
prototype this custom electronics will be complemented and cross-checked with about 20
commercial digitizers that are partially available in the labs and partially will be hired at the
CERN electronics pool. In addition a set of twenty 64-ch boards by CAEN (A5202) based on
the WeeROC CitiROC-1A ASICs will be employed. In this case they will only readout the
signals’ amplitudes and times for a total of 1280 channels. These boards are being delivered by
the company. The remaining channels will be read-out using 96-ch boards (also based on the
CitiROC ASIC) previously developed by the Baby-MIND collaboration. The development of a
common DAQ is in progress. The front-end boards that will be mounted on the concentrators
have been designed and pre-produced (in 32 pieces). The signals will be sent to the readout
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boards with very thin coaxial cables by HIROSE. We are finalizing the procurement of the
components and the design of the interface boards to match the output of the FE boards and
A5202 cards.

e Scintillators. The most critical part is currently the production and machining of the scin-
tillators tiles. The scintillators are in the production phase with UNIPLAST (Moscow) in
collaboration with the INR group. The press form for the plastic injection molding has been
finalized and a first set of some hundreds tiles produced and tested for light yield with very
good results. The total number of needed tiles is 6375, in seven different shapes. The delivery
of materials and transactions are evidently critical due to the international situation. In view
of the high probability of delays we have made contacts with a company that could likely
perform the production with milling techniques instead of using injection molding, starting
on scintillator sheets that are being procured by SCIONIX. The first scintillator tiles specimen
with this alternative plan are awaited these days. The prospect is promising and will imply
some additional waste of material which is intrinsic in the milling procedure due to the size
of the milling drive of a few mm.

1.1.2 Test beam of November 2021

A pre-demonstrator small prototype comprising 3 LCMs (ENUBINO) (Fig. [5) has been built and
characterized with cosmic ray tracks at INFN-LNL laboratory and with particle beams at CERN
in November 2021 (Fig. @ It faithfully implements the chosen geometry and the solutions for the
light readout both at the level of scintillators and of the neutron absorber layer. The prototype
behaves according to expectations with a good uniformity and a tolerable level of optical cross talk
between the scintillator tiles. Efficiency maps show high efficiency and good uniformity (Fig.
left). The response to m.i.p signals was also tested with the final selected Hamamatsu SiPM model
as a function of the supply voltage (Fig. |7} right). The cross-talk between the signals is also being
characterized and the results will be made public soon.

1.2 Design of the hadronic beamline

The optimization of the beamline ([2]) is one of the pillars of the project and it implies a careful
analysis of a multi-parametric problem (choice of fields, collimators, apertures) in order to produce
an intense and well collimated beam of kaons and pions in the tagger volume. Since the beginning our
guideline has been that of employing standard magnets with moderate apertures. Traditionally the
optics optimization has been performed using TRANSPORT and then the system has been ported
to G4beamline to simulate re-interactions of stray particles and background in the tagger. With
time we have developed a very powerful simulation in GEANT4 with the possibility of controlling
via external control cards all the parameters of the system. This has opened the way to a more
systematic optimization of the beamline leveraging on the work done for optimizing the shape
of the horn [I] which led to the development of a rather general optimization framework based
on a genetic algorithm. This algorithm has been applied to a first systematic scan acting on 5
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Figure 5: Prototype of a single azimuthal section of the demonstrator (ENUBINO) shown during
its assembly to highlight the composing elements (scintillators, iron absorbers, WLS fibers and the
BPE shielding.

Figure 6: The ENUBINO prototype exposed to cosmic rays and beams at the CERN-PS.
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Figure 7: ENUBINO: efficiency maps (left) and m.i.p. signals as a function of the over-voltage of
the chosen Hamamatsu SiPMs, in mV (right).

parameters concerning the apertures and shape of the last two collimators (Fig. 8] left). For each
configuration the figure of merit (f.o.m.) has been defined as the ratio between the number of
background positrons and pions (i.e. not coming from kaon decays) impinging on the tagger and
the number of kaons entering the tagger. The scan was run on the CC-IN2P3 cluster using 100
beamlines for each iteration and a total number of about 100 iterations taking from 5 to 8 hours
each. This scan has lead to a reconfiguration of the beamline, with an improved figure of merit:
the previous one was based on a less realistic simulation of the backgrounds (G4beamline). The
convergence proved to be effective and achievable in a reasonable amount of time.
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Figure 8: Left: optimization parameters (R, Re, dx, dy, Az). Right: dependence of the f.o.m. on
the optimization parameters.

This first exercise allowed us to understand several ways to further improve the results:

e The implemented GEANT4 simulation makes possible to gather the origin information of
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every particle (as parent particle, kinematics, specific decay channel of production, beamline
element, and so on). This showed that most of the residual positron background was produced
in the absorber before the last quadrupole, whose range of variation in the optimization process
was not sufficiently wide. By removing it we could improve the positron background by about
a factor 6. This monitoring tool hence proved extremely useful to debug the procedure and
introduce significant improvements with simple changes.

e Notwithstanding the reduction in the absolute number of background particles the gain in
the final purity of reconstructed positrons was not so high since the distributions of back-
ground and signal were more similar to each other with respect to previous beamline designs.
This has triggered a redefinition of the figure of merit by taking into account also the basic
characteristics of the signal and background distributions in energy and position along the
tagger.

e In order to use a refined f.o.m. it is very important to reduce the running time and base the
selection on a large-enough statistical sample of signal and background events. In this spirit we
have conducted studies to understand if it is possible to avoid simulating the full spectrum of
particles at the target exit without biasing the backgrounds significantly. We have concluded
that, restricting to target particles with momenta between 7 and 100 GeV, we gain about
a factor three in CPU time while keeping the background almost unaltered. Furthermore
we have verified that with these cuts the original and the new background levels have the
same dependency on the variation of parameters, i.e. their ratio remains about constant.
This means that the redefined background can be safely used in the genetic algorithm as it
would preserve the optimization maxima. Additional tricks to increase statistics are being
implemented. First, kaons entering the tagger are treated by an auxiliary simulation that
fixes the K 3 branching ratio to 100% (roughly a factor 20 gain). In addition we are studying
the possibility to fit the spatial and angular distributions of mesons entering the tagger with
smooth functions (p, 6, ¢) and extract events from those probability functions.

In summary this approach seems quite powerful but we have not managed to exploit it fully yet.
The present beamline (TLR6v4 in our jargon) has performances not much different than the ones
that we already reported in the 2021 report but it is based on a more reliable background simulation
without the approximations used previously with G4beamline. Fig. [9] summarizes the state of the
art achieved with this version of the beamline in the identification of positrons and muons from
kaons, employing the PID algorithms already described in [I]. With the improvements that we have
just described we expect an additional increase in the S/N ratio keeping the running time of the
experiment in the 2-3 year ballpark.

The current design (TLR6v4) has also been recently ported to FLUKA-CERN. Figure top,
shows the FLUKA implementation that includes proper shielding around the magnetic elements. As
an example, in the bottom plot of the same figure we show the energy deposition for positive pions
which demonstrates also how the magnetic fields and the geometry have been implemented correctly.
With respect to the past we have added in the simulation plots on the residual activation in the
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Figure 9: Efficiency in the identification of positrons (in red) and muons (in green) from kaons as
a funcion of the signal-to-noise ratio with the current implementation of the beamline.

materials (Fig. which is a key information to determine the accessibility to the instrumented
decay tunnel for possible maintenance or overhauling of the equipment. The FLUKA simulation
of TLR6v4 (Fig. also confirms that the neutron yields are compatible with the use of a SiPM
readout in a specialized calorimeter with a dedicated borated-PE shielding (see Sec. .

The work on the multi-momentum beamline is also progressing. The simulation implements
a detailed field map both in the core of the magnets and in the iron (Fig. . Furthermore it
uses models based on real magnets that have been already tested and characterised at CERN.
This process is taking a significant effort in terms of CPU and simulation time due to the need of
implementing a fine-mesh for the simulation in order to avoid artifacts in the shape of the magnetic
field. Besides exploring which is the margin of improvement to get neutrino monitored fluxes a
lower energies, it will set a limit on the effect of using a detailed magnetic field map.

1.3 Assessment of systematic uncertainties

The framework for estimating the reduction in the systematic uncertainty on the flux with ENUBET
has grown a lot during the last year [3]. The G4beamline and GEANT4 simulation of the beamline
are redundant, giving the chance to cross-check the resulting performance. Furthermore, the asset
of a GEANT4 implementation is to provided information on particle decays and histories. This is
essential for the propagation of the systematics, from their sources up to the neutrino fluxes ([4]).

Hadroproduction data are used as input to reweigh the MC events giving origin to neutrinos.
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Figure 13: Implementation of magnetic maps for the multi-momentum beamline implementation.

From the reweighed events a nominal neutrino flux at the detector is obtained. The covariance
matrix from hadroproduction data is used to extract new values for the hadroproduction parameters,
within their uncertainties, and thus get a set of N reweighed MC events. The N realizations of the
MC events allow to determine the covariance matrix of the nominal neutrino flux. This covariance
matrix encodes the uncertainty on the neutrino flux due to hadroproduction before exploiting the
lepton distributions in the tagger. In a similar manner, systematics related to beamline parameters
are propagated to the neutrino flux. The simulation with the beamline parameters set to their
central values provides the nominal neutrino flux distribution, while the varied realization of the
flux is obtained by tweaking the parameters within their uncertainties.

Given the correlation between the lepton observables and the produced neutrinos (monitoring
technique) a constraint on the neutrino flux can be set. By means of extraction of different possible
values for the parameters affected by the uncertainties, using their covariance matrix, and reweighing
the MC events, nominal and 1o distributions for the lepton observables are computed.

A signal plus background model PDF is built from the nominal and the +1c lepton observables
(model templates) and the minimization is performed using the ROOFIT package. The variation
in the number of observed leptons and in the shape of their distributions, due to hadroproduction
and beamline uncertainties, are modeled through corresponding parameters, & and 3 , included in
the PDF. An extended maximum likelihood fit approach is adopted, where the parameters & and
E are constrained by their pdfs resulted from the uncertainty propagation described above. From
the model PDF a set of toy-MC experiments is produced, where each experiment is obtained by
extracting the parameters affected by systematics from their covariance matrices. A posteriori
values for the parameters are obtained by a fit to each toy-MC: these constrained parameters, with
reduced errors, are used to reweigh the MC. In turn, a post-fit reweighed neutrino flux (constrained
neutrino flux) and corresponding covariance matrix are computed.
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In the previous report we showed that the machinery was working using a toy MC (no bias,
assessment of post-fit errors). More recently we managed to demonstrate the reduction of uncer-
tainty introduced by the tagger constraint using the full G4 simulation. The hadroproduction model
is a realistic one derived from a fit to real data obtained by the NA56/SPY experiment [5] using
400 GeV proton interactions. In addition both K3 (for v.) and K,2/K,3 (for v,) data sample
constraints have been implemented.

Figure[14]shows preliminary results in which the reduction of the systematics uncertainties after
the fit constraint on lepton variables is visible by comparing the uncertainty envelope before and
after the fit. We are presently assessing the impact of the facility parameters (magnetic fields,
alignments) following a similar procedure.

1.4 Collaboration, synergies with other projects

Other significant new elements that emerged during the last year:

e The ERC programs was further extended up to November 2022 in view of the situation related
to the COVID pandemic.

e Participation to the activities of Physics Beyond Colliders. We have been actively participating
to the workpackage on conventional neutrino beams with regular presentations on the beamline
development with useful interactions with other users (NA62, NUTAG) and CERN experts.
Furthermore we are contributing to the workpackage on searches for new physics.

e The nuSTORM/ENUBET workshop in Cagliari. A special joint plenary session with nuS-
TORM was organised on 9/9/2021 (6], [7]). It was an important occasion to get a broad
visibility and discuss possible scenarios in which both experiments could be fed by mesons
produced in a common target station [§]. A scenario involving a siting at the muon colliders
test facility at the PS was discussed ([9]).

e We recently submitted the ENUBET physics case to the Snowmass 2021 DPF Community
Planning Exercise [10].

e We started a collaboration with the PIMENT project ( [11]), funded by the French ANR for
the next 3 years with Thomas Papaevangelou from CEA-Saclay as PI. It will deal with the
possibility of upgrading the ENUBET ¢g-layer with a detector based on the PICOSEC thin
gap Micromegas detector to achieve sub-100 ps time resolutions on large areas.

e Two new PhD students from Thessaloniki University (advisor Prof. S. Tzamarias) will start
working in ENUBET on waveform reconstruction and the identification of forward muons
from pion decays.
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Figure 14: Example of the reduction of hadroproduction uncertainties on v, and v, spectra after
the constraint given by fitting the lepton spectra reconstructed in the tagger.
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