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Abstract The ENUBET project is aimed at designing and
experimentally demonstrating the concept of monitored neu-
trino beams. These novel beams are enhanced by an instru-
mented decay tunnel, whose detectors reconstruct large-
angle charged leptons produced in the tunnel and give a direct
estimate of the neutrino flux at the source. These facilities are

a e-mail: andrea.longhin@pd.infn.it (corresponding author)

thus the ideal tool for high-precision neutrino cross-section
measurements at the GeV scale because they offer superior
control of beam systematics with respect to existing facili-
ties. In this paper, we present the first end-to-end design of a
monitored neutrino beam capable of monitoring lepton pro-
duction at the single particle level. This goal is achieved by a
new focusing system without magnetic horns, a 20 m normal-
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conducting transfer line for charge and momentum selection,
and a 40 m tunnel instrumented with cost-effective particle
detectors. Employing such a design, we show that percent
precision in cross-section measurements can be achieved at
the CERN SPS complex with existing neutrino detectors.

1 Introduction

Neutrino cross sections at the GeV scale are currently known
with limited precision despite their prominent role in the
present and future long-baseline experiments for the study
of neutrino oscillations [1]. The T2K experiment is already
dominated by systematic uncertainties for some oscillation
parameters where cross-section uncertainties play a dom-
inant role [2]. Even more, the next generation DUNE [3]
and HyperKamiokande (HK) [4] experiments will be limited
by cross-section uncertainties and the lack of high-precision
data hinders the development of reliable theoretical models
to describe GeV neutrino interactions with nuclei [5,6]. Neu-
trino cross sections from a few hundred MeV up to tens of
GeV have been measured by many experiments in the last
few decades and are an essential ingredient for studying Stan-
dard Model processes, nuclear physics, and physics beyond
the Standard Model. These measurements [5] are limited by
uncertainties in the flux and energy of initial-state neutrinos
and the precision that can be achieved is generally larger than
10%. There is a broad consensus on the fact that “to extract
the most physics from DUNE and Hyper-Kamiokande a
complementary programme of experimentation to determine
neutrino cross sections and fluxes is required” [7]. ENU-
BET (Enhanced Neutrino Beam with kaon Tagging) tack-
les this challenge by designing a new generation of short-
baseline neutrino experiments with unprecedented control
of flux, flavor, and energy of neutrinos [8–10]. Unlike con-
ventional beams, monitored neutrino beams [11] employ a
decay tunnel that is fully instrumented with detectors for
diagnostics [12]. Charged leptons produced in association
with neutrinos are recorded by the instrumentation of the
tunnel and provide a direct measurement of the neutrino flux
and flavor. The ERC ENUBET project [13] focused on the
identification of positrons from the three-body semileptonic
decay of kaons (Ke3): K+ → e+νeπ

0. More recently the
CERN NP06/ENUBET experiment [8] extended the ENU-
BET reach to monitor muons from Kμ2 (K+ → μ+νμ)

and pion decays. As a consequence, the ENUBET beam-
line can presently reconstruct both electron and muon neu-
trinos produced in the instrumented decay tunnel. In the past,
monitoring charged leptons in the decay tunnel at the single
particle level was considered far-fetched due to the number
of meson decays needed for neutrino applications. Current
neutrino beams based on a fast extraction of protons from
accelerators and a focusing horn produce charged leptons at

a rate that conventional detectors cannot cope with. In 2020–
2022, ENUBET solved this issue by employing a beamline
without a pulsed magnetic focusing horn, where protons can
be slowly extracted in few-second spills and the lepton rate
at the tunnel does not exceed 100 kHz/cm2. This beamline
is described in Sects. 3 (proton extraction), 4 (target station),
and 5 (transfer line and static focusing system). The instru-
mentation for the decay tunnel was simulated with GEANT4
[14–16] and validated with prototypes at testbeams; it is
described in Sect. 6. The radiation hardness of components is
instrumental to reliably building monitored beams and is dis-
cussed in Sect. 7. This paper presents the full analysis chain to
record candidate events in the instrumented tunnel (Sect. 8)
and identify positrons and muons from kaon decays. Back-
ground arises from particle misidentification, pile-up, other
kaon decay modes, and tertiary particles (π±, γ, p, and halo
muons) produced in the beamline. Sections 8.1 and 8.2 sum-
marize the identification capability and background suppres-
sion performance of ENUBET. The physics performance of
the beamline is assessed in Sects. 9 and 10 in terms of νμ

and νe fluxes at the neutrino detector and energy reconstruc-
tion capability. Neutrino energy reconstruction is based on
the Narrow-Band Off-Axis technique described in Sect. 10.
It does not rely on the identification of final state particles
in the neutrino detector but only on the radial position of the
neutrino interaction vertex.

2 Monitored neutrino beams and the ENUBET
beamline

Beam diagnostics have been employed to estimate the neu-
trino flux and characterize beam properties since the incep-
tion of accelerator neutrino physics [17]. Over the years, the
power of neutrino beams has increased by orders of mag-
nitude [18]. As a consequence, the focus of beam diagnos-
tics moved toward delivering monitoring devices capable of
withstanding the charged particle rates and doses of modern
beams, while improvement in precision has been quite lim-
ited [12]. At the time of writing, diagnostics determine the
flux with a precision of ∼ 10% but this value is no more
acceptable to cross-section experiments that must deliver
measurements at the percent level to match the needs of oscil-
lation physics. The world-record measurement of flux in an
accelerator neutrino beam was achieved by MINERνA in
2022 by combining beam diagnostics, state-of-the-art beam
simulation, and neutrino interaction generators, and elastic
ν–e scattering in the neutrino detector [19]. By employing
such a sophisticated method, MINERνA achieved a preci-
sion of 3.3% for νμ-enriched runs and 4.7% for ν̄μ-enriched
runs.1 To achieve a substantial improvement in beam diag-

1 ν–e scattering cannot be employed to measure the νe flux due to the
smallness of the ν–e cross-section at the neutrino detector.
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nostics and deliver cross sections with a < 1% precision, we
must rely on observables that are directly linked to the neu-
trino flux on a particle-by-particle basis. The most straight-
forward technique to address this challenge was envisaged
in the 1970s [20,21] but could not be implemented due to
technical limitations. In the decay tunnel of a neutrino beam,
every neutrino created by the decay of a charged meson pro-
duces one charged lepton. Counting charged leptons in the
decay tunnel thus provides a direct measurement of the flux
because the νμ (ν̄μ) yield is proportional to the μ+ (μ−)

yield in the tunnel and the νe (ν̄e) yield is proportional to the
e+ (e−) yield in the tunnel. Several authors have proposed
to measure these leptons in the tunnel together with the cor-
responding neutrino interactions in the neutrino detector and
correlate in time the occurrence of these events, i.e. asso-
ciate every neutrino interaction with its charged lepton [21–
23]. The measurement of the lepton provides the initial neu-
trino flavor at the source. The lepton energy combined with
a high-precision measurement of the parent meson momen-
tum uniquely determines the neutrino energy on an event-by-
event basis. Such a bold facility is called a tagged neutrino
beam. Tagged neutrino beams were developed in USSR in
the 1980s but never achieved their physics goals because of
the enormous charged particle rate in the decay tunnel and
the limited 4D (i.e. time and space) precision of trackers
[24]. To cope with the rate limitations of trackers, the USSR
Tagged Neutrino Facility was descoped and served experi-
ments for kaon physics. Tagged neutrino beams are still under
consideration [11,25–28] and we discuss this option in the
framework of ENUBET in Sect. 11 but high-precision cross-
section measurements can be performed with less demanding
facilities: the monitored neutrino beams [11].

A monitored neutrino beam (Fig. 1) is a conventional beam
where the cylindrical walls of the decay tunnel are equipped
with low-cost particle detectors that act as beam diagnos-
tics. Protons are extracted by a proton driver and steered to
a solid-state target through a transfer line. Proton interac-
tions with the target produce short- and long-living hadrons.
Short-lived hadrons like KS or charmed mesons may produce
neutrinos in the forward direction that propagate parallel to
non-interacting primary protons and high-momentum sec-
ondaries. These particles are stopped in the proton dump of
Fig. 1 and their neutrinos are unlikely to reach the neutrino
detector, which is located off-axis with respect to the pro-
ton dump. After the target, secondaries within the momen-
tum bite of the beamline (8.5 ± 10% GeV/c in ENUBET)
are collected and sign-selected by the focusing system that
transports these particles to the entrance of the decay tunnel.
At the entrance of the tunnel, charged particles are collected
inside the momentum acceptance together with background
particles: tertiary particles (e±, γ, muons, π±), off momen-
tum mesons that are produced along the transfer line, and
halo muons. Halo muons are produced by pion decays in the

transfer line, cross the collimators and enter the decay tun-
nel even if they are outside the momentum acceptance of the
beamline. Background particles have a smaller momentum
than the central momentum of the beamline (8.5 GeV/c). If
the beamline selects positive (negative) hadrons as in a neu-
trino (anti-neutrino) run, particles within the momentum bite
entering the decay tunnel are mainly protons, K+, and π+
( p̄, K−, and π− in an antineutrino run). As a consequence,
neutrinos are mostly due to kaon and pion decays, plus con-
tamination originating from early decays of off-momentum
particles in the beamline and low-energy neutrinos from the
proton and hadron dumps. The beamline presented in this
paper was optimized to produce muon and electron neutrinos
in the energy range of interest for the DUNE experiment (1–
4 GeV).2 The beamline optics, length, acceptance, momen-
tum bite, and the neutrino detector distance were optimized
to maximize the number of νμ and νe with energy between
1 and 4 GeV that reach the neutrino detector and originate
from pions and kaon decays. In particular, we maximized:

– the number of kaons and pions transported at the entrance
of the tunnel that go through it without crossing the instru-
mented walls;

– the number of kaon decays inside the tunnel before the
hadron dump

and minimized

– the number of muon decays in flight (μ+ → e+νeν̄μ)

– the number of background and off-momentum particles
crossing the walls of the decay tunnel.

The suppression of muon decays in flight is instrumental to
having kaons as the only source of νe in the neutrino detector.
Since the kaon mass is much larger than pions, charged lep-
tons created by K+ → μ+νμ and K+ → e+νeπ

0 are pro-
duced at a larger angle than muons created by pion decays.
As a consequence, if we monitor large-angle leptons we can
uniquely determine the νe flux and the high-energy com-
ponent of the νμ flux (νμ from Kμ2). In addition, if we
instrument the hadron dump with detectors that can with-
stand the muon flux, we can monitor the low energy compo-
nent of the νμ flux (νμ from π+ → μ+νμ). The high- and
low-energy νμ spectra are completely separated, as in any
“narrow-band beam” [18] (see also Fig. 27 below), The con-
straints above fix the optimal central momentum of ENUBET
(8.5 GeV) because lower momenta reduce the number of pro-
duced kaons and increase the number of kaon decays before

2 A dedicated low-energy optimization of the same beamline that
increases the neutrino flux in the region of interest for Hyper-
Kamiokande will be presented in a forthcoming publication.
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Fig. 1 The ENUBET beamline as implemented in G4Beamline,
GEANT4 and FLUKA. Primary protons impinge on the target (not
shown) located on the left of the figure; secondaries are sign and momen-
tum selected by the transfer line and transported at the entrance of
the instrumented decay tunnel (light green). From left to right: the
quadrupole triplet (orange) and copper collimators (brown), double-
bend momentum selector section composed of two dipoles (green), two
quadrupoles, and one momentum copper collimator (brown), and the
last quadrupole surrounded by two Inermet180 collimators (blue). The

light-green cylinder represents the instrumented decay tunnel where
a Ke3 decay is shown; the red track corresponds to the νe traveling
towards the neutrino detector. The hadron dump that stops all particles
but neutrinos is located at the tunnel exit. Non-interacting protons and
forward particles travel inside the proton pipe (in gray) and are stopped
by the proton dump (dark green). The neutrino detector considered in
ENUBET (mass: 500 tons – not shown in the figure) is located 50 m far
from the decay tunnel exit

the entrance of the tunnel. Higher momenta bring the neu-
trino energy above the region of interest for DUNE. Since
kaons must decay inside the tunnel but muons must reach
the hadron dump, the tunnel length is shorter than a standard
narrow-band beam at 8.5 GeV/c. The optimal value is around
40 m. This is fortunate because a short tunnel decreases the
cost of the instrumentation. The optimal distance (“baseline”)
between the entrance of the tunnel and the neutrino detector
is ∼ 100 m. In ENUBET, the length of the tunnel is 40 m and
the distance between the end of the tunnel and the neutrino
detector is 50 m. In this work, we considered a 500-ton neu-
trino detector with dimensions comparable to ProtoDUNE-
SP and ProtoDUNE-DP at CERN [29]. In short, ENUBET
is a 10% momentum-bite narrow-band-beam that serves a
short-baseline (L = 90 m) neutrino experiment. In Sects. 9
and 10, we will show that these findings are key to measuring
the neutrino flux (energy) with a precision of < 1% (∼ 10%)

on an event-by-event basis.
Secondaries (pions and kaons) that are transported at the

entrance of the tunnel must have a small divergence because
the beam envelope cannot be larger than the width of the tun-
nel. This is mandatory in a monitored neutrino beam where
most of the instrumentation is located in the cylindrical walls
of the tunnel. The ENUBET instrumentation is made of iron-
scintillator sampling calorimeters that are longitudinally seg-
mented into modules (see Sect. 6). This array of modules is
complemented by a photon veto made of plastic scintillator
tiles positioned in the innermost part of the calorimeter, as
shown in Figs. 16 and 17. The tunnel instrumentation can thus
record large-angle charged leptons, perform particle identifi-
cation, and measure the e± energy. The use of iron-scintillator

calorimeter modules, whose light is read by SiPMs located
in the outer rim of the tunnel (see Sect. 6), keeps the cost
of diagnostics well below (∼ 10%) the overall cost of the
neutrino beam even if the tunnel is instrumented along its
whole length (40 m).

The monitored neutrino beam concept was introduced in
2015 and investigated in 2016–2022 by the ERC ENUBET
project. The project aimed at demonstrating that the rate of
large-angle positrons from Ke3 (i.e. K+ → e+νeπ

0 decays)
produced in the decay tunnel provides a measurement of
the νe flux φ(νe) with a precision better than 1%. In 2020–
2022, the ENUBET Collaboration achieved a breakthrough
in the field by delivering a design that fulfills this requirement
with adequate intensity without employing a focusing horn.
The beamline described in Sect. 5 produces pions and kaons
that are momentum- and sign-selected by a static focusing
system. The system comprises only normal-conducting ele-
ments: six quadrupoles and two bending dipoles. Unlike
horns, dipoles and quadrupoles are DC powered and there
is no constrain on the duration of the proton extraction: pro-
tons can be slowly steered into the target (2 s in ENUBET)
and produce a steady stream of mesons like in fixed-target
experiments [30]. Unlike tagged neutrino beams, leptons do
not need to be associated in time with neutrinos interacting
at the neutrino detector. This feature relieves the time res-
olution requirement of the calorimeter to a few ns instead
of tens of ps. Timing is only needed to associate modules
belonging to the same event (charged lepton) and remove
pile-up. 4D reconstruction in a monitored neutrino beam is
thus performed in a neighborhood of the lepton impact point,
while tagged neutrino beams must provide a global event
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reconstruction because a ν interaction at the neutrino detector
must be uniquely linked in time with a charged lepton. This
lepton must be picked up from ∼ 106 potential candidates:
a task that can be accomplished only by fast (O(100 ps))
trackers. Thanks to the static focusing system and the loose
requirements on time resolution, ENUBET can monitor not
only large-angle positrons but the vast majority of particles
produced in the tunnel. This feature is exploited to monitor
all neutrino flavors including νμ (see Sect. 8.2) and provide
a complete beam characterization for a new generation of
high-precision cross-section experiments.

3 Proton extraction

The fast-extraction scheme of the primary protons, cho-
sen by the majority of recent neutrino beam experiments
and projects (e.g. T2K, MINERνA, OPERA, MicroBOOnE,
DUNE), cannot be employed for a successful operation of
the ENUBET monitored neutrino beam. In a fast-extraction
scheme, the full primary proton beam is extracted onto the
target in tens of microseconds or less: this would generate a
pile-up rate not sustainable in the instrumentation of ENU-
BET, making a direct neutrino flux estimation impossible,
let alone the possibility of time-tagging. The ideal extrac-
tion method for ENUBET is the slow resonant (‘multi-turn’)
extraction of the primary protons, where the full intensity is
extracted continuously in a time interval of a few seconds
[12]. Currently, the CERN SuperSynchrotron (SPS) already
provides the fixed target experiments at the North Experimen-
tal Area (NA) with a 400 GeV slowly extracted proton spill
of 4.8 s length, for a maximum intensity of about 4.5 × 1013

protons per spill. This beam represents an excellent candi-
date for ENUBET not only for the high energy and intensity
that guarantee a high kaon yield: the absence of a Radio Fre-
quency structure and low spill ripples would ensure a stable
operation, and it would also be straightforward to use a ∼ 2 s
spill, which has an appropriate length for ENUBET [31].

While this 2 s SPS slow extraction is assumed as the
default one for ENUBET, further in-depth studies on alter-
native slow extraction schemes and their possible improve-
ments have also been performed [32] in the framework of
the ENUBET project. A pulsed version of the slow extrac-
tion (burst-mode slow extraction, shown in Fig. 2) has been
designed, developed, and successfully tested at the CERN-
SPS with the goal of pairing it with stronger focusing devices
as magnetic horns. This pulsed beamline does not fall into
the scope of the paper but is being considered for other appli-
cations at the CERN SPS.

Dedicated studies on the nominal SPS slow extraction
have also shown how to further reduce its frequency noise,
pointing to optimized extraction configurations not only for

Fig. 2 Example of nominal SPS slow extracted spill (red) and pulsed
version (blue). The data has been measured with a secondary emission
intensity monitor during dedicated machine developments

the case of ENUBET but for any fixed target experiment with
tight rate requirements [33].

Simulation studies have proven that both for the nominal
slow extraction and the burst-mode scheme (e.g. with 10 ms
bursts repeated at 10 Hz) the maximum particle rate in any
calorimeter module of the ENUBET decay tunnel remains
well below a few hundred of kHz/cm2, allowing ENUBET
to perform lepton monitoring with moderate pile-up effects
(see Sects. 8.1 and 8.2).

4 Target

The target optimization for ENUBET was performed using
the FLUKA [34,35] and G4beamline [36] Monte-Carlo sim-
ulation codes and was carried out assuming the CERN SPS
as a proton driver (proton momentum: 400 GeV/c). Even
if the ENUBET beamline can be implemented in any pro-
ton driver with an energy of around 100 GeV, the choice
of the CERN SPS is particularly attractive when the mean
secondary momentum corresponds to 8.5 GeV/c because the
number of pions produced per proton hitting the target scales
roughly with the energy of the primary protons [37] and the
secondary yield at 8.5 GeV/c is close to maximum [38].

The most promising materials studied for ENUBET were
graphite, beryllium, and Inconel-718, These materials are
employed in moderate-power neutrino beams (like ENU-
BET) and Superbeams, that is the beams currently serving
the T2K and NOνA experiments and their upgrades [39–
41]. Each target prototype was modeled as a cylinder with
various lengths (1–140 cm) and radii (10–30 mm). Material
comparison has shown a clear advantage of graphite over
other materials even in kaon-enriched beams, which con-
firms expectations since graphite is the material of choice
for high-power pion enriched beams. Inconel shows slightly
less kaon yields than graphite and, given the limited opera-
tional experience with this material for high-intensity neu-
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Fig. 3 Kaon yields as a function of the graphite target length for a
400 GeV/c proton beam. The figure of merit for the optimization is
the number of kaons (10% momentum bite) entering an ideal beamline
with ±20 mrad angular acceptance in both planes placed 30 cm after
the target. Colors refer to different kaon’s momenta while the line style
identifies the target radius. The error bars (not plotted to ease the read-
ing) are dominated by the FLUKA interaction modeling systematics
and amounts to ∼ 20%

trino beams, has not been investigated any further. Figure 3
summarizes the kaon yields for different graphite target con-
figurations. The figure of merit (FOM) for the optimization
is the number of kaons (10% momentum bite) that enters an
ideal beamline with ±20 mrad angular acceptance in both
planes placed 30 cm after the target. The leading parameter
is the target length since 8.5 GeV particles are produced in
the forward direction and the target radius plays a minor role
in the re-interaction probability. FLUKA results indicate an
optimal length of ∼ 70 cm. We thus chose a 70 cm length,
3 cm radius as the reference target for the ENUBET beamline
because smaller radii increase the mechanical complexity of
the target station without improving the kaon yield.

5 Transfer line and static focusing system

As noted in Sect. 2, the ENUBET transfer line was designed
to maximize the monitoring performance. This is a com-
plex optimization process that involves several variables
and constraints. First of all, the detector technology at the
instrumented decay tunnel can only withstand a particle rate
� 100 kHz/cm2 for successful lepton monitoring. This limit
comes from the detector granularity (3 × 3 cm2), intrinsic
time resolution (� 400 ps), the front-end electronics and
digitizer sampling rate (� 1 Gs/s), as discussed in Sects. 6
and 8. Such a low particle rate can be reached with the
aforementioned slow extraction of the primary protons. The
proton extraction mode sets an important design constraint
for the ENUBET neutrino beamline, which relies on static
focusing elements, i.e. dipoles and quadrupoles, and does
not employ a magnetic horn. Magnetic horns are difficult to
be operated with a proton extraction longer than a few ms

Fig. 4 Decay rate and relative abundance of kaons and pions as a func-
tion of their travelled distance along the beamline at 8.5 GeV

due to Joule heating of the conductors [12]. Since ENUBET
is designed as a narrow-band neutrino beam, this solution
is quite natural: precise focusing and selection of secondary
particles with a narrow momentum bite would require the use
of quadrupole and dipole magnets even if a horn + fast pro-
ton extraction were employed. The use of a magnetic horn in
a monitored neutrino beam is possible but non-trivial, both
for the hardware-side R&D required to pulse a conventional
horn for several ms and for the coupling with the static focus-
ing elements [18]. The design of an effective, purely static
beamline as the one presented in this paper has been a break-
through in the ENUBET R&D because it allows for very low
pile-up levels, removes the operational complexity of a mag-
netic horn, and turned out to be highly cost-effective. The fact
that the ENUBET signal comes from kaon decays also puts a
tight constraint on the beamline length, which has to be short
enough to minimize kaon decays before the entrance of the
decay tunnel. Hence, the length of the transfer line plays a
pivotal role in the optimization process. Even with a transfer
line as short as 20 m, about 30% of kaons are lost, and the
K/π abundance ratio drops by ∼ 25% (see Fig. 4).

These constraints are imposed already in the first stage
of the beamline design defining the layout and optics of the
transfer line from the target to the decay tunnel. Beamline
optics were simulated using the TRANSPORT code [42] and
validated with MAD-X [43]. This design process was driven
by the following goals:

– maximize the number of K+ and π+ in the momentum
range of interest for ENUBET at the entrance of the decay
tunnel;

– focus the beam so that non-decaying particles exit the
decay tunnel without hitting the tunnel walls, and con-
strain the beam envelope to be fully contained inside the
aperture of all beamline elements (quadrupole, dipoles,
collimators);

– use field and aperture values of the magnets compatible
with existing technology. In ENUBET, we only employed
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Fig. 5 Beam optics and envelope (black lines) for the X (up) and Y
(down) planes designed with TRANSPORT. The red rectangles indicate
quadrupoles and their X and Y apertures, while the light-blue ones
indicate dipoles. The black ticks mark the requirements to the optimizer
for the beam size along the beamline. The green line represents the
beam centroid, the black arrows at the end of the beam line correspond
respectively to the 1 m radius of the tunnel (external arrows) and to
50 cm (internal arrows)

normal-conducting, conventional devices to reduce the
cost and complexity of the neutrino beamline.

The optics were optimized requiring TRANSPORT to min-
imize the total length of the transfer line and constrain the
beam size in both planes at the tunnel exit (see Fig. 5).

The reference TRANSPORT beam has a momentum of
8.5 GeV/c with a momentum bite of 5%. The momentum
bite considered in the optics optimization is smaller than the
final momentum bite used by ENUBET (10%) due to tertiary
interactions, i.e. the spread that is expected moving from the
optics simulation to the full tracking and interaction simu-
lation. There are several possible configurations in terms of
magnetic elements that can be used to transport kaons and
pions to the instrumented decay tunnel. The best one achieved
in this optics optimization phase consists of a quadrupole
triplet followed by a bending dipole, a pair of quadrupoles,
another bending dipole identical to the first one, and a final
quadrupole (see Fig. 9). The two dipoles are based on exist-
ing CERN magnets that can be operated up to 1.8 T with
a field length of 2.038 m and an aperture of 300 mm. Each
dipole provides a bending angle of 7.4◦, for a total bending
of the beam with respect to the primary proton line of 14.8◦.
Fields at poles in the quadrupoles are kept below 11 kG, for
an aperture radius of 15 cm. The result of the optics design
is shown in Fig. 5.

Once the beam optics is designed, the full beamline was
implemented and simulated into particle tracking and inter-
action codes: FLUKA, GEANT4, and G4beamline [44], with
the addition of absorbers and collimators between elements,
a Tungsten foil after the target to screen positrons that would
otherwise reach the tagger and contribute to the background,
a low power hadron dump at the end of the decay tunnel
and the proton dump. This is a fundamental step of a sec-
ondary beamline design since the optics design programs
are limited to the decay- and interaction-less propagation of
the particles within the momentum bite. In a real secondary
beamline as the ENUBET transfer line, many undesired par-
ticles move from the target down to the decay tunnel, together
with the products of interactions with collimators, shielding,
and materials around the beamline. The beamline was imple-
mented both in G4Beamline and GEANT4. G4Beamline is
a standard tool used for secondary beamline simulation and
development: it is built on top of GEANT4 and relies on it for
all physics processes, providing a higher-level interface and
several preset configurations to speed up code development
and simulation times (e.g. precise and automatic implemen-
tation of standard beamline magnets and their fields). Using
this program was thus ideal for the rapid development and
first optimization of the ENUBET beamline. On the other
hand, using directly GEANT4 allows for superior control and
customization of the whole simulation process: the GEANT4
implementation of the ENUBET beamline allowed to retain
and analyze the full particle history and better assess the
systematics of the neutrino beam (see Sect. 9). This model
was also used to perform the final optimization phase of the
beamline. The FLUKA code was instrumental in the simu-
lation of the meson yields after the target (Sect. 4) and to
evaluate the doses at the beamline elements and the instru-
mentation (Sect. 7). The interaction of the primary proton
beam in the target is thus simulated with FLUKA and the
exiting particles are used as input for the complete transfer
line simulation. The graphite target is shielded with concrete
on the upstream side, while it faces the first copper collima-
tor of the quadrupole triplet on the downstream side. A 5 cm
thick tungsten foil (∼ 14.3 X0, 0.5 λ0) is placed just after
the target in order to filter out excess positrons produced by
the 400 GeV protons interaction with graphite. This solution
is commonly employed in fixed target experiments and, in
particular, in kaon physics experiments when positrons and
electrons originating from the target constitute a potential
background [45]. The target block with the tungsten foil is
shown in Fig. 6.

Differently from the usual case, where the positron fil-
ter is placed on a beam waist, ENUBET employs it almost
as a second target. The overall positron energy reduction
from a standard-placed filter along the beamline would have
increased the number of low-energy background positrons
that hit the tunnel walls or significantly impact the hadron
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Fig. 6 Target (red) and concrete shielding (yellow), first quadrupoles
copper shielding (blue) and Tungsten foil for absorption of target
positrons (black layer downstream the yellow shield)

Fig. 7 Momentum distributions of the positrons entering the decay
tunnel for different values of the Tungsten filter thickness

beam parameters if too thick. Conversely, using the filter
just after the graphite target does not cause a shifting of the
positron spectrum, but leads to an overall decrease of the
positron background in the target (see Fig. 7).

The transfer line is designed to transport on-momentum
positrons (peak centered at 8.5 GeV/c in Fig. 7) across the
decay tunnel without hitting the walls, so the main contri-
bution to the background is given by the low-momentum
tail (below 6 GeV/c), despite its lower number of particles.
The final thickness of the ENUBET tungsten filter was cho-
sen with a dedicated study based on GEANT4, in which the
signal-to-noise ratios and the overall flux reductions were
analyzed as a function of the filter thickness, as shown in
Fig. 8.

The beamline collimation has been designed using cop-
per blocks for the first quadrupole triplet and the momentum
collimator, while in the second half of the beamline, the col-
limators are made of Inermet180, a heavier Tungsten-based
alloy employed for the LHC collimators [46].

As shown in Fig. 9, all collimators but two are imple-
mented with rectangular apertures. The momentum collima-
tor, located after the first dipole, contains two pipes, one for

Fig. 8 Results of the tungsten foil thickness scan. The foil is placed just
after the graphite target. Black line: Ratio of background positrons to
signal positrons (i.e. Ke3 positrons) hitting the walls of the instrumented
decay tunnel. Red line: Surviving fraction of the kaon flux at the entrance
of the decay tunnel

Fig. 9 Details of the beamline: in blue the copper collimators, in pur-
ple the Inermet180 collimators. Quadrupoles and dipoles are shown
respectively in gray and orange. The target (red cylinder) is surrounded
by concrete shielding

the bent 8.5 GeV beam and the other for the straight 400 GeV
protons. The last Inermet collimator features a conical aper-
ture, larger on the downstream side. Finding the best colli-
mation configuration of a secondary beamline like the one
of ENUBET is a challenging task: a significant number of
unwanted and off-momentum particles travel to the decay
tunnel, interacting with the beamline elements and generat-
ing even more background particles. It is a multi-parameter
problem that can only be solved with intensive numerical
simulations. For this reason, we employed a numerical opti-
mization approach relying on a meta-heuristic population-
based method like the genetic algorithm also used for the
nuSTORM horn optimization [32,47,48]. The optimization
framework developed in [32] for the horn optimization in
ENUBET was significantly upgraded for this task since the
beamline simulation is much more CPU intensive. In the
computing cluster that we used for the optimization (CC
IN2P3 [49]) the simulation of a single job of 105 protons-on-
target (pot) takes from 8 to 14 hours of CPU time and must
be parallelized up to 3000 jobs. The optimizer workflow that
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Fig. 10 Scheme of the upgraded ENUBET optimization framework:
the user can fully perform optimization by using a custom high-level
instruction language (user layer). Multiple physics simulations can be
developed and prepared for optimization (physics layer). The optimizer
code will automatically handle the physics parameters, the computing
cluster operations, and the FOM evaluation and combination for the
optimization algorithm

carries out this optimization task is depicted in Fig. 10. It is
based on a high-level instruction language (user layer) that
defines the parameters and the figure of merit (FOM). The
optimizer generates a set of parallel jobs by means of an opti-
mization layer to achieve the configuration with the optimal
FOM.

For the case of the ENUBET beamline, the collimators
most influencing the signal-to-noise ratio were the last two
Inermet ones before the decay tunnel: the optimization was
thus set as a 5-parameters problem consisting in the radii
of the conical aperture of the last collimator, its length and
the half apertures of the next to last collimator. The figure of
merit is the ratio between the background and signal positrons
hitting the tunnel walls. To further speed up the optimization
process:

– for the signal positrons, the Ke3 branching ratio was set
to 100% once kaons enter the decay tunnel; this leads to

a statistics increase of about a factor 20, with no modifi-
cations in any positron distribution;

– background positrons were selected after a cut in the
momentum of particles coming from the target (from 7
to 100 GeV/c) allowing electromagnetic processes only.
This leads to a speed-up of about a factor 10 with a statis-
tics reduction of a factor � 2.

These two configurations – corresponding to signal and back-
ground respectively – were run as two separate simulations
(see Fig. 10). 20 beamlines were run in parallel and set the
population size: 20 Mpot for the signal case and 25 Mpot for
the background case. Convergence was reached in about 50
iterations. The impact of different parameters on the figure of
merit is shown in Fig. 11. The optimizer favors a longer last
collimator and a tighter downstream radius before the decay
tunnel. The second to last collimator, on the other hand, better
performs when we set a high aperture.

The signal and background positron distributions at the
end of the optimization process (Figs. 12 and 13) show the
improvement with respect to the non-optimized version of
the beamline.

The final length of the last collimator is ∼ 2.8 m, for a
total length of the transfer line up to the tagger entrance of
26.7 m.

The flux at the tunnel entrance for 8.5 GeV/c particles
in a 10% momentum bite is 0.4 × 10−3/pot for K+ and
4.6 × 10−3/pot for π+. The momentum spectra at the tagger
entrance with the GEANT4 simulation in standard mode (i.e.
with the nominal Ke3 BR) of the final optimized beamline
are shown in Fig. 14.

The final design of the hadron dump at the tagger exit is the
result of a dedicated study. It is placed 2 m after the tagger exit
and was designed to reduce the background due to backscat-
tering particles reaching the decay tunnel instrumentation.
It is composed of a graphite core (50 cm diameter) placed
inside a layer of iron (1 m diameter) covered by borated con-
crete (4 m diameter). Additional borated concrete (1 m thick)
is placed in front of the hadron dump leaving an opening for
the beam (see Fig. 1). This dump configuration is commonly
employed in secondary beamlines to reduce neutron flux. In

Fig. 11 Figure of merit (objective value) as a function of the optimization parameters of the last collimator, which proved to be the most critical
one for the final result. R1 and R2 are the upstream and downstream aperture radii of the last collimator, and DZ its half-length
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Fig. 12 Background positrons hitting the tunnel walls. Top: Momen-
tum distribution. Bottom: Impact point along the tunnel

the last few meters of the tunnel where the neutron fluence
is more critical, the ratio between neutrons from the hadron
dump hitting the tagger with respect to those one would get
with a simpler block of iron is ∼ 0.2, as shown in Fig. 15.

The proton dump has a similar design with three cylindri-
cal layers: a 3 m long graphite core, surrounded by aluminum,
which in turn is covered by iron. It is placed at the end of a
pipe for the primary 400 GeV proton beam that is filled with
air and surrounded by concrete walls (see Fig. 1).

6 Decay tunnel instrumentation

The detector technology for the instrumentation of the decay
tunnel was investigated by the ENUBET collaboration from
2016 to 2022 [50–55] and culminated with the construction
of a Demonstrator: a 1.7 m long section of the instrumented
tunnel validated with a charged particle beam at the CERN
East Experimental Area [56,57]. The instrumentation com-
prises two detectors: a modular sampling calorimeter and a
photon veto (“t0 layer”). Each calorimeter module (Lateral-
readout Compact Module – LCM) is made of five slabs of
iron interleaved with tiles of plastic scintillators (Eljen EJ-

Fig. 13 Signal positrons hitting the tunnel walls. Top: Momentum dis-
tribution. Bottom: Impact point along the tunnel

Fig. 14 Momentum distribution of particles at the ENUBET tagger
entrance as obtained from the GEANT4 simulation after all optimiza-
tions

200). The slab and tile cross section is ∼ 3 × 3 cm2 and
the thickness is 1.5 and 0.7 cm, respectively. Each LCM thus
samples electromagnetic and hadronic showers every 4.3 X0.

Three radial layers of LCMs cover the walls of the tunnel at
R = 100, 103, and 106 cm as in Fig. 16. Each LCM covers an
azimuthal angle of 31 mrad and we have 200 LCM per layer
at fixed z, where z is the position along the tunnel axis. The
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Fig. 15 Ratio of neutron fluence resulting from the backscattering for
the optimized hadron dump and an iron dump as a function of the
longitudinal position along the tagger. In the last few meters – where
the neutron background is dominated by backscattering – the ratio is
∼ 0.2

dimension of the LCM is a compromise between the need for
high-granularity modules for pile-up reduction and particle
identification and the total cost of the tunnel instrumentation
(< 10% of the cost of the facility). In the ENUBET Demon-
strator, the light produced by charged particles in the tiles is
trapped inside the tiles by a diffusive coating (Eljen EJ-510)
deposited on the tile surfaces. The only areas that are not cov-
ered by the diffuser are the grooves positioned in the back
of the tile. Two WLS optical fibers (Y11, Kuraray) are glued
to the grooves using an Eljen optical glue (EJ-500) with a
refraction index similar to the plastic scintillator. As a con-
sequence, part of the light impinges on the WLS fibers and
is re-emitted at λ ∼ 440 inside the fiber, transported outside
the calorimeter, and recorded by a 4 × 4 mm2 Silicon Pho-
tomultiplier (SiPM). All (ten) fibers belonging to the same
LCM are grouped and optically connected to the same SiPM
after crossing a 30 cm borated polyethylene shielding (see
Figs. 16 and 17) that protects the photosensors from neutron
irradiation in the tunnel (see Sect. 7). Each calorimeter mod-
ule corresponds to one electronic channel. The SiPM output
signal is connected to a digitizer that samples the waveform
and sends them to the DAQ. The photon veto is made of
a doublet of tiles identical to the tiles of the calorimeter.
Each tile is read out by two WLS fibers and one 1 × 1 mm2

SiPM. Since each tile of the doublet is read out separately,
the t0 layer provides a detector to veto photons (no signal in
any tile of the doublet) and converted photons (two mip-like
signals in one or two tiles of the doublet) against charged
particles (one mip-like signal per tile). The light produced at
the tiles of the photon veto is transported by Y11 Kuraray
WLS fibers running through the first two LCM tiles of each
layer by means of additional grooves. Since each doublet is
positioned just below the first tile of each LCM of the inner-
most layer (see Fig. 16), the photon veto also provides the
absolute time when a charged particle (a candidate positron
or muon) impinges on the tunnel wall. Testbeam data col-
lected at CERN in 2018 and 2022 show a time resolution of
400 ps when the waveform is sampled by a 1 GS/s digitizer
[55].

Fig. 16 Schematics of the ENUBET instrumented decay tunnel. The
three layers of modules of the calorimeter (light green) constitute the
inner wall of the tunnel. The rings of the scintillator tiles (doublets) of
the photon veto (yellow) are located just below the modules. The optical
fibers (not shown) bring the light to the outer part of the tunnel in the
radial direction. They cross the neutron shielding (light brown) where
the SiPMs (not shown) are positioned

The simulation of the detectors has been performed
using GEANT4. The simulation software includes the mate-
rial description (scintillator, passive materials, WLS bars,
grooves, and optical coatings), and it records the energy depo-
sition from the particles impinging in the calorimeter. Par-
ticles are tracked from the tunnel’s entrance using the out-
put of the GEANT4 simulation of the ENUBET beamline
described above. Tracking includes decay and interactions
inside the tunnel and the creation of electromagnetic and
hadronic showers originating from positrons, electrons, pho-
tons, and mesons. The energy deposition (MeV/LCM and
MeV/tile in the photon veto) is converted into the number of
photoelectrons (p.e.) at the SiPM using the test beam data col-
lected at CERN and employed to account for p.e. statistical
fluctuations (mean value: ∼ 15 p.e./MeV in an LCM [55]).
The simulation of the front-end electronics (SiPM response,
waveform generation, and peak reconstruction) is based on
the GossIP software package [58] and is described in Sect. 8.
The performance of the Demonstrator was measured in the
T9 beamline at the CERN-PS East Experimental area and is
detailed in [57]. These results confirm the GEANT4 detec-
tor simulation employed in this work. Thanks to the cost-
effectiveness of the detector and the small size of the ENU-
BET tunnel, we consider here a beamline where the decay
tunnel is fully instrumented by 2.2 × 105 LCMs. Full cov-
erage is not mandatory, indeed, because monitoring can be
performed by sampling a fraction of the tunnel length and
the minimum number of LCMs needed to reach the goal sys-
tematic budget is under evaluation [59].
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Fig. 17 The ENUBET demonstrator in the CERN T9 beamline. The
white layer between the inner part of the detector and the SiPM elec-
tronics is the borated polyethylene shielding. During the test, only 20%
of the detector (length: 80 cm, 18◦ coverage in the azimuthal angle)
was instrumented grouping the fibers and steering them to the SiPM
boards located on top of the black plastic guides above the shielding.
A test with an increase of the readout fraction by a factor 3 has been
performed in August 2023

7 Doses at the instrumentation and at the quadrupoles

The evaluation of ionizing and non-ionizing doses in the
beamline is a prominent task for the design of ENUBET.
Ionizing doses are key to evaluating the damage to the beam
components and, in particular, the first quadrupole located
in front of the target. Non-ionizing doses in the decay tun-
nel must be estimated to assess the potential damage to the
photosensors over the entire duration of the ENUBET run.

Doses in ENUBET were evaluated using FLUKA and
the beamline and detector geometry of Sects. 5 and 6 were
ported to this simulation framework, too. Since the FLUKA
geometry description is semi-automatically generated within
GEANT4 in the ENUBET software package, the FLUKA
model faithfully reproduces the GEANT4 and G4Beamline
ones. Based on the secondary meson yields described in
Sect. 4, we traced all particles down to the hadron dump
and computed doses in any critical component, accounting
for shielding in the hadron and proton beamline, and detector
shielding.

The map of the accumulated ionizing dose in Gy obtained
with FLUKA for 1020 pot is shown in Fig. 18 (top plot).
The dose at the hottest point of the quadrupole closest to the
target is < 300 kGy for 1020 pot. The maps in the proximity
of the target prove that conventional magnets can be operated
without risk in a monitored neutrino beam like ENUBET for
the entire duration of the data taking.

Neutron fluences (non-ionizing doses) are shown in
Fig. 18 (bottom plot) in units of neutrons/cm2/primary pro-
ton.

Even if non-ionizing doses are not critical for the ENU-
BET beamline, special attention must be paid to neutrons
reaching the outer part of the tunnel instrumentation where
the SiPMs are located. As mentioned in Sect. 6, the SiPMs
are protected by a shielding layer of Borated polyethylene
(BPE, 5% Boron concentration) with a thickness of 30 cm.
In Fig. 19 we show the distribution of the neutron fluence
(neutrons/pot/cm2) as a function of the longitudinal coor-
dinate along the tunnel (z), at the inner surface of the tag-
ger (black), at the surface between the iron and the BPE
(blue) and at the outer surface of the BPE (red). The neu-
tron reduction induced by adding the BPE layer amounts to
a factor of ∼ 18, averaging over the expected energy spec-
trum and it settles at about 7 × 10−11 n/pot/cm2 in the mid-
dle region of the tagger (7 × 109 n/cm2 for 1020 pot). The
bulk of neutrons reaching the SiPMs have kinetic energies of
O(10–100) MeV/c2 (Fig. 19, right). Modern SiPMs devel-
oped for collider physics can stand > 1012 neutrons/cm2

[60,61] and these sensors can be employed without risk
in the ENUBET instrumented decay tunnel. Commercial
SiPMs with a radiation hardness similar to the photosensors
employed in the ENUBET Demonstrator were irradiated up
to 1011 neutrons/cm2 in a dedicated campaign performed
in 2018 [53]. In ENUBET, these SiPMs retain sensitivity to
minimum-ionizing particles for neutron fluences that are > 3
times larger than the expected fluence in ENUBET.

8 Event simulation and reconstruction in the tagger

The ENUBET tagger uses G4TAG, a GEANT4 package that
simulates the detectors in the decay tunnel (Sect. 6). The sim-
ulation manages the propagation and decay up to the hadron
dump of particles provided by the GEANT4 simulation of
the transfer line with the static focusing system (Sect. 5)
and assumes a 2 s slow extraction with 4.5 × 1013 pot per
spill. The detector response is simulated at hit level, with
corrections from test beam data [55]. A software framework
based on GosSiP [58] simulates the sensor response and the
pile-up effects by generating waveforms from hits on each
channel. A full waveform reconstruction is being developed
by the ENUBET Collaboration to simulate and reconstruct
raw data. The results in the following use a simpler algorithm
that handles pile-up effects by adding the energy and averag-
ing the time of neighboring hits with a time difference below
1 ns.

The first step for the identification of leptons in the decay
tunnel is the event building; we correlate in space and time
hits in different LCMs and t0-layer tiles to select those
belonging to the same particle. Cuts at the event-builder
level are optimized to suppress beam halo particles and other
mesons’ decay modes. Reconstructed events are then pro-
cessed with a multivariate analysis based on the Multilayer
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Fig. 18 Top: Dose map in Gy for 1020 pot. The first quadrupole in the map is located between z � 200 and 500 cm. Bottom: 1-MeV-eq neutron
fluences

Fig. 19 Left: FLUKA estimate of neutrons/pot/cm2 as a function of
the longitudinal coordinate along the tagger. The black line represents
the fluence at the inner surface of the calorimeter, the blue one is com-
puted at the surface on top of the three LCM layers, the red one is at

the outer surface of the 30 cm of BPE i.e. the region where the SiPMs
operate. Right: the kinetic energy spectrum of neutrons (GeV) reaching
the SiPMS (magenta) and the neutron damage function for Silicon (red)
[62]
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perceptron Neural Network (NN) provided by the TMVA
toolkit [63] in order to disentangle the signal from the back-
ground. The signal sample for the NN training consists of
leptons from kaon decays, while the background sample
includes all particles produced by the full GEANT4 simu-
lation of the ENUBET beamline except for signal events.
Both samples are produced by G4TAG from a large sub-
sample of particles at the tunnel entrance reconstructed with
the same event-building algorithm, resulting in ∼ 104 events
for each sample. Two different reconstruction and analysis
chains, with specific cuts, NN training samples, and discrimi-
nating variables, are used for positrons and muons from kaon
decays, respectively. They are explained in the next two sec-
tions.

8.1 Particle selection and background: positrons

The event building algorithm for Ke3 is aimed at preselect-
ing positron candidates through the identification of a visible
energy deposit in the LCMs of the innermost layer exceed-
ing 28 MeV3 as a “seed” for the event reconstruction. LCM
and t0-layer signals correlated to the seed are then clustered
taking into account their position and timing. All the LCMs
in ±5 azimuthal sectors with respect to the seed one and in
longitudinal planes in the interval [−3, 10] around the seed
plane are taken into account for the event building. The nine
upstream t0-layer tiles in the same φ sector as the seed are
also sought for compatible hits. After correcting the time of
each hit for its distance from the seed, the ones in a time
window of ±1 ns with respect to the seed are considered.
A reconstructed event is selected for further analysis if at
least 10 hits are clustered. This procedure is iterated over all
recorded signals, discarding already clustered ones. On aver-
age ∼ 95% of the clustered hits belongs to the same event as
the seed.

The request of at least one calorimeter module (the event
seed) with an energy deposit largely exceeding the typi-
cal mip signal determines a relevant reduction of the halo
muons and non-interacting hadrons background that can be
further suppressed by exploiting their single-track topology.
The photon background originated from interactions of stray
particles with the elements of the beamline and from π0 pro-
duced in kaon decays, can be effectively suppressed by means
of the t0-layer. The rejection of the hadronic background, due
to off-momentum particles and to pions generated in most of
the kaon decay modes, benefits from the longitudinal, trans-
verse, and radial segmentation of the calorimeter since elec-
tromagnetic showers develop inside a few LCMs, while the
energy deposit pattern of a hadronic shower encompasses
tens of LCMs. We defined a set of 19 discriminating vari-

3 The Landau fit of the energy released by a mip in an LCM has a most
probable value of ∼6.5 MeV.

ables in order to exploit differences in the energy deposition
pattern in the tagger. These quantities feed the input layer
of the NN. This layer also includes the event position in the
transverse and longitudinal direction since positrons from
kaon decays impact mostly the downstream part of the tun-
nel with a uniform distribution in φ, while off-momentum
particles lay mostly on the bending plane intercepting the
initial part of the tunnel. The NN implemented in this way
allows monitoring Ke3 positrons with an efficiency of 20%
implying a signal-to-noise (S/N) ratio exceeding 2.

Figure 20 shows four of the NN variables: from left to
right, the fraction of energy in the LCM of the first calorime-
ter layer with the largest energy deposition, and in the down-
stream one (1), the fraction of energy of the LCMs in the
same φ sector as the seed (2), the total number of LCM hits
clustered in the event (3), the energy deposition in the most
upstream t0-layer tile (4). The top row shows variables at the
event building level, while on the bottom row the same vari-
ables are depicted after applying a cut on the NN classifier
that maximizes the product of the efficiency in the selection
of Ke3 events and its purity. The working point chosen this
way is reported with the green marker over the ROC curve of
the NN shown in Fig. 21. The NN at the working point gives
a positron selection efficiency, including the geometrical one
(∼ 53%), of 25.1%, and a S/N = 1.6.

Figure 22 shows the longitudinal position z along the
decay tunnel of the particles before and after the NN cut.
The total visible energy of the events is shown in Fig. 23.
These two observables play a special role. They are used
as priors to reduce the systematic uncertainty in the νe flux.
The fitting procedure described in Sect. 9 combines standard
information available in any neutrino beam (hadroproduc-
tion data, estimated flux from MC simulation, etc.) with the
unique features of a monitored neutrino beam: the space and
energy distribution of the positrons produced in the decay
tunnel and their absolute rate. As discussed in Sect. 9, moni-
toring positrons with the afore-mentioned efficiency and S/N
is enough to reduce the leading systematics uncertainties on
the flux below 1%. Further improvements are obtained by
combining the muon sample described below. As can be seen
from the figures, the dominant background at the event build-
ing level, represented by hadronic decays of kaons (in yel-
low), non-collimated pions coming directly from the target
or from early decays in the transfer line (in green), and pho-
tons from the beamline (in orange) are efficiently suppressed
by the NN classifier, while halo positrons produced in the
beamline and transported to the walls of the tunnel (black)
are left as the main component of the background.

8.2 Particle selection and background: muons

As anticipated in Sect. 1, the goal of ENUBET has been
extended to monitor the νμ component of the neutrino flux
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Fig. 20 The four most representative variables fed to the input layer of
the Neural Network for positron identification before (top row) and after
(bottom row) the cut on NN classifier. See the text for the definition of
variables. Variable 4 (energy deposited in the most upstream t0-layer)

is reported in log-scale on the top row to highlight the main structures
of the distribution, including the two mip-like signal at ∼ 2.5 MeV due
to photon conversions in the scintillator
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Fig. 21 Signal efficiency versus signal-to-noise ratio for the Ke3 event
selection. The green marker corresponds to the working point for signal
selection, that is the point in the curve maximizing the product between
signal efficiency and purity

at the detector. The νμ flux is given by two well-separated
populations. A low-energy component originating from the
two-body decays of π+ and a high-energy component from
K+. The two components can be easily separated at the neu-
trino detector by a visible energy cut (∼ 4 GeV – see Fig. 27)
for charged-current (CC) events.

As for the case of the νe flux, the goal of monitoring the νμ

flux is achieved by identifying the muons produced together
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Fig. 22 Longitudinal position of the reconstructed events, before (left)
and after (right) the cut on the NN classifier
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Fig. 23 Visible energy of the reconstructed events, before (left) and
after (right) the cut on the NN classifier

with the neutrinos in the two-body decays of K+ and π+.

Thanks to the larger kaon mass with respect to pions, the for-
mer are less boosted, and their decay is such that the produced
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Fig. 24 Example of 4 out of the 13 observable distributions identified
for the training of the NN for muon PID analysis. The distributions are
shown before (top row) and after (bottom row) performing the cut on the
NN classifier output. The observables are computed from the clustered

tracks of muon candidates, and from left to right are: the multiplicity
of energy deposition in the t0 layer; the impact point along the beam
direction in the first layer of the calorimeter; the total visible energy
deposition; the angle of the track with respect to the beam direction

muons are inside the geometrical acceptance of the instru-
mented decay tunnel (the average emission angle for muons
from kaon is 60 mrad). Conversely, the highly boosted pions
emit muons in the very forward region, outside the calorime-
ter geometrical acceptance. Monitoring of the low energy νμ

component can then be achieved by instrumenting the hadron
dump, placed right after the decay tunnel, with muon stations
to measure the range-out of muons from pions. An R&D
study for the development of such a system is being pursued
in the framework of the ENUBET and PIMENT (Picosec-
ond Micromegas for ENUBET) [64] projects and will be the
topic of a forthcoming publication.

Muons generated by kaon decays have an energy range
of ∼ 0.3−9 GeV, and interact as mips when crossing the
calorimeter, releasing about 7 MeV in an LCM independently
of the muon energy until they escape the calorimeter or range
out. Their peculiar energy deposition pattern is key to muon
identification in ENUBET and the NN classifier achieves
even better efficiency and purity. ENUBET is equipped with a
dedicated event-building algorithm for muons. The expected
pattern for a muon crossing the calorimeter is a set of adjacent
modules, each with an energy deposit in the scintillators of
∼ 6−8 MeV, forming a straight line that starts from the muon
impact point in the inner calorimeter wall and proceeds out-
ward the three radial layers in the forward direction. A muon
reconstruction starts as soon as a visible energy deposit com-
patible with a mip (energy between 5 and 15 MeV) is found in
an LCM in the innermost layer of the calorimeter. This energy

deposit is the seed for the hit clustering algorithm, where all
other LCMs and photon-veto doublets whose energy deposits
have a position in space compatible with that of a muon track
are grouped together in a muon event candidate. The abso-
lute time of the LCM energy deposits (precision: 1 ns) is
exploited in the clusterization, and the final muon candidate
is a collection of only those energy deposits compatible with
the propagation of a muon both in space and time. Thanks to
the unique topology of muon energy deposits compared with
those produced by electromagnetic and hadronic showers
(way more confined in space and involving different close-by
LCMs), a good rejection of backgrounds is already obtained
at the event building level. A muon candidate is required to
have at least 7 LCMs clustered to the track along the lon-
gitudinal direction. This selection allows rejecting most of
the electromagnetic and hadronic showers, reaching a signal
efficiency of ε = 40.6% and a S/N ∼ 1.1 already at this
stage. An important contribution to the background that can-
not be reduced by the event builder is due to muons produced
along the beamline (purple in Fig. 24), which do not originate
from kaon decays in the tunnel. The primary sources of this
background are halo muons from mesons decays along the
transfer line, plus a subdominant contribution from decays of
off-momentum pions in the tunnel, whose muons may cross
the tunnel walls. Other minor background contributions are
punch-through pions, i.e. non interacting pions produced by
hadronic showers in the calorimeter (π → μ misidentifica-
tion – cyan in Fig. 24) and muons from other kaon decay
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modes than Kμ2 ≡ K+ → μ+νμ (e.g. muons from the
decay-in-flight of pions in K+ hadronic decays – yellow in
Fig. 24).

As for positrons, an enhancement of the muon PID per-
formance is achieved by training a Neural Network for the
selection of muons from K+ decays. Therefore, a crucial
task is the identification of observables showing a difference
in the shape of their distribution between signal muons and
backgrounds. Further suppression of π → μ misidentified
events is achieved by exploiting variables that account for
the energy deposition pattern in the calorimeter. On average
muons deposit less energy in the calorimeter with respect to
pions, thus energy related variables have a good discrimi-
nation power for these events. Furthermore, the NN exploits
isolation variables since the energy around the clustered track
is low for candidate muons. Concerning the halo muons, the
differences in their topology with respect to signal muons
help to select a high-purity signal sample, while keeping a
high selection efficiency. Given the kinematics of K+ decays
inside the tagger, signal muons impact the calorimeter mostly
in the forward region and uniformly in the azimuthal coor-
dinate φ. Halo muons are particles that are not focused by
the transfer line and lay outside the momentum bite. They
mostly impact in the first half of the calorimeter region or
have φ = 0, π. These φ values correspond to the bending
plane, where halo muons are clustered.

A subset of the identified variables with good discrimi-
nation power is shown in Fig. 24-top. These variables are
fed to the input layer of the NN and used to train the NN
on clustered muon tracks from a pure signal sample, made
out of muons from K+ two body decay and Kμ3, and a pure
background sample, comprising all other particles impacting
on the calorimeter. The trained network is then applied to the
sample of candidate clustered muons, to select a high-purity
signal sample by applying a cut on the network classifier.
The working point cut is optimized to maximize both sig-
nal selection efficiency and purity. The ROC curve of the
trained NN, reporting the full PID performance of the muon
analysis, is shown in Fig. 25. At the working point, the NN
shows a signal selection efficiency of ε = 35.6%, including
the geometrical acceptance, and an S/N = 5.2. In the bottom
row of Fig. 24 we show the input variable distributions after
performing the NN selection. After the NN classifier cut,
the remaining backgrounds are halo muons with the same
topology as Kμ2 muons and other kaon decay modes.

9 Neutrino fluxes

The beamline developed for monitored neutrino beams and
presented in this paper has been optimized to maximize the
number of neutrinos that are produced within the decay tun-
nel. At the same time, the beamline design is such as to keep
as low as possible the neutrinos with energy in the region of
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Fig. 25 Signal efficiency versus signal-to-noise ratio for the Kμ2 and
Kμ3 event selection. The green marker corresponds to the working point
for signal selection, that is the point in the curve maximizing the product
between signal efficiency and purity

interest produced from decays outside the tunnel and reach-
ing the detector. Considering a neutrino detector with a mass
of 500 t, a front face of 6 × 6 m2 orthogonal to the neutrino
beam, and placed 50 m from the tunnel end, the energy spec-
tra of νe and νμ interacting through charged-current (CC)
within the detector are shown in Figs. 26 and 27, respec-
tively. The total spectra are split into components defined by
the point of origin of neutrinos within the facility. Focus-
ing on the νCCe in Fig. 26, the neutrinos produced within
the tagger volume (shown in red) can be directly monitored
by measuring the corresponding positrons produced in the
decays if they are in the acceptance of the tunnel instru-
mentation, and are well separated in energy from the lower
energy neutrinos. The latter, are originated mainly from early
decays happening in the first part of the beamline, before the
first bending (section comprising the quadrupole triplet) and
decays in the concrete shielding. Other contributions come
from the proton-dump, where secondaries are produced by
the dumping of the primary protons, and the region of the
beamline between first and second bending. A simple energy
cut at Eν > 1.5 GeV, allows discarding the non-taggable
low-energy neutrino component. After the cut, the selected
νCCe sample consists of 67.8% neutrinos from kaon decays in
the tunnel volume. This is the component that can be directly
monitored. A subsample of 3.8% neutrinos is still produced
within the tunnel region but from muon decays in flight.
The remaining 28.4% neutrino sample cannot be monitored,
given that they are produced outside the instrumented tunnel.
Nevertheless, their contribution can be accounted for by the
simulation. The dominant contribution to this sample comes
by decays in the concrete shielding and by focused particles
that keep decaying in the space between the tunnel end and
the hadron-dump, 15%; by decays in the straight part of the
beamline after the second bending dipole, facing the tunnel
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Fig. 26 Top: Energy spectra of the νe interacting in the detector via
CC, normalized to 1 pot. We consider a 500 t detector with 6×6 m2 front
face, orthogonal to the neutrino beam, placed 50 m from the decay tun-
nel end. Each spectrum corresponds to the νCCe interactions for which
the origin point of the neutrinos is located in a specific region of the

ENUBET facility. The red spectrum represents νCCe interactions where
the neutrinos are produced within the decay tunnel volume (see text for
further information). Bottom: fraction of each spectrum relative to the
total νCCe interactions
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Fig. 27 Top: Energy spectra of the νμ interacting in the detector via
CC, normalized to 1 pot. The two populations are related to the neu-
trinos produced in the two body decay of pions, lower energy spectra
(Eνμ < 4 GeV), and to the two body decay of kaons, higher energy spec-
tra (Eνμ > 4 GeV). We consider a 500-ton detector with 6 × 6 m2 front
face, orthogonal to the neutrino beam, placed 50 m from the decay tun-

nel end. Each spectrum corresponds to the νCCμ interactions for which
the origin point of the neutrinos is located in a specific region of the
ENUBET facility. The red spectrum represents νCCμ interactions where
the neutrinos are produced within the decay tunnel volume (see text for
further information). Bottom: fraction of each spectrum relative to the
total νCCμ interactions
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entrance, and in the hadron-dump, 4.3%; and by decays in
the region of the beamline between the two bending dipoles,
3.2%. Assuming 4.5×1019 pot/year at the SPS, a total of 104

νCCe interactions in the detector, due to neutrinos produced
by kaon decays within the tunnel volume, can be reached in
2.3 years.

Thanks to the narrow band beam, the νCCμ spectra reported
in Fig. 27 are characterized by two populations well sep-
arated in energy, due to the two body decays of pions, at
lower energies (Eν < 4 GeV), and kaons, at higher energies
(Eν > 4 GeV). Unlike the case of νCCe , among the two com-
ponents of νCCμ from neutrinos produced within the tagger
volume (shown in red), only the one produced by kaon decays
can be directly monitored by measuring the corresponding
muons crossing the calorimeter, as discussed in Sect. 8.2.
The sample of νCCμ with Eν > 4 GeV consists of 79.7% neu-
trinos produced by kaon decays in the tunnel volume. The
remaining 20.3% is produced outside the decay tunnel and
thus cannot be monitored, but can be accounted for by the
simulation. Similarly to the νCCe , the larger contribution to
this sample comes by decays in the concrete shielding and
by focused particles that keep decaying in the space between
the tunnel end and the hadron-dump, 14.5%, and by decays
in the straight part of the beamline after the second bending
dipole, facing the tunnel entrance, and in the hadron-dump,
4.9%. Assuming again the SPS, a total statistic of 105 νCCμ

interactions in the detector, due to neutrinos produced by
kaon decays within the tunnel volume, can be reached in
1.1 years.

As pointed out in Sect. 2, the neutrino flux at the detector
would be limited in precision to 5–10% in a conventional
neutrino beam. Uncertainties on the hadroproduction, that is
the production of mesons due to the interactions of primary
protons in the target material, dominate this systematic value
on the neutrino flux. By counting the leptons coming from
mesons decays, the ENUBET monitoring technique allows
overcoming the hadroproduction uncertainties, thus consid-
erably enhancing the neutrino flux precision. The strategy
that we developed to assess the impact of the monitoring
technique on the neutrino flux precision is based on the fol-
lowing workflow. A realistic hadroproduction model [65] is
fitted to data from NA56/SPY [66] and NA20 [67] experi-
ments that used 450 and 400 GeV/c protons on target, respec-
tively. Thanks to the GEANT4 simulation of the ENUBET
facility, mesons outgoing the target, leptons measured in the
instrumented tagger, and neutrinos crossing the detector are
directly linked, through their evolution histories in the simu-
lation. Therefore, the effect of the hadroproduction uncertain-
ties can be propagated to the lepton observables measured in
the calorimeter and to the neutrino flux. The uncertainty prop-
agation is performed by reweighting the Monte Carlo events
using the hadroproduction model, where the model param-
eters are varied taking into account the covariance matrix

from the fit to data. For each extraction of the hadroproduc-
tion parameters, a new set of MC events is obtained, corre-
sponding to a possible realization of the hadroproduction data
within their errors. This method is known as multi-universe
[68,69]. From the sets of MC events, the covariance matrices
of the lepton observables are computed. Moreover, nominal
distributions for lepton observables are built by reweighting
the MC events using the hadroproduction model with nomi-
nal parameters. A signal plus background model probability
density function (PDF) is then assembled by combining the
nominal lepton observables and their variations computed
from the observables covariance matrices. Pseudo-data are
generated out of one of the MC sets, and fitted by building
an extended maximum likelihood (EML) from the model
PDF. The EML fit is validated through toy-MC experiments
generated with the MC sets obtained by applying the multi-
universe method. The RooFit package [70] from ROOT is
exploited to build the model PDF, perform EML fits, and
generate pseudo-data. Given the high correlation between
the lepton observables and the produced neutrinos, the EML
fit result allows us to set a strong constraint on the flux. The
model PDF parametrizes the variation of the lepton observ-
ables induced by the hadroproduction and directly constrains
the hadroproduction yields through the EML fit. The prop-
agation of the residual uncertainties from the constrained
hadroproduction model through the multi-universe method
allows for computing the neutrino flux covariance matrix
after the lepton monitoring is introduced (post-fit result). The
result from the described workflow shows that the residual
systematic on the neutrino flux due to hadroproduction is
of O(1%), for both νe and νμ. The same workflow can be
extended to determine the impact of the detector effect and
beamline subdominant systematics on the neutrino flux. A
detailed account of the described procedure, including the
results of the assessment of all neutrino flux systematics,
will be the topic of a forthcoming publication [59].

10 Energy measurement with the off-axis narrow band
beam technique

The narrow momentum width of the beam (O(5–10%)) can
be exploited to provide the neutrino energy on an event-by-
event basis, thanks to its correlation with the radial position of
the interaction vertex in the neutrino detector. This would be
valid for both muon neutrinos from pions and kaons produced
by the ENUBET beamline, which can be fully separated in
terms of the energy to impact radius dependency, as shown
in Fig. 28. We refer to this method as “narrow band off-axis”
(NBOA).

The determination of the neutrino energy at the source
with enough precision mitigates the uncertainties related to
its measurement through the reconstruction of the final state,
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Fig. 28 Distribution of muon neutrinos events at the neutrino detector
in the energy versus impact radius plane. The kaon and pion neutrinos
from the decay tunnel have a clear radius-energy correlation and can
be well separated. The background neutrinos coming from the rest of
the beamline and target station mostly impact the lower energies and
higher radii

Fig. 29 Energy distributions of νμ events from the decay tunnel at
different detector radii. Each distribution represents a ±10 cm radius
interval around its central value

thus allowing to naturally produce differential cross sec-
tions as a function of neutrino energy without large model-
dependent unfolding uncertainties. The kaon and pion neu-
trino components coming from the decay tunnel for different
detector radii are shown in Fig. 29, where it is possible to
observe their separation in energy coming from the narrow
band design of the beamline.

The high energy kaon component of the spectra can be
separated from the pion component and the low energy back-
ground with a cut on the reconstructed energy. The width of
the pion peaks at different radii can then be used as an esti-
mator of the precision on the incoming neutrino energy. As
shown in Fig. 30, the precision ranges from 10 to 25% in the
DUNE energy domain (up to 2 GeV neutrino energy), for
which the ENUBET beam is optimized. The worsening of

Fig. 30 Energy to impact radius dependency for νμ CC events for pion
(black points laying at Eν < 4 GeV) and kaon neutrinos (blue points
laying at Eν > 4 GeV). The events are integrated every 20 cm along
the detector impact radius dimension: the energy point represents the
mean of the distribution, while the error bars its ±σ interval. For the
pion neutrino case (low energy) the energy-radius dependency holds up
to 2 m radius, with fractional 1σ intervals that go from � 10%, to 25%
at 2 GeV, and then worsening up to 45% at higher radii and low energy.
For the kaon case, it stays within 8 and 15% up to 4 m

the performance at higher radii and lower energy is due to
the neutrino background coming from the beamline, target
station, proton dump, and the divergence of the kaon beam.
This contribution is heavily suppressed for the higher energy
kaon neutrinos, where the performance is significantly better.
For this sample, the energy resolution never exceeds 15%.

11 Time tagged neutrinos

The combination of a slow proton extraction scheme together
with a static transfer line not only provides a solid ground for
the development of monitored neutrino beams but represents
an opportunity to build for the first time a tagged neutrino
beam (see Sect. 2). In tagged beams, each interacting νe at
the detector is associated with the Ke3 decay that generated
it through time coincidence between the interacting neutrino
and the positron reconstructed at the tagger. The same method
can be employed for νμ events originating from pion or kaon
decays.

Tagged neutrino beams offer unprecedented opportunities
to the physics of neutrinos because they uniquely identify
the neutrino flavor at the source by the observation of the
charged lepton. Further, the kinematic reconstruction of the
particles in the decay tunnel constrains the neutrino energy
well beyond the precision achieved in Sect. 10. For the ENU-
BET facility, Figs. 31 and 32 show the distribution of the
time difference between a νCCe in the neutrino detector and
the corresponding positron observed in the decay tunnel, for
an extraction spill of 4.8 s. Events are normalized to 1 year
of data-taking (4.5 × 1019 pot). We assume perfect time res-
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Fig. 31 Distribution of time differences between all time tagged pairs
of νCCe and positron events within a ±2 ns time window. True matches
(red) are tagged pairs from the same Ke3 decays, whereas fake matches
are tagged pairs between unrelated candidate positrons and νCCe where
the neutrino is produced inside (green) or outside (blue) the tagger vol-
ume. The spread of the peak from true matches is due only to the intrinsic
resolution from kinematics. The subdominant peak around 300 ps is due
to true matches from Ke3 happening outside the tagger volume (see text)

olution for the distribution of Fig. 31, whereas in Fig. 32 we
assume a time resolution of δt = 200 ps for both the neu-
trino detector and the tunnel instrumentation. We consider a
spatial resolution of 1 cm for the neutrino interaction vertex
position, comparable with the resolution of ProtoDUNE-SP.
Starting from the positron sample selected in Sect. 8.1, the
time-tagging algorithm matches each positron to the closest
in-time neutrino interaction. A cut on the neutrino energy of
Eν > 1.5 GeV is applied to discard the low-energy com-
ponent from neutrinos produced outside the tagger, which
would contribute to the fake match sample (the blue compo-
nent in Figs. 31 and 32). Since the position of the neutrino
production vertex is unknown, the time difference is com-
puted from the time of the positron interaction in the tunnel
wall (identified by the seed time) and the time of the neutrino
interaction at the detector. The neutrino time is corrected by
the time of flight, 
/c, between the positron impact point in
the calorimeter (identified by the LCM corresponding to the
seed deposit) and the neutrino interaction vertex.

A clear peak is visible in the distributions of Figs. 31
and 32, and is due to true matches between νe and positron
pairs coming from the same Ke3 decay within the tunnel vol-
ume. Figure 31 features a subdominant peak around 300 ps,
due to true matches from Ke3 decays happening in the trans-
fer line after the second dipole, before entering the tagger.
The peak offset is related to the geometrical acceptance of
this kind of events, which selects only Ke3 decays with pecu-
liar kinematics, for which 
/c is underestimated. On the other
hand, the flat distribution sitting below the peak is due to fake
matches of νe and positron pairs, which are not produced in
the same decay event. The main contributions to the fake

Fig. 32 Distribution of time differences between all time tagged pairs
of νCCe and positron events within a ±2 ns time window. True matches
(red) are tagged pairs from the same Ke3 decays, whereas fake matches
are tagged pairs between unrelated candidate positrons and νCCe where
the neutrino is produced inside (green) or outside (blue) the tagger
volume. The spread of the peak from true matches is due to the intrinsic
resolution from kinematics and the resolution of the detectors (see text)

Fig. 33 Efficiency of tagging a νe–e+ pair from the same Ke3 as a func-
tion of the neutrino detector resolution. An extraction spill of 4.8 s and
a t0 layer time resolution of δttag = 200 ps (blue lines) are considered.
The effect of a 1.5σ (solid-line), 2σ (dashed-line) and 3σ (dotted-line)
cut around the peak is also reported. As a comparison, the efficiency
corresponding to an extraction spill of 6 s, a δttag = 100 ps and a 1.5σ

cut around the peak is also shown (red line)

matches come from (1) real Ke3 decays within the tunnel,
where the neutrino and the positron are produced by two dif-
ferent decays, (2) other kaon decay channels, where the pions
are misidentified as positrons, and (3) background positrons
entering the tunnel and impinging in the tagger walls.

The time resolution of time-tagged neutrinos, from a fit
with a gaussian plus a flat background around the distribution
peak of Fig. 31, isσ
t = 74 ps. This value is dominated by the
intrinsic resolution due to the emission angle of the positron
and the neutrino in Ke3 decays and by the length of the LCM,
which introduces uncertainty on the actual positron impact
point in the calorimeter and thus on 
/c. As a consequence, a
detector resolution < 100 ps does not compromise the timing
performance, which is limited by the intrinsic time spread.
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Fig. 34 Signal to noise ratio of tagged νe–e+ pairs as a function of the
neutrino detector resolution. An extraction spill of 4.8 s and a t0 layer
time resolution of δttag = 200 ps (blue lines) are considered. The effect
of a 1.5σ (solid-line), 2σ (dashed-line), and 3σ (dotted-line) cut around
the peak is also reported. As a comparison, the efficiency corresponding
to an extraction spill of 6 s, a δttag = 100 ps and a 1.5σ cut around the
peak is also shown (red line)

Figures 33 and 34 show the signal efficiency and signal-
to-noise ratio for 4.8 s pulse extraction length and different
time windows around the peak as a function of the neutrino
detector resolution. The performance are expressed for a time
resolution of the t0 layer equal to 200 ps. For the sake of
comparison, we also show the performance corresponding to
a longer extraction spill of 6 s and a time resolution of the t0
layer equal to 100 ps. A high-purity sample of time-tagged
neutrinos can be obtained by performing a cut around the
peak position within a time window of 1.5σ
t . With this cut, a
time resolution of 200 ps for both the t0 layer and the neutrino
detector and a 1 cm vertex position resolution, the true match
efficiency is ε = 75.6%,4 with a S/N = 3.8. The accidental
probability, computed as the ratio of the total number of fake
matches and the total number of neutrino interactions at the
detector, is A = 3.2%. These values become ε = 72.3%,

S/N = 2.5 and A = 4.6% for a neutrino detector resolution
of 500 ps.

The results above support the possibility of upgrading
an ENUBET-like monitored neutrino beam to a full-fledged
tagged neutrino beam. Such an upgrade requires the improve-
ment of the time resolution of the neutrino detector and the
tunnel instrumentation down to 200 ps, i.e. a factor of 2
smaller than what has been achieved by the ENUBET demon-
strator.

12 Conclusions

This paper reports the first end-to-end simulation of a mon-
itored neutrino beam based on the ENUBET concept. The

4 The true match efficiency is computed from the true time-tagged neu-
trinos and the total number of νCCe at the detector from Ke3 with a
positron reconstructed in the calorimeter.

beamline results from the optimization of the target, optics,
and collimators of the transfer line to maximize the number
of neutrinos produced by kaon decays, whose leptons can
be observed by the ENUBET instrumentation of the decay
tunnel. The tunnel detector is able to recognize positrons and
muons with a signal-to-noise greater than 2 and 5, respec-
tively, while retaining a large (> 20%) monitoring effi-
ciency. Such an important achievement is attained thanks to
the exploitation of a purely static focusing system combined
with a long (2 s) proton extraction, which reduces the par-
ticle rate at the tunnel down to a level that is sustainable by
conventional, low-cost, sampling calorimeters. By exploiting
the positron and muon distributions to constrain hadropro-
duction uncertainties, this monitored neutrino beam offers a
direct measurement of the νμ and νe flux from kaons with
a precision < 1%. The beam designed in this paper is opti-
mized to provide a facility that can measure the νe and νμ

cross sections in the region of interest for DUNE with a preci-
sion of ∼ 1%. Its realization at CERN leverages the existing
SPS accelerator and ProtoDUNE detectors. It can achieve its
physics goals by accumulating 1.3 × 1020 pot and running
with ProtoDUNE-SP as the neutrino detector or, equivalently,
with 6.5 × 1019 pot when both ProtoDUNEs are in opera-
tion. More generally, this ENUBET-like facility represents
an ideal framework for a new generation of cross-section
experiments that will be running in parallel with DUNE and
HK in the years to come.
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