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Accelerator neutrino beams

Particle accelerators are used to generate a controlled
neutrino flux. Unlike other neutrino sources:

Control of neutrino energy
Control of source-detector distance

Primary
protons

Target

Focusing, charge,
momentum select.

Decay tunnel

Beam
dump

Main neutrino
production channel:

Typical neutrino energies of 1-20 GeV
Typical source-detector distances of 1-100 km

Overview
Next generation long-baseline experiments
(DUNE, HyperK):

Neutrino mass hierarchy
Leptonic CP violation
Test of 3-neutrino paradigm
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Accelerator neutrino beams: limitations

Primary
protons

Target

Focusing, charge,
momentum select.

Decay tunnel

Beam
dump

One possible approach:
monitored neutrino beams

Neutrino flux estimation for conventional neutrino
beams is a complex task:

Extensive simulations
Dedicated hadro-production data
Short baseline flux measurements
Muon monitoring at the beam dump

Leading to an overall flux uncertainty of ~ O(10%)

Overview
Next generation long-baseline experiments
(DUNE, HyperK):

Neutrino mass hierarchy
Leptonic CP violation
Test of 3-neutrino paradigm

Considerable increase of precision required
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PIMENT project
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The ENUBET project
Beamline (baseline option): narrow band beam at 8.5 GeV/c
secondaries with a 5-10% momentum bite

Narrow-Band Off-Axis (NBOA) technique [*]

Full energy separation of           and          components

Direct angle-momentum correlations from two-body decays

Estimation of neutrino energy from impact radius @detector

[*]   F. Acerbi et al., CERN-SPSC-2021-013
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The ENUBET project

Assessment of systematics
and performance

Detector developement
and characterization

Beamline design
and simulation

Dose for 1020 POT [Gy]

1st Q
1st Dipole

2nd Dipole

Particles hitting tagger: position
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The ENUBET beamline

Quadrupole
triplet

Single
quadrupoles

Decay tunnel

Hadron dump

Primary proton
dump

Dipoles

Copper collimators

Momentum
collimator (Cu)

14.8

Inermet180
collimators

Primary
protons

Target
and W foil

Fully static beamline
Target and hadro-production: FLUKA
Transfer line:
   optics design: TRANSPORT
   tracking & background: G4Beamline/G4
   doses & neutron shielding: FLUKA
   systematics: GEANT4

Static = slow extraction
of a few seconds
required by pile-up
constraints (differently
from majority of
nu-beams)

CERN-SPS
good candidate
(400 GeV p+)

Decay tunnel:

length of 40 m w/ 1 m radius

borated PE shielding

Magnets:

normal coducting quad & dip

two 1.8 T dipoles for 14.8 deg
total bending angle

Dumps:

3 cylindrical layers proton dump

same structure for hadron dump
(reduced backscattering flux)

Target:

70 cm graphite rod w/ 6 cm d



50
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Neutrons/cm2 for 1020 POT

Borated concrete
Iron
Graphite

Irradiation studies of the beamline performed
using FLUKA: both charged part. & neutrons

Hottest point: first collimator & quadrupole is
100-300 kGy

Dose for 1020 POT [Gy]

1st Q
1st Dipole

2nd Dipole

Layer of borated-PE shielding for SiPMs
& electronics: factor 18 dose reduction wrt
previous case

After first bending significant reduction of dose
to beamline elements (less bkg collinearity,

pure nu beam)
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Assuming 500 ton neutrino detector
at 50 m with CERN-SPS as driver and
4.5 10   POT/y:

                      in ~3 years of
data taking

The ENUBET beamline
@SPS

~1.5 increase wrt previous results

19.

spectra

About 80% of total electron enutrino flux is produced by
taggable neutrinos (i.e. produced by Ke3 decays in the decay tunnel)



Ke3
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Further beamline optimization
An optimization framework based on a Genetic Algorithm (GA) and running on a computing cluster
has been fully developed and applied to the beamline collimation:

Convergence example of 2D problem

DZ

R1

R2

boxW

Abso_befQ6

dy
dx

Last two collimators (Inermet180)
before decay tunnel: 5 parameters

Iteration

Evolution of best parameters (black: FOM)

Figure of Merit (FOM): K+ at tunnel entrance scaled by
bkg particles hitting tunnel walls (def. as positrons & pions
from beamline and not from tunnel Ke3 events)

Goal: improvement of S/N ratio

Convercence in ~2 weeks; ~100 beamlines /iteration

Convergence in
~100 iterations
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signal positrons

background positrons
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Decay tunnel instrumentation
Compact calorimeters with
longitudinal segmentationIntegrated photon veto

Single LCM

Photon veto
doublet

Optical fibers

SiPM coupling
with fiber bundle

Fe absorbersz

y

Plastic
scintillator

tiles

Instrumentation of decay tunnel [*]

Assembled &
tested prototype

After dedicated studies (simulations, prototyping, test beams):

Chosen final design: compact scintillating sampling calorimeters
(4.3 radiation lengths) will be used to instrument the ~40m
decay tunnel (3 layers). One internal layer of photon veto
(scintillator doublet) 

Lateral readout to SiPM via bundled WLS fibers
(space for shielding: factor 18 dose reduction)

Custom DAQ + support with commercial
solutions

[*]   JINST 15(2020)08, P08001;   JINST 14 (2019) 02, P02029;   NIM A 956(2020)163379

Energy resolution (electrons) 1 MIP/2 MIP separation

1 MIP

2 MIP



16 of 2718th Rencontres du Vietnam, 19/07/2022, M.Pari

Prototype for exp. validation

90 deg

1.7 meters

Final prototype: started design and assembly
TB@PS 2022

A prototype of the tagger is under construction for a final
experimental validation at CERN-PS in October 2022: 

Goal: proof of principle of the ENUBET detector
          design and concept. 

Small prototype
("Enubino") used
to test new fiber
redout scheme at
CERN-PS (2021)



Prototype





6375 tiles & 1875 channels
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Detector performance & systematics

Production using full beamline
simulation (G4/G4beamline/FLUKA)

Complete simulation of ENUBET
tagger detector (G4)

Waveform generation (SiPM) simulation:
energy and time reconstruction

Event reconstruction algorithm

At tunnel
entrance

beam

Energy deposition vs time
for each sub-module
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Waveform simulation and reconstruction
Full simulation chain for waveform generation and analysis:

Digitized electrical signal generated from G4 input

Different peak detection algorithms developed and tested
for energy and time reconstruction

Model also used to set boundaries on tunnel event rate
and digitizer sampling time

Energy spectra TLr6_v2_4100k

red original
blue found

MeVMeV

Input G4
Waveforms
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Event reconstruction
Compact calorimeters with
longitudinal segmentationIntegrated photon veto

Energy clusters deposited in each sub-module used to
reconstruct an event:

Two main signals for ENUBET:

positrons from Ke3 muons from Kmu2/3

Basic discrimination idea: use tagger granularity to separate
EM showers / Hadronic showers / MIP + photon veto

+

+
+

0



F. Pupilli et al. PoS NuFact2021 (2022) 025
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Total rates assuming 500 ton neutrino
detector at 50 m with CERN-SPS as driver
and 4.5 10   POT19.

Before constraint: 6% systematics
due to HP uncertainties

After constraint: 1% systematics
from fit to lepton rates measured
at the tagger

Achieved ENUBET
goal of 1% systematics from

lepton monitoring!

Neutrino flux: impact of HP systematics
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(sub-leading)






