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Introduction
Neutrino oscillation physics has moved from discovery to precision era. 

Detectors have grown in terms of size, resolution and complexity, however on the beam 
side there is no major conceptual breakthrough since the 70’s and they are “just” growing 
in intensity. 

Experiments in the precision era of neutrino physics have exquisite knowledge of the final 
state interactions but a quite rough (>5%) knowledge of initial fluxes and beam 
contamination. 

As a consequence, the physics reach of precision physics experiments is strongly linked to 
the systematic reduction program currently underway.
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ENUBET is a development on the beam side for a strong 
reduction of the systematics related to the flux and cross 

section knowledge
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Electron neutrino source
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The bulk of νµ are produced in a conventional beam by the pion decay: π+ → µ+ νµ. 

The νe are given by:

π+ → µ+ νµ → e+ νe νµ νµ                                    mean angular spread of  28 mrad for e+ 
K+ → π0 e+ νe                                      mean angular spread of  88 mrad for e+

A large angle positron is a clear indication of the production of a νe.

meson of 8.5 GeV

(DIF) 
(Ke3)

The ENUBET approach

How to know the flux?
Conventional Beam Monitored Beam

• Passive decay region 

• νe flux re l i es on ab- in i t i o 
simulation of the full chain 

• Large uncertainties from hadron 
production

• Fully instrumented decay region 

• K+ → e+ νe π0 → large angle e+ 

• νe flux prediction = e+ counting
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The ENUBET approach
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Large angle positron monitoring

π+/K+

Short,	narrow	band	focusing	and	
transfer	line	(8	GeV	±	20%)

π-/K-

Proton		
absorber

50	m	instrumented	decay	tunnel	

(	40	cm	radius)

Hadron	dump

π+ 	 and	 µ 	 decay	 at	 small	 angles	
and	the	decay	products	reach	the	
dump	without	crossing	the	wall	of	
the	tunnel.	K	decay	products	cross	
the	 instrumented	 walls	 and	 are	
detected.	

Protons Target Transfer	line

Neutrino	detector

about	50	m

The advantage of the ENUBET approach is a pure νe source from K decay                           
(µ  DIF contribution below 3%) and the flux is determined from the e+ monitoring at large 
angle. 

We can obtain tolerable rates / detector irradiation (< 500 kHz/cm2 , < 1 kGy). 

The disadvantage with respect to other proposed techniques such as nuSTORM is a large 
reduction of flux.
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The ENUBET collaboration
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ENUBET is a project approved by 
the European Research Council 
(ERC Consolidator Grant, P.I. 
Andrea Longhin) for a 5 year 
duration (Jun 2016 – May 2021) 
with an overall budget of 2 Meuro. 

Activities

Beamline design. 

Test beams at CERN-T9 and INFN-LNF. 

Construction of 3m section of the instrumented 
decay tunnel. 

Design of the proton extraction scheme (CERN 
SPS).
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The ENUBET facility is a proposed narrow band neutrino beam where
lepton production is monitored at single particle level in the instrumented
decay tunnel. This facility addresses simultaneously the two most impor-
tant challenges for the next generation of cross section experiments: a
superior control of the flux and flavor composition at source and a high
level of tunability and precision in the selection of the energy of the out-
coming neutrinos. We report here the latest results in the development
and test of the instrumentation for the decay tunnel. Special emphasis
is given to irradiation tests of the photo-sensors performed at INFN-LNL
and CERN in 2017 and to the first application of polysiloxane-based scin-
tillators in high energy physics.

PRESENTED AT

NuPhys2017, Prospects in Neutrino Physics
Barbican Centre, London, UK, December 20–22, 2017

1
This project has received funding from the European Union’s Horizon 2020 Research and Inno-

vation programme under Grant Agreement no. 654168 and no. 681647.
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Beamline (1)
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Claiming an overall systematic budget <1% requires an end-to-end simulation of the 
neutrino beamline. Such simulation work (currently based on CERN-SPS) is ongoing. 

Two options are currently under investigation: a horn based option and a static focusing 
one. Horn

Proton	extraction	scheme

several	few-ms	extractions		
during	the	2	s	flat	top

Pros:	large	acceptance	(flux)	

Cons:	unconventional	
parameters	for	p	extraction	
and	focusing	of	secondaries	

2	s	flat	top
Horn

I(t)	profile	matching	the	
extraction	scheme	(few	ms,	

~10	Hz	during	flat	top)

Static focusing
Proton	extraction	scheme

Identical	to	the	one	of	
SHIP@CERN

Pros:	very	low	rates	at	the	
decay	tunnel.	Tagged	neutrino	
beams.	

Cons:	small	acceptance	(flux).	
Cosmic	ray	background	at	the	
neutrino	detector.

Focusing

Static	(quad,	dipoles)

2	s	flat	top



A.Meregaglia (CENBG)

Neutrino beams for precision physics:  
the ERC ENUBET Project 

The next generation of short baseline experiments for cross-section measurement and, in 
general, for precision n physics at short baseline (e.g. sterile neutrinos and NSI) should rely 
on:  
9 a high precision, direct measurement of the neutrino fluxes  
9 a neutrino beam scanning the region of interest from sub-GeV to multi-GeV 
9 a narrow band beam where the neutrino energy is known a priori from the beam width 

the ENUBET facility fulfills simultaneously all these requirements 

n detector 

Length of the instrumented tunnel: 50 m 

Reference parameters: 100 m baseline, 500 t detector (e.g. 
ICARUS@FNAL or Protodune-SP/DP@CERN) 

Beamline (2)
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Preliminary studies for optimization of the Horn-based beamline were completed 
(background studies still ongoing). 

The optimization of the static focusing beamline is in progress however preliminary 
results are very promising despite the lower yield (detailed studies on the beam 
contamination is still ongoing).

Type of beamline π+/pot (10-3) K+/pot (10-3) Increase factor w.r.t. 
initial estimates

Horn based 77.3 (33.5) 7.9 (3.7) ∼ 2.2
Static 19.0 (3.6) 1.37 (0.43) 3—5

Hadronic rates at tunnel entrance 
(Initial estimate from Eur.Phys.J. C75 (2015) no.4, 155 in parentheses)
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Neutrino beam
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Reference parameters: 100 m baseline, 500 t 
detector (e.g. ICARUS@FNAL or Protodune-
SP/DP@CERN).


Rates at the far detector: O(104) νe CC events, 
O(106) νµ  CC events in about 1 year of data 
taking at CERN SPS  (400 GeV protons). 

The neutrino energy is a function of the 
distance of the neutrino vertex from the beam 
axis (R). The beam width at fixed R  ( ≡ neutrino 
energy resolution at source) is 8-22%.

About 1 year of data taking at CERN SPS  
500 t neutrino detector
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Calorimetric techniques offer the cheapest and safest mean to distinguish between 
positrons and charged pions exploiting the longitudinal development of the shower, and 
the proposed shashlik calorimeter (Iron/scintillator) coupled to a SiPM readout 
solves the problem of longitudinal segmentation. 

The chosen ultra compact module (UCM) is a 4 X0 e.m. module where the light is readout 
connecting WLS fibers directly to a 1 mm2 SiPM in a plastic holder. 

A full module is made of 2 e.m. layers and few (exact number under study) hadronic layers 
(same structure but read out after 60 cm i.e. 2.6 interaction lengths. 

The photon veto, or “t0 layer”, has to be instrumented in the decay tunnel and it will be 
used as a trigger and as a veto for gammas from π0 decays (K+→π+π0).

Detector concept

�9

Unità di base: 
Modulo da 4 X0 in cui la luce delle fibre 
WLS è letta direttamente da SiPM 
posizionati di fronte alla fibra (matrice 
3x3 in holder di vetronite) 

Il segnale dei SiPM viene sommato a 
gruppi di 9 (o con granularità 
maggiori) 

Il calorimetro di SCENTT UCM
Full module

Unità di base: 
Modulo da 4 X0 in cui la luce delle fibre 
WLS è letta direttamente da SiPM 
posizionati di fronte alla fibra (matrice 
3x3 in holder di vetronite) 

Il segnale dei SiPM viene sommato a 
gruppi di 9 (o con granularità 
maggiori) 

Il calorimetro di SCENTT 

10 cm = 4 X0

24
 c

m

60 cm

t0 layer - photon veto

SiPM
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Detector simulation (1)
The software framework was set up at the CC-IN2P3 
in Lyon. 

A full GEANT4 simulation of the instrumented tunnel is 
now available to study particle identification.

�10
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e+ tagger design

Conventional beam-pipe 

replaced  by active 

instrumentation → 

1) Calorimeter (“shashlik”) 
● Ultra-Compact Module (UCM) 

2) Integrated g -veto 
● plastic scintillators or 
● large-area fast avalanche photodiodes
● other fast detectors options

 Detector R&D 

activities

K+ e+

→ p0 rejection 

2) integrated g-veto

1) compact calorimeter with

longitudinal segmentation

UCM n
e

  → p± rejection p0e+/π+/µ+ 
separation Shashlik calorimeter made of UCM

e+/γ
 separation Plastic scintillator exploiting 1-2 mip separation
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All particles will intercept at least one doublet
A positron on average will cross 5 doublets

    = 7 cm

The photon-veto baseline option

Exploit 1 mip – 2 mip separation 

● Possible alternative/attractive solutions under scrutiny allowing a reduced material 
budget and superior timing.

● Test beams at Frascati: electronics response at high rates and low-E  e+,1 mip/2 mip

 Background from g conversions from p0 emitted mainly in K
e2 

decays (K+ → p+ p0)

Particle identification in the decay tunnel 

e+/p+/m  
separation 

e+/g  
separation 

(2) Rings of 3 x 3 cm2 pads of plastic 
scintillator 

(1) Compact shashlik calorimeter (3x3x10 cm2 Fe+scint. modules + energy 
catcher) with longitudinal (4 X0)  segmentation and SiPM embedded in the 
bulk of the calorimeter 

G. Ballerini et al., JINST 13 (2018)  P01028  
A. Coffani et al., arXiv:1801.06167  

Tested in 2017-2018:  
9 Both calorimeter options  

(shashlik and lateral readout) 
9 Photon veto 
9 Radiation hardness up to nominal ENUBET doses 

(both ionizing and non-ionizing) 

Particle identification in the decay tunnel 

e+/p+/m  
separation 

e+/g  
separation 

(2) Rings of 3 x 3 cm2 pads of plastic 
scintillator 

(1) Compact shashlik calorimeter (3x3x10 cm2 Fe+scint. modules + energy 
catcher) with longitudinal (4 X0)  segmentation and SiPM embedded in the 
bulk of the calorimeter 

G. Ballerini et al., JINST 13 (2018)  P01028  
A. Coffani et al., arXiv:1801.06167  

Tested in 2017-2018:  
9 Both calorimeter options  

(shashlik and lateral readout) 
9 Photon veto 
9 Radiation hardness up to nominal ENUBET doses 

(both ionizing and non-ionizing) 
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Detector simulation (2)
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A preliminary event builder was developed to consider neighboring modules and avoid 
pile-up. 

The identification algorithms separate positrons from neutral and charged pions combining 
information from calorimeter modules and γ veto.

e+/π+/µ+ 
separation

Neural 
 Network

TMVA multivariate analysis 
based on 5 variables exploiting 

the pattern of the energy 
deposition in the calorimeter

e+/γ
 separation

e+

 signal

Sequential  
Cuts

Information from 
the γ veto

geometrical 
efficiency

global 
efficiency

e+ 90.7% 49.0%

π+ 85.7% 2.9%

π0 95.1% 1.2%
Confirmation of early results  

from fast simulation
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Prototypes (1)
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Detector prototyping for shashlik calorimeter with longitudinal segmentation is ongoing 
since 2015 founded by INFN R&D (SCENTT).

Cheap, fast (<10 ns) and radiation 
hard (ENUBET needs 1.3 kGy: not 
critical) is the base unit of ENUBET

One SiPM for each fiber in the back of 
each module. Summed signals (9 SiPM 

per ADC) to reduce cost 

energy resolution <25%/E1/2mip sensitivity but no saturation for 
e.m. showers up to 4 GeV

Preliminary

Characterisation of 12 UCMs at CERN PS-T9 (1-5 GeV, e and π, 28 June -13 July 2016)

x half height (cm)
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Prototypes (2)
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A test beam was carried out at CERN-PS T9 beamline in Nov 2017 56 UCM arranged in 7 
longitudinal block (~30X0).

Energy in scintillator (MeV)
0 20 40 60 80 100 120 140 160 180

100

200

300

400

500

600

700

800

900 data
 Cher. tag-data e
 Cher. tag-µdata 
 Cher. tag-πdata 

 (9.3 %)-MC e
 (76.7 %)-πMC 
 (14.0 %)-µMC 

MC all

Figure 19: Distribution of the energy deposited in the scintillator (in MeV) for electrons, muons
and pions in a 3 GeV, 0 mrad run. The beam composition as measured by the Cherenkov detectors
is shown in parenthesis. The black dots (thick yellow line) is the sum of all particle signals in data
(MC).

7 Conclusions

Fine grained longitudinal segmentation can be achieved in shashlik calorimeters embedding the
SiPMs in the bulk of the calorimeter through a direct fiber to SiPM connection. We studied
a calorimeter made of 56 modules with a granularity of 4.3 X0 optimized for neutrino physics
applications and we validated its performance at the CERN East Area facility. The electromagnetic
energy resolution - 17%/

p
E(GeV) - and linearity - <3% in the 1-5 GeV range - is appropriate for

the needs of ENUBET. No significant changes are observed in tilted runs up to 200 mrad compared
with runs where particles impinge on the front face.

The fiber-to-SiPM mechanical coupling system needs additional improvements since it pre-
sently dominates the non-uniformity of the response among UCMs. This e�ect can be corrected
equalizing the UCM response to mip and does not compromize the detector performance. The
MC properly simulates the response to electrons and muons. The longitudinal energy profiles of
partially contained pions is reproduced by MC with a precision of 10%. Further improvements in

– 17 –

Figure 14: Fiducial areas (gold) selected on the front face of the calorimeter projecting the tracks
reconstructed by the silicon chambers to the uppermost UCM. The left red area corresponds to
particles impinging in the uppermost UCM from below with an angle of 100 mrad

Figure 15: Energy resolution versus beam momentum for particles impinging on the front face
(0 mrad run) for data (blue squares) and simulation (red triangles). The fit parameters for simulation
(MC) and data are shown in the top and bottom insets.

standard (0 mrad) and tilted runs (see Fig. 17). Again, such performance is within the needs for
neutrino physics applications. Unlike the 12-module prototype, where non-linearities at high energy
could be attributed to longitudinal leakage, the calorimeter under test provides full containment and
the dynamic range of the SiPM is such that saturation e�ects are negligible. Residual non-linearities
will be tested with an improved fiber-to-SiPM connection system and up to a higher energy range.

– 13 –

The response to mip, electrons and pions was studied 
yielding a very good agreement between data and 
MC [Ballerini et al., JINST 13 (2018) P01028].

Results summary

• Energy resolution 17%/√E(GeV).


• Linearity <3% in 1-5 GeV. From 0 to 200 mrad tilts 
tested→no significant differences. 


• Work to be done on the fiber-to-SiPM mechanical 
coupling → dominates the non-uniformities (effect 
corrected equalizing UCM response to mip).


• MC/data already in good agreement, longitudinal 
profiles of partially contained π reproduced by MC 
@ 10% precision. 
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Detectors R&DDetectors R&D
● γγ/e+ discrimination (Photon-Veto)/e+ discrimination (Photon-Veto)

t0 layert0 layer scintillator (3x3x0.5 cm3 ) + WLS Fiber + SiPM 
Tested @ CERN T9 in July+October
→Goal: Study light collection efficiency → >95%

First measure of time res → σ~400ps
First 1mip/2mip separation using photon 
conversion from π0 gammas. (π0 by charge 
exchange of π+ with low density target after 
silicon chambers)

● Irradiation StudiesIrradiation Studies
SiPM SiPM were irradiated at LNL-INFN with 1-3 MeV 
neutrons in June 2017
→ Characterization of 12,15 and 20 μm SiPM cells 
up to 1.2 1011 n/cm2  1 Mev-eq (i.e. max non ionizing  
dose accumulated for 104 νeCC at neutrino detector)

irradiated SiPM irradiated SiPM tested at CERN in October 2017

We are able to discriminate γ from Ke3 e+

Detectors are radiation hard, we see mip & 
electrons

Prototypes (3)
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e+/γ separation studies

• t0 layer scintillator (3x3x0.5 cm3 ) + WLS Fiber + SiPM  
Tested @ CERN T9 in July+October.


• Light collection > 95%.


• Time resolution ∼400 ps.


• 1 mip/2 mip separation clearly observed.
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● γγ/e+ discrimination (Photon-Veto)/e+ discrimination (Photon-Veto)
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dose accumulated for 104 νeCC at neutrino detector)

irradiated SiPM irradiated SiPM tested at CERN in October 2017

We are able to discriminate γ from Ke3 e+

Detectors are radiation hard, we see mip & 
electrons

We are able to discriminate γ from Ke3 e+ 

Irradiation studies
• SiPM were irradiated at LNL-INFN with 1-3 MeV 

neutrons in June 2017.


• Characterization of 12,15 and 20 µm SiPM cells up 
to 1.2 × 1011 n/cm2 1 MeV-eq (i.e. max non ionizing 
dose accumulated for 104 νeCC at neutrino detector).


• Irradiated SiPM tested at CERN in October 2017.

Detectors are radiation hard  
(we see mip and electrons)
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Summary
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In about one year ENUBET moved from a conceptual study to a concrete 
Reference Design.

F. Pupilli - ENUBET NUFACT 2017 - 26/09/2017 17

Summary
In about one year ENUBET moved from a conceptual study to a concrete Reference Design

Item baseline option alternatives status

Proton extraction Few ms spills at O(10) Hz 
during the flat top (2 s)

Single slow extraction Not tested yet

Focusing Horn based Quadrupole based Optimization ongoing

Transfer line Quad+dipoles Full simulation ongoing

Detector for e/π
separation

Shashlik calorimeter with 
SiPM readout

Polysiloxane scint.
Non-shashlik readout

Full simulation and 
prototyping ongoing

Photon veto Scint. Pads with fiber
readout

Direct readout
LAPPD

Full simulation and 
prototyping ongoing

Particle ID and 
detector optimization 3×3×10 cm3 UCM

Different radii and 
granularities

Full simulation and 
prototyping ongoing

Systematic assessment Positron monitoring
(Ke3 decay)

Enhanced exploting
other K decay modes

Just started
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Conclusions 
The precise knowledge of neutrino cross section is a key element for future generation 
neutrino experiments aiming at the CP violation measurement. 

The intrinsic limit on the ν cross section (flux uncertainty) can be reduced by one order of 
magnitude exploiting the K+ → π0 e+ νe channel (Ke3). 

In the next 4 years ENUBET will investigate this approach. 

Results obtained so far are promising: 

➡ Full simulation of the decay tunnel supports the effectiveness of the calorimetric 
approach for large angle lepton identification. 

➡ First prototypes demonstrate that shashlik calorimeters with longitudinal segmentation  
can be built without compromising energy resolution (16% at 1 GeV) and provide the 
performance requested by the ENUBET technology.

�16

Demonstrate that a “positron monitored” νe source based on Ke3 can be constructed 
using existing beam technologies and can be implemented at CERN, Fermilab or JPARC.  

Demonstrate that a 1% measurement of the absolute νe cross section can be achieved 
with detector of moderate mass (500 ton).

ENUBET goal



Backup
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Rates
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Rates below 1 MHz/cm2.

all	particles

Z	position	along	the	tunnel	 50	m0	mHz
/c
m

2

~	500	kHz/cm2

~	15	kHz/cm
2

Number of protons on target 
well within reach of present 
accelerators.

Reference parameters: 1010 p+/spill (1.02u109 K+/spill). 500 ton neutrino detector(*) at 100 m 
from the entrance of the tunnel. How many protons-on-target are needed to observe 104 ne 
CC events in the detector (1% statistical uncertainty on cross section)? 

JPARC 

Protvino 

Fermilab 

CERN-SPS 

all particles 

Z position along the tunnel  50 m 
0 m Hz

/c
m

2  

~ 500 kHz/cm2 

~ 15 kHz/cm
2
 

For 1010
 
 p+  in a 2 ms spill 

at the  entrance of the 
tunnel rates are well 
below 1 MHz/cm2  

(*) e.g. ICARUS@Fermilab , Protodune SP/DP @CERN 

 

ENUBET, A. Longhin                                                                    10 July 2016, London, HK open meeting 6

n detector and n
e

CC rates 

104 ν
e

CC

● At 100 m from the hadron window
● A 500 t mass  (< ICARUS T600)

<E> = 3 GeV, FWHM ~ 3.5 GeV

● Interesting region of long baseline future 
projects is covered

● Further tuning foreseen to go even lower 
in energy preserving an acceptable 
positron purity (some ideas on the table)

n
e 

n
µ 

● tagger geometrical acceptance: 

85% of n
e

CC with a tagged e+ 

(15 % in the forward ''hole'')  
● 1.95 × 1013 K+/ν

e

CC

● Radial profiles at the n detector 

20 m

e+

Interesting energy region of 
future long baseline experiment 
is covered (further tuning would 
allow even lower energies).
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Systematics
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The positron tagging eliminates the most important source of systematics but can 
we get to 1%? Very likely…but to be fully demonstrated by ENUBET. 

Source of uncertainties Size
Statistical error <1%

Kaon production yield Irrelevant (positron tag)
Number of integrated PoT Irrelevant (positron tag)

Geometrical efficiency and fiducial mass <0.5%
3-body kinematics and mass < 0.1%
νe contamination from µ DIF To be checked with low intensity pion runs

Phase space at entrance To be checked with low intensity pion runs

Branching Ratios Irrelevant (positron tag)  
except for BG estimation (<0.1%)

e/π+ separation To be checked directly at test beam
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ENUBET implications
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The ENUBET technology is well suited for short baseline experiments where the intensity 
requirements are less stringent. There are three possible main applications.

Impact on νe cross section 
measurement based on A. Longhin, F. 
Terranova and L. Ludovici, Eur.Phys.J. 

C75 (2015) 4, 155 

1. A new generation of cross section 
experiment with a neutrino source controlled at 
the <1% level. This is a unique tool for the 
precision era of neutrino physics and the main 
goal of ENUBET as founded by the ERC. 

2. A phase II sterile neutrino search, especially in 
case of positive signal from the Fermilab SBL 
program.  

3. The first step toward a real tagged neutrino 
beam where the νe CC interaction at the 
detector is time-correlated with the observation 
of the lepton in the decay tunnel.
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Background
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 155 Page 8 of 10 Eur. Phys. J. C   (2015) 75:155 

Table 4 Sources of background
and misidentification probability Source BR Misid ϵX→e+ (%) Contamination

π+ → µ+νµ 100 % µ → e misid. < 0.1 Neglig. (outside acceptance)

µ+ → e+ν̄µνµ DIF genuine e+ < 0.1 Neglig. (outside acceptance)

K+ → µ+νµ 63.5 % µ → e misid. < 0.1 Negligible

K+ → π+π0 20.7 % π → e misid. 2.2 13 %

K+ → π+π+π− 5.6 % π → e misid. 3.8 5 %

K+ → π0µ+νµ 3.3 % µ → e misid. < 0.1 Negligible

K+ → π+π0π0 1.7 % π → e misid. 0.5 Negligible

) (GeV)eνE(
0 1 2 3 4 5 6 7 8 9

 e
ve

nt
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te
s

CC eν
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200

400
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1000

Fig. 7 Energy distribution of the νe CC events

positrons at the calorimeter are therefore proportional to the
number of electron neutrino crossing the detector. The small
difference from the naïve scaling of Fig. 1 is mostly due to
νµ from K+ decays (not included in Eq. 1).

The event rate has been estimated folding the incoming
flux with the corresponding νe CC cross-section. The spec-
trum of νe CC events at the detector for Eν > 0.3 GeV
is shown in Fig. 7 (the events in the first bin correspond to
0.3 < Eν < 0.4 GeV). The mean energy is 3 GeV with a
FWHM of ∼3.5 GeV.

The number of positrons reconstructed in the calorimeter
is directly proportional to the flux of νe at the source. This
provides a direct measurement of the νe flux, independent of
the hadron production yield, the K/π ratio, the secondary
transport efficiency and the number of integrated PoT, i.e.
of the main source of flux systematic errors in cross section
measurements. It depends, however, on the geometrical effi-
ciency of the neutrino detector, the knowledge of the positron
efficiency in the calorimeter and on the background. In fact,
only ∼80 % of the tagged positrons will produce neutrinos
that cross the detector and ∼15 % of the νe CC observed at
the detector will remain untagged since the corresponding
positron is lost in the beam dump. In turn, this implies that
the geometrical efficiency will also depend on the kinemat-
ics of Ke3 decay and on the actual divergence of the beam

at the entrance of the tunnel. Finally, the geometrical effi-
ciency slightly depends on the slope of the hadron energy
distribution in the momentum bite.

All beam parameters describing the spatial distribution of
kaons at the entrance of the tunnel can be measured mon-
itoring the charged pions in dedicated low-intensity proton
extractions with negligible statistical uncertainty. As for stan-
dard collider applications, the PID separation capability of
the calorimeter will be measured in test-beams before the
installation and can be cross-checked on site. Although a
detailed assessment of systematics requires a full simulation
of the beamline and the detector response, to best of current
knowledge the overall systematic budget can be kept within
O(1 %).

If the facility is operated in event count mode, the time
resolution constraint on the neutrino detector are loose and
the technology choice is mostly driven by the neutrino detec-
tion efficiency and the corresponding systematics [50]. For
electron identification, scintillator based detectors offer fast
time response (< 10 ns) and good energy resolution but the
granularity and PID capability is limited by the size of the
scintillator cells.

Liquid Argon (LAr) detectors have superior granularity
and PID capabilities, thus achieving a smaller systematic
error associated to π0 mis-identification background. On
the other hand, the longer integration time in LAr detectors
results in pile-up of signal events and cosmic background.
In particular the proton extraction length (2 ms) matches
the integration time of LAr detectors. Unlike fast extraction
beams, the timing of the event with the proton current profile
will be less effective for cosmic rejection even if a scintillator
based fast trigger [51] is used. According to [52], LAr detec-
tors equipped with an active veto system can be operated even
with moderate overburden and sub-GeV electron neutrinos.

Finally, it is worth mentioning that a facility operated in
event count mode can be run with reversed polarity to mea-
sure the ν̄e cross section. In addition, the high energy νµ CC
subsample is mostly due to the Kµ2 decays; it can thus be
employed in combination with the positron rate (or, more
directly, with the tagged large-angle muon rate) to retrieve
information on the νµ CC cross section. These applications
have not been considered in the present study.
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