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To my mom Roberta



Look up at the sky and count the stars, if you can.
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Abstract

The research work presented in this thesis was conducted as part of the NP06/ENUBET
and nuSCOPE experimental programs.

The NP06/ENUBET experiment is aimed at designing and experimentally demon-
strating the concept of monitored neutrino beams, a novel technology with a superior
control of the flux at source. The limited knowledge of neutrino cross-sections at the GeV
scale is one of the main systematic uncertainties for the next generation of long-baseline
neutrino oscillation experiments (DUNE, HyperK). Neutrino cross-section measurements
are limited by the poor knowledge of the initial flux and by uncertainties in the neutrino
energy reconstruction. In ENUBET, the neutrino flux is monitored by recording the
charged leptons produced in association with neutrinos from meson decay by instrument-
ing both the decay tunnel and the hadron dump. The use of fast silicon trackers placed
along the beamline enables the neutrino tagging technique, which can uniquely associate
in time the occurrence of each observed neutrino interaction in the detector with its par-
ent meson and charged lepton, allowing a kinematic reconstruction of neutrino energy on
an event-by-event basis.

The nuSCOPE monitored and tagged neutrino beam is designed to eliminate the main
sources of systematic uncertainty in cross-section measurements thanks to the flux mon-
itoring at the percent level and the measurement of neutrino energy independent of final
state particles reconstruction in the neutrino detector. nuSCOPE aims to deliver mea-
surements of neutrino cross-sections at the GeV scale at the percent level - i.e. improving
by one order of magnitude current experimental estimates - and will play a pivotal role
in the precision era of oscillation physics.

In my thesis work I contributed to three main aspects: the calorimeter prototype test
beam, the neutrino flux systematic assessment, and the physics case of nuSCOPE.

The ENUBET demonstrator, a large-scale prototype of a section of the instrumented
decay tunnel, was exposed at the CERN East Experimental Area (PS T9) during dedi-
cated test beam data campaigns. I contributed to the analysis of test beam data to assess
the prototype performance, the development of a full and realistic GEANT4 simulation
of the demonstrator reproducing test beam conditions, and data/Monte Carlo agreement
studies.

A major part of my research work was devoted to the assessment of neutrino flux
systematic uncertainties and their mitigation using the charged lepton monitoring tech-
nique, with a special focus on the leading systematic contribution: the yields of secondary
hadrons produced at target. I developed an algorithm capable of determining the impact
of neutrino flux systematic uncertainties before and after using the information provided
by the fit to charged lepton observables. I have shown that charged lepton observables
can be used to constrain the neutrino flux at the percent level.

Finally, the physics case of the nuSCOPE neutrino beam is presented in terms of cross-
section measurements that could be made to reduce uncertainties in neutrino oscillation
experiments, summarizing the work I carried out at CERN EP-NU. In particular, I
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provided a set of measurements benefiting from neutrino tagging, such as measurements
of neutrino energy reconstruction bias and electron-scattering-like measurements with
tagged neutrinos, which can provide key insights into electroweak nuclear physics.
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Motivation and outline

The NP06/ENUBET experiment is aimed at designing and experimentally demonstrating
the concept of monitored neutrino beams, a novel technology with a superior control of
the neutrino flux at source. The limited knowledge of neutrino cross-sections at the
GeV scale is one of the main systematic uncertainties for the next generation of long-
baseline neutrino oscillation experiments (DUNE, HyperKamiokande) aimed at observing
CP violation in the lepton sector and pinning down the neutrino mass ordering. Neutrino
cross-section measurements are limited by the poor knowledge of the initial flux and by
uncertainties in the neutrino energy reconstruction. In ENUBET, the neutrino flux is
monitored by recording the charged leptons produced in association with neutrinos from
meson decay by instrumenting both the decay tunnel and the hadron dump. The physics
potential of a monitored neutrino beam can be significantly enhanced by the neutrino
tagging technique, i.e. correlating in time the occurrence of each observed neutrino
interaction in the neutrino detector with its parent meson and charged lepton. The use
of fast, radiation-hard silicon trackers placed along the beamline enables to uniquely
associate in time the neutrino interaction with the accompanying particles in the transfer
line and allows a kinematic reconstruction of neutrino energy on an event-by-event basis.
The nuSCOPE monitored and tagged neutrino beam leverages the experience and R&D
achievements of the NP06/ENUBET and NuTag Collaborations. The nuSCOPE neutrino
beam is designed to eliminate the main sources of systematic uncertainty in cross-section
measurements thanks to the flux monitoring at the percent level and the measurement
of neutrino energy independent of final state particles reconstruction at the neutrino
detector. The nuSCOPE facility aims to deliver measurements of neutrino cross-sections
at the GeV scale at the percent level - i.e. improving by one order of magnitude current
experimental estimates - and will play a pivotal role in the precision era of oscillation
physics to achieve the ultimate sensitivity in the lepton Yukawa sector.

This Ph.D. thesis work presents my contributions to several studies relevant to the
ENUBET/nuSCOPE experiment and its future implementation.

The first chapter concerns neutrino physics and describes the status of neutrino cross-
section measurements at the GeV scale, with special emphasis on the limitations arising
from the uncertainties on the flux and neutrino energy reconstruction.

The second chapter presents the concept of monitored and tagged neutrino beams at
accelerators, introducing the rationale of the NP06/ENUBET and nuSCOPE experiments
and their beamline design. The detectors instrumenting the decay tunnel to reconstruct
charged leptons are described here, as well as the beam and muon spectrometers that
enable the tracking of parent mesons and daughter muons.

The third chapter presents the construction, assembly, and characterization of the
ENUBET demonstrator, a large-scale prototype of a section of the instrumented decay
tunnel exposed at the CERN PS T9 area during dedicated test beam data campaigns,
and my contributions to it. They include the development of a full and realistic GEANT4
simulation of the demonstrator reproducing test beam conditions, as well as test beam
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data analysis and data/MC comparison of the energy resolution and linearity of response.
The fourth chapter describes the results I obtained on the assessment of neutrino flux

systematic uncertainties and their mitigation using the charged lepton monitoring tech-
nique, with a special focus on the leading contribution: the yields of secondary hadrons
produced at target. I developed an algorithm capable of determining the impact of neu-
trino flux systematic uncertainties before and after using the information provided by
the fit to charged lepton observables. The algorithm is based on a fit model where the
parameters of interest are related to the hadron production; additional nuisance parame-
ters are then introduced to parametrize the uncertainties related to detector effects. The
information from the GEANT4 simulation of the instrumented tunnel is used to gener-
ate a set of pseudo-experiments, including the effects of hadron production and detector
uncertainties on the charged lepton observables. These synthetic datasets are then used
to perform an extended maximum likelihood fit on the observables to study the feasibil-
ity of the monitoring concept; the fit results are used to set a constraint on the hadron
production yields and, consequently, on the expected neutrino flux. The observables con-
sidered are the distributions of visible energy and impact point of positrons along the
decay tunnel. I have shown that these observables can be used to constrain the neutrino
flux at the percent level.

The fifth chapter presents the physics prospects and potential of the nuSCOPE mon-
itored and tagged neutrino beam in terms of neutrino cross-section measurements and
summarizes the work I carried out at CERN EP-NU. I provided a set of neutrino cross-
section measurements that could be made by nuSCOPE to reduce uncertainties in neu-
trino oscillation experiments, with a focus on their application to supporting DUNE’s
physics program. I investigated the two methods by which nuSCOPE can measure the
neutrino energy without relying on the reconstruction of final state particles in a neu-
trino interaction: the narrow-band off-axis technique and the neutrino tagging method,
which can reach the ultimate precision of ∼ 1%. I also investigated the feasibility of a
PRISM analysis to create a virtual flux from linear combinations of the narrow-band off-
axis fluxes. Finally, I provided a set of measurements benefiting from neutrino tagging:
a direct inclusive energy-dependent cross-section measurement, direct measurements of
neutrino energy reconstruction bias that can be used to calibrate out nuclear effects in the
DUNE far detector, electron-scattering-like measurements with tagged neutrinos, which
can provide key insights into electroweak nuclear physics.
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1 Neutrino Physics

1.1 Neutrinos in the Standard Model

The Standard Model (SM) of Particle Physics is one of the most successful theories in
modern physics and it describes the interactions of the fundamental building blocks of
nature, leptons and quarks. The Standard Model is a quantum description of three out
of four fundamental interactions1 mediated by the exchange of gauge bosons: the electro-
magnetic interaction is mediated by the exchange of photons, the strong interaction by
the exchange of gluons and weak interaction by the exchange of massive vector bosons.
The gauge symmetry principle is one of the pillars of the great success of the SM, since
it establishes an unambiguous connection between local (gauge) symmetries and forces
mediated by vector bosons [1]. The strong and electroweak interactions are connected to
SU(3), SU(2) and U(1) gauge groups, and thus the different characteristics of interac-
tions can be explained by the symmetry they are related to. The way in which particles
exert and experience each of the fundamental forces is thus determined by their repre-
sentation under the corresponding symmetry group. Once the gauge invariance principle
is promoted to the level of fundamental physics principle, all terms in the Lagrangian
must respect the local symmetry, including the mass terms. This fact has important
implications for the neutrino and, in particular, for the question of its mass [2].

1.1.1 Neutrinos in the Standard Model: massless neutrinos

The SM includes three fermion generations and it is based on the gauge group:

GSM = SU(3)C × SU(2)L × U(1)Y (1.1)

where C stands for colour, L for left-handedness and Y for hypercharge. The model
explains all the interactions of the known fermions once they are assigned to well defined
representations of the gauge group [1]. Specifically, each fermion generation consists of
five different representations of the gauge group:

LL

(
1,2,−1

2

)
QL

(
3,2,

1

6

)
ER (1,1,−1) UR

(
3,1,

2

3

)
DR

(
3,1,−1

3

)
(1.2)

The notation used in (1.2) specifies under which representation of the SU(3) and SU(2)
gauge groups each matter field transforms and the value of the weak hypercharge for the
U(1) group2. The matter fields content of the SM is illustrated in Tab. 1.1 and, together
with the corresponding gauge boson fields, it constitutes the full list of fields required to
describe the observed elementary interactions [2].

1The SM does not include gravity.
2The notation means that, for instance, a left-handed lepton field LL is a singlet (1) of the SU(3)C group, a

doublet (2) of the SU(2)L group and carries hypercharge −1/2 under the U(1)Y group [3].
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LL(1,2,−1
2) QL(3,2, 16) ER(1,1,−1) UR(3,1, 23) DR(3,1,−1

3)(
νe
e

)
L

(
u
d

)
L

eR uR dR(
νµ
µ

)
L

(
c
s

)
L

µR cR sR(
ντ
τ

)
L

(
t
b

)
L

τR tR bR

Table 1.1: The matter fields content of the SM.

Moreover, the model contains a single Higgs boson doublet ϕ, with charges (1,2, 1/2),
whose vacuum expectation value (VEV) partially breaks the gauge symmetry [2]:

⟨ϕ⟩ =
(

0
v√
2

)
SSB
=⇒ GSM → SU(3)C × U(1)EM (1.3)

with U(1)EM generated by the unbroken generator Q = T 3 +Y = σ3

2
+Y , where Y is the

weak hypercharge and T 3 the weak isospin, namely the third generator of SU(2)L.

Within the SM, neutrinos are fermions that have neither strong nor electromagnetic in-
teractions, that is, in the group theory language, they are singlets of SU(3)C × U(1)EM
subgroup. One generally refers as active neutrinos to neutrinos residing in the lepton

doublet Lℓ =

(
νℓ
ℓ−

)
L

, thus having weak interactions. Conversely, sterile neutrinos are

defined as having none of the SM gauge interactions, that is, they are singlets of the
full SM gauge group GSM [2]. Therefore the SM with massless neutrinos, conceived as
the gauge theory able to describe all known particle interactions, does not contain sterile
neutrinos [1].

In the SM there is one active neutrino for each charged lepton. In particular, the three
neutrino interaction eigenstates νe , νµ and ντ are defined as the SU(2)L-partners of the
charged leptons mass eigenstates e−L , µ−

L and τ−L [3]. The SU(2)L gauge invariance of
the Lagrangian dictates the form of weak charged current (CC) interactions between the
neutrinos and their corresponding charged leptons to be:

−LCC =
g√
2

∑
ℓ

νLℓγ
µℓ−LW

+
µ + h.c. (1.4)

and neutral current (NC) interactions among neutrino themselves to be:

−LNC =
g

2 cos θW

∑
ℓ

νLℓγ
µνLℓZ

0
µ (1.5)

where g is the coupling constant associated to SU(2)L and θW is the Weinberg angle.
Therefore, within the SM, Eqs. (1.4) and (1.5) describe all the neutrino interactions.
In particular, Eq. (1.5) determines the decay width of the Z0 boson into light (that
is, mν ≲ mZ0/2) left-handed neutrinos states. Thus one can infer the number Nν of
such states from the measurement of the Z0 decay width. At present the measurements
implies:

Nν = 2.996± 0.007 (Standard Model fits to LEP-SLC data) (1.6)
Nν = 2.92± 0.05 (Direct measurment of invisible Z0 width) (1.7)
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As a result, any extension of the SM should contain three, and only three, light active
neutrinos [1].

Given that fermions reside in chiral representations of the gauge group, no bare mass
terms can appear in the Lagrangian. In the Standard Model, fermions masses arise from
the Yukawa interaction [4] terms which couple a right-handed fermion with its left-handed
doublet and the scalar Higgs doublet ϕ as follows:

−LYukawa = Y d
ijQLiϕDRj + Y u

ijQLiϕ̃URj + Y ℓ
ijLLiϕERj + h.c. (1.8)

where ϕ̃ = iσ2ϕ∗. After spontaneous symmetry breaking these terms lead to charged
fermion masses:

mf
ij = Y f

ij

v√
2

(1.9)

where v is the vacuum expectation value of the Higgs field [2]. However, since the model
does not contain right-handed neutrinos, no such Yukawa interaction can be built for the
neutrinos, which are consequently massless at the Lagrangian level [1].

Nevertheless, in principle, a neutrino mass term could be generated at loop level. Within
the SM particle content (1.2) the only possible neutrino mass term that could be con-
structed is the bilinear LLL

c
L, where Lc

L is the charge conjugated field Lc
L = CLT

L and C
is the charge conjugation matrix [1]. However this cannot happen, as can be understood
by examining the accidental symmetries of the SM.
The SM respects an accidental global symmetry (at the perturbative level) which is not
a priori imposed but appears as a consequence of its gauge symmetry (1.1) and of the
representations of the matter fields (1.2) required for the gauge interactions:

Gglobal
SM = U(1)B × U(1)Le × U(1)Lµ × U(1)Lτ (1.10)

where U(1)B is the baryon number symmetry and U(1)Le,Lµ,Lτ are the three lepton flavour
symmetries. Thus, the total lepton number L = Le +Lµ +Lτ is an accidental symmetry
as well, since it is a subgroup of Gglobal

SM . Consequently, bilinear terms of the form LLL
c
L

are forbidden in the SM because they violate the total lepton symmetry by two units;
therefore these terms cannot be induced by loop corrections since they break the acciden-
tal symmetry of the model. Furthermore, since U(1)B−L is a non-anomalous subgroup
of Gglobal

SM , these bilinear terms cannot be induced by non-perturbative corrections either
since they would break B − L [1]. Thus, the field content and the gauge symmetries of
the SM preclude the existence of neutrino mass.

It follows that the SM predicts that neutrinos are precisely massless and, consequently,
there would be neither mixing nor CP violation in the leptonic sector [3]. Actually,
experimental evidences for neutrino masses and mixings are in contradiction with the
SM predictions and, therefore, one must go beyond the SM in order to add mass to
neutrinos [1]. Among all possible extensions of the SM, the simplest one is the minimally
extended SM, which simply consists in the introduction of three right-handed neutrino
fields νeR, νµR and ντR, which are singlets under the gauge symmetry of the SM. In such a
way, neutrino fields become similar to the other massive fermion fields, having now both
left-handed and right-handed components [5].
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1.2 Flavour mixing in the lepton sector

Neutrino oscillations are a quantum-mechanical phenomenon that is made possible by the
existence of non-degenerate neutrino masses and lepton flavour mixing [6]. In analogy
with what happens in the quark sector, the origin of flavour mixing in the lepton sector
lies in a mismatch between the basis of (weak) gauge eigenstates and the basis of mass
eigenstates. As a result, when written in the flavour basis3, the neutrino mass matrix is
not diagonal. The flavour and mass eigenstates of left-handed neutrino fields are related
by a unitary transformation, the lepton mixing matrix, usually known as the PMNS
(Pontecorvo-Maki-Nakagawa-Sakata) matrix:νe(x)

νµ(x)
ντ (x)


L

= U

ν1(x)
ν2(x)
ν3(x)


L

=

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

ν1(x)
ν2(x)
ν3(x)


L

(1.11)

In Eq. (1.11), νeL(x), νµL(x) and ντL(x) are the fields describing the left-handed flavour
eigenstate neutrinos, i.e. the neutrinos coupling to charged leptons e, µ and τ via weak
charged current processes, and ν1L(x), ν2L(x) and ν3L(x) are the fields describing the
left-handed mass eigenstate neutrinos with masses m1, m2 and m3. The relation (1.11)
can be shortened to:4

ναL(x) =
∑
i

UαiνiL(x) (1.12)

where α = e, µ, τ and i = 1, 2, 3. As a consequence of flavour mixing, the neutrino that
couples to a given flavour charged lepton via charged current is not a mass eigenstate,
but a coherent superposition of mass eigenstates :

LCC =
g√
2
W−

µ

∑
α=e,µ,τ

ℓαLγ
µναL + h.c.

=
g√
2
W−

µ

∑
α=e,µ,τ

ℓαLγ
µ
∑

i=1,2,3

UαiνiL + h.c. (1.13)

Since associated with a change of basis, the lepton mixing matrix is unitary. Likewise the
CKM (Cabibbo–Kobayashi–Maskawa) matrix for quarks, the PMNS satisfies unitarity
relations, derived from UU † = U †U = 1 :∑

i

UαiU
∗
βi = δαβ α, β = e, µ, τ (1.14)

∑
α

U∗
αiUαj = δij i, j = 1, 2, 3 (1.15)

Like any 3× 3 unitary matrix, U can be parametrized by 3 mixing angles and 6 phases.
However, not all of these phases are physical, since lepton fields can be rephased in order
to absorb some of them. If one considers neutrinos to be Dirac fermions, then, the charged
lepton and the neutrino fields can both be rephased as follows:

ℓα(x) → eiϕαℓα(x) νi(x) → eiϕiνi(x) (1.16)
3The neutrino flavour basis is defined as the weak eigenstate basis corresponding to the charged lepton mass

eigenstates e, µ and τ .
4In the following, for the sake of simplicity, the left-handedness subscript L and the x dependence of the fields

will be omitted.
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where ℓα(x) and νi(x) denote 4-component Dirac fields5. These rephasing transformations
leave the CC term (1.13) invariant, provided that the mixing matrix is redefined as follows:

Uαi → ei(ϕα−ϕi)Uαi (1.17)

Since there are 5 indipendent phase differences ϕα − ϕi, it is possible to remove 5 phases
from the PMNS matrix, leaving only one physical CP-violating phase, as happens for the
CKM matrix. If one assumes neutrinos to be Majorana fermions, conversely, it is not
possible to rephase the left-handed neutrino fields, because it would make their masses
complex. Indeed, Majorana mass terms are of the form −1

2
miν

T
iLCνiL + h.c, where the

charge conjugation matrix C satisfies the property CγµC
−1 = −γT

µ . In such a case, as a
result, only the charged lepton fields can be rephased, leading to:

Uαi → eiϕαUαi (1.18)

In the Majorana case, one is left with 3 physical CP-violating phases, instead of a single
one as in the Dirac case. The parameter counting can be generalized to an arbitrary num-
ber n of lepton flavours. In the Dirac case, the lepton mixing matrix can be parametrized
by n(n− 1)/2 mixing angles and (n− 1)(n− 2)/2 phases, whereas in the Majorana case
n− 1 additional phases would arise. Therefore, in the framework of three active massive
neutrinos, the PMNS matrix can be factorized into the product of three rotations through
angles θ23, θ13 and θ12, where the second (unitary) rotation depends on a phase δCP, and
of a diagonal matrix of phases P :

U =

1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e
−iδCP

0 1 0
−s13e

iδCP 0 c13

 c12 s12 0
−s12 c12 0
0 0 1

P (1.19)

=

 c12c13 s12c13 s13e
−iδCP

−s12c23 − c12s13s23e
iδCP c12c23 − s12s13s23e

iδCP c13s23
s12s23 − c12s13c23e

iδCP −c12s23 − s12s13c23e
iδCP c13c23

P (1.20)

where cij ≡ cos θij, sij ≡ sin θij and P is either the unit matrix 1 in the Dirac case
or a diagonal matrix containing the two additional phases associated with the Majorana
nature of neutrinos. Without loss of generality, one can take θij ∈ [0, π

2
] and δCP ∈ [0, 2π).

Instead, in the Majorana case, the matrix P can be parametrized according to [1, 4]:

PMajorana =

eiα1 0 0
0 eiα2 0
0 0 1

 (1.21)

The phase δCP is generally referred to as the Dirac phase of the PMNS matrix, whereas
the phases contained in P are the so-called Majorana phases. However, since Majorana
phases do not enter oscillation probabilities6, the next sections will not be concerned with
them. Conversely, the Dirac phase δCP is of key importance in neutrino oscillations, since
it gives rise to an asymmetry between neutrino and antineutrino oscillations in vacuum.

5Note that the phases of the left-handed and right-handed lepton fields are shifted by the same amount, in
order not to affect the Dirac mass terms −

∑
α mℓαℓαRℓαL −

∑
i miνiRνiL + h.c.

6Majorana phases appear instead in lepton number violating processes like neutrinoless double beta decay,
where the Majorana nature of neutrinos play a crucial role.
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1.3 Neutrino oscillations in vacuum

In the standard theory of neutrino oscillations [7], a neutrino flavour eigenstate is a
coherent superposition of mass eigenstates determined by the PMNS matrix:7

|να⟩ =
∑
k

U∗
αk |νk⟩ α = e, µ, τ (1.22)

In vacuum, the massive neutrino states |νk⟩ are eigenstates of the Hamiltonian:

H |νk⟩ = Ek |νk⟩ (1.23)

with energy eigenvalues Ek =
√

|p⃗ | 2 +m2
k. The solution of the Schrödinger equation:

i
∂

∂t
|νk(t)⟩ = H |νk(t)⟩ (1.24)

implies that the massive neutrino states evolve in time as plane waves:

|νk(t)⟩ = e−iEkt |νk⟩ (1.25)

where |νk⟩ = |νk(t = 0)⟩. Let consider now a flavour state |να(t)⟩ which describes a
neutrino created at time t = 0 with a definite flavour α. From Eqs. (1.22) and (1.25),
the time evolution of this state is given by:

|να(t)⟩ =
∑
k

U∗
αke

−iEkt |νk⟩ (1.26)

such that |να⟩ = |να(t = 0)⟩. Using the unitarity relation of Eq. (1.15), it is possible to
invert Eq. (1.22) in order to express the massive states in terms of the flavour ones:

|νk⟩ =
∑
α

Uαk |να⟩ (1.27)

Substituting Eq. (1.27) into Eq. (1.26) one obtains:

|να(t)⟩ =
∑

β=e,µ,τ

(∑
k

U∗
αke

−iEktUβk

)
|νβ⟩ (1.28)

Therefore, the superposition of massive neutrino states |να(t)⟩, which is a pure flavour
state at t = 0, becomes a superposition of different flavor states at t > 0. The probability
amplitude of να → νβ transitions, as a function of time, is given by the coefficient of |νβ⟩:

Aνα→νβ(t) ≡ ⟨νβ|να(t)⟩ =
∑
k

U∗
αkUβke

−iEkt (1.29)

The transition probability is thus given by:

Pνα→νβ(t) =
∣∣Aνα→νβ(t)

∣∣2 =∑
k,j

U∗
αkUβkUαjU

∗
βje

−i(Ek−Ej)t (1.30)

7The relation between the flavour and mass eigenstate neutrino states involves the complex conjugate of the
PMNS matrix, unlike its definition used in Eq. (1.12) for neutrino fields. This is due to the fact that the
quantum neutrino field να(x) annihilates a neutrino of flavour α, whereas the neutrino state |να(p⃗)⟩ is obtained
by acting with the creation operator a†

α(p⃗) on the vacuum. In the case of antineutrinos, in turn, one would have
να(x) =

∑
i U

∗
αiνi(x) for fields and |να⟩ =

∑
i Uαi |νi⟩ for states [6].
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Since neutrinos are ultra-relativistic particles in all practical experimental conditions8,
the energy eigenvalues can be approximated according to:9

Ek =
√

p2k +m2
k ≃ E +

m2
k

2E
(1.31)

That means that, if the neutrino squared-mass differences are indicated with ∆m2
kj ≡

m2
k−m2

j , the energy eigenvalues difference can be approximated as Ek−Ej ≃ ∆m2
kj/2E.

Moreover, the propagation time t is not measured in neutrino oscillation experiments;
instead, what is known, is the distance L between the source and the detector. Since
ultra-relativistic neutrinos propagate almost at the speed of light, the distance travelled
by a neutrino is approximated as L ≃ ct. The transition probability can thus be expressed
as:

Pνα→νβ(L,E) =
∑
k,j

U∗
αkUβkUαjU

∗
βj exp

(
−i

∆m2
kjL

2E

)
(1.32)

The amplitude of oscillations is determined only by the elements of the mixing matrix
U , whereas the phases depend on the squared mass differences ∆m2

kj and the quantities
depending on the experiment, i.e. the source-detector distance L (the baseline, in jargon)
and the neutrino energy E. Although positive measurements of neutrino oscillations
imply neutrinos to be massive particles, they yield precise informations only on the values
of the squared-mass differences ∆m2

kj, but not on the absolute values of neutrino masses,
except the obvious constraint that m2

k or m2
j must be larger than |∆m2

kj|.
The neutrino oscillation formula (1.32), by using the complex exponential identity eix =
cosx+ i sinx = 1− 2 sin2(x/2) + i sinx, can be rewritten explicitely as:

Pνα→νβ(L,E) =
∑
k,j

U∗
αkUβkUαjU

∗
βj − 2

∑
k ̸=j

U∗
αkUβkUαjU

∗
βj sin

2

(
∆m2

kjL

4E

)

− i
∑
k ̸=j

U∗
αkUβkUαjU

∗
βj sin

(
∆m2

kjL

2E

) (1.33)

which, in turn, can be simplified, leading to the well-known formula for neutrino transition
probability:

Pνα→νβ(L,E) = δαβ − 4
∑
k>j

Re[U∗
αkUβkUαjU

∗
βj] sin

2

(
∆m2

kjL

4E

)

+ 2
∑
k>j

Im[U∗
αkUβkUαjU

∗
βj] sin

(
∆m2

kjL

2E

) (1.34)

For antineutrino oscillations, it is sufficient to replace U by U∗ in Eq. (1.34), leading to
a change in the sign of the last term. The formula of transition probability in Eq. (1.34)
suggests some straightforward comments which can be made about the properties of neu-
trino oscillations [6]. Oscillations necessarily require neutrinos to have non-degenerate
masses (∆m2

kj ̸= 0) and non-trivial flavour mixing (U ̸= 1). Moreover, the oscillation
8Despite the small values of neutrino masses, assuming neutrinos to be ultra-relativistic particles their mass

contribution can be neglected and their energy can be estimated as E = |p⃗ |.
9In the standard derivation of oscillation formula, the propagating mass eigenstates are supposed to be de-

scribed by plane waves with well-defined momenta p⃗k, which are assumed to be equal (p⃗k = p⃗).
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probability Pνα→νβ depends on the three mixing angles θ12, θ23 and θ13 and on two in-
dependent squared-mass differences, which can be chosen to be ∆m2

21 and ∆m2
31 (then

∆m2
32 is determined as ∆m2

32 = ∆m2
31 − ∆m2

21). As previously mentioned, oscillations
also depend on the CP-violating Dirac phase δCP, but not on the Majorana phases. This
can be easily explained from the fact that, since the PMNS matrix entries appear in Eq.
(1.34) only through the combinations UαkU

∗
βk, then, the phases contained in the diagonal

matrix P of Eq. (1.19) will not give a contribution in the transition probability. There-
fore, Dirac and Majorana neutrinos have the same oscillation probabilities.
In the literature, neutrino oscillation channels where α ̸= β are called appearance chan-
nels, whereas the channels where α = β are referred to as disappearance channels. The
oscillation probabilities of the appearance channels are usually called transition probabil-
ities, whereas in the disappearance channels they are referred to as survival probabilities.
Since in the case of the survival probabilities the quartic products of Eq. (1.34) are real
and equal to |Uαk|2|Uαj|2, they can be rewritten in a simplest form:

P (να → να) = 1− 4
∑
k>j

|Uαk|2|Uαj|2 sin2

(
∆m2

kjL

4E

)
= P (να → να) (1.35)

Therefore, as a consequence of the equality in Eq. (1.35) between the survival probabilities
for neutrinos and antineutrinos, CP violation can be observed only in appearance channels
and not in the disappearance ones.

1.4 Neutrino oscillations in matter

The propagation of neutrinos in matter is affected by their interactions with electrons,
protons and neutrons, leading to a variety of new phenomena, among which [6]:

• oscillations in matter with modified parameters with respect to vacuum oscillations.

• resonant amplification of oscillations in a constant density medium.

• adiabatic flavour conversion in a medium of varying density like the Sun.

Neutrino propagation in matter can be described by a Schrödinger-like equation:

i
d

dt
|να(t)⟩ = H |να(t)⟩ (1.36)

where |να(t)⟩ is the neutrino state vector at time t with initial flavor α.
The total Hamiltonian in matter H can actually be split into a kinetic energy term H0,
describing the free propagation of neutrinos in vacuum, and into an effective potential
term V , induced by the interactions of neutrinos in the medium:

H = H0 + V (1.37)

In the mass eigenstates basis, the vacuum Hamiltonian is diagonal with eigenvalues Ek,
i.e. ⟨νk|H|νj⟩ = Ekδkj. The free Hamiltonian H0 can be expressed in the flavour basis
as:

H0 = U

E1 0 0
0 E2 0
0 0 E3

U † Ek =
√

p2 +m2
k (1.38)

When assuming ultra-relativistic neutrinos, the energy eigenvalues can be expanded as
Ek ≃ p+

m2
k

2E
. Furthermore, with the redefinition H0 → H0−p1, the vacuum Hamiltonian

can be rewritten in a simplest form:
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H0 =
1

2E
U

m2
1 0 0
0 m2

2 0
0 0 m2

3

U † =
M †

νMν

2E
(1.39)

When neutrinos propagate in matter, they are subject to a potential induced by coherent
forward elastic scattering on the particles in the medium, that is electrons and nucleons
[7]. Since the neutrino momentum is left unchanged by the coherent forward scattering, as
a result, the scattered neutrino can interfere with the propagation of the unscattered ones.
Therefore, the evolution equation of flavor neutrinos propagating in matter is affected by
an effective potential V induced by their coherent interactions with the medium itself.
The charged current (CC) coherent forward scattering is mediated by the exchange of
a W± boson and is present only for electron neutrinos, since ordinary matter does not
contain muons nor tau leptons. On the other hand, the neutral current (NC) coherent
forward scattering, mediated by the exchange of a Z0 boson, is identical for all neutrino
flavours. The Feynman diagrams of CC and NC scattering are shown in Fig. 1.1 [7]. This
effective potential is responsible for modification in the mixing of neutrinos, as will be
shown hereinafter.

Figure 1.1: Feynman diagrams of the neutrino coherent forward elastic scattering processes inducing the potential
VCC through W± boson exchange and the potential VNC through Z0 boson exchange. Figure from [7].

The matter potential is diagonal in the flavour basis:

Vα = VCC δαe + VNC (1.40)

where the CC potential depends on the neutrino flavour α:

VCC δαe =
√
2GFne(x) δαe (1.41)

while the NC potential is flavour universal:10

VNC = −GF√
2
nn(x) (1.42)

where ne and nn are the electron and neutron densities in the medium, respectively11. In
matter, the propagation eigenstates are the eigenstates of the matter Hamiltonian |νm

i ⟩,
and not the mass eigenstates |νi⟩, as happens in vacuum. The matter eigenstates |νm

i ⟩
10For antineutrinos, the matter potential has the opposite sign, i.e. Vα(ν) = −Vα(ν).
11The NC contribution to the matter potential only depends on the neutron density nn. This is due to the fact

that, if one assumes a neutral medium, then np = ne and proton and electron contributions cancel out in VNC .
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are related to the flavour eigenstates by the mixing matrix in matter Um:|νe⟩
|νµ⟩
|ντ ⟩

 = U∗
m

|νm
1 ⟩

|νm
2 ⟩

|νm
3 ⟩

 (1.43)

diagonalizing H:

H = Um

Em
1 0 0
0 Em

2 0
0 0 Em

3

U †
m (1.44)

The eigenvalues Em
i of the matter Hamiltonian H are called energy levels in matter.

Considering the two-flavour framework12, the matter Hamiltonian can be expressed in
the flavour eigenstates basis {|νe⟩ , |νβ⟩}, with β = µ, τ , as follows:

H =

(
−∆m2

4E
cos 2θ ±

√
2GFne

∆m2

4E
sin 2θ

∆m2

4E
sin 2θ ∆m2

4E
cos 2θ

)
(1.45)

in which ∆m2 and θ are the relevant oscillation parameters in vacuum, whereas the ±
of the VCC potential distinguish neutrinos from antineutrinos, respectively. By means of
the effective mixing matrix in matter Um:

Um =

(
cos θm sin θm
− sin θm cos θm

)
(1.46)

it is possible to diagonalize the matter Hamiltonian in Eq. (1.45) as follows:

H = Um

(
Em

1 0
0 Em

2

)
U †
m (1.47)

The difference of energy levels in matter is given by:13

Em
2 − Em

1 =
∆m2

2E

√(
1∓ ne

nres

)2

cos2 2θ + sin2 2θ (1.48)

while the effective mixing angle in matter θm can be inferred from the relations:

sin 2θm =
sin 2θ√(

1∓ ne

nres

)2
cos2 2θ + sin2 2θ

(1.49)

cos 2θm =

(
1∓ ne

nres

)
cos 2θ√(

1∓ ne

nres

)2
cos2 2θ + sin2 2θ

(1.50)

in which we have introduced the resonance density :

nres =
∆m2 cos 2θ

2
√
2GFE

(1.51)

12Working in the two-flavour framework is a good approximation in many physical contexts, such as the
neutrino propagation in the Sun.

13In these relations, the ∓ sign distinguish neutrinos from antineutrinos, respectively.
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From Eq. (1.48) one can determine the effective squared-mass difference ∆m2
m:

∆m2
m = ∆m2

√(
1∓ ne

nres

)2

cos2 2θ + sin2 2θ (1.52)

Moreover, the mixing angle in matter θm can be obtained directly from:

tan 2θm =
tan 2θ

1∓ ne

nres

(1.53)

simply by means of Eqs. (1.49) and (1.50).
The interesting phenomenon arising is the resonance condition occurring when the elec-
tron density ne becomes equal to the resonance density nres, namely when ∆m2 cos 2θ =
2
√
2GFneE. In particular, when ne = nres, the mixing angle in matter θm becomes max-

imal, irrespective of the value assumed by the vacuum mixing angle θ. The maximal
mixing angle at the resonance condition leads to the possibility of total transitions be-
tween the two flavors, if the resonance region is wide enough. This mechanism is the
well-known Mikheev-Smirnov-Wolfenstein (MSW) resonance.
The physics of neutrino flavour transitions in matter depends on whether the matter
density is constant or not. In particular, the MSW mechanism predict the possibility
to have resonant flavor transitions when neutrinos propagate in a medium with varying
density, explaining the flavor conversion of solar neutrinos during their propagation out
of the Sun, even in the case of a small vacuum mixing angle.

1.5 Neutrino mass ordering

The ordering of neutrino masses is one of the most compelling questions in the field of
neutrino physics. Since the oscillation probability is sensitive to squared mass differences
∆m2

kj only, neither their absolute mass scale (equivalently, the absolute value of the
lightest mass eigenstate) nor their ordering can be determined by neutrino oscillations.
The experimental results obtained from solar and atmospheric neutrino experiments so
far indicate the presence of two very distinct mass differences among the neutrino mass
eigenstates: ∆m2

sol ∼ 7.5 · 10−5 eV2 and ∆m2
atm ∼ 2.5 · 10−3 eV2 [8], such that ∆m2

sol ≪
∆m2

atm. In general, the small solar mass splitting ∆m2
sol is identified with the squared

mass splitting between ν1 and ν2 mass eigenstates, labelled such that m2 > m1, i.e.
∆m2

sol = ∆m2
21 > 0 [6]. The large atmospheric mass scale ∆m2

atm can thus be identified
with |∆m2

32| or |∆m2
31|. Since ∆m2

sol ≪ ∆m2
atm, then the following relations among

squared mass differences hold:

∆m2
sol = ∆m2

21 ≪ |∆m2
31| ≃ |∆m2

32| ≃ ∆m2
atm (1.54)

Depending on the sign of ∆m2
31, there are two different possibilities for the ordering of

neutrino masses. The normal ordering or normal hierarchy is characterized by ∆m2
31 > 0

and thus determined by the m1 < m2 < m3 mass ordering. The inverted ordering
or inverted hierarchy is instead characterized by ∆m2

31 < 0 and thus determined by
the m3 < m1 < m2 mass ordering. The two neutrino mass hierarchies are shown in
Fig. 1.2; for each hierarchy, the neutrino mass eigenstates are illustrated according to
their composition in terms of flavor eigenstates. The positive (negative) sign of ∆m2

31

thus implies that the lightest mass eigenstate ν1 is the eigenstate having the largest mixing
with the electron (tau) neutrino, and thus the smallest mixing with the tau (electron)
neutrino [10].
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Figure 1.2: Scheme of normal and inverted neutrino mass hierarchies. The colours indicate the flavour composition
of each mass eigenstate. Figure from [9].

1.6 CP violation in neutrino oscillations

The violation of the CP symmetry in neutrino oscillations [6] originates from the possi-
bility that neutrinos and antineutrinos oscillate with different probabilities in vacuum. In
the minimally extended SM, it arises from the dependence of the oscillation probability
on the phase δCP of the PMNS matrix. In a more general context, the transformations
produced by the different discrete symmetries14 on neutrino oscillation probabilities can
be summarized as:

P (να → νβ)
CP−−−→ P (να → νβ)
T−−−→ P (νβ → να)

CPT−−−→ P (νβ → να)

(1.55)

The assumption of CPT conservation P (να → νβ) = P (νβ → να) implies that the CP
and T asymmetries in neutrino oscillations are equal:

ACP
αβ ≡ P (να → νβ)− P (να → νβ)

P (να → νβ) + P (να → νβ)
=

P (να → νβ)− P (νβ → να)

P (να → νβ) + P (νβ → να)
≡ AT

αβ (1.56)

Moreover, another implication of CPT invariance is P (να → να) = P (να → να), namely
the impossibility to observe CP violation in disappearance channels, as already inferred
from the general three-flavour oscillation formula in Eq. (1.35). In order to study the
effect of CP violation (CPV) in neutrino oscillations, it can be useful to introduce the
quantity ∆Pαβ ≡ P (να → νβ) − P (να → νβ), which in turn corresponds to twice the
CP-odd part in the three-flavour oscillation probability of Eq. (1.34), namely:

∆Pαβ = 4
∑
k>j

Im[U∗
αkUβkUαjU

∗
βj] sin

(
∆m2

kjL

2E

)
(1.57)

which can also be expressed as:
14It is important to point out that P (να → νβ) is P (να → νβ) after a CP transformation, not after a C-only

transformation. Indeed, να and νβ are left-handed neutrinos and their corresponding antiparticles να and νβ are
right-handed antineutrinos, namely the CP conjugates of να and νβ [6].
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∆Pαβ = ±16J sin

(
∆m2

21L

4E

)
sin

(
∆m2

31L

4E

)
sin

(
∆m2

32L

4E

)
(1.58)

by defining:
J ≡ Im

[
U∗
e1Uµ1Ue2U

∗
µ2

]
(1.59)

In Eq. (1.58) one must consider the + sign when (α, β, γ), with γ ̸= α, β, is an even
permutation of (e, µ, τ) and a - sign when it is an odd permutation15. The quantity J
defined in Eq. (1.59) is called the Jarlskog invariant16 and it constitutes a measure of CP
violation from the Dirac phase δCP. Using the standard parametrization of the PMNS
matrix, the Jarlskog invariant can be written as:

J =
1

8
cos θ13 sin 2θ12 sin 2θ13 sin 2θ23 sin δCP (1.60)

Therefore, a necessary condition for CP violation in neutrino oscillations is that all three
mixing angles θij are nonzero and that the phase δCP is different from 0 and π. In
addition, from Eq. (1.58) one can infer that all the squared mass-differences must be non
vanishing, that is, all neutrinos masses should be different. The conditions for CPV in
neutrino oscillations can thus be summarized as follows:

CPV in oscillations ⇐⇒ δCP ̸= 0, π , θij ̸= 0 , mi ̸= mj ∀i ̸= j (1.61)

1.7 Three-flavour oscillations with matter effects

Since in long-baseline oscillation experiments the neutrino beam propagate through the
Earth’s crust and mantle, oscillations are thus affected by neutrino interactions in a
medium with varying matter density17. Unlike solar neutrinos, for which matter pertur-
bations cause a strong change of the oscillation probability, the nearly constant, moderate-
size matter density entails a small perturbation for accelerator neutrinos and it can be
accounted for by considering a perturbative expansion of the full oscillation formula and
retaining only first-order perturbations in α ≡ ∆m2

21 / |∆m2
31| ≃ 0.03 [10]. The pertur-

bative expansion of νµ → νe oscillation probability at the second order in α is the master
formula of long-baseline experiments:

P (νµ → νe) ≃ sin2 2θ13 sin
2 θ23

sin2 [(1− A)∆31]

(1− A)2

− α sin 2θ13 ξ sin δCP sin∆31
sin (A∆31)

A

sin [(1− A)∆31]

(1− A)

+ α sin 2θ13 ξ cos δCP cos∆31
sin (A∆31)

A

sin [(1− A)∆31]

(1− A)

+ α2 cos2 θ23 sin
2 2θ12

sin2 (A∆31)

A2

(1.62)

15It should be stressed that the CP-violating term in neutrino oscillations is universal, hence, up to a sign, it
does not depend on the oscillation channel. This conclusion can be inferred straightforwardly from the unitarity
of the PMNS matrix, which implies Im[U∗

e1Uµ1Ue2U
∗
µ2] = − Im[U∗

e1Uτ1Ue2U
∗
τ2] = Im[U∗

µ1Uτ1Uµ2U
∗
τ2]. Hence, one

would get ∆Peµ = −∆Peτ = ∆Pµτ [6].
16The name invariant refers to the fact that J does not depend on the phase convention used for the PMNS

matrix, that is, it is invariant under rephasings of lepton fields [6].
17Despite the electron density is not constant in the Earth, a good approximation is to consider it as made

of multiple layers of constant density (the crust, the mantle, the outer core and the inner core). The two-layer
(mantle-core) approximation is in general sufficient in the study of neutrino oscillations in the Earth [6].

13



where ∆31 ≡ ∆m2
31L/4E and the term ξ = cos θ13 sin 2θ12 sin 2θ23 is O(1). The first

term corresponds to the dominant ∆m2
31-driven oscillation, the fourth one the ∆m2

21-
driven oscillation (as the presence of the suppression factor α2 shows); the second and
the third ones are the CP-odd and the CP-even terms. The parameter A ≡ 2V E/∆m2

31 =
2
√
2GFneE/∆m2

31 quantifies the importance of matter effects on ∆m2
31-driven oscillations

[6]. The electron density ne in matter is assumed to be constant in the oscillation proba-
bility formula18. The corresponding probability for νµ → νe oscillations can be obtained
by switching the signs of the CP-violating phase δCP and of the matter parameter A.
The experimental challenge of long-baseline experiments will be to disentangle matter
effects from CP violation, since both of them create an asymmetry between νµ → νe and
νµ → νe oscillations, depending on the sign of ∆m2

31 for matter effects and on the value
of δCP phase for CP violation. Even in the absence of CP violation, neutrino interactions
with matter can induce an asymmetry between neutrino and antineutrino oscillations
depending on the mass hierarchy: neutrino oscillations are enhanced (suppressed) over
antineutrino oscillations for the normal (inverted) ordering. The mass hierarchy enters
via the sign of A, depending on the sign of ∆m2

31. An experiment with a longer base-
line will be more sensitive to the neutrino mass ordering, since in the few-GeV energy
range the asymmetry from the matter effect increases with the baseline, as the neutri-
nos pass through more matter. Fig. 1.3 illustrates how the appearance probability for
neutrinos and antineutrinos changes at longer baselines, considering the baseline of T2K
[11] (295 km), NOνA [12] (810 km) and DUNE [13] (1300 km). The probabilities are
plotted for all possible values of the unknown δCP phase, tracing out ellipses in the bi-
probability plot. The mass hierarchy discrimination is higher at larger baseline values but
its determination is complicated by the lack of knowledge of δCP phase; nevertheless at
the longest baseline envisaged by the DUNE experiment the hierarchy-dependent matter
effects become larger than any δCP-induced changes in the oscillation probabilities [14].

Figure 1.3: Bi-probability plot of P (νµ → νe) versus P (νµ → νe) for both mass orderings (red and blue ellipses)
and for the full range of true δCP (cycling around the ellipses). (a) At the T2K baseline, the neutrino and
antineutrino appearance probabilities differ very little between the two hierarchies, thus offering poor hierarchy
discrimination. (b) For NOνA, significant splitting of the two orderings occurs. (c) For DUNE, the separation
is complete and an unambiguous determination of the hierarchy regardless of δCP is possible. The figure is
illustrative only, since other oscillation parameters are kept fixed. Figure from [14].

The 1300 km baseline of the DUNE experiment establishes one of its key strengths, en-
hancing its sensitivity to matter effect and making DUNE able to unambiguously deter-
mine the neutrino mass ordering and measure the value of δCP [13].

18In practice, the assumption of a constant electron density ne is a good approximation up to very long
baselines, since neutrinos travel only through the mantle for L ≲ 11 000 km [6].
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1.8 The current status of PMNS matrix and squared neutrino
mass differences

The global picture of three active neutrino mixing parametrized by the PMNS matrix
and two independent squared mass differences is supported by a large set of experimental
results on neutrino oscillations [6]. In particular, the comprehensive set of neutrino
experiments to date has measured five of the oscillation parameters: the three mixing
angles θ12, θ23, θ13 and the two independent squared mass differences ∆m2

21 and ∆m2
32.

The neutrino mass hierarchy (i.e. the sign of ∆m2
31) is still unknown. The last unknown

mixing angle θ13 was measured in 2012 by reactor experiments (Daya Bay [15], RENO
[16], Double Chooz [17]) and its value turned out to be quite large. Indeed, the smallest
neutrino mixing angle (θ13 ≃ 8.6◦) has a size comparable with the Cabibbo angle (∼ 13◦),
which is the largest mixing angle in the quark sector. The octant of θ23 is still largely
undetermined since there is high ambiguity to whether its value is in the first octant
(θ23 < π

4
), in the second octant (θ23 > π

4
) or corresponding to the maximal mixing angle

(θ23 = π
4
), the latter indicating that νµ and ντ flavour composition are equal in the third

neutrino mass eigenstate ν3. The value of the CP-violating phase δCP is only poorly
constrained and its measurement will be one of the main goals of the next generation of
long-baseline neutrino oscillation experiments, such as DUNE [13] and HyperKamiokande
[18]. In 2020 T2K reported hints of CP violation in neutrino oscillation [19], with their
data favoring values of δCP near maximal CP violation and by excluding CP conserving
values of δCP = 0, π at the 95% confidence level, but this claim is not supported by the
NOνA data to date. The results of a recent global analysis [8] of neutrino oscillation data
shows that the parameters θ12, θ13, ∆m2

21 and ∆m2
3ℓ (ℓ = 1, 2) are well-determined with

relative precision at 3σ of about 13%, 8%, 15%, and 6%, respectively. The atmospheric
mixing angle θ23 still suffers from the octant ambiguity, thus there is no clear indication of
whether it is larger or smaller than π

4
. The determination of δCP depends on the neutrino

mass ordering: for normal ordering the global fit is consistent with CP conservation
within 1σ, whereas for inverted ordering CP-violating values of δCP around 270◦ are
favored against CP conservation at more than 3.6σ. The current values of the PMNS
parameters and neutrino masses resulting from the global fit [8] are reported in Tab. 1.2,
showing the best-fit values as well as 1σ and 3σ confidence intervals for the oscillation
parameters in both mass orderings, relative to the local best-fit points in each ordering.
Despite the Jarlskog invariant J = Jmax

CP sin δCP cannot be precisely determined to date,
its maximum value Jmax

CP is estimated to be:

Jmax
CP = 0.0333± 0.0007 (±0.0017) (1.63)

at 1σ (3σ) for both orderings, and it can be compared with the Jarlskog invariant of the
CKM matrix Jmax

CP =
(
3.12+0.13

−0.12

)
· 10−5 [1].

15



W
it

ho
ut

SK
at

m
os

ph
er

ic
da

ta

Normal Ordering (∆χ2 = 0.6)) Inverted Ordering (best fit)

bfp ±1σ 3σ range bfp ±1σ 3σ range

sin2 θ12 0.307+0.012
−0.011 0.275 → 0.345 0.308+0.012

−0.011 0.275 → 0.345

θ12/
◦ 33.68+0.73

−0.70 31.63 → 35.95 33.68+0.73
−0.70 31.63 → 35.95

sin2 θ23 0.561+0.012
−0.015 0.430 → 0.596 0.562+0.012

−0.015 0.437 → 0.597

θ23/
◦ 48.5+0.7

−0.9 41.0 → 50.5 48.6+0.7
−0.9 41.4 → 50.6

sin2 θ13 0.02195+0.00054
−0.00058 0.02023 → 0.02376 0.02224+0.00056

−0.00057 0.02053 → 0.02397

θ13/
◦ 8.52+0.11

−0.11 8.18 → 8.87 8.58+0.11
−0.11 8.24 → 8.91

δCP/
◦ 177+19

−20 96 → 422 285+25
−28 201 → 348

∆m2
21

10−5 eV2 7.49+0.19
−0.19 6.92 → 8.05 7.49+0.19

−0.19 6.92 → 8.05

∆m2
3ℓ

10−3 eV2 +2.534+0.025
−0.023 +2.463 → +2.606 −2.510+0.024

−0.025 −2.584 → −2.438

Table 1.2: Current values of the PMNS parameters and neutrino masses as extracted by the NuFit collaboration
in 2024 [8]. The numbers in the 1st (2nd) column are obtained assuming normal ordering (inverted ordering),
i.e. relative to the respective local minimum. It should be noted that ∆m2

3ℓ ≡ ∆m2
31 > 0 for normal ordering

and ∆m2
3ℓ ≡ ∆m2

32 < 0 for inverted ordering; "bfp" stands for "best fit point".

1.9 Neutrino cross-sections

In all neutrino experiments, an accurate knowledge of neutrino cross-sections is extremely
important [1, 20]. The need for such information in the interpretation of neutrino oscil-
lation data has boosted interest in neutrino scattering measurements, since uncertainties
in neutrino-nucleus scattering still remain a dominant source of systematic uncertainty in
many current and future neutrino oscillation experiments. Although neutrino scattering
results have been collected over many decades using a variety of targets and different
detector technologies, nowadays there is a broad consensus in the community about the
importance of remeasuring cross-sections with an improved treatment of nuclear effects
and the need of accurate neutrino flux estimations. The determination of neutrino cross-
sections in the few GeV energy range - relevant for DUNE and Hyper-Kamiokande -
presents significant challenges, even theoretically. The complexity in the description of
neutrino interactions with nuclei arises from a variety of nuclear effects, such as the Fermi
motion of nucleons inside the nucleus, the fact nucleons are not free but bound inside
the nucleus, multi-nucleon knock-out and final state interactions of hadrons within the
nuclear media. Nuclear effects impacting neutrino scattering on nuclei are particularly
relevant nowadays, since modern neutrino experiments make use of moderate to heavy
nuclear targets in order to increase their event rates. Therefore, in the precision era of
neutrino physics, a better understanding of the neutrino-nucleon and neutrino-nucleus
cross-sections is pivotal to achieve a few percent accuracy in the systematic uncertain-
ties of the next generation of long-baseline oscillation experiments. Moreover, such an
improved knowledge is important in its own right, since it provides information about
the axial-vector part of the nucleons bound inside the nucleus, which is not accessible via
photon or electron induced reactions [21].

The total inclusive charged current cross section for muon neutrino (νµN → µ−X) and
antineutrino (νµN → µ+X) scattering have been measured over the years by many
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experiments, covering a broad range of neutrino energies [1]. The inclusive charged
current neutrino and antineutrino cross-sections are shown in Fig. 1.4 [22] with some
of the existing measurements and predictions for the main neutrino interactions: quasi-
elastic, resonant pion production and deep inelastic scattering.

Figure 1.4: Total CC muon neutrino (left) and antineutrino (right) cross-sections per nucleon (for an isoscalar
target) divided by neutrino energy, as a function of neutrino energy. The predictions for the dominant types
of charged-current interactions are shown: quasi-elastic QE (dashed), resonant pion production RES (dot-dash)
and deep inelastic scattering DIS (dotted). Figures from [22].

The total inclusive cross section approaches a linear dependence on neutrino energy, as
expected for point-like scattering off quarks (e.g. deep inelastic scattering); such an
assumption break down at lower neutrino energies (i.e. lower momentum transfers) [1].
Neutrino cross-sections at lower energies are typically not well-measured as their high
energy counterparts, due both to the lack of high statistics data historically available
in this energy range and to the complexity of describing the many underlying physical
processes that can participate in this region [22]. Due to the presence of many competing
interaction processes, the products of neutrino interactions on nuclei include a plethora
of final state particles, ranging from the emission of nucleons to more complex final states
including pions and kaons. The description of the transition region between resonance
excitation and deep inelastic scattering is theoretically challenging. The antineutrino
cross-sections are typically less well-measured than their neutrino counterparts, as a result
of lower statistics and larger background contamination.

1.10 Neutrino interactions with nucleons and nuclei

1.10.1 Neutrino scattering off free nucleons

In this section the interaction of neutrinos with free nucleons is described and weak
nucleon form factors are introduced. In particular, to simplify the discussion, the sim-
plest case of a quasi-elastic interaction is considered. In a charged current quasi-elastic
scattering a neutrino (antineutrino) interact with a free neutron (proton):

νℓ + n → ℓ− + p (1.64)
νℓ + p → ℓ+ + n (1.65)

The Feynman diagram of a quasi-elastic scattering is shown in Fig. 1.5.
The charged current quasielastic interaction of a neutrino with a nucleon is thus described
by the following reaction:

νℓ(k) + n(p) → ℓ−(k′) + p(p′) (1.66)
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νℓ (k)

n (p)

l− (k′)

p (p′)

W± (q)

Figure 1.5: Quasielastic neutrino scattering processes on a free nucleon target.

where k and k′ are the four momenta of the neutrino and corresponding charged lepton,
p and p′ are four momenta of the incoming and outgoing nucleons, respectively. The
invariant matrix element can be written as:

M =
GF√
2
|Vud| lµJµ (1.67)

where lµ and Jµ are the leptonic and hadronic weak currents. The leptonic weak current
lµ is given by:

lµ = u(k′)γµ(1∓ γ5)u(k) (1.68)

with the ∓ sign referring to reactions induced by neutrinos or antineutrinos, respectively.
The hadronic current Jµ is given by:

Jµ = u(p′) (Vµ − Aµ)u(p) (1.69)

The matrix elements of the vector Vµ and axial-vector Aµ currents are given by [20, 21]:

⟨N ′(p′) |Vµ |N(p)⟩ =u(p′)

[
γµf1(q

2) + iσµν
qν

(M +M ′)
f2(q

2)

+
2qµ

(M +M ′)
fS(q

2)

]
u(p) (1.70)

⟨N ′(p′) |Aµ |N(p)⟩ =u(p′)

[
γµγ

5fA(q
2) + iσµν

qν

(M +M ′)
γ5fT (q

2)

+
2qµ

(M +M ′)
γ5fP (q

2)

]
u(p) (1.71)

where N,N ′ denote the initial and final state nucleon, M and M ′ are their respective
masses and q2 = (k−k′)2 is the four momentum transfer squared. The weak form factors
f1(q

2), f2(q2) and fS(q
2) are denoted as the vector, weak magnetic, and induced scalar

form factors whereas fA(q
2), fT (q2) and fP (q

2) are the axial vector, induced tensor (or
weak electric), and induced pseudoscalar form factors, respectively. More details on the
form factors are presented in Sec. 1.10.2. Using the leptonic and hadronic currents, the
matrix element squared can be expressed as follows:

|M|2 = G2
F

2
|Vud|2LµνJµν (1.72)
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where Lµν and Jµν are the leptonic and hadronic tensors, respectively. In particular, the
leptonic tensor Lµν can be computed to be:

Lµν = 8
[
kµk′ν + k′µkν − gµνk · k′ ± iϵµναβk′

αkβ
]

(1.73)

with ± sign referring to a neutrino (antineutrino) induced process. The differential scat-
tering cross section in the laboratory reference frame is finally given by:

dσ

dq2
=

G2
F |Vud|2

8πM2E2
LµνJµν (1.74)

where E is the energy of the incoming neutrino.

1.10.2 Weak nucleon form factors

The weak nucleon form factors f[1, 2, S, A, T, P ](q
2) introduced in Sec. 1.10.1 correspond

to the Dirac, Pauli, scalar, axial-vector, tensor and pseudoscalar weak form factors, re-
spectively. The scalar and tensor form factors are both zero thanks to the invariance of
the strong interaction under isospin [22]:

fS(q
2) = fT (q

2) ≡ 0 (1.75)

Moreover, it is possible to relate the form factors probed by weak interactions to those
from pure electromagnetic interactions using the Conserved Vector Current (CVC) hy-
pothesis [21]:

f1,2(q
2) = F p

1,2(q
2)− F n

1,2(q
2) (1.76)

where F p,n
1 and F p,n

2 are the electromagnetic Dirac and Pauli form factors of the proton
and neutron, respectively. In the limit of zero momentum transfer q → 0, the Dirac form
factors reduce to the charge of the nucleon, whereas the Pauli form factors reduce to the
nucleon’s magnetic moments [22]:

FN
1 (0) = qN =

{
1 proton
0 neutron

(1.77)

FN
2 (0) =

{
µp

µN
− 1 proton

µn

µN
neutron

(1.78)

where qN is the nucleon charge, µN is the nuclear magneton, and µp,n are the proton
and neutron magnetic form factors. The Dirac F1(q

2) and Pauli F2(q
2) form factors

are expressed in terms of the experimentally determined Sach’s Gp,n
E (q2) and magnetic

Gp,n
M (q2) form factors of the nucleons as [21]:

F p,n
1 (q2) =

(
1− q2

4M2

)−1 [
Gp,n

E (q2)− q2

4M2
Gp,n

M (q2)

]
(1.79)

F p,n
2 (q2) =

(
1− q2

4M2

)−1 [
Gp,n

M (q2)−Gp,n
E (q2)

]
(1.80)

Initially, it was observed that the experimental data for the electromagnetic e−p scat-
tering may be explained assuming that the Sachs’ form factors to have a dipole form,
proportional to:

GD(q
2) =

1(
1− q2

M2
V

)2 (1.81)

19



where MV ≃ 0.84GeV was known as the vector dipole mass [20]. However, with the de-
velopment of electron scattering experiments, it was observed that the Sachs’ form factors
deviate from the dipole form. In the literature there exist various parameterizations of
the Sachs’ form factors, such as the one given by Bradford et al. [23] kwown as BBBA-05,
Kelly [24], Punjabi et al. [25]. The Goldberger-Treiman relation allows one to also relate
the pseudoscalar contribution in terms of the axial term as well:

fP (q
2) =

2M2

m2
π − q2

fA(q
2) (1.82)

where mπ is the pion mass. The axial-vector form factor fA(q
2) is often parameterized

assuming a dipole-like behavior:

fA(q
2) =

−gA(
1− q2

M2
A

)2 (1.83)

where the coupling gA = 1.2754 ± 0.0013 is determined experimentally from neutron β
decay [1]. The MA parameter is known as the axial mass and it is obtained in quasi-elastic
scattering measurements. The analysis of quasi-elastic scattering made extensive use of
the dipole parameterization [20]; however, a new parameterization based on z-expansion
[26, 27] has been proposed and the axial-vector form factor can also be theoretically
computed in various lattice QCD models [27]. In recent years, the determination of the
numerical value of MA has been a subject of intense discussion in the neutrino physics
community [28]. Before the advent of precision neutrino data on nuclei, the axial mass
was extracted from charged current quasi-elastic measurements on deuterium bubble
chambers and its value was considered quite stable around MA = 1.026± 0.021 GeV [29]
and confirmed by the few-GeV data from NOMAD [30] on carbon. However, modern
neutrino scattering data on carbon at lower energies coming from K2K [31], SciBooNE
[32] and MiniBooNE [33] suggested larger values of the axial mass in contradiction with
the previous one. Indeed, since modern neutrino experiments no longer use deuterium
but complex nuclei as their neutrino targets, nuclear effects play a major role and can
produce sizable modifications in quasi-elastic cross section. The MiniBooNE data could
be reproduced by calculating the nuclear response functions using a relativistic Fermi
gas model and increasing the axial mass value to MA = 1.35 ± 0.17 GeV, revealing a
substantial discrepancy. Martini et al. [34] suggested that actually MiniBooNE data
was not genuine quasi-elastic and explained the inconsistencies between models and data
recorded by MiniBooNE as due to a missing component in the modeling of the cross-
sections: the reaction mechanism of multi-nucleon excitations (2p2h) due to short-range
nuclear correlations, meson exchange currents and their interference [28].

1.10.3 Quasi-elastic scattering

Neutrinos can elastically scatter off an entire nucleon liberating a nucleon (or multiple
nucleons) from the target [22]. Such an interaction mechanism is known as quasi-elastic
scattering for charged current interactions (QE or CCQE), whereas it is referred to as
elastic scattering for neutral current interactions. The quasi-elastic neutrino scattering
occurs off an entire nucleon, rather than its constituent partons. The neutrino (antineu-
trino) quasi-elastic scattering off a free nucleon target refers to the process:

νℓ + n → ℓ− + p (1.84)
νℓ + p → ℓ+ + n (1.85)
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where a charged lepton and a single nucleon are ejected in the elastic interaction with
a nucleon in the target material. The Feynman diagram of a neutrino QE scattering off
a free nucleon is shown in Fig. 1.5. In a neutrino QE interaction the target neutron is
converted to a proton, whereas in the case of an antineutrino scattering the target proton
is converted into a neutron. The final state is traditionally a single nucleon, but can
also include multiple nucleons, especially in the case of neutrino-nucleus scattering. The
differential cross section of CCQE off free nucleons is predicted by the Llewellyn-Smith
model [35]:

dσ

dQ2
=

G2
FM

2|Vud|2

8πE2
ν

[
A(Q2)±B(Q2)

s− u

M2
+ C(Q2)

(s− u)2

M4

]
(1.86)

where ± sign refers to neutrino (antineutrino) scattering, where M = (mp+mn)/2 is the
average nucleon mass, Q2 is the squared four momentum transfer (Q2 = −q2 > 0), Eν is
the incident neutrino energy and s− u = 4MEν −Q2 −m2

l , where ml is the lepton mass.
The factors A(Q2), B(Q2) and C(Q2) are function of the vector f1,2, axial-vector fA and
pseudoscalar fP form factors of the nucleon, according to:

A(Q2) =
m2

l +Q2

4M2

[(
4 +

Q2

M2

)
f 2
A(Q

2)−
(
4− Q2

M2

)
f 2
1 (Q

2)

+
Q2

M2

(
1− Q2

4M2

)
f 2
2 (Q

2) +
4Q2

M2
f1(Q

2)f2(Q
2)

− m2
l

M2

([
f1(Q

2) + f2(Q
2)
]2

+
[
fA(Q

2) + 2fP (Q
2)
]2

−
(
Q2

M2
+ 4

)
f 2
P (Q

2)

)]
(1.87)

B(Q2) =
Q2

M2
fA(Q

2)
[
f1(Q

2) + f2(Q
2)
]

(1.88)

C(Q2) =
1

4

[
f 2
A(Q

2) + f 2
1 (Q

2) +
Q2

4M2
f 2
2 (Q

2)

]
(1.89)

The quasi-elastic scattering is the dominant neutrino interaction for neutrino energies
less than ∼ 1GeV and represents a large fraction of the signal samples in many neutrino
oscillation experiments [1]. The early measurements of QE date back to the 1970’s, when
bubble chamber experiments employed light targets (hydrogen or deuterium) requiring
both the detection of a muon and a single nucleon in the final state. For modern neu-
trino experiments using heavier nuclear targets the situation is much more complicated
since nuclear effects impact the size and shape of the cross section as well as the final
state kinematics and topology. Therefore, a QE interaction on a nuclear target does not
necessarily imply the ejection of a lepton and a single nucleon, since additional particles
may be ejected in the final state due to intranuclear hadron rescattering (i.e. final state
interactions, FSI) and the effects of correlations between target nucleons (e.g. 2p2h).
For nuclear targets heavier than hydrogen or deuterium it is thus important to properly
define the meaning of a CCQE scattering and nowadays modern experiments tend to
report cross-sections for processes without pions in the final state (referred to as CC0π
or QE-like) instead of genuine CCQE reactions.
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1.10.4 Resonance production

Given enough energy, neutrinos can excite the struck nucleon to an excited state, pro-
ducing a baryon resonance (∆, N∗) which quickly decays, most often to a nucleon and
single pion final state [22]:

νµ N → µ− N∗ (1.90)
N∗ → π N ′ (1.91)

where N,N ′ = n, p. The baryon resonance can decay through a variety of higher multi-
plicity decay modes, for instance multi-pion and kaon final states. The resonant single
pion production is the most common production mechanism, dominated by the ∆(1232)
resonance at the lowest energies. Considering neutrino scattering off free nucleons, there
are seven possible resonant single pion reaction channels, three charged current:

νµ p → µ− p π+ νµ p → µ+ p π− (1.92)
νµ n → µ− p π0 νµ p → µ+ n π0 (1.93)
νµ n → µ− n π+ νµ n → µ+ n π− (1.94)

and four neutral current:

νµ p → νµ p π0 νµ p → νµ p π0 (1.95)
νµ p → νµ n π+ νµ n → νµ n π0 (1.96)
νµ n → νµ n π0 νµ n → νµ n π0 (1.97)
νµ n → νµ p π− νµ n → νµ p π− (1.98)

An example of a Feynman diagram for resonant single pion production reaction is shown
in Fig. 1.6.

νµ

n

µ−

π+

n

∆

W±

Figure 1.6: Resonant single pion production.

The description used by many neutrino experiments for such resonance production pro-
cesses is most commonly based on the calculations of the Rein and Sehgal model [36],
with the additional inclusion of lepton mass terms. In particular, a proper knowledge of
NCπ0 resonant production process is of great interest for long-baseline oscillation exper-
iments searching for νµ → νe oscillations. Indeed, such an interaction is expected to be
one of the largest source of background in the far detectors, due to photons which can
mimic electron neutrino appearance signals.

1.10.5 Deep inelastic scattering

The neutrino interactions discussed so far involve neutrino scattering off composite en-
tities such as nucleons or nuclei; however, given enough energy, neutrinos can resolve
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the internal structure of the target [22]. The neutrino scattering off an individual quark
constituent of the nucleon is a process called deep inelastic scattering (DIS). The DIS
is the dominant neutrino interaction mode for neutrino energies above ∼ 10GeV and it
breaks apart the nucleon producing a hadronic shower. The neutrino scatters off a quark
in the nucleon via the exchange of a virtual W or Z boson, producing a lepton and a
hadronic system (X) in the final state:

νµ N → µ− X νµ N → µ+ X (1.99)
νµ N → νµ X νµ N → νµ X (1.100)

Neutrino DIS can be described in terms of three dimensionless kinematic invariants: the
inelasticity y, the square of the four-momentum transfer (Q2 = −q2 > 0) and the Bjorken
scaling variable x [37]. Since neutrino DIS has long been used to validate the Standard
Model and to probe nucleon structure, several high energy (many GeV) neutrino experi-
mental data are available [22]. However, there are few data at the lower energies relevant
to accelerator-based neutrino experiments and it is not clear how to accurately extrap-
olate DIS models to these energies. Moreover, the treatment of nuclear PDFs (nPDFs),
which account for modifications of parton distribution functions (PDFs) within the nu-
clear medium, is essential for an accurate description of DIS on nuclei and constitutes a
major source of theoretical uncertainty in this regime [38].

1.11 Nuclear effects in neutrino-nucleus scattering

The neutrino scattering off free nucleons is an approximation sufficient to describe neu-
trino interactions on light nuclear targets, such as those employed in old bubble chamber
experiments (hydrogen or deuterium). However, modern neutrino experiments make use
of moderate to heavy nuclear targets in order to increase their event rates. Therefore,
when using heavier targets, it is necessary to account for additional nuclear effects, which
can alter initial and final state kinematics and topology. The variety of nuclear effects
can be broadly classified in initial state effects (e.g. Fermi motion, nuclear binding energy
and multi-nucleon knock-out) and final state interactions.

1.11.1 Fermi motion

Fermi motion describes the initial state momentum distribution of nucleons bound inside
the nucleus, prior to any neutrino interaction. The initial state motion of nucleons inside
the nuclear medium complicates the description of neutrino scattering with nuclei, since
it is responsible for an unknown event-by-event boost in the laboratory frame. Fermi
motion can be described by a variety of models based on different assumptions, result-
ing in different predictions for the kinematics of initial-state nucleons. The models most
commonly used to describe the initial nuclear ground state in neutrino interactions at
the few-GeV scale are the Relativistic Fermi Gas (RFG), the Local Fermi Gas (LFG) and
the Spectral Function (SF) model. In the Relativistic Fermi Gas model [39], nucleons
inside the nucleus are treated as non-interacting fermions in a nuclear potential, with
all available momentum states filled by nucleons from the ground state upwards. The
highest-momentum level causes a sharp cut-off in the range of available energies. Inter-
actions among fermions are not taken into account in this model and the nuclear density
is assumed to be flat within the nucleus. The Local Fermi Gas model [40] accounts for
local variations in nuclear density, since nucleons are subject to a nuclear potential that
varies as a function of the the radial position of the nucleon inside the nucleus. The
Local Fermi Gas model can thus be thought as a continuum of many Relativistic Fermi
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Gas models, each one with a different Fermi momentum determined by the local nuclear
potential. The overall effect of this model is thus to smooth out the initial state momen-
tum distribution of nucleons. The Spectral Function model [41] is a more sophisticated
model which takes into account interactions among nucleons and the shell structure of
the nucleus.

1.11.2 Multi-nucleon knock-out

In a neutrino-nucleus interaction, the neutrino can scatter off correlated states of two or
more nucleons bound inside the nucleus. This multi-nucleon knock-out process is known
as n-particles-n-holes (npnh) [34] and the most common occurrence involves the interac-
tion with a correlated pair of nucleons (2p2h) ejected from the nucleus. As mentioned
in Secs. 1.10.2 and 1.10.3, multi-nucleon correlations have been proposed to motivate
the MiniBooNE axial mass puzzle, explaining the discrepancy observed in the analysis of
(non-genuine) CCQE interactions on nuclear targets heavier than deuterium [42]. The
multi-nucleon knock-out can be described in terms of nucleon-nucleon short-range corre-
lations (NN), meson exchange currents (MEC) and interference between these processes.
The different channels contributing to 2p2h are shown in Fig. 1.7. The 2p2h interactions
are described by multiple models [34, 43–45], with varying predictions on the relative
amount of NN and MEC interactions.

Figure 1.7: Feynman diagrams of NN and MEC interactions, adapted from [43, 46]. Single lines represent
nucleons, double lines represent the ∆ resonances, dashed lines represent pions, and curly lines represent the W
boson. Figure from [47].

1.11.3 Final state interactions

The final state particles produced in a neutrino-nucleus scattering can undergo subsequent
interactions with the nuclear medium, further complicating the description of neutrino
interactions. Once created in the initial neutrino interaction, the final state hadrons - in
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order to be detected - must escape the nucleus. Anyway, along their journey, the hadrons
can rescatter, get absorbed, charge-exchange or stimulate additional nuclear emission,
thus altering the kinematics and final state topology. These re-interactions are known
as final state interactions (FSI). A schematic representation of different types of FSI
affecting, for instance, resonant pion production is shown in Fig. 1.8. FSI are difficult to
model or constrain with experimental data. Neutrino event generators such as GENIE
[48], NEUT [49], and NuWro [50] model FSI using intranuclear cascade models, whereas
GiBUU [51] solves coupled hadronic transport equations to propagate all interaction
products through the nuclear medium together.

Figure 1.8: Schematic representation of different types of FSI affecting resonant pion production. Figure from
[52].

1.12 Status of neutrino cross-section measurements

A wide range of neutrino cross-section measurements on different targets have been mea-
sured by past and current experiments such as MiniBooNE, T2K, MicroBooNE, NOνA
and MINERνA, with a primary focus on quasi-elastic-like interactions and in the ∼ 1GeV
regime. Despite in recent years a considerable progress in neutrino scattering measure-
ments has been achieved by such experiments, they also highlighted some limitations
in the modeling of neutrino-nucleus interactions. Furthermore, the precision of current
measurements still remains insufficient for the demands of the precision era of neutrino
oscillation physics. The QE-like (i.e. CC0π) cross-sections are nowadays reported by
many modern experiments as a function of the observed final state particle kinematics
[1]. Despite such double differential cross-section measurements make more difficult a di-
rect comparison among different experiments, they have the advantage of being much less
model-dependent than the historical cross-sections reported as a function of derived quan-
tities such as neutrino energy Eν or the square of the 4-momentum transfer Q2 = −q2,
where q = (q0, q⃗3) is the 4-momentum transfer in a neutrino scatter. Therefore, dou-
ble differential cross-sections as a function of final state particle kinematics reduce the
model-dependence of the measured data, thus providing a more robust set of measure-
ments which allow a rigorous two-dimensional test of the underlying nuclear physics [1].
For instance, the νµ CC0π double differential cross-sections measured by T2K [53] as a
function of lepton kinematics (i.e. pµ, cos θµ) is shown in Fig. 1.9.
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Figure 1.9: The T2K CC0π double differential cross-sections measured in 2016. The flux uncertainty is shown in
the gray area and the distributions are compared with the models of Martini et al. [34, 54] (red solid line) and
Nieves et al. [42, 55] (red dotted line). Figure from [53].
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Since the incident neutrino energy is not known on an event-by-event basis, most modern
neutrino cross-section measurements are reported as flux-averaged cross-sections. The
total νµ flux-averaged cross-section obtained by T2K is shown in Fig. 1.10, together with
CC inclusive measurements from other experiments.

Figure 1.10: The T2K νµ total flux-averaged cross-section with the NEUT and the GENIE predictions for T2K
and SciBooNE. The T2K data point is placed at the flux mean energy. The vertical error represents the total
(statistical and systematic) uncertainty, and the horizontal bar represent 68% of the flux at each side of the mean
energy. The T2K νµ flux distribution is shown in grey. Figure from [56].

Since current and future long-baseline neutrino oscillation measurements mostly rely on
the νe appearance at the far detector, an accurate knowledge of νe cross-section is essential
to properly extract the oscillation probability from event rate spectra at the far detector.
However, the conventional intense accelerator-based neutrino beams are sources of νµ
with a percent contamination of νe. Therefore, the near detector constraints are derived
from measurements of νµ interactions and thus need to be theoretically corrected for νe.
The main difference in electron and muon neutrino charged current cross-sections is due
to terms depending explicitly on the square of the lepton mass [57]. Such lepton mass
terms are in general negligible for νe at accelerator energies, but they may provide non-
negligible corrections for νµ at low neutrino energies or energy transfers. In addition,
momentum and energy transfer limits for νe and νµ interactions are different because
the kinematic limits in momentum and energy transfer are function of the lepton mass
[57]. The energy transfer q0 in a neutrino scatter cannot be directly measured in a wide
band neutrino beam, however it can be inferred from the visible recoil products in the
detector [57]. The available, or recoil, energy Eavail is the calorimetric sum of the outgoing
hadronic state, defined as:

Eavail =
∑

i=π±,p

Ti +
∑

i=π0,γ

Ei, (1.101)

where
∑

i=π±,p Ti is the sum of proton and charged pion kinetic energies, and
∑

i=π0,γ Ei is
the sum of total energies deposited by neutral pions and photons. This variable has been
used by the MINERνA experiment as a proxy for the energy transfer q0 in a neutrino
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interaction. However, such a quantity differs from q0 in that it does not have the kinetic
energy of final-state neutrons nor the rest mass of charged pions, and then it ignores the
nucleons removal energy. MINERνA also reconstructed q3 using lepton kinematics and
the inferred energy transfer q0 ∼ Eavail, according to:

q3 =
√
Q2 + q20 (1.102)

Q2 = 2(El + q0) (El − |p⃗l| cos θl)−m2
l (1.103)

The νe double differential cross-section measurements as a function of calorimetric ob-
servables Eavail and q3 measured by the MINERνA experiment [57] is shown in Fig. 1.11.

Figure 1.11: The MINERνA νe double differential cross-section d2σ/dEavaildq3 in six regions of q3. Figure from
[57].

1.13 Systematic uncertainties in long-baseline neutrino oscilla-
tion experiments

The physics of neutrino oscillations at accelerators [58] has entered a new precision era
with the approval of DUNE and HyperKamiokande - ambitious experiments with an ex-
traordinary level of complexity, cost and timescale [28]. These oscillation experiments,
for the first time in the history of neutrino physics, will be no more limited by the event
statistics – thanks to their unprecedented detector mass and beam power – but by a
large set of systematic uncertainties that must be controlled and kept at the per-cent
level [59]. Neutrino cross-section systematic uncertainties already represent the largest
source of systematic error in current long-baseline experiments such as T2K and NOνA,
where statistical errors still contribute significantly, and will become the dominant factor
limiting the physics reach of DUNE and HyperKamiokande, where statistical uncertain-
ties will be pushed far below the systematic budget. Therefore, the ambitious goals of
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the next generation of long-baseline oscillation experiments can be critically hindered by
the limited understanding of neutrino interactions and the poor knowledge of neutrino
cross-sections, still at O(10 − 30%) level at the few-GeV scale [28]. Indeed, an accurate
knowledge of neutrino cross-sections is essential to extract the oscillation probabilities
Pνα→νβ(Eν , L) as a function of the neutrino energy Eν and source-to-detector distance,
apart from being interesting in its own right as a probe of nuclear media via pure weak
interactions.

In long-baseline neutrino oscillation experiments, the near detector is the smaller detector
located in the proximity of the source and the far detector is larger and located at an
optimal baseline to study neutrino oscillations. The near detector should be identical
to the far detector but located in a position where oscillation effects are negligible, thus
providing a measurement of νµ unoscillated beam and its νe contamination. At the near
detector, the measurement of neutrino rate as a function of energy is the convolution
of neutrino flux produced at the accelerator and the neutrino cross-section. At the far
detector, those are further convoluted with the neutrino oscillation probability. The ex-
trapolation of the near detector constraints to the far detector is challenging since it is
affected by differences in detector acceptances, and - most critically - by the different
energy distribution before and after oscillation (i.e. as measured at the near and far
detectors, respectively) and by the fact that the near detector measures the convolution
of flux and cross-section, while those must be disentangled in order to be propagated
separately to the far detector [60]. Therefore, the extrapolation of the near detector con-
straints to the far detector generally relies on assumptions from nuclear models for flux
production and neutrino-nucleus cross-section. In long-baseline oscillation experiments,
systematic uncertainties can be mitigated using the near-far detector cancellation tech-
nique, consisting in a direct cancellation of errors common to both near and far detectors
[61]. The use of identical near and far detectors cancels out systematic differences in the
detection efficiency between the near and far detector and this is the technique of choice
for moderate-precision disappearance experiments [28]. However, such a time-honored
and elegant solution does not work at < 5% level and is therefore inadequate for the
forthcoming precision neutrino oscillation programme. Indeed, the near and far detectors
are not perfectly identical and their efficiencies are different both for νe and νµ detec-
tion. Moreover, the neutrino fluxes at the near and far locations are different beyond the
expected geometrical reduction (Φ ∼ L−2) because the near detector integrates the flux
in a much larger neutrino phase-space. Therefore, since the solid angle seen by the near
detector is much bigger than the far detector one, such a phase-space mismatch requires
additional corrections both on flux normalization and energy spectrum, thus increasing
the systematic uncertainty.

1.13.1 Neutrino energy systematic uncertainties

Since the oscillation parameters are extracted from the energy distribution of collected
events, their determination requires an accurate reconstruction of the neutrino energy
[62]. Nuclear effects and detector response are responsible for smearing and bias in neu-
trino energy reconstruction, impacting both the calorimetric and kinematic reconstruc-
tion approaches. In particular, the use of nuclear targets in modern experiments makes
the description and modeling of nuclear effects one of the largest sources of systematic
uncertainties in neutrino energy reconstruction. For instance, neutrino energy can be
reconstructed calorimetrically as the sum of the visible energy deposited by final state
particles in the detector. However, such a reconstructed neutrino energy is generally bi-
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ased by the missing energy due to the removal energy of nucleons inside the nucleus, by
the rest mass of charged pions and, more importantly, by the invisible fraction of energy
carried away by undetected neutrons. Therefore, an accurate neutrino energy reconstruc-
tion still remains one of the biggest challenges for the ambitious physics reach of the next
generation of long-baseline oscillation experiments.

1.13.2 Neutrino flux systematic uncertainties

Despite the complexity of the reconstruction of neutrino interactions, the leading source
of systematics on neutrino cross-sections is the limited knowledge of the neutrino flux,
generally known with a precision worse than O(10%) [59]. An accurate determination of
the neutrino flux - its flavor composition and energy spectrum - is currently a challenging
task for accelerator-based neutrino experiments. Conventional neutrino beams are created
by high energy protons impinging onto a target (usually made of carbon or beryllium) in
order to produce π and K secondary mesons. Then, secondary mesons are magnetically
focused into a long tunnel in which they can decay, producing neutrinos. In principle, a
precise knowledge of π and K production cross-sections on the target material - as well
as an accurate knowledge of the focusing properties of the beamline - should translate
in a well known neutrino flux [63]. In practice the situation is more complicated, since
multiple interactions occurs within the target and in the materials downstream of it.

The dominant source of systematic uncertainty in the neutrino flux is the yield of
secondary hadrons produced at the target, currently used by many neutrino experiments
to extrapolate and determine the flux of neutrinos [59]. Indeed, since hadron production
processes are governed by non-perturbative QCD and occur inside a nucleus, accurate
theoretical predictions are not available. Over the years, the neutrino flux predictions
of many experiments have relied on detailed simulations of the beamline materials and
geometry, coupled with phenomenological models of hadronic cascades [63], such as those
in GEANT4 [64] and FLUKA [65]. Those models are not particularly accurate, but can
be tuned or benchmarked by comparing their predictions to existing hadron production
measurements. The differential distributions from fragmentation models can be used by
Monte Carlo generators in order to compute the hadron production yield; nevertheless,
they are usually not able to reproduce the kinematic distribution of secondaries, even if
the models are tuned with external data. Unfortunately, mastering the hadron produc-
tion mechanisms at a level sufficient to predict the accepted flux before the focusing and
decay volume in high-precision neutrino experiments is still outside the reach of these
models [59]. Hadron production measurements on various target materials are currently
used by many experiments in order to constrain their neutrino beamline simulation.
Even after having incorporated the hadron production information in the neutrino beam-
line simulation, the neutrino flux at the detector site is not yet predicted with a sufficient
precision. There are a large number of geometric and magnetic details - such as align-
ment tolerances on the primary proton beam direction, target and horns - that can affect
the neutrino energy distribution, and those detail must be precisely measured and then
incorporated in the beamline simulation [63]. Furthermore, variations in the current flow-
ing through magnetic horns and permanent deformations of the conductor can generate
systematic biases in the beam focusing, which ultimately affects the neutrino flux [59].
Indeed, since the magnetic field of a horn is proportional to the injected current, pulsed
currents of hundreds of kA are tipically used, inducing a strong Joule heating on the
device. Moreover, the high magnetic fields can generate strong forces which might dis-
tort the horn shape; these deformations can change the beam optics from the designed
one, reducing the flux directed toward the neutrino detector and increasing the pro-
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duction of background tertiaries19. The magnetic horn currents are typically measured
with a precision of 1%, and give a very small contribution to the flux systematic budget
[59]. The systematic uncertainties on the beamline geometry and the horn current are
in general negligible with respect to the leading hadron production one. For instance,
for MINERνA [63] in low energy NuMI beam configuration the hadron production sys-
tematic uncertainty amounts to ∼ 7% around the flux peak and ∼ 9% at high energy
(Eν ≳ 7GeV); the flux precision can be improved (∼ 4%) using the constraint from
νµ e− scattering. For T2K, instead, the νµ flux uncertainty can be reduced to below 4%
for energies up to 7GeV [66] using the constraints from the NA61/SHINE replica target
datasets [67]. After the hadron production, the main contributions come from the beam-
line geometry and focusing systematics. For MINERνA it amounts to ∼ 6% in the region
among 4 − 5GeV, where the flux tends to decrease, while for T2K, it is comparable to
hadron production around the flux peak [68, 69].
In this scenario, neutrino cross-section systematic uncertainties can jeopardize the physics
reach of such ambitious long-baseline oscillation experiments. Given the unprecedented
complexity and cost of such facilities, strategic investment in reducing their final system-
atic budget is essential. The construction of high-precision neutrino cross-section experi-
ments, operating concurrently with DUNE and Hyper-Kamiokande, offers the most robust
and cost-effective pathway to achieve the ultimate sensitivity to the lepton Yukawa sector.
One of the most promising candidate is the novel technology of monitored and tagged neu-
trino beam: the monitored neutrino sample can be used to provide high-precision neutrino
cross-section measurements thanks to the reduction of the main neutrino flux systemat-
ics at per-cent level and, moreover, a tagged neutrino sample can be used to reconstruct
kinematically the neutrino energy on an event-by-event basis, making possible to measure
neutrino-nucleus cross-section with a precision comparable to electron-scattering experi-
ments. These new technologies will be discussed extensively in Chapter 2.

19This background originates in unfocused particles hitting the downstream beamline elements.
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2 Monitored and tagged neutrino beam

Over the years, accelerator neutrino beams have played a pivotal role in the discovery
of neutrino oscillations. Unlike natural neutrino sources, accelerator neutrino beams can
offer a superior degree of control on momentum, direction, flux and flavour of neutrinos
produced at the source [59]. Therefore, they are considered as the ideal facilities for the
forthcoming precision era of neutrino oscillation physics, opened up in 2012 by the dis-
covery of the non-zero value of the θ13 mixing angle. Although it is well established that
these facilities will be the optimal tools to investigate lepton mixing with unprecedented
precision, the neutrino precision physics program will pose major requirements to the
level of control and diagnostics of neutrino beams. Therefore, in the next future, acceler-
ator neutrino beams will inevitably have to face and overcome unprecedented challenges
in terms of precision. For instance, since long-baseline oscillation experiments such as
DUNE and HyperKamiokande aim to probe CP violation in the lepton sector measuring
the oscillation of νµ → νe and its CP conjugate νµ → νe, an accurate knowledge of neu-
trino interaction cross-section at the GeV scale is essential. The need to cope with these
requirements motivates the design of a new generation of neutrino beams with an im-
proved knowledge of neutrino flux, thus tailored for high precision neutrino cross-section
measurements. Monitored neutrino beams are a novel technology aimed at determine
the flux and flavour of neutrinos produced at the source at the per-cent level. The core
concept of a monitored neutrino beam is that the neutrino flux can be derived by mea-
suring the charged leptons associated to neutrinos produced in meson decays occurring
along the decay volume, which are thus proportional to the number of neutrinos created
at the source. The most advanced design for monitored neutrino beams, to date, has
been developed by NP06/ENUBET, whose goal is to monitor the neutrino flux in a di-
rect manner by recording large angle charged leptons in an instrumented decay tunnel,
in order to provide measurements of electron and muon neutrino cross-sections with a
precision of O(1%). Furthermore, thanks to recent and future advancements in fast sil-
icon tracking technologies, the capabilities of such a facility can be further enhanced by
the use of fast (<100 ps) and radiation-hard silicon trackers placed along the beamline,
in order to track both the parent meson and its daughter leptons. Given a sufficient
timing resolution (<1 ns) of the neutrino detector [70], it is possible to uniquely correlate
each observed neutrino interaction with its parent meson and associated charged lepton,
making possible a direct measurement of neutrino energy on an event-by-event basis ex-
ploiting the two-body kinematics of the parent meson decay. This is the core concept of
the tagged neutrino beam proposed by the NuTag Collaboration, which is a long-standing
goal in accelerator neutrino physics historically unattainable due to technological limita-
tions [71–73]. The ENUBET and NuTag Collaborations recently joined forces to combine
their approaches and to explore the feasibility of implementing a monitored and tagged
neutrino beam at CERN for high precision neutrino cross-section measurements.
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2.1 Accelerator neutrino beams

In conventional neutrino beams, the neutrinos are created from the decay of pions or kaons
produced by the interaction of a high-energy proton beam impinging on a fixed target [59].
A system of magnets allows the focusing and momentum selection, in the energy region of
interest, of the meson beam before entering the decay tunnel. Once the selected mesons
pass through the decay volume, they eventually decay producing neutrinos. Conventional
beams are in general sources of νµ and νµ, produced mainly from the decay of charged
pions (π+ → µ+ νµ) and kaons (K+ → µ+ νµ), with a relatively small contamination of
νe and νe created either in the three body semileptonic decay of kaons (K+ → e+ π0 νe)
or by the decay in flight of muons (µ+ → e+ νe νµ). The relative weight of νe from kaons
and muons depends on the hadron energy, the length of the secondary hadron beamline
and the length of the decay volume.
Conventional neutrino beams are generally classified in wide and narrow band beams
[59]. Specifically, the term "band" refers to the width of the momentum spectrum of
the hadrons and, as a consequence, produced neutrinos. Wide band beams are optimized
to ensure the largest neutrino flux in a broad energy range. They constitute the vast
majority of neutrino beams designed in the past and those currently in operation, since
their significant flux compensates the tiny neutrino cross-section at the GeV scale (σ ≃
10−38 cm2). In a wide band beam the focusing mechanism is provided by magnetic
horns, which allow to produce a large acceptance beam. Then, focused pions and kaons
subsequently decay producing neutrinos over a broad energy range. The focusing of
secondary mesons produced at the target is fundamental to increase the neutrino flux
to the detector located on axis with the beamline. The typical layout for a wide band
beam is shown in the bottom of Fig. 2.1, where the focusing and momentum selection is
performed by a set of horns.

Figure 2.1: A typical layout for a narrow band beam (top) and a wide band beam (bottom). Figure from [59].

Narrow band beams can offer a higher degree of precision at the expenses of a strong
reduction of the flux. In this case, the momentum and charge of the hadrons (and,
in turn, the produced neutrinos) are selected employing magnetic dipoles and slits. A
typical layout for a narrow band beam is shown in the top of Fig. 2.1, where a set of
quadrupoles, dipoles and collimators (slits) is placed after the target and used to select
the sign and momentum of the secondaries and, finally, to steer them towards the decay
volume. In particular, both for wide and narrow band beams, all charged particles but
neutrinos are stopped at the hadron dump, located before the neutrino detector. The
typical νµ spectrum for a narrow band beam is dichromatic since two distinct peaks can
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be recognised, namely the peak of neutrinos coming from the selected pions and the peak
of neutrinos from the selected kaons. If the accepted momentum range (momentum bite)
is very small, the width of the peak is actually dominated by the two-body decay of either
pions or kaons.
A narrower neutrino flux can also be achieved using the off-axis technique. Off-axis neu-
trino beams are a special configuration of wide band beams that operate with a detector
located off the beam axis. The idea for an off-axis neutrino beam was first proposed by
the BNL experiment E889 [74] to solve the issue of neutrino energy estimation, caused by
the wide energy range of focused mesons, by simply detecting neutrinos at a given angle
with respect to the beam direction. The off-axis technique is motivated by the two-body
decay kinematics of secondary pions or kaons, resulting in neutrinos with energy given
by [75]:

Eνµ =

(
1−m2

µ/m
2
π/K

)
Eπ/K

(1 + γ2 tan2 θ)
(2.1)

where θ is the angle between the neutrino and meson direction and γ = Eπ/K/mπ/K .
For decays occurring on-axis (θ = 0◦), the neutrino and meson energies are linearly
related, whereas for neutrinos observed at a certain angle with respect to the beam axis
the relation becomes weaker [75]. The neutrino energy as a function of pion energy for
different decay angles between the neutrino and meson direction is shown in Fig. 2.2,
left. For large off-axis angles, mesons of any energy contribute to producing neutrinos
with almost the same energy in their decays. T2K was the first long-baseline oscillation
experiment to employ the off-axis method to generate a narrow-band neutrino beam
[68], selecting a neutrino flux with a peak energy near the oscillation maximum at the
SuperKamiokande far detector. The T2K near and far detectors are located 2.5◦ off-axis
from the center of the neutrino beam to select a peak energy of ∼ 600MeV. The T2K
neutrino flux as a function of neutrino energy at different off-axis locations is shown in
Fig. 2.2, right.
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Figure 2.2: (left) Neutrino energy as a function of pion energy for different decay angle values between the νµ
and π directions. (right) T2K flux as a function of neutrino energy, for different off-axis angles with respect to
the neutrino beam direction. Figure from [68].

In particular, not only at larger off-axis angles the energy spectrum becomes lower and
narrower, but at certain energies, the flux at the peak actually exceeds the flux at that
same energy in the on-axis case [75], as shown in Fig. 2.2, right.
In conclusion, high-intensity beams are in most cases wide band beams and the deter-
mination of the neutrino energy must rely either on the reconstruction of the final state
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particles in a neutrino interaction or by the off-axis location of the detector. Instead, a
narrow band beam turns out to be an optimal choice for cross-section measurements since
it can reduce the intrinsic uncertainty on the neutrino energy and, therefore, to obtain
an improved accuracy for dedicated measurements of neutrino cross-sections.

2.2 The ENUBET monitored neutrino beam

Neutrino cross-sections at the GeV scale are currently known with limited precision de-
spite their prominent role in the present and future long-baseline neutrino oscillation
experiments [76]. These measurements are currently limited by systematic uncertainties
in the flux and energy of initial-state neutrinos and the precision that can be achieved is
generally larger than 10% [52]. 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" [77]. The
design of modern neutrino beams with unprecedented control of flux, flavor and energy
of neutrinos is therefore instrumental to tackle this challenge.

Monitored neutrino beams [78] are a novel technology aimed at determine the flux and
the flavour of neutrinos produced at the source at the per-cent level. The core concept
of a monitored neutrino beam is that the neutrino flux can be obtained by measuring
the rate of charged leptons associated to neutrinos produced in the decay volume. Since
every neutrino created by the decay of a charged meson produces one charged lepton,
counting charged leptons in the decay tunnel provides a direct measurement of the flux
because the νµ (νµ) yield is proportional to the µ+ (µ−) yield in the tunnel and the νe
(νe) yield is proportional to the e+ (e−) yield in the tunnel [76]. Therefore, thanks to
the one-to-one correspondence between the charged lepton in the decay tunnel and the
corresponding neutrino, this method provides a direct handle on neutrino flux normaliza-
tion. Unlike conventional beams, the decay tunnel of a monitored neutrino beam [78] is
instrumented with radiation-hard detectors for diagnostics, capable to record the charged
leptons produced in association with neutrinos and thus to provide a direct measurement
of the neutrino flux and flavor at the source. These facilities are thus the ideal tool for
high-precision neutrino cross-section measurements at the GeV scale since they offer su-
perior control of beam systematics with respect to existing facilities.

The ENUBET (Enhanced NeUtrino BEam with kaon Tagging) project is aimed at de-
signing and experimentally demonstrating the concept of monitored neutrino beams [76].
The ERC ENUBET project [79] focused on the identification of positrons from the three-
body semileptonic decay of kaons (Ke3 ≡ K+ → e+π0νe). More recently, the CERN
NP06/ENUBET experiment [80–85] extended the original project reach to monitor muons
from the two-body decay of kaons (Kµν ≡ K+ → µ+νµ) and pions (πµν ≡ π+ → µ+νµ).
Therefore, the ENUBET transfer line can be used to monitor both electron and muon
neutrinos produced in the instrumented decay tunnel. A simplified scheme of the entire
ENUBET facility is shown in Fig. 2.3, where the instrumented decay tunnel is depicted
in the right inset.

The ENUBET Collaboration delivered the first end-to-end design [76] of a monitored
neutrino beam capable of monitoring lepton production at single particle level using a fo-
cusing system without magnetic horns, a 20m normal-conducting transfer line for charge
and momentum selection and a 40m tunnel instrumented with cost-effective particle de-
tectors. The final design of the ENUBET beamline is shown in Fig. 2.4.
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Figure 2.3: Scheme of the ENUBET facility. The decay volume instrumentation is shown in the right inset.

Figure 2.4: The final design of the ENUBET beamline. The primary protons impinge on the target producing
secondaries which are are sign- and momentum-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,
one momentum copper collimator (brown) and the last quadrupole surrounded by two Inermet180 collimators
(blue). The hadron dump is located at the tunnel exit stopping all particles but neutrinos. The non-interacting
protons travel inside the proton pipe (gray) and are stopped by the proton dump (dark green). The neutrino
detector is located 50m far from the decay tunnel exit, not shown in the figure. Figure from [76].

The fast-extraction scheme of primary protons, where protons from the accelerator are
extracted in short bunches, is employed by the vast majority of accelerator neutrino
beams but cannot be employed for a successful operation of the ENUBET monitored
neutrino beam. Indeed, in a fast-extraction scheme the full primary proton beam is ex-
tracted onto the target in tens of microseconds or less; this would generate a pile-up
rate not sustainable in the tunnel instrumentation, making a direct neutrino flux es-
timation impossible [76]. To guarantee a successful lepton monitoring operation, the
detector technology instrumenting the decay tunnel can only withstand a particle rate
≲ 100kHz/cm21. Therefore, the ideal extraction method for a monitored neutrino beam
is the slow resonant ("multi-turn") extraction of primary protons, where the full intensity
is continuously extracted in a time interval of a few seconds [59]. The slow extraction
of primary protons reduces the particle rate at a sustainable level for detectors, but sets
important design constraints for the beamline, which cannot employ a magnetic horn
and relies only on static focusing magnetic elements, i.e. dipoles and quadrupoles [76].
Indeed, magnetic horns are difficult to be operated with a proton extraction longer than
a few ms due to Joule heating of the conductors [59]. A pulsed version of the slow

1If conventional, low cost, scintillator based calorimeters are employed, this limit comes from the detector
granularity (3×3 cm2), the intrinsic time resolution (∼ 400 ps) and the front-end electronics and digitizer sampling
rate (∼ 1Gs/s) [76].
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extraction (burst-mode slow extraction, e.g. with 10ms bursts repeated at 10Hz) has
been designed and successfully tested at the CERN SPS, with the goal of pairing it with
stronger focusing devices such as magnetic horns [86, 87]. The use of a magnetic horn
in a monitored neutrino beam is therefore possible but non-trivial, in particular for the
hardware-side R&D required to pulse a conventional horn for several ms. The design of a
purely static transfer line with adequate intensity without employing a pulsed magnetic
focusing horn has been a breakthrough achievement in the ENUBET R&D, since it allows
low pile-up levels, removes the operational complexity of a magnetic horn and turns out
to be cost-effective [76]. The beamline optics were simulated using TRANSPORT [88] and
validated with MAD-X [89]. The beamline was then implemented both in G4Beamline [90]
and GEANT4 [64], in order to have full control of the particle history for the neutrino flux
systematics studies.

The primary protons are slowly extracted from the CERN SPS proton driver with a
400GeV/c momentum and steered to a graphite target (70 cm length, 3 cm radius). The
primary proton interactions with the target produce secondary mesons, mainly pions and
kaons. The secondary pions and kaons are then sign- and momentum-selected by a static
focusing system made entirely of normal-conducting elements: six quadrupoles and two
bending dipoles. The beamline consists of a quadrupole triplet followed by a bending
dipole, a pair of quadrupoles, another bending dipole and a final quadrupole [76]. The
two dipoles are based on existing CERN magnets that can be operated up to 1.8T and
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◦. The transfer line details are shown in Fig. 2.5. Unlike
magnetic horns, dipoles and quadrupoles are DC powered and there is no constraint on
the duration of the proton extraction: in the case of ENUBET protons are slowly steered
to the target in ∼ 2 s. Absorbers and collimators are placed between magnetic elements,
and a 5 cm thick tungsten foil (∼ 14.3X0, 0.5λ0) is located after the target to screen
positrons that otherwise would reach the tunnel entrance contributing to the background
[76].

Figure 2.5: Details of the transfer line: graphite target (red cylinder) surrounded by concrete shielding,
quadrupoles (gray) and dipoles (orange), copper collimators (blue) and Inermet180 collimators (purple). Figure
from [76].

The ENUBET narrow-band beamline aims at producing secondary kaons and pions with
a central momentum of 8.5GeV/c and with a momentum bite ∆p/p = 10%. The length
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of the transfer line needs to be short enough (∼ 26.7m up to the tunnel entrance) to
minimize kaon decays before the entrance of the decay tunnel. Since kaons must decay
inside the tunnel volume but muons must reach the hadron dump, the 40m length of the
instrumented decay tunnel is shorter than in a conventional beamline, with the advantage
of a decrease in the cost of the tunnel instrumentation. The non-interacting primary pro-
tons and high-momentum secondaries are then stopped in the proton dump and only a
small fraction of their neutrinos are in the geometrical acceptance of the detector, which
is located off-axis with respect to the proton dump.
Since the kaon mass is much larger than pions, charged leptons emitted in kaon decays
are produced at a larger angle with respect to muons produced in pion decays. In partic-
ular, positrons are emitted with an average angle of ∼ 88mrad [78], whereas muons from
kaon decays have an average emission angle of about 60mrad [76], both inside the geo-
metrical acceptance of the decay tunnel. Therefore, the instrumented decay tunnel can
be used to record large-angle charged leptons emitted in kaon decays, thus determining
the νe flux and the high-energy component of the νµ flux from Kµν decay. However, the
highly boosted pions emit muons almost collinear and thus outside the acceptance region
of the calorimeters. The monitoring of the low energy νµ component from πµν decays
can anyway be achieved by instrumenting the hadron dump, placed after the tunnel end,
with muon stations to measure the range-out of muons from pions [76]. The hadron
dump instrumentation must be capable to withstand a muon rate of ∼ 2MHz/cm2 and
a neutron fluence of about ∼ 1012 1MeV-neq/cm

2 in the upstream layer closer to the
tunnel end. The suitable detector technology is object of R&D studies in the framework
of the PIMENT (Picosecond Micromegas for ENUBET) project [91]. The hadron dump
is placed 2m after the tunnel exit and it is designed to reduce the background due to
backscattering particles reaching the decay volume instrumentation. A preliminary con-
figuration of the muon detection instrumentation has already been studied. The hadron
dump is made of a 2m long iron slab and the first muon station is placed after the dump,
followed by another iron absorber of the same length. Seven additional muon stations
follow the first one, interspersed with 0.5m long iron absorbers. The muon spectrum can
be measured by exploiting their range out through the absorbers.

The particles within the momentum bite entering the decay volume are mainly protons,
K+, and π+ (p, K−, and π− in an antineutrino run). In particular, the flux at the tunnel
entrance is 0.4 · 10−3/pot for K+ and 4.6 · 10−3/pot for π+. Other than protons, other
background particles are transported at the entrance of the tunnel, such as tertiaries
(e±, γ, muons, π±), off-momentum mesons and halo muons. The momentum spectra of
particles at the tunnel obtained from the GEANT4 simulation of the beamline is shown in
Fig. 2.6.

The neutrino detector considered to compute the expected event rate spectra is a 500-
ton LAr detector, with a 6 × 6m2 front-face area, namely with dimensions comparable
to ProtoDUNE-SP [92] at CERN, and located at 50m from the tunnel end. The neutri-
nos reaching the detector are mostly due to kaon and pion decays, plus contamination
originating from early decays of off-momentum particles and also low-energy neutrinos
from the proton and hadron dumps. The design of the beamline has been optimized to
produce neutrinos in the energy range of interest for the DUNE experiment (1− 4GeV)
[76]. In particular, in ENUBET the neutrino energy can be determined a priori using
the narrow-band off-axis technique, without relying on the reconstruction of final-state
particles. Such a technique enables to provide the muon neutrino energy on an event-by-
event basis exploiting both the narrow momentum width of the parent beam at O(10%)
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Figure 2.6: Momentum distribution of particles at the tunnel entrance as obtained from GEANT4. Figure from
[76].

and the tight correlation existing between neutrino energy and the radial off-axis position
of the interaction vertex due to two-body meson decay kinematics [76], i.e. the off-axis
technique described in Sec. 2.1.

2.3 Decay tunnel instrumentation

In a monitored neutrino beam the cylindrical walls of the decay tunnel are equipped
with low-cost detectors that act as beam diagnostics [76]. One of the major challenges
of ENUBET R&D was to design a compact, radiation-hard, efficient and cost-effective
instrumentation for the decay volume. The optimal tunnel instrumentation is made of a
set of longitudinal iron-scintillator sampling calorimeter modules, with front readout for
scintillation light, complemented by a photon veto ("t0-layer") made of plastic scintillator
tiles positioned in the innermost part of the calorimeter, to be used for timing and pho-
ton discrimination. The instrumentation of the decay tunnel aims to record large-angle
charged leptons, perform event reconstruction and particle identification. The use of iron-
scintillator calorimeter modules is a solution that keeps the cost of diagnostics well below
the overall cost of the neutrino beamline. A schematic of the ENUBET instrumented
decay tunnel in shown in Fig. 2.7, left.

The calorimeter is employed to achieve e+/π+/µ+ separation and it is segmented in the
longitudinal, azimuthal and radial directions. The basic unit is called Lateral Compact
Module (LCM), made of five slabs of iron interleaved with plastic scintillator tiles (El-
jen EJ-200). The transverse size of the iron and scintillator tiles is 3 × 3 cm2 and their
thicknesses are 1.5 cm and 0.7 cm, respectively, for a total LCM thickness of 11 cm, cor-
responding to 4.3X0. The 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. The LCMs are arranged in three radial layers; every
module covers an azimuthal angle of 31mrad for a total of 200 LCMs per layer at a fixed
longitudinal position along the tunnel, for a total number of 2.2 · 105 LCMs, considering
the decay tunnel to be fully instrumented [76]. The scintillation light is routed by a cou-
ple of WLS fibers, placed on the front face of each scintillator tile of both calorimeter and
t0-layer modules, towards Silicon Photomultipliers (SiPMs) placed above a 30 cm thick
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Figure 2.7: (left) Schematic 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. (right) Prototype of a section of the instrumented decay tunnel during a test-beam
at CERN-PS T9 beamline.

borated polyethylene (BPE, 5% Boron concentration) shielding that protects against neu-
tron radiation damage of the sensors. The neutron reduction induced by adding the BPE
layer amounts to a factor of ∼ 18, averaging over the expected energy spectrum and it
settles at about 7 · 10−11 n/pot/cm2 in the middle region of the tagger (7 · 109 n/cm2 for
1020 pot) [76]. The 10 fibers of each LCM are read out together, whereas each t0-layer
tile is read out individually by digitizers connected to the respective SiPM that sample
the resulting waveforms [83].

The separation of charged pions from positrons can be accomplished by exploiting the
different energy deposition topologies in hadronic and electromagnetic showers, namely
by means of the different patterns of energy clusters in the longitudinal modules of the
calorimeter. Positron-induced electromagnetic showers are more localized and fully con-
tained within a few modules, whereas the more penetrating pion-induced hadronic show-
ers cross many more modules than the electromagnetic ones. Fig. 2.8 shows the different
energy deposition topologies due to electromagnetic showers initiated either by signal
positrons (left), background photons from π0 → γγ (center) or due to hadronic shower
initiated by charged pions (right). Other than π and e+ PID, the calorimeter can perform
µ identification. As muons are mip-like particles, they produce energy deposits compati-
ble with that of a mip in the LCMs, with peculiar long track topologies. Complementing
the calorimeter with a photon veto system is an essential task to accomplish separation
between positrons and photons2, since their signals in the calorimeter have the same
topology.

The t0-layer is composed of rings of plastic scintillator tiles placed in the innermost part
of the tunnel, in correspondence of the first two tiles of each LCM, to distinguish γ-
initiated electromagnetic showers from those induced by positrons and to provide the
absolute time of each charged particle impinging on the tunnel walls. Since each tile of
the doublet is read out separately, the t0-layer is used to veto photons (no signal in any

2Background photons stem from other K+ decay modes producing neutral pions (for instance the K+ → π0π+

decay), as well as to electromagnetic showers originated by particle interactions with the passive elements of the
transfer line.
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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) [76]. A schematic of the
layout of the t0-layer, together with its working principle, is shown in Fig. 2.9.

Figure 2.8: Energy deposition topologies for electromagnetic and hadronic showers in the longitudinally segmented
calorimeter.

Figure 2.9: Schematic of the working principle of the t0-layer.

The scintillation light produced by charged particles energy deposition is trapped inside
the tiles by a diffusive coating (Eljen EJ-510) deposited on the tile surfaces [76]. A pair of
grooves in one of the tile faces are not covered by the diffuser, and are used to readout the
scintillation light by means of WLS fibers. 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 consequence, part of the light impinges on the WLS fibers
and is re-emitted at λ ∼ 440 nm inside the fiber, transported outside the calorimetric
layers and finally recorded by a 4× 4mm2 SiPM. All (ten) fibers belonging to the same
LCM are grouped and optically connected to the same SiPM. Each calorimeter module
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 light produced in the photon
veto doublets is transported by Y11 Kuraray WLS fibers running through the first two
LCM tiles of each layer by means of additional grooves. Each t0-layer tile is read out
by two WLS fibers and one 3× 3mm2 SiPM. Since each doublet is positioned below the
first tile of each LCM of the innermost calorimetric layer, the photon veto can be used
to measure the absolute time when a charged particle (a candidate positron or muon)
impinges on the tunnel wall [76]. Test-beam data collected at CERN in 2018 and 2022
show a time resolution of 400 ps when the waveform is sampled by a 1Gs/s digitizer [93].
The algorithms developed for the reconstruction and classification of positron events from
energy deposition in the calorimeter modules are described in Chapter 4.
The detector technology to be used for the instrumentation of the decay tunnel was
investigated by the ENUBET collaboration from 2016 to 2022 [93–98] and culminated
with the construction of a large-scale prototype ("demonstrator") of a section of the
instrumented decay tunnel (1.65m length, 90◦ azimuthal coverage), which is shown in
Fig. 2.7, right. The demonstrator was exposed to charged-particle beams in the T9
secondary line of the CERN-PS for validation in 2022-24. The demonstrator performances
measured in dedicated test-beams are described in Chapter 3.
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2.4 The nuSCOPE monitored and tagged neutrino beam

In a monitored neutrino beam, the charged leptons produced in association with neutri-
nos are recorded by the detectors instrumenting the decay tunnel and provide a direct
measurement of the neutrino flux and flavour. The physics potential of a monitored
neutrino beam can be significantly enhanced by correlating in time the occurrence of
the charged lepton measured in the tunnel with the corresponding neutrino interaction
in the neutrino detector. If the neutrino detector possesses a sufficient time resolution
(< 1 ns), each observed neutrino interaction can be uniquely associated with its parent
meson and charged lepton [76]. The measurement of the lepton energy combined with
a high-precision measurement of the parent meson momentum can be used to kinemati-
cally reconstruct the neutrino energy on an event-by-event basis. Such a bold technique
is called neutrino tagging and it was proposed in the past by several authors [72, 99]. The
first pioneering attempts of creating a tagged neutrino beam were developed in USSR in
the 1980s, but because of the enormous charged particle rate in the decay volume and the
limited 4D (i.e. time and space) precision of trackers they never achieved their physics
goals [73]. Neutrino tagging has been a long-standing goal in accelerator neutrino physics,
but historically unattainable due to technological limitations [71, 72]. The implementa-
tion of a tagged neutrino beam would thus constitute a major advance in experimental
physics, enabling for the first time a direct measurement of neutrino energy on an event-
by-event basis using the two-body kinematics of the parent meson decay.

The introduction of long proton extractions in accelerator neutrino beams to reduce the
instantaneous particle rate has unlocked new possibilities, capitalized upon by the NuTag
Collaboration starting in 2022 [100, 101]. The core of the tagged neutrino beam proposed
by NuTag builds upon recent advancements in fast silicon tracking technologies, which
have been successfully demonstrated in kaon physics by the NA62 Gigatracker and further
enhanced by the technological innovations driven by LHC upgrade programs [102, 103].
Therefore, the historical technological limitations in neutrino tagging are currently being
lifted, and just recently NA62 reported the detection of the first tagged neutrino candidate
[104]. In particular, the use of a slow proton extraction scheme in a purely static transfer
line such as the one designed by NP06/ENUBET represents a great opportunity to imple-
ment a tagged neutrino beam. The use of fast (< 100 ps), radiation-hard silicon trackers
placed along the beamline to track both the parent meson and its daughter leptons con-
stitute a remarkable extension of the ENUBET’s capabilities. Indeed, lepton monitoring
with advanced tracking significantly improves the neutrino flux determination, eliminat-
ing the dependencies on Monte Carlo simulations of the beamline and finally offering
a direct and precise initial flux measurement. Furthermore, the capability to uniquely
associate in time the neutrino interaction with accompanying particles in the transfer
line by means of fast silicon trackers would be definetely a game changer in the field,
enabling a kinematic reconstruction of neutrino energy on an event-by-event basis with
sub-percent energy resolution. The ENUBET and NuTag Collaborations recently recog-
nized the possibility to integrate in synergy their approaches and thus joined forces to
explore the feasibility of implementing a monitored and tagged neutrino beam at CERN
within the framework of Physics Beyond Colliders (PBC) at CERN [105]. The outcome
of these joint efforts resulted in the concept study for a short-baseline neutrino beam
at CERN for high-precision cross-section measurements submitted as an input document
[70, 106] for the European Strategy for Particle Physics 2026 Update. The convergence of
the ENUBET and NuTag approaches revealed the potential to deliver neutrino-nucleus
cross-section measurements at the few GeV scale with unprecedented precision and cul-
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minated in the birth of a new collaboration named nuSCOPE (NeUtrino SPS COmplex
for Precision Experiments).

The nuSCOPE beamline [70] aims at producing secondary kaons and pions with a 8.5GeV/c
central momentum. The transfer line has been optimized to generate a narrow band me-
son beam that remains parallel throughout the 40m long decay tunnel. The schematic
design of the nuSCOPE transfer line is shown in Fig. 2.10. The initial quadrupole triplet
downstream of the target provide the necessary transverse acceptance and transport to-
wards the momentum-selection section of the beamline, made of bending dipoles with
small vertical gaps that deflect the secondary beam by 18◦ and remove particles with
momenta outside the desired ±10% momentum range. The last quadrupole triplet is
instead used to produce a meson beam parallel to the decay tunnel axis.

Figure 2.10: Layout of the nuSCOPE beamline. The beamline (not to scale) combines both the ENUBET (in
green) and the NuTag (in red) beam instrumentation. The first part of the beamline contains the beamline
magnets (blue: rectangular bending magnets; brown: quadrupole magnets). Figure from [70].

The nuSCOPE beam instrumentation is non-conventional and benefits from the instal-
lation of the NP06/ENUBET and NuTag detectors, providing an unprecedented control
of the neutrino flux and energy at source. The charged lepton production monitoring
is performed using the NP06/ENUBET technique, based on a modular calorimeter in-
strumenting the decay tunnel and a hadron dump instrumented as a muon range-meter,
enabling an accurate measurement of the νe and νµ fluxes. The parent meson reconstruc-
tion and neutrino tagging are carried out using the methods and devices developed by
NuTag. A pair of silicon pixel detectors (NuTag trackers) is positioned on each side of the
fourth bending magnet (R4) to track the parent meson and measure its momentum; two
additional trackers are then located just upstream of the decay tunnel to determine the
particle trajectory. A pair of trackers is also placed on each side of an additional bending
magnet (R5) downstream of the decay tunnel, aiming to measure the momentum of the
daughter muon. The beamline is driven by 400GeV/c protons that are slowly extracted
from the CERN SPS. The neutrino detector is located 25m downstream of the end of the
decay tunnel and based on a 500-ton fiducial mass LAr detector with 4× 4m2 front-face
area, 22.3m length.

The design of the nuSCOPE beamline [70] is inspired by the NP06/ENUBET multi-
momentum beamline [107], which was designed to allow for runs at different secondary
momenta (4, 6 and 8.5GeV/c) with the aim of improving the statistical sample in the
∼ 1GeV region to deliver neutrino cross-section measurement of relevance for Hyper-
Kamiokande [84]. The nuSCOPE beamline is the result of an optimisation process and
its design differs from the previous ones [76, 107] in several aspects. For instance, in
order to ensure the proper operation of the silicon trackers installed along the transfer
line it is necessary to reduce the pile-up and the detector throughput at a sustainable
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level by these devices, with particle rates of O(10MHz/mm2). For this reason, the large
number of positrons produced in the graphite target needs to be mitigated, otherwise
their particle flux would compromise momentum measurement on a particle-by-particle
basis. To counter these, a thin Pb plate has been inserted into the transfer line right
after the Q4 quadrupole, to degrade their energy outside the beamline acceptance3. The
beamline has been optimised using a multi-objective genetic algorithm (MOGA) and
validated with an end-to-end BDSIM simulation [109]. The beamline optimization has
been performed within the PBC framework and it significantly enhanced the original
ENUBET design [76], increasing the pion and kaon yield per proton-on-target (pot) by
factors of 4.8 and 3.5, respectively. The BDSIM beamline results are listed in Tab. 2.1,
showing a distinct improvement of the nuSCOPE beamline performance in comparison
to the ENUBET baseline design.

Particle yield ENUBET design nuSCOPE design
K+/pot [10−4] 3.6 12.6
π+/pot [10−2] 0.4 1.9

Table 2.1: Comparison of the optimised nuSCOPE beamline design with the initial ENUBET baseline design
[76] at p = 8.5GeV/c in the ∆p/p ∈ [−10%, 10%] momentum selection. Table reproduced from [70].

The increase of K+/π+ yield at tunnel entrance allows for a reduction in the number
of protons-on-target needed to accumulate the desired neutrino statistics. This signifi-
cant reduction in the protons-on-target requirement has been a key advancement that
enables the implementation of nuSCOPE without significant impact on CERN’s fixed-
target program, including the operation of BDF/SHiP [110] experiment. The nuSCOPE
beam parameters are summarized in Tab. 2.2.

Parameter Value
Primary proton momentum [GeV/c] 400
Beamline meson momentum [GeV/c] max. 8.5
Proton-beam spill duration slow (4.8 s to 9.6 s)
Spill intensity [protons/spill] 1.0× 1013

Event rate [THz] 1 – 2
Instantaneous power on target [W] 170 – 340
(K+, π+) yield per proton (1.3× 10−3, 1.9× 10−2)
(K+, π+) rate [GHz] max. (2.7, 40)
Annual proton intensity [protons/year] 2.1–3.2× 1018

Total proton requirement [protons] 1.4× 1019

Table 2.2: Beamline parameters and specifications of the optimized nuSCOPE beamline at SPS energies. Meson
yields and rates refer to the decay tunnel entrance. The total proton requirement targets a 1% statistical
uncertainty on the inclusive νe cross-section. The annual proton intensity assumes a spill duration of 4.8 s. Table
reproduced from [70].

A critical parameter in the beamline optimisation and design is the particle rate at the
silicon trackers used for meson momentum reconstruction at the R4 bending magnet.
In the current design, the particle flux on the first pixel detector upstream of the R4
bending magnet (spill intensity 1× 1013 pot, spill duration 4.8 s) is in the range of 10−
40MHz/mm2, that is a fully acceptable flux for the NuTag technology. In order to further

3As done for K12/NA62 in the CERN North Area [108], it is possible to adjust the thickness of the positron-
absorbing Pb plate (e.g. using a motorized wedge with variable thickness) to effectively tune the flux on the pixel
detectors.
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reduce the instantaneous rates, a longer spill duration of 9.6 s has also been considered.
The spectrum of particles transported at the tunnel entrance is shown in Fig. 2.11.

Figure 2.11: Spectrum of particles transported at the tunnel entrance with the optimised transfer line. The
positron transmission is suppressed due to the Pb plate followed by two bending magnets. Figure from [70].

Several locations have been investigated for the nuSCOPE beamline implementation at
CERN before LHC Run 5 to ensure that its construction and operation do not interfere
with the CERN LHC and fixed target programme. The top view of the CERN SPS
map is shown in Fig. 2.12, reporting the three experimental areas at SPS located at the
three long straight sections LSS2, LSS4 and LSS6. The most promising locations for
nuSCOPE beamline are in a new experimental Hall (ECN4) in the Prevessin campus and
in an extension of existing tunnels near the SPS Long Straight Section 6 (LSS6), close to
HighRadMat in the Meyrin campus. Details concerning potential locations of nuSCOPE
beamline at CERN are extensively discussed in [70].

2.5 Silicon tracking devices

The innovative aspect of the nuSCOPE beamline is the fact it is instrumented with three
sets of detectors for beam diagnostics, as schematically shown in Fig. 2.10. The neutrino
flux originating from kaon decays can be monitored by means of the instrumentation in
the tunnel walls, whereas the νµ flux from pion decays is monitored by means of the
instrumented hadron dump. The detector technologies instrumenting the decay tunnel
and the hadron dump are fully inherited from the NP06/ENUBET design, as extensively
described in Secs. 2.2 and 2.3. In addition to the NP06/ENUBET detectors for charged
lepton monitoring, the NuTag silicon detectors can also be used to track the parent
mesons and daughter muons, allowing for neutrino tagging at single-particle level. The
nuSCOPE beamline is instrumented with two spectrometers measuring the momentum,
direction, time and position of charged beam particles and their decay products. Each
spectrometer consists of a dipole magnet installed between two pairs of silicon pixel track-
ing planes [70]. The beam and muon spectrometers are located upstream and downstream
of the decay tunnel, respectively, and are used to kinematically reconstruct the neutrinos
produced in π+ → µ+νµ and K+ → µ+νµ decays. In particular, the beam spectrometer
makes use of the last dipole magnet (R4) of the front-end beamline, in order to minimize
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Figure 2.12: Top view of the CERN SPS. The three experimental areas at the SPS are located at the three long
straight sections LSS2, LSS4 and LSS6 of the SPS. The Neutrino Platform that houses the ProtoDUNEs are
located at the ends of the H2 and H4 beamlines in the North Area. Figure from [70].

the length of the region upstream of the tunnel where π+ and K+ decays cannot be recon-
structed. Moreover, since the field map of the quadrupole triplet (Q5-7) downstream of
R4 may vary, the beam spectrometer also includes two additional tracking planes (T5-6)
positioned at the entrance of the tunnel, enabling an accurate measurement of the beam
particle direction. The layouts of the beam and muon spectrometers are schematically
shown in 2.13.

Figure 2.13: Layout of the beam (left) and muon (right) spectrometers.

The momentum and angular resolutions of spectrometers are essential for the tagging
technique, as they allow for the correct association of a neutrino interaction with its
parent decay. A material budget per plane of ∼ 1% of a radiation length is sufficient
to meet the requirements of the tagging technique. The simulations and studies for the
optimization of the beamline assume a material budget of 0.5% of a radiation length.
The dimensions of the tracking planes were chosen to provide the largest ratio between
the number of reconstructed πµν and Kµν decays and the total tracking plane surface.
The spatial distribution of the charged particle flux in the transverse plane to the beam
axis is shown in Fig. 2.14 for T1, T5, and T7 silicon trackers, respectively. The tracking
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plane surfaces are 12× 10 cm2 in T1-4 trackers, 20× 16 cm2 in T5-6 and 80× 100 cm2 in
T7-10. The tracking planes for the muon spectrometer are thus larger than for the beam
spectrometer ones, due to beam divergence and the muon emission angle. The particle
flux at T1 is the highest and reaches 20MHz/mm2 at the center of the tracking plane,
with 9.6 s spills of 1013 pots. In the muon spectrometer the expected flux is significantly
lower with a peak flux of 0.6MHz/mm2 [70].

Figure 2.14: Spatial distributions of charged particles in the plane transverse to the beamline at T1, T5, and T7
silicon trackers, respectively, overlaid with the tracking plane acceptances (white line). Figure from [70].

The track reconstruction will be performed in 4D, exploiting an accurate measurement
of particle position and time at the tracking planes. The integrated particle rate on the
beam spectrometer planes reaches up to 45GHz and 20GHz on the muon spectrometer
ones. Time resolutions of ∼ 40 ps for the beam spectrometer tracking planes and ∼ 100 ps
for the muon spectrometer ones should allow for the track and decay reconstructions. The
list of all trackers specifications for nuSCOPE is reported in Tab. 2.3, compared to present
and future devices discussed in the following.

Beam Muon LHCb-VELO NA62-GTK
Specifications [units] Spectro. Spectro. (2028) (since 2014)

Peak Dose [Mrad] 700 60 > 103 16

Peak Fluence [1MeVneq/cm
2] 1× 1016 6× 1014 5× 1016 4.5× 1014

Peak Rate [MHz/mm2] 20 0.6 10− 100 2

Time Resolution [ps] < 40 < 100 < 50 < 130

Pixel Pitch [µm] 300 45 300

Material Budget [X0] < 1% 0.8% 0.5%

Table 2.3: Silicon tracker specifications of the beam and muon spectrometers, compared to the present NA62
Gigatracker and the future upgraded LHCb VELO. A material budget of 0.5% of a radiation length and a spill
duration of 9.6 s is assumed in neutrino tagging simulations and studies discussed in [70]. Table reproduced from
[70].

The 4D tracking approach has been successfully pioneered by the NA62 Collaboration,
which has developed 3× 6 cm2 silicon pixel detectors with a pitch of 300µm and a time
resolution of 130 ps [102]. The NA62 Gigatrackers (GTK) are capable of operating at a
peak flux of 2MHz/mm2. Such a technology can be used for the tracking planes of the
muon spectrometer either in a fully silicon-based configuration or in a hybrid approach,
where silicon is used for the most illuminated region while more scalable technologies
– such as Micromegas, straw tubes, or scintillating fibers – are employed for the outer
regions. The main challenge for neutrino tagging is represented by the beam spectrometer
technology, which need to withstand a high particle rate up to 20MHz/mm2 at the center
of the first tracking plane, namely an order of magnitude greater than what current NA62
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Gigatrackers are capable to cope with [102]. Therefore, new silicon technologies are
required to match the flux in the core of the beam spectrometer and they are currently
in an advanced R&D stage. In the context of the LHC experiment upgrades for the
High Luminosity phase – particularly the second upgrade of the LHCb Vertex Locator
(VELO) [111] – R&D programs for high-intensity 4D trackers were initiated by INFN and
CERN, and later joined by the NuTag Collaboration. Technological solutions on pixel
sensors and integrated electronics, capable of standing the challenge in terms of time
resolution and radiation hardness, have been developed and are currently under study by
the INFN TimeSPOT (2018-2021 and follow-ups) [112, 113] and IGNITE (2023, ongoing)
[103] projects. A parallel development named LA-Picopix, with similar characteristics,
is presently ongoing at CERN. Both the IGNITE and the LA-Picopix developments aim
to deliver their ASICs in 2026. Therefore, a suitable technological solution for the beam
spectrometers is still in a R&D phase and requires completion in a timescale compatible
with the LHC Run 5. The physics prospects and potential of the nuSCOPE monitored
and tagged neutrino beam in terms of neutrino cross-section measurements is discussed
in Chapter 5.
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3 The ENUBET demonstrator

The ENUBET demonstrator is a large-scale prototype of a section of the instrumented
decay tunnel (1.65m length, 90◦ azimuthal coverage). The ENUBET demonstrator was
exposed at the CERN PS T9 area during dedicated test beam data campaigns in 2022,
2023 and 2024. During my Ph.D. I joined the test beam data campaigns and I contributed
to different activities, such as the development of software to monitor the quality of ac-
quired data, hardware interventions performed to setup the prototype for different tests
and beam conditions, shifts during data taking and decommissioning of the prototype.
In particular, I contributed to the development of a full and realistic GEANT4 simulation
of the demonstrator reproducing test beam conditions, shifts during the demonstrator
construction and assembling at INFN-LNL1, test beam data analysis and data/MC agree-
ment studies. The test beam of August 2023 is the main focus of this Chapter, in terms
of simulation, data analysis and data/MC comparison.

3.1 The demonstrator layout

The ENUBET demonstrator is a large-scale prototype of a section of the instrumented de-
cay tunnel. The aim of the demonstrator is to assess the cost-effectiveness and scalability
of the chosen detector technology, and to ensure that it meets the design performance re-
quirements in terms of uniformity of response, efficiency and particle identification (PID)
capabilities in a high-flux and irradiation environment [82–85]. The detector technol-
ogy is based on a sampling calorimeter for e+/π+/µ+ PID and energy measurement. The
calorimeter is coupled to a photon veto system (t0-layer) placed in the innermost region to
perform e±/π0 separation and timing measurements. The demonstrator layout, shown in
Fig. 3.1, features cylindrical symmetry, matching the geometry of the decay tunnel. The
detector extends for 1.65m in the longitudinal direction with a 90◦ azimuthal coverage.
It consists of 75 zinc-coated iron arcs, each extending 1.5 cm longitudinally and 11 cm
radially; the corresponding scintillator layers are 0.7 cm thick. The demonstrator radial
span ranges from 97 cm to about 150 cm, excluding the electronics. The prototype struc-
ture is designed to be extendable to a full 2π object by joining four similar detectors
with minimal dead regions. The detector mechanics consists of a crawl sitting on four
extensible legs that are designed to allow tilting the calorimeter-beam angle in the ver-
tical plane and adjusting the horizontal position by means of a wheel-rail mechanism.
The total weight is about 3.5 ton2. The mechanics allows to modify the tilt angle by
up to 200mrad and the horizontal position with a range of variation of about 1m. The
demonstrator implements a 30 cm thick shielding of borated polyethylene slabs with 5%
Boron (BPE) to protect the photo-sensors from excessive neutron irradiation. Each BPE
slab is 2.2 cm thick and hosts the WLS fibers collecting the light from the scintillator

1National Laboratories of Legnaro of the Italian Institute for Nuclear Physics.
2Before carrying the detector at CERN, the system was loaded with 2 additional tons at INFN-LNL and held

for 15 min on a crane to experimentally test the reliability of the holding system.
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Figure 3.1: A 3D rendering of the ENUBET demonstrator. Figure from [84].

tiles in a dedicated system of grooves. A rendering of a section of the demonstrator is
shown in Fig. 3.2, left. The plastic scintillator tiles are trapezoidal in shape to minimize
dead regions, with a transverse dimension of ∼ 3× 3 cm2. They are arranged radially in
two configurations: quadruplets, consisting of a t0-layer tile and three calorimetric tiles;
and triplets, consisting of three calorimetric tiles only. The layout is shown in Fig. 3.2,
right, which also illustrates the frontal grooves readout scheme. The grooves are 1mm
deep such that the diameter of WLS fibers is fully enclosed in the scintillator. In the
quadruplet, the t0-layer tile is located at the innermost radial position and holds two
grooves. These two grooves are meant for light collection (readout grooves) and they are
propagated to the other three outer tiles, where they only have the function of letting
space to host the WLS fibers preventing the scintillation light to enter (transit grooves).
The tile located radially after the t0-layer tile has readout grooves on the other side of the
transit grooves, and this pattern repeats as in Fig. 3.2, right. In order to accommodate
the readout grooves with the transit ones in the same tile, the readout grooves of tiles 2
and 3 are slightly offset with respect to those of tiles 0 and 1. A similar configuration for
the grooves is used in the triplet.
The ten WLS fibers belonging to the same module (LCM) are routed by passing through
grooves milled in the BPE slab and bundled to a 4 × 4mm2 SiPM. The t0-layer fibers
are instead read by two independent 3× 3mm2 SiPMs. The process of fibers bundling is
eased by the adoption of fiber concentrators, developed using 3D-printing techniques. The
coupling of WLS fibers to the SiPM is therefore accomplished in a neat and reproducible
way, allowing a good and homogeneous optical contact. After fiber polishing a 7× 4 cm2

PCB (Front-end, FE board), hosting the five SiPMs (three 4 × 4mm2 for calorimeter
module and two 3× 3mm2 for the t0-layer), is fixed to the top of each fiber concentrator
with screws, allowing for optimal optical matching.

The ENUBET demonstrator was exposed at the CERN-PS T9 area during dedicated
test beam data campaigns in 2022, 2023 and 2024. Due to difficulties in the procurement
and machining of the scintillators (see Sec. 3.2 below), the instrumented fraction of the
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Figure 3.2: (left) Rendering of a section of the demonstrator corresponding to the extension along the beam axis
of a single module (LCM). The scintillators are shown in gray, BPE shielding in green and fiber concentrators in
black. (right) Layout of the frontal grooves readout scheme used in the scintillator tiles. The quadruplet consists
of a t0-layer tile (0) and three calorimetric tiles (1-2-3), while the triplet consists of three calorimetric tiles (4-5-6),
mounted along the radial direction. Figure from [83].

prototype was reduced with respect to the original plans [82, 83] and a first portion of the
demonstrator was built and tested in 2022. For the October 2022 test beam, the central
region was instrumented with 10ϕ sectors, corresponding to 18◦, and 8z layers3, while
the rest was kept passive and used to test the mechanical requirements. The coverage of
the active region was 8z × 3r× 10ϕ (= 240) calorimeter channels and 8z × 2layers× 10ϕ
(= 160) t0-layer channels, for a total of 400 channels. For the August 2023 test beam,
the fraction of instrumented channels was significantly extended, enlarging the azimuthal
coverage to 25ϕ sectors, corresponding to 45◦, for the 7 downstream z layers4. Since each
ϕ sector consists of 5 channels (three calorimeter cells at different radii and two t0-layer
scintillator tiles), the final number of channels amounts to 5×(10ϕ×8z+25ϕ×7z) = 1275.
The portion of the demonstrator instrumented in 2023 is shown in Fig. 3.3. A summary
of the configurations used in the 2022 and 2023 test beams is reported in Tab. 3.1. The
2023 configuration was also used for an additional test beam conducted in August 2024.

Parameter 2022 2023

Scintillator tiles (7 shapes) 1360 4335
WLS fibers ∼ 1.5 km ∼ 4.5 km

Channels (SiPM) 400 1275
Hamamatsu (50 µm cell) 240 calo + 160 t0 765 calo + 510 t04× 4mm2 calo and 3× 3mm2 t0

Fiber concentrators (FE boards) 80 255
Interface boards 8 22

Read-out boards (A5202) 8 22
CAEN digitizers channels 45 /

Horizontal movement ∼ 1m

Vertical tilt up to ∼ 200mrad

Table 3.1: Demonstrator parameters for the 2022 and 2023 test beams at CERN PS T9 area. Table reproduced
from [85].

3The (r, ϕ, z) coordinates are the radial, azimuthal and longitudinal coordinates, respectively.
4The extension of the azimuthal coverage of the already instrumented 8z planes was not possible due to

technical limitations.
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Figure 3.3: The instrumented portion of the demonstrator in August 2023 test beam, bottom view.

3.2 The demonstrator construction

The assembling of the ENUBET demonstrator took place at INFN-LNL. The first in-
strumented portion of the demonstrator was built and tested in 2022, while in 2023 the
prototype coverage was extended with the construction of a second instrumented portion.
The construction process involved several operations and steps related to the structures
that make up the demonstrator.

Scintillators
The production and machining of the scintillators tiles was the most challenging and
critical task. Scintillators had initially been produced by UNIPLAST (Moscow) in col-
laboration with the INR group using injection molding. Unfortunately, due to the war
outbreak in 2022, it was not possible to finalize the procurement from Russia. The to-
tal number of needed tiles, 6375, in seven different shapes were produced by an Italian
company (STYLPLEX) in a short time and with critical deadlines. The machining was
achieved using cutting and milling with numerical control machines in place of injection
molding, starting from large scintillator sheets procured by SCIONIX. A view of one
of the squared grooves is visible in Fig. 3.4 (center). The preparation of scintillators
was managed internally and without relying on the expertise and methods of INR/UNI-
PLAST.

WLS fibers
The wavelength shifting (WLS) fibers employed are the Y-11 double clad 1mm diameter
from Kuraray (JP). The fibers were cut in four different lenghts to account for the three
calorimeter radial layers and the t0 layer and then their ends were sandpapered/polished
using some tools developed on purpose (see Fig. 3.4).

Fiber concentrators
The fibers concentrators (FC) were developed with a batch of five commercial 3D printers
using PLA filaments. The use of printed fibers concentrators proved to be a successful
and elegant solution to the problem of routing the fibers in a tidy and reproducible man-
ner: 34 WLS fibers, emerging from a channel area of about 3× 11 cm2, are collected into
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Figure 3.4: Preparation and pre-assembly phase of the demonstrator. (top left) The iron and BPE arcs are visible
with scintillators (not yet painted nor glued to WLS). The thickness of the BPE (22.5mm) is within tolerances
equal to the sum of scintillators’ (7 mm) and iron thicknesses (15mm). The grooves on the BPE layers host
the WLS fibers. (top center) Microscope view of a milled groove with a squared cross section. (bottom left)
WLS fibers inserted into a tool for sandpapering in a plane orthogonal to the fibers’ axis. (bottom middle left)
Polished WLS fibers seen at the optical microscope. (bottom center right) Scintillator tiles before sandpapering,
WLS gluing and painting. (bottom right) WLS gluing with an ad hoc support to keep the WLS fibers horizontal.
(top right) A batch of scintillator tiles after WLS gluing and painting with TiO2, ready for mounting on the iron
arcs.

3 bundles of 10 fibers (calorimeter modules) and 2 couples of 2 fibers (t0-layer) over an
area of about 5× 3 cm2 [81].

Photo-sensors
The silicon photomultipliers (SiPMs) employed are the Hamamatsu models S14160-
4050HS (4 × 4mm2) for calorimeter layers and S14160-3050HS (3 × 3mm2) for t0-layer.
The SiPMs and related electronic components are soldered on a PCB, as shown in Fig. 3.7,
right.

Front-end boards
The front-end boards are mounted and screwed on the fiber concentrators, each one host-
ing five SiPMs, as shown in Fig. 3.8. The large and small SiPMs can be powered with
separate bias lines.

Interface boards
The signals are sent from the front-end boards to interface boards with host receptacles
for many very thin coaxial cables by HIROSE which are used both for providing the HV
to the SiPM and reading out the signals (see Fig. 3.8).

Readout boards
The readout boards are 64-channels boards by CAEN (FERS5, A5202) based on the Wee-
ROC CitiROC-1A ASICs. They readout the amplitudes and time of signals for a total
of 1280 channels (see Fig. 3.8).

DAQ
The data acquisition chain consists of several CAEN A5202 boards (8 during test beam
in 2022, 9 during test beam in 2023) controlled via ethernet connection by a customized
version of the open source Janus software provided by CAEN.

5Front End Readout System.
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Figure 3.5: Demonstrator assembly at INFN-LNL: the instrumented iron (grey) and BPE (white) arc pairs are
installed on the detector holding structure, partially shown in yellow. The WLS fibers (green) exiting from the
BPE are inserted into the fibers concentrators (black boxes).

The operations performed during the assembly of the prototype can be summarized as
follows:

1. Scintillators sand-papering for TiO2 paint adhesion

2. Measurement of scintillators individual thickness with a caliper.

3. WLS fibers cutting, polishing and glueing to scintillators (Fig. 3.4).

4. Scintillators painting with TiO2 paint (Fig. 3.4).

5. Assembly of scintillators with glued fibers onto the iron and BPE arc pairs, by
routing WLS fibers through the transit grooves of the tiles and the grooves in the
BPE.

6. Mounting of the instrumented iron and BPE arc pairs on the detector holding
structure (Fig. 3.5).

7. Bundling of the WLS fibers inside concentrators (Fig. 3.6).

8. Cutting and polishing WLS fibers bundles in situ on top of fiber concentrators
(Fig. 3.7).

9. Installation and cabling of front-end boards, interconnection boards and readout
boards (Fig. 3.8).
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Figure 3.6: Demonstrator assembly at INFN-LNL. (left) Detailed view of WLS fibers bundles (green) exiting
from the top of the fiber concentrators (black boxes). An additional plastic collimator was added on top of the
concentrator to keep the fiber bundles tightly packed. At the stage shown here, the fiber ends had not yet been cut
and polished. The fibers were glued among themselves and to the fiber concentrators using EJ510 bi-component
optical cement by BICRON. (right) Internal layout of a fiber concentrator.

Figure 3.7: Demonstrator assembly at INFN-LNL. (left) The fiber bundles were cut with a hot filament (usually
employed to cut polystyrene foam) and sandpapered in situ with a dedicated tool. (right) Demonstrator front-
end electronics. The front-end board is fixed to the fiber concentrator with 5 screws. The three larger SiPMs
(4 × 4mm2) readout three 10 WLS fiber bundles from the three radial calorimeter modules which are present
in each ϕ module, while the two smaller SiPMs (3 × 3mm2) read a pair of WLS fibers each, from the two t0
channels. The black plastic rectangles are spacer needed to prevent the PCB from buckling under the pressure
of screws.

Figure 3.8: Two views of the installed front-end boards (above the fiber concentrators), interconnecting boards
and read-out boards (mounted on the grey aluminum frame). Each CAEN A5202 readout board (vertical) is
plugged on top of an interconnection board (horizontal) and cabled together with HIROSE micro-coaxial cables.
The readout boards are cooled with fans mounted in a 3D printed support.
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3.3 The test beam of August 2023 at CERN PS T9

The ENUBET demonstrator was exposed at the CERN PS T9 area during dedicated
test beam data campaigns in 2022, 2023 and 2024. This section, and the remainder of
the Chapter, is focused on the test beam of August 2023, for which data analysis and
simulation development are presented. The T9 secondary beamline in the CERN East
Area is obtained from the interaction of 24GeV/c primary protons from the PS impinging
on a fixed target, with secondaries momenta up to 15GeV/c [114].
Data have been collected with the detector prototype exposed to beams of electrons,
hadrons and muons with momenta spanning from 0.5 to 10GeV/c. The August 2023
test beam setup at CERN PS T9 experimental area is shown in Fig. 3.9. A schematic
representation of the 2023 test beam setup is shown in Fig. 3.10.

Figure 3.9: The ENUBET demonstrator in the CERN PS T9 experimental area, with silicon chambers and a
trigger scintillator plane installed. The Cherenkov counters are not shown since positioned further upstream.

Figure 3.10: Schematic representation of the August 2023 test beam setup. The Cherenkov counters (C1, C2),
the trigger scintillator (TS), the silicon trackers (Si1, Si2) and the demonstrator are shown. Drawing not to scale.

The demonstrator, mounted on its mechanical structure, was positioned on the beam line
downstream of two silicon microstrip trackers and a plastic scintillator used as a trigger.
Each silicon tracker consists of two sets of single-side silicon microstrip sensors [115], each
one with an active area of 9.3× 9.3 cm2 and arranged in a x-y configuration. Each silicon

56



tracker provides the hit position of a particle on its plane, which is orthogonal to the
incoming beam direction. The combined information of the two silicon trackers are used
to reconstruct the direction of beam particles, namely extrapolating their impact point on
the front face of the detector. The trigger scintillator is a 10× 10 cm2 plastic scintillator
readout by a photomultiplier tube; it is positioned on the beam, upstream of the first sili-
con tracker. Further upstream in the T9 beamline are positioned two Cherenkov counters
(XCET044 and XCET048 in [116]) which are set to different pressures to perform particle
identification. In the case of a gaseous medium, the Cherenkov radiation threshold can
be tuned by controlling the gas pressure. Since beam particles are momentum selected,
different velocities are due to different mass of particles. The detection of Cherenkov
radiation is thus well suited for particle identification purposes. The Cherenkov coun-
ters were both filled with CO2 and, depending on the beam momentum, their operating
pressures were set in order to have one counter with both muons and electrons above
threshold6 and the other one with only electrons above threshold.
The demonstrator was moved horizontally by means of the wheel-rail mechanism to cal-
ibrate the response of all modules to particle beam. Furthermore, the demonstrator was
tilted at different inclinations in order to measure the calorimeter response to incoming
particle beam at different angles (0, 50, 100, 200mrad). These tilted runs are essential
to reproduce experimentally the expected ENUBET particle flow in realistic conditions,
where positrons from Ke3 kaon decay are emitted with an average angle of ∼ 88mrad.
The DAQ system used in the test beam consisted of two main acquisition chains syn-
chronized with each other: one for the trigger scintillator, silicon trackers and Cherenkov
counters, readout by a CAEN V1730 digitizer, and another one for the demonstrator
front-end boards (FEBs), readout by several CAEN A5202 boards. In addition to the
trigger scintillator signal, the DAQ system also receives the ∼ 400ms beam spill signal,
acting as an "enable" signal for the data acquisition.
The layout of the instrumented portions of the demonstrator changed from 2022 to 2023,
whereas during the test beam in 2024 the same layout as in 2023 was used. The demon-
strator layout used during the 2023 test beam is shown in Fig. 3.11, consisting of 15
z-layers and 26 ϕ-layers. In the 2022 test beam only z ∈ [0, 7] layers were instrumented,
whereas the other layers were instrumented during 2023. The test beams in 2023 and
2024 focused mainly on the ϕ ∈ [5, 17] and z ∈ [8, 14]. It should be noted that in the
2022 test beam, the beam spot was on the calorimetric side corresponding to the z = 0
layer, whereas in both 2023 and 2024 test beams, it was on the opposite calorimetric side,
corresponding to the z = 14 layer.

3.4 The demonstrator simulation

The simulation of the demonstrator and test beam experimental setup is essential to com-
pare the expected detector performance with those obtained from experimental data. A
full GEANT4 [64] simulation of the demonstrator was developed, reproducing realistically
the experimental conditions. The starting point for the development of the demonstrator
simulation was the implementation of ENUBINO [83], a small pre-demonstrator proto-
type corresponding to one azimuthal unit (i.e. three radial LCMs) built to test the frontal
light readout scheme. The demonstrator simulation was initially developed for the small
instrumented section used in 2022, and later updated to the extended design implemented
in 2023, as presented in the following of this Chapter. The simulation development of the

6For the runs at 0.5GeV/c, the operating pressure range of the Cherenkov detector only allowed for electron
detection.
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Figure 3.11: Layout of the instrumented azimuthal (ϕ) sectors of the demonstrator, shown schematically from
above, with the corresponding (r, ϕ) coordinates used by convention in the analysis.

final demonstrator presents several differences compared to the ENUBINO early-stage
implementation. For instance, the scintillator tiles are trapezoidal rather than squared,
and the cylindrical WLS fibers are embedded inside rectangular grooves instead of cylin-
drical ones. In addition, the implementation of the detector geometry takes into account
the possibility to randomize or fix to a default value the thickness of plastic scintillator
tiles. Indeed, as a consequence of the mechanical process of cutting and drilling the tiles
from scintillator slabs, minor differences among tiles are present. Moreover, two distinct
batches of scintillator sheets were used, one produced by SCIONIX and another one pro-
vided by CERN in 2022. If the scintillator tiles had been produced with the planned
technique based on the injection molding, such small non-uniformities observed among
different tiles would have been avoided. The average thickness of scintillator tiles ob-
served during the 2022 demonstrator construction was 6.7mm with a standard deviation
of 0.12mm. Although such differences were accounted for in the simulation by random-
izing the tile thickness in the geometry implementation of each tile, no significant impact
on the visible energy was observed. Therefore, in the analysis presented here, the simu-
lation was performed using scintillator tiles with average thickness.
The geometry of the frontal grooves readout scheme for the quadruplet and triplet stack
of scintillator tiles (illustrated in Fig. 3.2, right) is implemented in the simulation, as
shown in Fig. 3.12. Each demonstrator azimuthal unit is made of two quadruplets and
three triplets. The dimensions of a scintillator tile in the plane orthogonal to the beam
direction are defined according to their radial position. In particular, due to their trape-
zoidal shape, the vertical placement of quadruplets and triplets in front of the iron arcs is
performed computing the major and minor basis from geometrical considerations, mov-
ing upwards along the radial direction. Specifically, it is considered that each tile in an
azimuthal sector spans an angle of ϕ = 1.77◦ and has a height of 3 cm. Within a scin-
tillator tile. The implementation of WLS fibers into the demonstrator geometry enables
a more realistic simulation by accounting for the detailed geometry of the scintillator
material. Moreover, it allows for detailed analysis of light collection efficiency through
a full optical simulation in future studies. Currently, the scintillation process and light
propagation are not simulated; however, these effects can be easily included, as they have
already been implemented in the code at an early stage. The full geometry of the demon-
strator was implemented positioning 75 layers of iron and BPE arcs instrumented with
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Figure 3.12: Geometry of the frontal grooves readout scheme for the quadruplet (left) and triplet (right) stack
of scintillator tiles, with the WLS fibers positioned inside the rectangular grooves.

the corresponding scintillator tiles. The geometry development followed a layer-by-layer
placement approach. First, all the ϕ sectors of a layer are instrumented with tiles and
corresponding WLS fibers. Next, the upstream iron and BPE arcs, with same thickness
and stacked radially, are added. To reproduce the real configuration - where WLS fibers
are accommodated in holes in the BPE arcs and then routed to the concentrators - ad-
ditional BPE material is inserted in between and on the outer sides of fiber pairs in each
ϕ sector, thus filling the gaps left by the outgoing fibers (see Fig. 3.13, right). As an
example, a single z-layer of the 2022 test beam configuration (3r × 10ϕ × 8z LCMS) is
shown in Fig. 3.13, left. The full geometry of the demonstrator in 2023 test beam is
shown in Fig. 3.14.

Figure 3.13: (left) A single z-layer of the demonstrator made by two layers of quadruplets and three layers of
triplets, covering 10 ϕ central sectors (2022 test beam configuration). In the planes containing the scintillator
tiles, each BPE arc (white) is made of three parts: two external sections of arc, on top of the non instrumented
part of the demonstrator, and a central BPE module, on top of instrumented part, defined to simulate the holes
hosting the outgoing fibers in the BPE (shown on the right). Above each iron arc the BPE forms an arc of the
same thickness. (right) Detail of a single BPE module for a ϕ sector of tiles, made of three section of arcs to fill
the middle and external gaps between fibers and adjacent ϕ sectors.

Once the demonstrator geometry is implemented, simulated data are produced in con-
ditions as close as possible to those of the test beam. In particular, the beam particles
hitting the demonstrator are generated sampling the transverse beam profile7 and beam
angular divergence obtained experimentally during different test beam runs. The detec-
tor response is at hit-level and signal in each demonstrator channel is measured as the
visible energy deposited in the scintillator tiles. Since at present scintillation light is not

7The transverse beam profile is measured as the x−y distributions of hit positions on the microstrips of silicon
trackers.
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Figure 3.14: (left) Full geometry of the demonstrator in 2023 test beam, bottom view. The incoming beam
direction is orthogonal to the front face. (right) Visualization example of simulated interactions of 3GeV muons,
hitting the front face of the detector, sampled from a squared 10× 10 cm2 area.

simulated, potential inefficiencies due to conversion of energy deposition to scintillation
light, wavelength shifting and detection by the SiPMs are not taken into account. The
comparison of experimental data with the Monte Carlo (MC) prediction is of great impor-
tance for a final validation of the detector performance and as a proof of principle of the
ENUBET technique. The data/MC comparison for the energy resolution and linearity
of the prototype tested at CERN in 2023 is discussed in Sec. 3.7.

3.5 Calibration and channel response equalization

The inter-calibration of the demonstrator channels and the equalization of their response
are essential for the test beam data analysis, since different calorimeter channels might
have different responses to the same energy deposition. Such differences in channel re-
sponse are due to a variety of factors: mechanical variations in the scintillator tiles, in-
trinsic differences among the SiPMs, imperfections in the coupling between optical fibers
and photosensors, and potential inefficiencies in the transport and collection of light from
the scintillators to the SiPMs. In order to equalize the channels response, two dedicated
calibration runs were performed during the test beam data campaigns, acquiring the data
necessary to estimate such response. The first calibration run covered the right side of
the demonstrator (ϕ ∈ [5, 17], see Fig. 3.11) and was performed with a 10GeV/c beam
containing pions and muons. The second calibration run was performed on the left side
of the demonstrator (ϕ ∈ [−8, 3], see Fig. 3.11) using a 10GeV/c muon enriched beam.
The energy deposit of minimum ionizing particles (mips) is used as a reference for the
equalization of calorimeter channels response. Indeed, mips are particularly well-suited
for calibration purposes because, for a given material and a fixed path length, they deposit
a nearly constant amount of energy. The inter-calibration of demonstrator channels is
performed applying fiducial cuts to ensure that particles deposit the same energy amount
in each module by traveling approximately the same distance. The tracking of particles
crossing the calorimeter channels is carried out using the two silicon microstrip cham-
bers. The primary tracks are reconstructed only for single-cluster events, i.e. events that
left a single track in the silicon chambers. The tracks are extrapolated to the halfway
point of each channel and used to reconstruct the impact point on calorimeter modules,
obtaining a projection of the particle hit position (x, y) in the transverse plane to the
beam direction. The distribution of impact points of primary tracks extrapolated on the
most upstream part of the demonstrator is shown in Fig. 3.15. Since the right side of
the demonstrator was illuminated mainly with focused pion beams, their beam spots are
spatially concentrated; conversely, the left side was illuminated with muon beams and
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their beam spots are much more spatially spread out, since muons are tertiary parti-
cles and thus not well focused (see Fig. 3.15). In addition, the farther right side of the
demonstrator was also illuminated with a muon run, and its beam spot is much larger
with respect to the pion ones.
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Then, for each channel, efficiency maps are computed by considering the projections
(xproj, yproj) of particles producing a signal with a pulse height above a given threshold.
Therefore, the efficiency map of a given channel corresponds to the fraction of events with
a primary track crossing the channel and producing a non-negligible signal. An example
of an efficiency map for a channel of the first calorimeter layer is shown in Fig. 3.16.
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Figure 3.16: Example of an efficiency map for a channel in the first calorimeter layer. The efficiency is well above
95%, with lower values only at the channel edges due to border effects, and at the positions corresponding to the
grooves hosting the fibers (x ∼ 4.6 cm and x ∼ 6.2 cm), where the amount of scintillator material is reduced.

The efficiency maps can be used as a good proxy for estimating the channel position:
the center coordinates (x0, y0) of each channel are calculated using the weighted average
x0 =

∑
xb ·nb/

∑
nb and y0 =

∑
yb ·nb/

∑
nb, where (xb, yb) are the bin coordinates from

the efficiency map and nb is the bin content of the projection map with a threshold cut. In
particular, center coordinates (x0, y0) are estimated applying an efficiency filter to remove
bins with efficiency less than 50%. The center coordinates of each channel are then used
to define a fiducial area. During the 2023 test beam, the fiducial area was defined as a
1.1 × 1.1 cm2 square centered in (x0, y0) for the first four z-layers of the demonstrator,
then up to the eighth z-layer the fiducial area was 1.5 × 1.5 cm2, whereas for all farther
z-layers it was set to 2× 2 cm2. Indeed, different fiducial areas for different z-layers have
been implemented to combat the reduced statistics in the farther demonstrator channels
as well as to account for Coulomb scattering of mips within the demonstrator material.
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The events with an impact point falling within such a fiducial area are selected as a
subsample for the estimation of the energy deposit distribution of minimum ionizing
particles. For each channel, the pulse height distribution for events satisfying the fiducial
cut is computed. The channel response histograms are then fitted with a Landau function
growing on a linear background, and the most probable value (MPV) of the Landau
function is estimated and used as a reference for the mip energy deposition. Due to the
large number of channels to be calibrated, a custom fitting routine was implemented to
fit the mip peak for all calorimeter channels. In case the fitting procedure failed for some
channels, the contingency was to estimate the MPV from the most populated bin. As
an example, the Landau fit of the mip peak for some channels is shown in Fig. 3.17.
The presence of a baseline (or pedestal) is also evident, and it is shifted from zero by an
electronic offset. The pulse heights and mip response of each channel need to be corrected
for this effect by subtracting the baseline value. The baseline estimation and subtraction
are discussed in Sec. 3.6.
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Figure 3.17: Examples of energy deposition distributions from mips for channels of the demonstrator prototype
during the 2023 test beam.

The calibration procedure described above was applied to most of the demonstrator
channels, with a few exceptions. Indeed, a few channels showed no signal, probably due
to a failure in the SiPM or the connection to the frontend electronics; these channels
were thus excluded from the analysis. In addition, due to mechanical constraints, it was
not possible to completely cover all of the demonstrator channels during the calibration
runs, therefore, some channels were only partially illuminated, as shown in Fig. 3.15.
Nevertheless, this does not impact the analysis, as the dead channels account for less
than 1% of the total, and the uncovered ones are at the calorimeter borders.
Similar calibration studies were also performed on simulated data, considering the right
side of the demonstrator. The calibration runs for the right side were experimentally
made both of pions and muons at 10GeV, as discussed above. In the MC simulation,
the primary pion or muon beams are generated from their beam profiles and angular
divergences measured by the silicon chambers; the muon composition of the beam spot
is ∼ 14% whereas the pion composition is ∼ 86%. The fiducial cuts are defined as a
1.5×1.5 cm2 square centered on the center of each module and are performed to the front
and back of each module to select only mip-like particles travelling straight. The spectrum
of the total energy deposited in each calorimeter module can be computed and the mip
peak is then fitted with a Landau function. According to these simulation studies, the
energy released by a mip in a module has a most probable value of ∼ 6.12MeV, obtained
averaging the MPVs of all calorimeter channels.
The pulse heights of each channel can be equalized to the response of a mip in that
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channel, according to:

PHch
eq ∝

PHch − blch

MPVch
mip − blch

(3.1)

where PHch is the raw signal from the channel (in ADC counts), blch is the baseline (mean
of the gaussian fit, see following Sec. 3.6) and MPVch

mip is the MPV of the Landau fit of
the mip energy deposit.

3.6 Baseline estimation and subtraction

The baseline estimation and subtraction are crucial for the equalization of the channels
response and to estimate the energy resolution and linearity of the calorimeter prototype.
For the left side of the demonstrator, the baseline of each channel was directly measured
using dark runs8, i.e. pedestal data. The baseline distribution of each channel was fitted
with a gaussian function and its mean µbl and standard deviation σbl were estimated.
The baseline of a given left side channel, measured from dark runs, is shown in Fig. 3.18,
left. However, due to test beam time constraints, no dark runs data were acquired for
the right side of the demonstrator. Nonetheless, the baseline for the right side channels
can be estimated using the calibration runs according to the following procedure. The
baseline histogram of a given channel is filled with the measured pulse height PHch only
if the particle does not cross the channel itself. Specifically, the requirement is that the
impact point (xcalo, ycalo) of the track, extrapolated onto the same z-layer as the channel,
is at least one nuclear interaction length λI away from its center of gravity (anti-fiducial
cut). Therefore, the anti-fiducial cut allows the exclusion of events with spurious energy
deposits from hadrons crossing nearby channels. In such a way, the measured signal is
expected to originate from electronic noise only.
The nuclear interaction length λI of a LCM channel can be computed easily. Indeed,
for compounds and mixtures, Bragg addition (mass fraction weighted sum) is used to
calculate the reciprocal of nuclear interaction length [117]. Each LCM calorimeter module
is made of five slabs of iron interleaved with tiles of plastic scintillator (Eljen EJ-200).
The cross section of both the iron slabs and scintillator tiles is approximately 3× 3 cm2,
and their respective thicknesses are ∆xFe = 1.5 cm and ∆xscinti = 0.7 cm. The LCM
nuclear interaction length can be estimated as follows [117]:

λI =
ρFe ·∆xFe + ρscinti ·∆xscinti

ρFe · ∆xFe
λFe

+ ρscinti · ∆xscinti
λscinti

= 17.567 cm (3.2)

where λFe = 16.77 cm and λscinti = 78.79 cm are the iron and polyvinyltoluene nuclear
interaction lengths, and ρFe = 7.874 g/cm−3 and ρscinti = 1.032 g/cm−3 their correspond-
ing densities [1]. The baseline of a channel of the right side estimated from calibration
runs with an anti-fiducial cut is shown in Fig. 3.18, right. The baseline distributions of
all channels are fitted with a gaussian function to estimate the baseline means µbl and
standard deviations σbl. In the analysis discussed in Sec. 3.7, the baseline subtraction is
performed according to Eq. 3.1, where both the raw pulse height and the mip MPV are
corrected for the mean baseline value. Moreover, signals induced by baseline fluctuations
are removed by considering only pulse heights that are at least 5σ above the baseline
mean:

PHch ≥ µch
bl + 5 · σch

bl (3.3)
8A dark run is a run with no beam.
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Figure 3.18: (left) Baseline of a left side channel measured from dark runs, i.e. pedestal data. (right) Baseline
of a right side channel estimated from calibration data with anti-fiducial cut. The gaussian fit performed to
estimate baseline mean and standard deviation is also shown (red curve).

3.7 Data analysis of electron runs for energy resolution and lin-
earity assessment

In order to assess the energy resolution of the calorimeter prototype, dedicated elec-
tron runs at different beam momenta (p = 0.5, 1, 2, 3, 4 and 5GeV) were performed.
The electron content of the beam was enhanced employing an electron enriched target
(electron enriched runs). In this section the data analysis of electron runs is discussed,
aiming to assess the energy resolution and linearity of the calorimeter and their data/MC
comparison.

3.7.1 Particle identification with Cherenkov counters

The separation of electrons from heavier beam particles is achieved using the signals
collected from two Cherenkov detectors, hereafter referred to as Cher1 and Cher2. In-
deed, given the fixed momentum of the beam particles and the pressures set in the two
Cherenkov detectors, discrimination between electrons, muons and pions can be achieved.
During the test beam, the pressure of Cher2 was set to be above threshold for electrons
and below threshold for muons. In particular, for all beam energies considered in the test
beam, electrons in a CO2 gas always emit Cherenkov radiation. Therefore, electrons pro-
duce a signal in both Cherenkov counters, whereas events with no signal in Cher2 are due
to the passage of muons or heavier particles that do not emit Cherenkov radiation. The
pressure of Cher1 detector, on the other hand, was set to be above threshold for muons,
so both muons and electrons produce a light signal in the detector. The signals recorded
by Cherenkov counters are thus exploited to perform beam particle identification: pions
do not produce a signal in either detector, electrons produce a signal in both detectors,
whereas muons produce a signal in Cher1 but not in Cher2.
In the data analysis of electron runs, the Cherenkov counter signals were used to select
only electron events, ensuring that the selected particle sample was not contaminated
by spurious muons or heavier particles. The pulse heights of both Cherenkov detectors
were considered. Since electrons are in time coincidence with the trigger scintillator, a
preliminary timing selection can be applied in the analysis to improve the purity of the
selected electron sample. The distributions of the pulse heights in the two Cherenkov
detectors are shown in Fig. 3.19, before and after selecting particles to be in time coin-
cidence with the trigger scintillator. The scatter plot of the pulse heights from the two
Cherenkov detectors is shown in Fig. 3.20, left. Since electrons produce a high signal in
both detectors, while muons produce a lower signal in Cher1 and no signal in Cher2, it
is possible to select a pure electron sample by requiring that both Cherenkov detector
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recorded a signal above a pulse height threshold. Specifically, a rectangular cut is defined,
as shown in Fig. 3.20, right, on the particle sample in time coincidence with the trigger
scintillator.

0 2000 4000 6000 8000 10000 12000
Cher1 PH

100

101

102

103

en
tri

es

Cherenkov 1
all entries
digiTime cut

0 2000 4000 6000 8000 10000 12000 14000
Cher2 PH

100

101

102

103

en
tri

es

Cherenkov 2
all entries
digiTime cut

Figure 3.19: Pulse heights in the two Cherenkov detectors for the electron run at 2GeV, before (light color) and
after (dark color) selecting particles to be in time coincidence with the trigger scintillator.
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Figure 3.20: Scatter plot of the pulse heights from the two Cherenkov detectors, before (left) and after (right)
selecting particles to be in time coincidence with the trigger scintillator. (right) Rectangular pulse height cut for
electron selection.

3.7.2 Efficiency maps for electron runs

The knowledge of front channels center coordinates (x0, y0) is crucial to perform a fiducial
cut to ensure electromagnetic shower containment, as discussed in Sec. 3.7.3. Since the
reference coordinate system of silicon chambers during electron and calibration runs was
different, the center coordinates of front channels estimated from calibration data (see
Sec. 3.5) cannot be used for the analysis of electron runs. Therefore, the computation
of efficiency maps for electron runs is necessary to determine the center coordinates of
the demonstrator front channels in these runs. The channel efficiency is computed using
a pulse height cut to select signals larger than the response of a mip, i.e. PHch ≥
1.5 · MPVch

mip. The channel efficiency map obtained in this manner is a good proxy
for the estimation of the channel position in electron runs, as shown in Fig. 3.21, left.
Due to the transverse development of electromagnetic showers induced by electrons, the
efficiency maps obtained in electron runs are less sharp than those obtained with mips in
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calibration runs, making the estimation of center coordinates of channels less accurate.
In order to estimate the center coordinates (x0, y0) of front channels, an efficiency filter
is applied to remove bins with efficiency less than 50%, as shown in Fig. 3.21, center. The
center coordinates (x0, y0) of each channel are then estimated using the weighted average
of the bins position, as discussed for the calibration runs (see Sec. 3.5). Nevertheless, a
refinement of the channel position estimation is required, using an iterative approach. The
weighted mean provides an initial estimate of the channel’s center of gravity; however,
since not all halo bins around the channel area are suppressed by the efficiency filter
(compare the left and center plots in Fig. 3.21), a systematic shift of the estimated
channel position toward the beam spot center is introduced, as seen in the center plot
of Fig. 3.21. To correct for this, a radial cut is applied to effectively remove the halo
from the efficiency map, selecting only the bins within a radial distance R = 3 cm from
the initial center of gravity estimate. The center of gravity is finally estimated using the
means along x/y of the refined efficiency histogram, as shown in Fig. 3.21, right. The final
efficiency maps of the front channels hit by electrons are shown in Fig. 3.22 for the left and
right side of the demonstrator, respectively. Also shown are the estimated coordinates
of each channel’s center of gravity and the projection of tracks on the calorimeter front
face.
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Figure 3.21: (left) Efficiency map of a right side front channel. (center) Efficiency map of a right side front
channel with a 50% efficiency filter to estimate the center coordinates using the weighted mean approach. The
center of gravity estimate is systematically shifted towards the center of the beam spot. (right) Efficiency map
of a right side front channel with a 50% efficiency filter and a R = 3 cm radial filter for the final estimation of
the center coordinates using the mean along x/y directions. See text for details.
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Figure 3.22: Final efficiency maps of front channels for the left and right side of the demonstrator, respectively,
together with their estimated center of gravity coordinates and superimposed to the projection of tracks on the
calorimeter front face.
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3.7.3 Total energy deposited and shower containment

The total energy deposited in the calorimeter is estimated on an event basis as the sum
of equalized pulse heights of each channel, as follows:

Etot =
∑
ch

PHch
eq

The pulse heights are equalized to the response of a mip in that channel and scaled to
the average response of a mip over all the channels. Both signal pulse height and mip
response are corrected by subtracting the baseline. Thus, for each channel, the pulse
heights are equalized as follows:

PHch
eq =

PHch − blch

MPVch
mip − blch

· ⟨MPVch
mip − blch⟩ (3.4)

The equalized pulse heights are thus expressed in ADC counts. However, the pulse heights
summation is not done for all the calorimeter channels, but only for those which were
calibrated. Indeed, as mentioned, some channels were dead or difficult to calibrate due
to low statistics, as they were only partially illuminated. The layouts of the left and
right side of the demonstrator are shown in Fig. 3.23, respectively. The non-calibrated
channels are shown in gray, whereas the yellow channels represent the ϕ sector illuminated
by the beam spot during electron runs. In addition, to exclude contributions from residual
baseline fluctuations above the cut in Eq. 3.3, channels farthest from those illuminated
by the beam are excluded, and only the channels in ϕ ∈ [8, 13] for the right side and
ϕ ∈ [−5, 0] for the left side are considered for the total energy estimation.

Figure 3.23: Schematics of the left and right side of the demonstrator, respectively. The non-calibrated channels
are shown in gray, whereas the yellow channels represent the ϕ sector illuminated by the beam spot during
electron runs.

In order to ensure a 95% containment of the electromagnetic shower induced by electrons,
a fiducial cut is applied to select electrons whose impact point on the calorimeter front
face is at least two Moliere radii from the calorimeter edges [118]. Since the Moliere
radius in iron is RM = 1.72 cm [1], the fiducial cut can be applied by selecting electrons
impinging onto the central radial calorimeter layer. The efficiency maps of central chan-
nels illuminated by the beam spot are used to locate the central radial calorimeter layer
using trapezoidal fiducial cut, as shown in Fig. 3.24.
The equalized pulse heights can also be converted from ADC counts to visible energy
in MeV. The conversion factor is obtained from the ratio of the energy linearity slopes
between simulation and data, using the following procedure. The equalized pulse heights
in ADC counts are used to compute the total energy deposited and thus to estimate
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Figure 3.24: The fiducial cut for shower containment is applied by selecting electrons impinging onto the central
radial calorimeter layer, for the left and right side of demonstrator respectively. The central radial calorimeter
layer is located using trapezoidal cuts from the efficiency maps and positions of the central channels illuminated
by the beam spot.

the energy linearity from electron runs in data. The energy linearity is assessed by
plotting the relationship between the mean of the distribution from the total energy de-
posited Edep and the beam energy Ebeam, and fitting it with a first-degree polynomial
Edep = m · Ebeam + q. The slope mdata[ADC/GeV] obtained from the energy linearity
from data, and the corresponding slope mMC[MeV/GeV] from simulation (see Fig. 3.29),
can thus be used to provide a conversion from ADC to visible energy in MeV. Therefore,
data are corrected using MC prediction instead of relying on an absolute energy scale
calibration based on mips. The linearity fit, shown in Fig. 3.25, is performed excluding
points at 4 and 5GeV, which are affected by saturation effects in SiPMs (see following
analysis). This is not done for the simulation, where these effects are not included.
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Figure 3.25: Energy linearity fit for the demonstrator right side excluding 4 and 5GeV data points affected by
saturation effects in SiPMs.

Finally, the equalized pulse heights expressed in MeV can be computed rescaling the
average response of mip in ADC counts to the ratio of slopes mMC/mdata obtained from
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MC simulation and data, as follows:

PHch
eq =

PHch − blch

MPVch
mip − blch

· mMC

mdata
· ⟨MPVch

mip − blch⟩ (3.5)

The conversion of equalized pulse heights from ADC counts to MeV implies a scaling
factor only, therefore it does not affect the energy resolution estimation and allows for
a better agreement between the data/MC linearity, highlighting potential discrepancies
due to saturation effects of SiPMs at high energies.
The distributions of total energy deposited in the calorimeter by electrons at different
energies are shown in Fig. 3.26. The total energy deposited distributions are shown
before (red) and after (blue) applying the fiducial cut for shower containment. Therefore,
the fiducial cut allows to discard those events with an electromagnetic shower not fully
contained in the calorimeter, responsible for an energy tail at lower energies.
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Figure 3.26: Total energy deposited in the calorimeter before (red) and after (blue) fiducial cut for shower
containment for electron beam energies of 0.5, 1, 2, 3, 4 and 5GeV.

3.7.4 Energy resolution and linearity

The study of the calorimeter response to electromagnetic showers is important for its
characterization and performance assessment. The measurement of energy with an elec-
tromagnetic calorimeter is based on the principle that the energy deposited in the detector
by the charged particles of the shower, mainly through ionization and excitation, is pro-
portional to the energy of the incident particle [119]. The intrinsic energy resolution of
an ideal calorimeter, i.e. a calorimeter with an infinite size and no response deterioration
due to instrumental effects, is mainly due to fluctuations of the track length T0. The
track length T0 is defined as the sum of all ionization tracks due to charged particles in
the cascade. Since T0 is proportional to the number of track segments in the shower,
and the shower development is a stochastic process, from purely statistical arguments
the intrinsic energy resolution is given by:

σ(E) ∝
√

T0 (3.6)

from which the energy dependence of the fractional energy resolution is obtained:
σ(E)

E
∝ 1√

T0

∝ 1√
E0

(3.7)
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In a realistic calorimeter, the actual energy resolution is deteriorated by other contribu-
tions and it is expressed more generally according to:

σE(E)

E
=

a√
E

⊕ b

E
⊕ c (3.8)

where the symbol ⊕ indicates a quadratic sum. The a term is the stochastic term that
includes the shower intrinsic fluctuations, the b term is the noise term, whereas the c
term is the constant term [118].
In order to assess the energy resolution and linearity, the distributions of the total energy
deposited in the calorimeter for fully contained events at the different beam energies are
fitted with a gaussian function, as shown in Fig. 3.27.
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Figure 3.27: Gaussian fit of the total energy distributions in the calorimeter, after applying a fiducial cut for
shower containment, for electron beam energies of 0.5, 1, 2, 3, 4 and 5GeV.

The fitted mean µ and standard deviation σ of the gaussian function are used to estimate
the energy resolution and linearity. The relative energy resolution is computed as the ratio
of the standard deviation σ and the mean µ, both estimated from the gaussian fit, and is
shown in Fig. 3.28 for the right side of the demonstrator at each beam energy. In general, if
the noise term b is included in the fit as a free parameter, since it is highly correlated with
the other parameters, non realistic high values for this term are obtained. Therefore, the b
term is considered as a fix parameter in the fit, and an independent estimate of its value is
obtained according to the discussion detailed in Sec. 3.7.5. The data/MC comparison for
the energy resolution, shown in Fig. 3.28, highlights a discrepancy between the data and
the simulation; this can be explained introducing in the MC simulation potential factors
that contribute to the degradation of the energy resolution, as discussed in Sec. 3.8.
The energy linearity of the calorimeter is assessed by plotting the relationship between

the fitted mean µ of total energy deposited and the beam energy Ebeam, and fitting it with
a first-degree polynomial µ = m·Ebeam+q. The energy linearity obtained in electron runs
for different beam energies is shown in Fig. 3.29, for the right side of the demonstrator.
The energy linearity points obtained from data at 4 and 5GeV show a discrepancy from
the expected linear trend due to saturation effects of SiPMs.
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Figure 3.28: Energy resolution of the right side of the demonstrator. Data (red points) are compared with the
simulation prediction (blue points). Fits using Eq. 3.8 are also shown as solid lines.
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Figure 3.29: Energy linearity of the right side of the demonstrator. Data (red points) are compared with the
simulation prediction (blue points). Linear fits are also shown as solid lines.
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3.7.5 Independent estimate of the noise term in the energy resolution

The noise term b in the energy resolution fit is pinned down using an independent estimate
based on measurements of the channels baseline. Indeed, the estimate of the total energy
deposited is affected by the baseline fluctuations from electronics. The total energy
deposited is estimated as the sum of the channels pulse heights and it can be expressed
isolating the pulse height contribution due to the baseline, according to:

Edep =
∑

PHi =
∑

(PHmeas,i + PHbl,i) =
∑

PHmeas,i +
∑

PHbl,i (3.9)

The baseline of all channels can be assumed to be distributed according to a gaussian
with known mean and variance σ2

bl,i. Therefore, according to the central limit theorem9

[120], the term
∑

PHbl,i is a sum of random variables following gaussian distributions
and its variance can be estimated as:

V
[∑

PHbl,i

]
=
∑

V [PHbl,i] =
∑

σ2
bl,i (3.10)

The total energy uncertainty due to baseline is thus given by:

σ2
tot =

∑
σ2
bl,i (3.11)

This sum is done over all the calorimeter channels used for computing the total energy.
Since this number could be higher than the number of channels recording an actual energy
deposition in an event, this sum is actually an overestimate of the baseline effect. The
distribution of the σbl used in the sum of Eq. 3.11, expressed in raw ADC counts, is shown
in Fig. 3.30, left. The same σbl distribution but equalized to the response of a mip in a
channel and scaled to the average response of a mip is shown in Fig. 3.30, right.
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Figure 3.30: (left) Distribution of σbl of fiducial channels expressed in raw ADC counts. (right) Distribution of
σbl equalized to the response of a mip in a channel and scaled to the average response of a mip.

The b term in the energy resolution fit is expressed in units of beam energy (GeV). The
linearity formula is thus used to convert from ADC to beam energy units, namely using
Ebeam = (Edep − q)/m. Since σtot represents a width, the intercept q does not affect
the result, as ∆Ebeam = ∆(Edep − q)/m = ∆Edep/m. Therefore, σtot is expressed in GeV
according to σtot,beam[GeV] = σtot[ADC]/m and, finally, the b term can be (over)estimated
as:

b = σtot,beam (3.12)
9The central limit theorem states that, given n independent variables xi, distributed according to p.d.f.s fi,

having mean µi and variance Vi = σ2
i , then the p.d.f. for the sum of the xi, S ≡

∑
xi, has expectation (mean)

E[S] =
∑

µi and variance V [S] =
∑

Vi =
∑

σ2
i and approaches the normal p.d.f. N(S;

∑
µi,

∑
σ2
i ) as n → ∞

[120].
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The noise term for the right side of the demonstrator is estimated as b = 0.0108GeV and
it is used as a fixed parameter in the energy resolution fit, as discussed in Sec. 3.7.4.

3.8 Accounting for detector effects in the MC simulation

In order to explain the discrepancies observed between energy resolution measurements
and simulation predictions, potential factors contributing to a degradation of energy
resolution were investigated and introduced in the MC simulation, such as the effect of
photostatistics, baseline effects and possible geometrical misalignments.

3.8.1 Photo-electron statistics

The number of optical photons produced in the scintillator tiles by an energy deposition
is subject to statistical fluctuations, leading eventually to a fluctuations in the number
of photo-electrons (p.e.) detected by SiPMs. The photo-electron statistics can affect the
energy resolution estimate: a given amount of energy deposited can produce different
readout signals in the SiPMs due to statistical fluctuations in the number of detected
photo-electrons. The photo-electron statistical fluctuation can be described according to
a Poisson distribution:

P (n) = e−µ · µ
n

n!
(3.13)

where n is the number of photo-electrons and µ the mean number of photo-electrons
produced by an energy deposition Edep. The scintillation light is not simulated and the
detector response is at hit-level. The effect of p.e. statistics fluctuations on visible energy
depositions can be introduced in the simulation output according to the following steps:

1. The average number of photo-electrons ⟨Np.e.⟩ produced by an energy deposition is
estimated according to:

µ ≡ ⟨Np.e.⟩ = Ehit · ε−1 (3.14)

where Ehit is the hit level energy deposition and ε−1 is the mean number of photo-
electrons produced per unit of deposited energy [p.e./MeV]. This parameter can be
estimated from dark runs. In the following a value ε−1 = 15 p.e./MeV is considered,
according to past test beams and cosmic ray measurements [76].

2. The differences in mip response among channels are taken into account by means
of a correction factor:

Cch =
MPVch − blch
⟨MPVch − blch⟩

(3.15)

defined as the ratio between the MPV of a channel and the average MPV over all
channels. The mip MPVs are obtained from data using a Landau fit in calibration
runs and then baseline subtracted.

3. The actual number of p.e. in a channel is obtained scaling the average number of
p.e. with the correction factor, namely:

µ′ = Cch · µ (3.16)
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thus taking into account differences in mip response observed in data among chan-
nels.

4. The corresponding number of p.e. np.e. is sampled from a Poisson distribution with
mean µ′, namely:

np.e. ∈ Poiss(µ′) (3.17)

5. The deposited energy Edep smeared for p.e. statistic fluctuations is finally estimated
according to:

Edep =
np.e.

Cch · ε−1
(3.18)

Since the mean number of p.e. per 1MeV energy deposition is high, the p.e. statistical
fluctuations should not affect significantly the energy resolution estimate.

3.8.2 Baseline effect

The baseline fluctuations can affect the estimate of the total energy deposited in the
calorimeter modules. The effect of baseline fluctuations, for each channel, is thus intro-
duced in the MC simulation. The standard deviation of the baseline distribution of a
given channel is converted from ADC counts to visible energy in MeV according to10:

σch
bl [MeV] = σch

bl [ADC] · 6.12MeV

MPVch
mip − blch[ADC]

The baseline contribution to deposited energy in a given channel is thus sampled from a
gaussian with mean zero and σ = σch

bl , according to:

Ech
bl ∈ Gauss(0, σch

bl ) (3.19)

The baseline fluctuations are thus introduced in the simulation as follows:

Ech
dep → Ech

dep + Ech
bl (3.20)

and their contribution to total energy deposited is expected to be negligible.

3.8.3 Scintillator tiles interspaces due to geometric misalignment

The geometry implemented in the MC simulation is perfect, with all tiles aligned and
without gaps. However, geometric misalignment among scintillator tiles are expected as
a result of the handmade construction and assembling of the calorimeter prototype. The
effect of interspaces among scintillator tiles has been taken into account in the demon-
strator geometry, introducing both azimuthal and radial gaps for several values. Fig. 3.31
shows the implementation in the demonstrator geometry of 1mm gaps, both azimuthally
and radially. The residual interspaces between scintillator tiles may explain the discrep-
ancy between data and MC energy resolution, as dead-regions and non-uniformities in
the calorimeter coverage contribute to increased energy fluctuations.

10The weighted mean of MPVs in the calorimeter layers obtained for the demonstrator right side simulation is
∼ 6.12MeV.
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Figure 3.31: Implementation of 1mm azimuthal and radial interspace among scintillator tiles in the demonstrator
geometry.

3.9 Data/MC comparison of energy response after including de-
tector effects

The data/MC comparison of the energy resolution and linearity of the demonstrator is
discussed in this section, after including in the simulation the detector effects discussed in
Sec. 3.8. The discrepancies in the data/MC agreement on energy resolution observed in
Sec. 3.7.4 are addressed by the inclusion of these effects in the MC simulation. Specifically,
the 1mm azimuthal and radial gaps between the scintillator tiles turned out to be the
dominant factor in explaining the data/MC discrepancy shown in Fig. 3.28. The data/MC
comparison of the energy resolution and linearity for the right side of the demonstrator
is shown in Figs. 3.32 and 3.33, respectively. The MC simulation includes the effects
of photo-electron statistics, baseline fluctuations and 1mm azimuthal and radial dead
regions between the scintillator tiles.
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Figure 3.32: Data/MC comparison of the energy resolution of the right side of the demonstrator. The photo-
electron statistic, baseline effects and a 1mm azimuthal and radial dead regions among scintillator tiles are
considered in the MC simulation. Data (red points) are compared with the simulation prediction (blue points).
Fits using Eq. 3.8 are also shown as solid lines.

75



The presence of dead regions among scintillator tiles also improves the agreement in the
slope between data and MC in the energy linearity, shifting the deposited energy in the
calorimeter to lower values (compare the MC points between Fig. 3.29 and Fig. 3.33). The
energy linearity points at 4 and 5GeV in the data show a deviation from the expected
linear trend due to SiPM saturation effects, which were investigated in [93] and whose
study is beyond the aim of the present work.
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Figure 3.33: Data/MC comparison of the energy linearity of the right side of the demonstrator. The photo-electron
statistic, baseline effects and a 1mm angular and radial dead regions among scintillator tiles are considered in
the MC simulation. Data (red points) are compared with the simulation prediction (blue points). Linear fits are
also shown as solid lines.

In conclusion, the performance of the demonstrator is well within the ENUBET require-
ments. The achieved energy resolution is ∼ 15%/

√
E[GeV], with good energy linearity

up to 5GeV, and deviations of only few % due to SiPM saturation effects. The data
analysis results are in agreement with those obtained from the GEANT4 simulation of the
demonstrator, thus validating the ENUBET simulation. The simulated geometry needs
to be slightly modified by introducing 1mm gaps between tiles to account for data/MC
discrepancies, which arise when assuming an ideal geometry with perfectly aligned scin-
tillators and no dead regions. The presence of small dead regions are ascribable to limita-
tions in the construction procedure used to build the prototype, which can be overcome
by adopting standardized, high-precision manufacturing processes rather than manual
assembly.
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4 The assessment of neutrino flux sys-
tematic uncertainties in NP06/ENUBET

The most important source of systematic uncertainty on neutrino flux is represented by
the yields of secondary hadrons produced at the target. Indeed, an accurate knowledge of
cross-sections and yields is crucial for a correct normalization of the number of secondary
mesons produced at target and, therefore, of the number of neutrinos reaching the de-
tector. The fragmentation models implemented in Monte Carlo event generators make
possible to predict differential distributions that can be used to compute the hadron pro-
duction yields. Nonetheless, even if these models can be tuned with external data, they
usually are not able to reproduce the kinematic distribution of secondaries [59]. The
leading hadroproduction systematic uncertainty can be included in the simulation of the
facility by reweighting on hadron production data both the charged lepton observables
measured at the instrumented decay tunnel and the neutrino flux at detector. A re-
alistic hadroproduction model [121] has been fitted to data from NA56/SPY [122] and
NA20 [123] experiments that used 450 and 400GeV/c protons on target, respectively.
The ENUBET charged lepton monitoring technique in the instrumented decay tunnel
is exploited to constrain the neutrino flux at detector, finally enhancing its precision.
Indeed, the fit to charged lepton observables measured in the tunnel walls is used to set a
constraint on the hadroproduction weights used to reweight the neutrino flux at detector.
In addition to the conventional systematics of a neutrino beam, subdominant detector-
related systematics due to the instrumentation of the decay tunnel are also expected, and
their contribution is assessed. In this Chapter, the positrons emitted from Ke3 decay and
recorded in the tunnel walls are exploited to constrain the νe flux systematic uncertain-
ties, providing the first end-to-end assessment of hadroproduction and detector-related
systematics in a monitored neutrino beam.

4.1 Event simulation and reconstruction in the tagger

A full GEANT4 simulation of the 40m long instrumented decay tunnel (G4TAG simulation)
has been developed, tracking all the particles at the tunnel entrance derived from the
transfer line simulation output and recording in each detector module the energy deposi-
tion from the particles impinging the tunnel walls [76]. The detector response is simulated
at hit level. A protons-on-target (pot) intensity of 4.5× 1013 pot in a 2 s slow extraction
scheme is assumed hereafter. The G4TAG simulation framework has been used to develop
and assess the performance of charged lepton identification algorithms in the decay tun-
nel. The pile-up effects are handled by the Middlelayer algorithm by adding the energy
and averaging the time of neighboring hits with a time difference below 1 ns [76]. The first
step of the reconstruction chain is the Event Builder algorithm, aiming to reconstruct
an event by correlating in space and time hits in different LCMs and t0-layer tiles in order
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to select those belonging to the same particle. Signal events are preselected at the event
building level with specific cuts that were optimized to suppress the background arising
from beam-halo particles and from other mesons decay modes. The reconstructed events
are then processed with a multivariate analysis based on a Multilayer Perceptron Neural
Network (NN) provided by the TMVA toolkit [124], in order to discriminate the signal
from the background.
Two different event reconstruction and analysis chains - employing specific cuts, ANN
training samples and discriminating variables - are used for positrons and muons from
kaon decays, respectively. The algorithms developed for the reconstruction and classi-
fication of positron events from Ke3 decay are described in the following, as they are
essential for the charged lepton monitoring technique used to reduce the main systematic
uncertainties.

4.1.1 Reconstruction and selection of positron events

The Event Builder algorithm for Ke3 aims to preselect positron candidates through the
identification of a visible energy deposit in the LCMs of the innermost layer exceeding
28MeV1 as a seed for the event reconstruction [76]. In particular, the seed value was
chosen maximising the signal times purity figure of merit of reconstructed events. The
signals in the LCMs and t0-layer tiles correlated to the seed are then clustered taking into
account their position and timing. In the event building, all the LCMs in ±5 azimuthal ϕ
sectors with respect to the seed and in longitudinal planes in the interval [−3, 10] around
the seed plane are taken into account. 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, those in a time window of ±1 ns with respect to the
seed are considered. If at least 10 hits are clustered, the reconstructed event is then con-
sidered for subsequent analysis. This procedure is iterated over all the recorded signals,
discarding those already clustered2 [76].
The request of at least one calorimeter module - the event seed - with an energy deposit
largely exceeding the typical mip signal determines a relevant reduction of halo muons
and non-interacting hadrons background, that can be further suppressed by exploiting
their single-track topology. The t0-layer is exploited to suppress the residual photon
background originated from π0 produced in kaon decays and from interactions of stray
particles with the elements of the beamline. Moreover, the longitudinal, transverse and
radial segmentation of the calorimeter can be exploited to reject the hadronic background
due to off-momentum particles and to pions generated in most of kaon decay modes, since
electromagnetic showers develop inside a few LCMs whereas the energy deposit pattern
of hadronic showers encompasses tens of LCMs [76]. A set of discriminating variables
that exploit differences in the energy deposition pattern in calorimeter modules is im-
plemented in a multivariate analysis, based on a Multilayer Perceptron Neural Network.
For instance, some of the variables that feed the input layer of the Neural Network (NN)
are the fraction of energy in the LCM of the first calorimeter layer with the largest en-
ergy deposition, the fraction of energy of the LCMs in the same ϕ sector as the seed,
the total number of LCM hits clustered in the event, the energy deposition in the most
upstream t0-layer tile. The event position in the transverse and longitudinal direction are
also included, since positrons from kaon decays impact mostly the downstream part of
the tunnel with a uniform distribution in ϕ, whereas off-momentum particles lay mostly
on the bending plane intercepting the initial part of the tunnel.

1The Landau fit of the energy released by a mip in a LCM has a most probable value of ∼ 6.5MeV.
2On average ∼ 95% of the clustered hits belongs to the same event as the seed.
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The NN selection efficiency is defined as the ratio of the number of reconstructed signal
events N reco

sgn over the total number of signal events N tot
sgn in the MC simulation:

ϵ =
N reco

sgn

N tot
sgn

(4.1)

whereas the purity of the selected sample can be computed as:

p =
N reco

sgn

N reco
sgn +N reco

bkg
(4.2)

where N reco
bkg is the number of misidentified background events. The selection efficiency ϵ

and purity p of the selected sample as a function of a given NN cut value are shown in
Fig. 4.1, left and center. The best value for the NN cut has been found by maximizing
the product of selection efficiency and purity figure of merit, as shown in Fig. 4.1, right.
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Figure 4.1: Signal selection efficiency ϵ (left), purity p of the selected sample (center) and efficiency × purity
figure of merit (right) as a function of a given NN cut value.

The optimal cut for the NN classifier has been found to be:

NN classifier cut = 0.88 (4.3)

providing the following values:
ϵ = 25.26% (4.4)

p = 61.38% (4.5)

S/N = 1.59 (4.6)

for the signal selection effiency ϵ, sample purity p and signal-to-noise ratio S/N , re-
spectively. Therefore, a positron selection efficiency of ∼ 25.3% (including the ∼ 53%
geometrical acceptance) and a S/N ∼ 1.6 are achieved by applying a cut on the NN
classifier that maximizes their product. The selection efficiency as a function of signal-
to-noise ratio curve for the Ke3 event selection is shown in Fig. 4.2, showing the optimal
working point. Figs. 4.3 and 4.4 show, respectively, the total visible energy and the
longitudinal position z of the impact point along the decay tunnel of the reconstructed
events before and after the NN cut. In particular, these two observables play a special
role since used as priors to reduce the systematic uncertainty in the νe flux, as will be
described in the following.
The dominant background sources at the event building level are due to hadronic decays
of kaons (yellow), non-collimated pions coming directly from the target or from early
decays in the transfer line (green) and photons from the beamline (orange). The dominant
backgrounds can be efficiently suppressed by the NN classifier, as shown in Figs. 4.3 and
4.4; however, halo positrons produced in the beamline and transported to the walls of
the tunnel (black) are left as the main background component [76].
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Figure 4.2: Signal efficiency ϵ as a function of the signal-to-noise ratio S/N for the Ke3 event selection. The
yellow star corresponds to the working point for signal selection, i.e. the point in the curve maximizing the
product between signal efficiency and purity.
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Figure 4.3: Visible energy of reconstructed events, before (left) and after (right) the cut on the NN classifier.
Figure from [76].
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Figure 4.4: Longitudinal position of reconstructed events, before (left) and after (right) the cut on the NN
classifier. Figure from [76].

4.2 NA56/SPY hadron yields data

The NA20 [123] and NA56/SPY [122] experiments performed a consistent set of mea-
surements of particle yields on beryllium targets of different lengths, using 400GeV/c
and 450GeV/c incident protons, respectively. Secondary particles (π+, π−, K+, K−, p,
p) were measured in a transverse momentum range up to 600MeV/c, with the NA20
measurements in the high momentum range (60GeV/c < p < 300GeV/c) and with
NA56/SPY extending to the low momentum region (7GeV/c < p < 135GeV/c). Since
the available experimental data on particle yields from high energy proton interactions on
light nuclei targets are not extensive, hadron yields needs in general to be extrapolated to
different target materials, shapes and to different incident proton energies. Some useful
analytical formulae for the calculation of secondary particle yields in p-A interactions,
based on the NA20 and NA56/SPY measurements of particle yields, have been provided
by M. Bonesini, A. Marchionni, F. Pietropaolo and T. Tabarelli de Fatis in [121].
In particular, in order to make NA20 and NA56/SPY measurements of general applica-
bility, the measured single-particle yields on beryllium were converted to single-particle
invariant cross-sections, correcting for target efficiency and tertiary particle production.
Therefore, the authors in [121] provided a convenient parameterization of the inclusive
invariant cross-sections for secondary particle production3. Although the cross-section
parameterization was based on the measured yields from data collected by NA20 and
NA56/SPY for protons impinging onto a beryllium target, in [121] were provided useful
prescriptions to extrapolate such a parameterization to targets of different materials and
geometry. The idea behind this work was to use a simple empirical parameterization of
particle yields to predict the neutrino flux in neutrino beam facilities. This approach
has the advantage of providing more transparent physical input to the calculations than
the standard method of using complex Monte Carlo simulations based on hadronic cas-
cade codes [121]. In the analysis discussed hereafter, these formulae turned out to be of
great practical importance for reweighting on hadroproduction data both charged lepton
observables measured in the tunnel and neutrino flux at detector.

3The obtained empirical formulae were found to reproduce experimental data within a 10% accuracy.
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4.2.1 Particle production yields

The secondary particle production yields Y , as a function both of the momentum p and
emission angle θ of secondary hadrons produced at target, can be computed as follows
[122]:

Y (p, θ) =
N(p, θ)

I ·∆p/p ·∆Ω
(4.7)

where N(p, θ) is the measured number of events at momentum p and angle θ, ∆p/p is the
momentum bite of the beamline, ∆Ω is the angular acceptance and I is the total number
of protons-on-target (POT).
The inclusive invariant particle production cross-section can be related to the measured
yields from targets of finite length as follows:

E × d3σ

dp3
=

E

p3
A

N0ρλpF (L)
Y (4.8)

where Y is the particle yield per unit steradian and unit momentum bite ∆p/p normal-
ized to the number of incident protons, A, ρ, L are the atomic mass number, density and
length of the target, N0 the Avogadro’s number, λp is the nuclear interaction length for
protons, E and p are the energy and momentum of the secondary particles, respectively.
The target efficiency F (L) can be computed analytically from the interaction probability
of a particle crossing the target material. The simplest case is that of a particle normally
incident on a homogeneous target material and subject to an interaction process charac-
terized by a mean free path λ between collisions. The probability that a particle has an
interaction along the target axis at a depth between z and z + dz is given by:

p(z)dz =
dz

λ
e−z/λ (4.9)

The cumulative interaction probability

P (z) =

∫ z

0

p(z′)dz′ = 1− e−z/λ (4.10)

accounts for the probability that a particle interacts in the medium before reaching a
path length z. Hence, the non-interaction (survival) probability after a path length z is
given by:

1− P (z) = e−z/λ (4.11)

The target efficiency F (L) can be estimated using a naive reabsorption model, namely
assuming that the produced secondary particles - if absorbed in the target - do not gener-
ate additional particles. Under this approximation and considering forward production,
by means of Eq. (4.9) for primaries and Eq. (4.11) for secondaries, the target efficiency
can be computed as:

F (L) =

∫ L

0

f(z)dz =

∫ L

0

dz

λp

e−z/λp · e−(L−z)/λs (4.12)

where λp and λs are the effective mean free paths of primary and secondary particles,
respectively4. In particular, the target efficiency in Eq. (4.12) represents the convolution
of the probability that the primary proton interacts between z and z + dz in the target

4The nuclear interaction lengths for pions, kaons and protons in a graphite target, computed according to
[125], are λπ = 51.81 cm, λK = 59.05 cm and λp = 39.25 cm, respectively.
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and the probability that the produced secondary particle escapes from the target without
being reabsorbed. In a more general case, f(z) in Eq. (4.12) will also depend on the
production angle θ of the secondary particle, hence, Eq. (4.12) can be rewritten in a
more general form as:

f(z, θ) =
1

λp

e−z/λpe−z′(z,θ)/λs (4.13)

with z′(z, θ) representing the target length that the produced hadron has to cross in order
to escape from the target (z′ = L− z for forward production).

4.2.2 Inclusive invariant cross-sections parameterization

An empirical functional form for inclusive particle production is provided in [121], which
is appropriate for extrapolation to different center of mass energies and/or secondary
particle momenta. The single-particle inclusive invariant cross-section has been empiri-
cally parameterized as a function of the transverse momentum pT and the scaling variable
xR = E∗/E∗

max, defined as the ratio of the energy of the detected particle in the centre-
of-momentum frame and the maximum energy kinematically available to the detected
particle. The inclusive invariant cross-sections for the production of positively charged
secondary mesons (π+, K+) in p-Be interactions has been parameterized, giving a suitable
description of data, as follows:

(
E × d3σ

dp3

)
= A (1− xR)

α (1 +BxR)x
−β
R

[
1 + a′(xR)pT + b′(xR)p

2
T

]
e−a′(xR)pT (4.14)

where a′(xR) = a/xγ
R and b′(xR) = a2/2xδ

R.
The ratio r of positive to negative particle data (π+/π− or K+/K−) has been parame-
terized with the empirical formulae:

r(π) = r0 · (1 + xR)
r1 (4.15)

r(K) = r0 · (1− xR)
r1 (4.16)

It should be stressed that, in order to keep the number of free parameters limited, [121]
assumed positive and negative mesons to have the same pT distributions. Furthermore,
some of the parameters have been fixed in the fitting procedure, since they appeared to
be redundant. For instance, in the K± fit, δ = 2γ was chosen and B was set to zero,
since its fitted value was found to be consistent with zero within errors.
Proton and anti-proton data, despite being of less direct interest for neutrino beams, have
been parameterized with the following empirical formulae:(

E × d3σ

dp3

)
pBe→pX

= A (1 +BxR) (1− xR)
bp2T

(
1 + apT +

a2

2
p2T

)
e−apT (4.17)

(
E × d3σ

dp3

)
pBe→pX

= A (1− xR)
α x−β

R

(
1 + apT +

a2

2
p2T

)
e−apT (4.18)

For anti-protons a functional form similar to the one given in Eq. (4.14) has been adopted,
except that an exact factorization in xR and pT has been assumed, since this was suffi-
cient to give a reasonable fit to data. For protons, instead, the leading particle effect had
to be taken into account. In particular, the parameter a, controlling the shape of the
pT distribution for non-leading particle production, has been assumed to be the same for
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protons and anti-protons.

The data yields of K0
S and K0

L exiting the target can be estimated from hadron production
measurements as follows. The yields of neutral kaons can be related to the production
rate of charged kaons using the Gatignon - Wachsmuth formula, derived assuming isospin
symmetry in a p+ p collision [121]:

NK0
L
= NK0

S
=

NK+ + 3NK−

4
(4.19)

The relation between neutral and charged kaons yields is derived using a model based
on the parton structure (valence and sea quarks) of different kaons and initial hadrons
and assuming the conservation of isospin symmetry [126]. The neutral kaons yields for
proton–proton, neutron–neutron and proton-neutron collisions are given by:

NK0
L
= NK0

S
=

1

4
(NK+ + 3NK−) p+ p collision (4.20)

NK0
L
= NK0

S
= NK+ n+ n collision (4.21)

NK0
L
= NK0

S
=

1

2
(NK+ +NK−) p+ n collision (4.22)

Since in the case of NP06/ENUBET the SPS proton beam impinges on a graphite target
we have a proton-carbon collision. Therefore, the formula of Eq. (4.19) should be adapted
for p-C collision. Considering the collision between a proton and a carbon target5, the
incoming proton is equally likely to interact with a proton as it is with a neutron [127].
Therefore Eqs. (4.20) and (4.22) can be averaged. The yields of neutral kaons for a
proton-carbon collision is thus given by:

NK0
L
= NK0

S
=

3NK+ + 5NK−

8
p+ C collision (4.23)

4.2.3 Scaling to targets of different materials

Despite beryllium targets have been used to measure particle yields and to parameter-
ize inclusive cross-sections, in practice, the NP06/ENUBET experiment will consider
graphite as a more promising candidate material for the realization of the target. Any-
way, inclusive invariant cross-sections can be rescaled to different target materials as
described in the following.
The invariant cross-sections E d3σhA

dp3
for hadron-nucleus interactions (hA → h′X) depend

on the mass number A of the target nucleus via parameterizations of the type [121]:

E
d3σhA1

dp3
=

(
A1

A2

)α

· Ed3σhA2

dp3
(4.24)

In particular, α has been found to be weakly dependent on the incident beam momentum.
Furthermore, it depends on the incident hadron type h and it is a smooth function
of pT and xF of the produced hadron. Considering the Feynman longitudinal variable
xF = 2p∗L/

√
s, where p∗L and

√
s are the longitudinal momentum of the detected particle

and the total energy in the centre-of-momentum frame, it is possible to obtain a suitable
representation of the whole set of data with the the following parameterization of α as a
function of xF [121]:

α(xF ) = (0.74− 0.55xF + 0.26x2
F ) · (0.98 + 0.21p2T ) (4.25)

5One can assume that the carbon target is entirely 12C.
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4.2.4 Yields from finite length targets

With reference to Eq. (4.8), the differential particle production along the target can be
parameterized as [121]:

dY (E, pT , z)

dz
=

N0ρλp

A

p3

E

(
E × d3σ

dp3

)
f(z) (4.26)

where f(z)dz is the probability that the outgoing particle is produced at a depth from z
to z + dz inside the target. The naive reabsorption model used in Eqs. (4.12) and (4.13)
is only adequate to give a first order description of particle production from relatively
thin targets or at large x, nonetheless, particles produced in cascade processes cannot be
neglected. In the collinear approximation and assuming that leading (i.e. fast forward-
going) particles in p-A interactions are mostly protons - thus characterized by an effective
mean free path equal to that of primary protons λp - the naive reabsorption model of
(4.13) can be improved by the following expansion [121]:

f(z) =
1

λp

e−z/λp

[
1 + Ah(x)

z

λp

]
e−z′(z,θ)/λs (4.27)

where the second term in brackets accounts for tertiary particle production, namely
particle production by reinteractions of secondary particles. In Eq. (4.27), the term Ah(x)
weights the probability that reinteractions of secondary particles will result in a produced
hadron h of fractional longitudinal momentum x. In the short target approximation -
valid until the target length satisfy the condition L ≪ λpλs/(λs − λp) - when integrating
Eq. (4.27) in the forward direction (i.e. z′ = L− z) the target efficiency turns out to be
given by [121]:

F (L) =

∫ L

0

f(z)dz =
L

λp

e−L/λs

[
1 + Ah(x)

L

2λp

]
(4.28)

Furthermore, under the above-mentioned assumptions, it is possible to predict the frac-
tion t(L) of tertiary particle production to be approximately a linear function of the
target length L given by:

t(L) ≃ Ah(x)
L

2λp

(4.29)

A possible parameterization of Ah(x) as function of the fractional longitudinal momentum
xLab = pLab/pinc has been proposed [121]:

Ah(xLab) = Ater
h (1− xLab)

bterh (4.30)

choosing a common value of Ater
h and bterh for positive and negative particles.

4.3 Reweighting simulated events on hadron production data

The hadroproduction uncertainty is the largest source of systematic uncertainty on the
neutrino flux, due to a limited knowledge of the secondary particle production yields at
target, as discussed in Sec. 1.13.2. The yields of secondary hadrons produced at target
are generally used by many neutrino experiments to extrapolate and determine the flux
of neutrinos. Indeed, hadron production directly affect the normalization of the num-
ber of secondary mesons produced at target, implicating large systematic uncertainties
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both in the number of charged leptons measured in the instrumented decay tunnel and
neutrinos reaching the detector. Therefore, correcting the Monte Carlo simulation of
the facility with measured hadron production yields is mandatory. The hadron produc-
tion data measured by NA20 [123] and NA56/SPY [122] are extrapolated to the case of
400GeV/c primary protons impinging onto a cylindrical graphite target (70 cm length,
3 cm radius). The full GEANT4 simulation of the facility provides all the necessary infor-
mation for reweighting the kinematic distributions of both charged leptons measured in
the tunnel walls and neutrinos reaching the detector. Indeed, the events producing a de-
tectable signal in the calorimeter and/or neutrinos reaching the detector can be directly
linked to the corresponding parent hadrons produced at target level. The MC simulation
can thus be reweighted on hadron production data, providing reweighted templates for
the charged lepton observables and neutrino flux at detector. However, when reweighting
such kinematic distributions, the uncertainties on the data must be propagated as well.
The propagation of systematic uncertainties affecting the hadroproduction parameters,
i.e. the parameters on which depends the hadroproduction model under investigation,
can be accomplished by means of the multi-universe method described in Sec. 4.4.

4.3.1 Reweighting positron events

The hadroproduction weights (data/MC hadron yields ratios) are used to reweight re-
constructed charged lepton observables and to compute the corresponding covariance
matrices. The hadroproduction weights maps in the target phase-space (p, θ), i.e. the
phase space defined by the momentum p and emission angle θ of secondary particles
produced at target, can be computed from the data/MC yields ratio:

w(p, θ) =
Ydata(p, θ)

YMC(p, θ)
(4.31)

where Ydata is the particle yield on data computed with the cross-section parameterization
in [121], and YMC stands for the particle yield predicted by FLUKA simulation6. In the final
design of the ENUBET beamline [76] a 5 cm thick tungsten foil was placed just after the
target to filter out excess positrons produced by proton interactions with graphite. Two
FLUKA simulations of the proton beam interactions with the target have been produced:
one where the target is the graphite rod (FLUKA C-only) and another one where the target
consists of the graphite rod and the tungsten foil (FLUKA C + Wfoil). In [76] the FLUKA
C-only was used as input file for the transfer line simulation (G4TL simulation), where the
tungsten foil was implemented in the G4TL simulation itself. However, if the fact that the
tungsten foil acts as a second target is not taken into account in the reweight process, this
causes issues when constraining the neutrino flux. For this reason the tungsten foil was
moved to the FLUKA simulation and the output of the FLUKA C+Wfoil is then used as input
of the G4TL simulation. Since the available hadron production data are computed for a
graphite target, then the data/MC ratio used to reweight the observables and neutrino
flux needs to be corrected as follows:

w =
Y C+Wfoil

data, corr

Y C+Wfoil
MC

(4.32)

where the correction to the yields in the data due to the tungsten foil is computed as
follows:

Y C+Wfoil
data, corr = Y C

data +∆YMC = Y C
data + (Y C+Wfoil

MC − Y C
MC) (4.33)

6The interactions of primary protons onto a graphite target are simulated with FLUKA, and its output is used
to determine the hadron yields to reweight the MC simulation.
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Therefore, the yields from graphite data (Y C
data) are corrected with the difference of yields

computed from FLUKA C + Wfoil and FLUKA C-only (∆YMC), relying on the MC to ac-
count for the difference in yields due to the tungsten foil. This means that the yields for
both FLUKA productions are needed for computing the weights used to reweight simulated
events.

The target phase space (p, θ) under consideration corresponds to the region covered by
NA20 and NA56/SPY data points, thus defined by (p, θ) ∈ [0, 350GeV] × [0, 45mrad].
The yields computed on data for kaons, pions and protons in such target phase space
are shown in Fig. 4.5, together with the phase space coverage by NA20 and NA56/SPY
data points, displayed with black triangles and red stars, respectively. In particular, an
angular acceptance cut (Ω < 110msr) has been applied, corresponding to the aperture
of the first quadrupole.
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Figure 4.5: Yields computed on data in the target phase-space for kaons (left), pions (center) and protons (right).
The target phase space coverage by NA20 and NA56/SPY data points is displayed with black triangles and red
stars, respectively. An angular acceptance cut Ω < 110msr has been applied.

The NA20 and NA56/SPY hadron production measurements have been fitted in order to
get the nominal values of hadroproduction parameters and their covariance matrix, with
the aim to implement the multi-universes method. The fit describes the data with a good
accuracy, with a reduced χ2 ∼ 1. Highly correlated parameters have been fixed and an
extra systematic error of 10% on the normalization parameter of the cross section (A in
Eqs. (4.14), (4.17), (4.18)) has been assumed, corresponding to the typical O(10%) pre-fit
error on the neutrino flux normalization. The nominal hadroproduction parameters ob-
tained fitting the parameterized inclusive invariant cross-section on NA20 and NA56/SPY
data are used to compute the nominal hadroproduction weight maps, which can be used
to reweight the kinematic distributions. The nominal hadroproduction weight maps for
kaons, pions and protons are shown in Fig. 4.6, respectively7.
For kaons and pions, in the phase-space probed by experimental data, values for the
data/MC ratio around 1 are observed, typically within 20-30%. These are usual discrep-
ancies observed in hadroproduction data/MC comparisons. Outside the region probed
by experiments, the data/MC ratio significantly deviates from one, as can be expected.
Instead hadroproduction weights computed for protons show values much less than the
unity. This could be due to the fact that the data yields for protons do not include the
corrections for tertiary production. In order to recover this discrepancy the tertiary par-
ticle production has been evaluated from data and taken into account also for protons,
other than kaons and pions. Therefore, the fraction of tertiaries have been determined

7The yields correction due to the tungsten foil causes halos in regions of the weight maps where the MC
statistics is low, as can be noticed in particular for the case of protons. However, the hadron production weights
corresponding to these regions of the target phase space are expected to have a negligible impact for the ENUBET
case, since most of the target particles producing reconstructed events are expected to populate a target phase
space within a 10% momentum bite around the central momentum p = 8.5GeV/c and within the tagger angular
acceptance (see Sec. 4.6.1).
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Figure 4.6: Nominal hadroproduction weight maps for kaons (left), pions (center) and protons (right) in the
target phase space.

from yields measured by NA20 and NA56/SPY and then fitted in order to estimate the
parameters of the Ah(x) term in Eq. (4.30), i.e. the probability that reinteractions of
secondaries will result in a produced hadron h. In such a way the target efficiency has
been corrected for tertiary particle production, as accounted for in Eq. (4.28). In Fig. 4.7
are shown the fitted tertiary fractions for kaons, pions and protons, respectively.
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Figure 4.7: Fit of the tertiary fractions for kaons (left), pions (center) and protons (right) as a function of the
fractional longitudinal momentum xLab = pLab/pinc.

Nonetheless, even after accounting for the production of tertiaries, the hadroproduction
weights for protons remain much smaller than the unity and it should be cautious to
investigate further. Anyway, when reweighting positron observables the contribution
coming from protons is negligible.

4.4 Error bands from the many universes method

The multi-universes method [128–130] consists in varying model parameters with a known
covariance matrix in order to produce an error band representing the effect of model un-
certainties on any distribution influenced by the model. The kinematic distributions of
positrons and the neutrino flux are both influenced by the number of secondary parti-
cles produced at target, which in principle could be predicted a priori from an accurate
knowledge of hadron production yields and inclusive cross-section. However, the model
employed for cross-sections has uncertain parameters which are correlated. The multi-
universes method can be applied to vary the hadroproduction parameters according to
their covariance matrix, namely simulating many realizations of the possible values that
the hadroproduction parameters can assume (i.e. many universes). Therefore, new varied
hadroproduction weight maps are obtained and used to reweight the Monte Carlo pre-
dictions. In such a way, for each generated universe varied kinematic distributions are
obtained (this is the reason why this numerical method is dubbed multi-universes).
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4.4.1 Computation of the error band

Using the multi-universes technique the error band and covariance matrix can be com-
puted as follows [128]:

1. Many universes are randomly generated, each with different values for the model
parameters. In particular, N different realizations of the hadroproduction model
are produced, i.e. randomly generating several different values that the correlated
hadroproduction parameters can assume. For the sake of notational simplicity, one
can consider the vector v⃗ of the hadroproduction parameters, denoting as v⃗0 the
vector of nominal parameters. If hadroproduction parameters were uncorrelated
with uncertainties, in that case, a random set of parameters v⃗ could be computed
from the nominal parameters vector v⃗0 simply as:

v⃗ = v⃗0 + Σ · r⃗ (4.34)

where Σ is the covariance matrix and r⃗ is a vector of random numbers distributed
according to a gaussian p.d.f. with unit variance and centered at zero. Indeed,
if parameters were uncorrelated, Σ would be a diagonal matrix with uncertainties
σ along the diagonal. In the case in which the hadroproduction parameters are
correlated, as it is in our case, the appropriate equation is given by:

v⃗ = v⃗0 + L · r⃗ (4.35)

where L is the Cholesky decomposition of the covariance matrix Σ8. There is a
quite general way to construct a vector deviate x⃗ with a specified covariance Σ and
mean µ⃗, starting from a vector y⃗ of independent random deviates of zero mean and
unit variance [131]. To this scope, the Cholesky decomposition is used in order to
factorize Σ into a left triangular matrix L times its transpose, namely9:

Σ = L · LT (4.36)

Therefore, whenever one wants to generate a new deviate x⃗ it is sufficient to fill y⃗
with independent deviates of unit variance and then construct:

x⃗ = L · y⃗ + µ⃗ (4.37)

As a matter of fact, the so constructed deviate x⃗ will be distributed according to a
multivariate normal gaussian p.d.f. with mean µ⃗ and covariance Σ, namely:

G(x⃗ | µ⃗,Σ) = 1

(2π)n/2|Σ|1/2
exp

(
−1

2
(x⃗− µ⃗)T Σ−1 (x⃗− µ⃗)

)
2. For each generated universe u, the varied hadroproduction weights in the target

phase-space (p, θ) can be computed as:

wu(p, θ) =
Y u

data(p, θ)

YMC(p, θ)
(4.38)

where Y u
data is the yields on data for the generated universe u, namely for a given real-

ization of the hadroproduction parameters. For each simulated event, the kinematic
8Note that the covariance matrix is symmetrical and positive-definite.
9This decomposition is always possible because Σ is positive-definite, and one need do it only once for each

distinct Σ of interest.
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variable of interest (the positron visible energy or impact point along the calorime-
ter, the neutrino energy distribution etc.) obtained from the simulation can be
reweighted with the varied hadroproduction weights in Eq. (4.38), thus realizing N
varied histograms for the kinematic variable of interest, namely one histogram for
each generated universe u.

3. Finally, the systematic uncertainty for the histogram of the kinematic variable of
interest ν must be computed. The bin-by-bin error can be easily computed from
the standard deviation. In fact, the error band in bin j is given by:

σj =

√√√√ 1

N

N∑
u=1

(νj − nuj)2 (4.39)

where N is the number of universes, νj is the nominal bin content of bin j, and nuj

is the content of bin j in histogram corresponding to universe u. The covariance
can also be computed:

cov(j, k) =
1

N

N∑
u=1

(νj − nuj)(νk − nuk) (4.40)

where j, k label the bins. The correlation matrix can be easily derived computing
corr(j, k) = cov(j, k)/σjσk.

4.5 Exploiting positron monitoring for hadroproduction system-
atic assessment

In this section are discussed the basic tools used to perform the positron monitoring
and exploited to assess the dominant hadron production systematic uncertainty. These
tools consist of the positron observables templates, the fit model and likelihood, synthetic
datasets generation and fitting algorithms. The fit performance as a function of increasing
protons-on-target statistics is also discussed.

4.5.1 Positron observables templates

Templates from the observables measured in the calorimeter are built and used in the
analysis for the assessment of systematic effects. These are obtained from the MC simu-
lation output of the facility. The positron analysis presented hereafter refers to the most
recent transfer line [76] based on a FLUKA simulation with the 5 cm thick tungsten foil
integrated as target (C + Wfoil production). The MC statistics corresponds to 1 GPOT,
namely to a total of 109 protons-on-target in the FLUKA simulation. However, the low
number of events in the 2-dim observables distributions obtained with 1 GPOT, used
for events generation and fitting, limits the systematics analysis for Ke3 positrons, and
therefore is essential to increase the available MC statistics. In principle, the MC statis-
tics could be increased using a brute force method, namely producing more target files
with FLUKA and then running G4TL and G4TAG simulations. This approach has the ad-
vantage that all the particles are fully simulated, although this comes at the expense of
storage disk space needed and longer production time. Therefore, in order to artificially
enhance the available MC statistics an alternative method is used, based on the sampling
of the phase space of particles at both the target exit and the tunnel entrance. Using
such an approach, the correlation among variables at tunnel entrance (y, z, px, py, pz, t)
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and variables at target exit (px, py, pz) needs to be taken into account, resulting in a
multi-dimensional problem due to the high dimension of the phase-space (9-dim). To
this aim, the universal algorithms contained in the UNU.RAN C library [132] can be used
to generate random numbers from large classes of continuous or discrete distributions.
In particular, the VEMPK10 method [133] is exploited to sample a multi-dimensional
empirical distribution, i.e. a distribution defined only by its dimensions and points. The
sampling method is effective in reproducing the original MC data, as summarized by
the distributions of the original and sampled momentum of particles at tunnel entrance
shown in Fig. 4.8, respectively. An extensive validation study, performed comparing the
sampled and original distributions for a large number of variables, allowed to demonstrate
the reliability of the sampling method. The sampling of the phase space of particles at
the tunnel entrance is thus used to artificially enhance the MC statistic, obtaining a 100
GPOT production.

Figure 4.8: Original (left) and sampled (right) momentum distribution of particles at tunnel entrance.

4.5.2 Building the templates

The observables templates are computed from reconstructed events identified as positrons.
The reconstructed positrons from Ke3 decay (signal) are discriminated from the misiden-
tified ones (background) by means of the NN classifier cut. The positron observables are
the visible energy and the impact point along the tunnel axis, and the 2-dim distribution
of these two variables defines the positron observables templates. These templates are
computed for both signal and background events. The observables templates obtained
from bare MC prediction are shown in Fig. 4.9 for signal and background, respectively.
The actual observables templates used to assess systematic effects are computed from sim-
ulated events reweighted on hadroproduction data. The multi-universes method is used
to reweight the observables templates varying the hadroproduction parameters, thus ob-
taining an ensemble of N = 1000 different realizations of the observables templates. The
mean observables templates are computed as the mean of the ensemble of N templates
and are shown in Fig. 4.10 for signal and background, respectively. The global effect of
the hadroproduction reweighting is to lower the MC prediction for observables.
Due to the enhancement of MC statistics obtained sampling the phase space of particles
at tunnel entrance, observables templates with a fine binning can be defined to enhance
potential differences in shape between signal and background, differences to which the fit
model described in Sec. 4.5.3 might be sensitive. In Figs. 4.11 and 4.12 are shown 3-dim
representations of mean observables templates using a front and back view respectively,
pointing out shape differences between signal and background templates.

10(Vector) EMPirical distribution with Kernel smoothing.
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Figure 4.9: MC observables templates for signal (left) and background (right) events.
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Figure 4.10: Mean observables templates for signal (left) and background (right) events.

20− 15− 10− 5− 0 5 10 15 20
z [m]

50 100 150 200 250 300 350

E [MeV]

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

mean signal observablesmean signal observables

20− 15− 10− 5− 0 5 10 15 20
z [m]

50 100 150 200 250 300 350

E [MeV]

0

1000

2000

3000

4000

5000

mean background observablesmean background observables

Figure 4.11: Mean observables templates for signal (left) and background (right) events, front view.

92



20−15−10−
5−0

5
10

15
20

z [m]

50100150200250300350
E [MeV]

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

mean signal observablesmean signal observables

20−15−10−
5−0

5
10

15
20

z [m]

50100150200250300350
E [MeV]

0

1000

2000

3000

4000

5000

mean background observablesmean background observables

Figure 4.12: Mean observables templates for signal (left) and background (right) events, back view.

The covariance and correlation matrices for signal and background observables templates
are computed by means of the multi-universes method. The covariance and correlation
matrices obtained for signal observables templates are shown in Fig. 4.13; the same
matrices are shown for background in Fig. 4.14 respectively. It can be noticed that a
high correlation is observed for all bins of observables templates, both for signal and
background events.
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Figure 4.13: Covariance (left) and correlation (right) matrices for signal observables templates.
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Figure 4.14: Covariance (left) and correlation (right) matrices for background observables templates.
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4.5.3 The fit model

The fit model is defined to predict the expected number of events in each bin of the
2-dim distribution of the positron observables. For each bin i of observables templates,
one parameter αi for signal and one parameter βi for background are defined. The
total number of fit parameters is thus twice the number of bins. The set of α and β
parameters are the parameters of interest, since they are introduced to parameterize
hadroproduction uncertainties affecting both the normalization and shape of signal and
background templates. For clarity’s sake, these parameters are gathered in a single vector
p⃗ defined as:

p⃗ = (α⃗, β⃗) (4.41)

The number of events predicted by the model in each bin i is given by:

Np
i (p⃗) = (1 + αi)TSi

+ (1 + βi)TBi
(4.42)

where TS and TB are the signal and background observables templates, respectively. The
Ni(p⃗) prediction is a function of the set of α and β fit parameters. By varying the α and
β fit parameters for each bin, the predicted bin occupancies can be fit to the observed
bin contents in pseudo-data. These parameters are constrained in the likelihood by the
corresponding covariance matrix V induced by hadron production uncertainties from
data. The templates TS and TB used in the fit model are computed from the mean of
many distributions as discussed in Sec. 4.5.2. This implementation of the fit model is
dubbed full parameters.

4.5.4 Binned extended maximum likelihood

The set of α⃗ and β⃗ parameters of interest are determined using a binned extended maxi-
mum likelihood fit. The likelihood is constructed assuming n independent bins, each with
a Poisson probability of observing Ni events given the expected number of events Np

i in
a certain bin i. The systematic uncertainties can be included in the likelihood using a
Bayesian approach, namely assuming a prior probability density function (p.d.f.) for the
parameter sets [134]. The binned likelihood is thus given by:

L(p⃗) = πhp(p⃗) ·
n∏
i

P (Ni|Np
i (p⃗)) (4.43)

which can be written explicitly as follows:

L(p⃗) = πhp(p⃗) ·
n∏
i

(Np
i (p⃗))

Ni

Ni!
e−Np

i (p⃗) (4.44)

The πhp is the prior p.d.f. for hadroproduction systematic uncertainties and it is assumed
to be a multivariate normal distribution, defined as:

πhp(p⃗) =
1

(2π)
m
2 · |V | 12

· e−
1
2
∆p⃗ V −1∆p⃗T (4.45)

where m is the dimension of the parameter vector p⃗11, V is a constant covariance matrix
whose elements Vi,j are defined as the covariance between the i-th and j-th element of

11In the full parameters fit implementation case, the dimension m of the parameter vector p⃗ is simply twice
the number of bins, that is 2n.
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the p⃗ vector and ∆p⃗ = p⃗ − p⃗0 is the deviation of the p⃗ parameters from their nominal
values p⃗0. The likelihood ratio λ is defined as:

λ(p⃗) =
L(p⃗)
L(p⃗0)

(4.46)

The likelihood ratio can thus be explicitly expressed as follows:

λ(p⃗) =

πhp(p⃗) ·
n∏
i

(Np
i (p⃗))

Ni

Ni!
e−Np

i (p⃗)

πhp(p⃗0) ·
n∏
i

(Ni)
Ni

Ni!
e−Ni

(4.47)

where the denominator is simply the numerator evaluated at Np
i = Ni and with the

parameters equal to their nominal values. Substituting in the expression for πhp and
simplifying, the likelihood ratio can be written as:

λ(p⃗) = e−
1
2
∆p⃗ V −1∆p⃗T ·

n∏
i

(
Np

i (p⃗)

Ni

)Ni

eNi−Np
i (p⃗) (4.48)

The benefit of computing the likelihood ratio is that it can be used to convert the like-
lihood function into a χ2 statistic. Indeed, the Wilks’ theorem states that the negative
log-likelihood ratio −2 lnλ follows a χ2 distribution for a sufficiently large dataset [135].
This theorem has important implications since it means that the −2 lnλ quantity can be
used not only for parameters estimation but also to determine the goodness-of-fit and for
confidence level estimation. The negative log-likelihood ratio can thus be computed as:

χ2(p⃗i) = −2 lnλ(p⃗i) = 2
n∑
i

[
Np

i (p⃗i)−Ni +Ni ln

(
Ni

Np
i (p⃗i)

)]
(4.49)

+
m∑
j,k

∆pjV
−1
j,k ∆pk

and it approaches a χ2 distribution in the limit where the data sample is very large. The
last term in Eq. (4.49) is the penalty term on the parameters.

The covariance and correlation matrices due to variations induced by hadroproduc-
tion are computed using the many universe technique. The covariance and correla-
tion matrices of bin contents of signal and background observables templates, namely
bins = {ni

sgn, n
j
bkg}i,j=1,...,n, are shown in Fig. 4.15. This is the V covariance matrix

used to constrain the α⃗, β⃗ parameters in the likelihood with the full parameter fitting
approach.

4.5.5 Pseudo-datasets generation and fitting

Pseudo-data, reproducing the outcome from the data-taking of the real experiment,
are generated from the observables templates computed from MC events reweighted on
hadroproduction data. As pointed out in Sec. 4.5.1, the fit performance are in gen-
eral limited by the available MC statistics. This limitation is more problematic in the
positron sample because of the small branching ratio of the Ke3 decay. Moreover, the
NP06/ENUBET experiment will not be limited by statistics since in a single proton beam
extraction 4.5 ·1013 pot are expected; the MC statistics is just a tiny amount if compared
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Figure 4.15: Covariance (left) and correlation (right) matrices of bin contents of signal and background observables
templates induced by hadroproduction uncertainties.

to it. To counter this limitation, the original 1GPOT MC statistics of G4TL simulation
was artificially increased by sampling the phase space of particles both at the target exit
and at the tunnel entrance, obtaining a 100GPOT MC statistic.
Moreover, the pseudo-data statistics can be further artificially increased producing many
pseudo-datasets with statistical fluctuations. This kind of approach is somehow similar to
what a real experiment does in practice: the data-taking is split in N datasets, each with
a fixed statistics, which are then combined in the fit.
The operating procedure to generate pseudo-datasets can be outlined as follows:

1. Consider a hadroproduction universe u generated from hadron production variation
of the MC (hp-universe for short).

2. Sum the signal and background distributions (observables templates for the hp-
universe).

3. Obtain a new distribution by varying the bin contents according to a Poissonian
p.d.f. with mean µ = Nbin and σ =

√
Nbin. A dataset with statistical fluctuations

corresponding to the MC statistics is thus obtained.

(TS + TB) + Poisson fluctuations → dataseti

4. Repeat point (3) N times to generate a larger statistics (N × MC-statistics).

dataset (N × MC-statistics) = dataset1 + dataset2 + . . . + datasetN

5. Perform a combined fit of the N datasets.

The negative log-likelihood ratio in Eq. (4.49) can be extended to perform a combined
fit on D pseudo datasets as follows:

χ2(p⃗i) = −2 lnλ(p⃗i) = 2
D∑
d

n∑
i

[
Np

i (p⃗i)−Ni +Ni ln

(
Ni

Np
i (p⃗i)

)]
(4.50)

+
m∑
j,k

∆pjV
−1
j,k ∆pk

Of course, even enhancing MC statistics there are still regions of the observables templates
where bins are poorly populated, due to the very low probability of events falling in that
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regions12 (see Fig. 4.10). As a result fit convergence problems can be encountered because
of these bins with limited statistics. In order to prevent such problems, a threshold of
10 events in the content of poorly populated bins is used to fix the corresponding α⃗

and β⃗ fit parameters. As an example of the fitting procedure outcome, Fig. 4.16 shows
the result from fitting 100 pseudo-datasets, corresponding to 1013 pot. The projections
of positron observables templates on visible energy and z impact point are shown in
Fig. 4.16, respectively. The red and blue stacked components correspond to the signal
and background components predicted by the fit model, respectively. The 2-dim and
1-dim fit residuals are shown in Fig. 4.17, respectively.
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Figure 4.16: Projections of positron observables templates on visible energy (left) and z impact point along the
tunnel axis (right) as an outcome of fitting 100 pseudo-datasets. The red and blue stacked components correspond
to the signal and background components predicted by the model.
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Figure 4.17: 2-dim and 1-dim fit residuals, respectively, as an outcome of fitting 100 pseudo-datasets.

12This behaviour is related to the kinematics of the signal and background events, and not to the total available
statistics itself.
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4.5.6 Fit performance with increasing statistics

In this section the fit performance with increasing protons-on-target (pot) statistics is
discussed. Increasing values of pot statistics are simulated by generating many pseudo-
datasets, with statistics ranging from 1011 to 1015 pot. In the following sections, the fit of
positron observables will be performed considering a total statistic of 5 · 1012 pot, i.e. ob-
tained performing a combined fit on 50 datasets. Considering a larger number of datasets,
fit convergence problems may arise, due to difficulties of an automated initialization of
α⃗, β⃗ fit parameters for a large number of bins and many datasets. The χ2 distributions are
obtained fitting pseudo-experiments for multiple pseudo-datasets, according to Eq. (4.50).
Fig.4.18 shows the χ2 distribution obtained fitting pseudo-experiments for the 5 ·1012 pot
statistic of interest.
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Figure 4.18: χ2 distribution obtained fitting pseudo-experiments for a total 5 · 1012 pot statistic.

Possible fit biasses are evaluated from signal and background pulls, defined as follows:

pullsgn =
Nfit

sgn −N true
sgn

N err
sgn

(4.51)

pullbkg =
Nfit

bkg −N true
bkg

N err
bkg

(4.52)

The pull distributions of signal and background fitted events obtained fitting many
pseudo-experiments and corresponding to a total statistic of 5 · 1012 pot are shown in
Fig. 4.19, in red for signal and in blue for background fitted events.
The mean, µpull, and standard deviation, σpull, of the pulls are evaluated from a gaussian
fit to their distributions. The trends of µpull and σpull with increasing pot statistic are
shown in Figs. 4.20 and 4.21 for signal and background fitted events, respectively.
The trend of the pulls mean suggests that the fit is not biased (or slightly biased) within
the uncertainties, while the trend of the pulls standard deviation shows values system-
atically greater than 1 by about 10%, suggesting an underestimation of the fit error.
Nevertheless, being the relative fit error smaller than ∼ 0.1% (see Fig. 4.23) the bias is
negligible for practical purposes.
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Figure 4.19: Pulls of signal (left) and background (right) fitted events for a total 5 · 1012 pot statistic.
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Figure 4.20: Trend of mean (left) and standard deviation (right) of signal pulls with increasing pot statistic.
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Figure 4.21: Trend of mean (left) and standard deviation (right) of background pulls with increasing pot statistic.
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The relative fit error of signal and background fitted events can be estimated from the
standard deviation of the the following distributions:

δNfit
sgn

Nfit
sgn

=
Nfit

sgn −Ngen
sgn

Ngen
sgn

(4.53)

δNfit
bkg

Nfit
bkg

=
Nfit

bkg −Ngen
bkg

Ngen
bkg

(4.54)

Fig. 4.22 shows these distributions as obtained fitting a large sample of pseudo-experiments,
each one corresponding to the total statistics of 5 ·1012 pot. A gaussian fit of these distri-
butions allows to evaluate their standard deviation and mean, where the former is used
as estimator of the relative fit error δNfit/Nfit and the product of standard deviation and
mean as estimator of the fit error δNfit.
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Figure 4.22: Relative fit error distributions for signal (left) and background (right) fitted events for a total 5 ·1012
pot statistic.

The trend of the relative fit error δNfit/Nfit with increasing pot statistic for signal
and background fitted events is shown in Fig 4.23, compared to expected relative sta-
tistical error. The expected relative statistical error - for a given pot statistic - is
∼
√

⟨Ngen⟩/⟨Ngen⟩, where ⟨Ngen⟩ is the mean of Ngen distribution.
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Figure 4.23: Trend of fit relative errors (red) and statistical relative errors (blue) with increasing pot statistic for
signal (left) and background (right) fitted events.
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The fit relative errors for the chosen total 5 · 1012 pot statistic is ≲ 0.1% for both signal
and background fitted events.

4.5.7 Pseudo-experiments fit results

In this section the fit to positron observables for hadron production systematic assessment
is discussed. Many pseudo-experiments, with hadroproduction-induced variations, are
generated with the technique discussed in Sec. 4.5.5. Each pseudo-experiment consists of a
sample of pseudo data split in different datasets. The hadroproduction-induced variations
are drawn from a specific universe, which will be referred to as the fixed hadroproduction
universe. Indeed, of all the hadroproduction universes generated by the multi-universes
technique, it is possible to choose one and assume that its hadroproduction parameter
values are those that the Nature has chosen as the true ones.
As a matter of fact, the assessment of hadroproduction systematic is independent of the
choice of a specific universe, and conventionally one of them is chosen as representative
of the true hadroproduction parameter values. The analysis workflow has been tested
in this respect by considering different choices for the hadroproduction universe, each
one affecting the normalization of the neutrino flux differently. The tests have been
performed by choosing the hadroproduction universe to match the mean µIw and µIw ±
σIw/2 of the distribution of the weights map integral, Iw, for kaons. In the following,
results are presented for the hadroproduction universe fixed to the one corresponding
to µIw . Fig. 4.24 shows the distributions of fitted signal and background events across
1000 pseudo-experiments, each generated with a total statistics of 5 · 1012 pot. The
corresponding distributions of the relative fit error are reported in Fig. 4.25. A gaussian
fit is used to extract the values of means and standard deviations of these distributions.
Specifically, the evaluated means of the distributions in Fig. 4.24, namely Nfit

sgn and Nfit
bkg,

and the evaluated standard deviations of the distributions in Fig. 4.25, namely σfit
sgn and

σfit
bkg, will be used as a prior to set a constraint on the hadroproduction weights, as will

be discussed in Sec. 4.6.2.
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Figure 4.24: Fitted signal (left) and background (right) events distribution across 1000 pseudo-experiments for a
total 5 · 1012 pot statistic. These fitted events distributions are then fitted with a gaussian function to estimate
their means, namely Nfit

sgn and Nfit
bkg.

4.6 Constraint on hadron production weights

The NP06/ENUBET charged lepton monitoring technique can be exploited to constrain
the hadron production systematic uncertainties affecting the neutrino flux at detector.
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Figure 4.25: Relative fit errors for signal (left) and background (right) events across 1000 pseudo-experiments for
a total 5 · 1012 pot statistic. These fitted events distributions are then fitted with a gaussian function to estimate
their standard deviations, namely σfit

sgn and σfit
bkg.

Indeed, the fit to charged lepton observables measured at the instrumented decay tunnel
can be used to constrain the hadroproduction weight maps which will be used to reweight
the Monte Carlo simulation, finally achieving a higher precision on the neutrino flux. It is
worth to remark that the final constraint we are interested in is the one on the neutrino
flux at detector. Other methods could be envisaged and studied to directly link the
observables to the neutrino flux at detector, like studying the correlation between observed
leptons and neutrino flux. Nonetheless, we think that the chosen solution is cleaner and
more robust: we set a constraint directly on the cause of the flux uncertainties. This
way, we are also able to pin down the component of the neutrino flux that is not directly
taggable (for instance, neutrinos produced by kaon decays happening before the decay
tunnel). Another approach would not allow such a potentiality, at least not as much as the
one adopted here. In this section, the strategy used to constrain the hadron production
weight maps from the fit to the positron observables is discussed in detail.

4.6.1 Correlations between hadroproduction weights and monitored positrons

The strategy used to set the constraint is based on the correlation existing between the
number of monitored positrons and some quantity influenced by the uncertainties on the
hadron production parameters. Basically, exploiting such a correlation, a constraint on
the hadroproduction can be set from the fit to the measured observables. A possibility
is to consider the correlation existing among the number of measured positrons and
each one of the bins values wK in the hadroproduction weights maps in Fig. 4.6, by
varying the weights based on the uncertainties. The number of signal events Nsig and the
hadroproduction weights wK for kaons are expected to be strongly correlated. Indeed, if
the weight wK for K increases (decreases) one expects that the number of kaons produced
at target increases (decreases) as well. Furthermore, one should also expect a correlation
between the background events Nbkg and wK , although less pronounced than for the
signal, since a considerable fraction of the background events actually originates from
other K decay modes. Nevertheless, studying the correlation between the number of
measured positrons and each wK weight is excessive and adds little value to the analysis,
due to the large number of bins in the hadroproduction weight maps (see Fig. 4.6).
A better approach is to study the correlation between the number of events and the
integral Iw of the hadroproduction weight map. If the full phase space of the weight
map is considered, the sought-after correlation is actually lost. This is explained by the
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fact that the full phase space includes many wK values that do not contribute to the
measured signal (see below). However, instead of computing the integral Iw over the full
phase-space, one can evaluate it in a tighter region around the beamline momentum bite,
where the wK weights directly contribute to the observed positrons. Indeed, the majority
of the reconstructed events come from particles which are produced in a narrow region
of the target phase-space (p, θ), around the design central momentum, p = 8.5GeV/c,
and momentum bite, ∆p/p = 10%, of the beamline. This can be seen in Fig. 4.26, which
shows the phase-space of kaons produced at target that give rise to reconstructed Ke3

signal events at the tagger, superimposed on the nominal hadroproduction weight map
for kaons.

Figure 4.26: The phase-space of kaons produced at target giving origin to reconstructed Ke3 signal events (purple
dots), superimposed on the nominal hadroproduction weight map for kaons.

Fig. 4.26 also shows that the integral Iw can be computed up to θmax = 25mrad. For larger
angles, the contribution to the reconstructed Ke3 signal events is negligible. The region of
the target phase space chosen for the computation of the Iw integral, defined by (p, θ) ∈
[7.65GeV/c, 9.35GeV/c]× [0, 25mrad], will be referred to as the ENUBET phase space.
Almost all kaons corresponding to Ke3 signal events measured at tagger are produced in
this region of the phase space. Therefore, the weights in this tighter region provide the
most significant contribution when reweighting the reconstructed events. Consequently,
the integral Iw of the hadroproduction weight map restricted to the ENUBET phase
space will be considered in the following analysis.
By means of the multi-universes method, namely varying the hadroproduction parameters
within their uncertainties, it is possible to create a scatter plot of the number of signal
Nsig and background Nbkg events against the corresponding integral Iw in the ENUBET
phase space of the hadroproduction weight maps for kaons, as shown in Fig. 4.27. As
expected, these scatter plots show a strong correlation between the reconstructed signal
or background and Iw, which is exploited to set the constraint on the hadroproduction
weights.
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Figure 4.27: Scatter plot of Nsig and Nbkg versus the integral of weights Iw in the ENUBET phase space for
kaons.

4.6.2 Procedure to set hadroproduction constraint

In this section it is discussed how to exploit the fit to positron observables in order to
constrain the hadroproduction weight maps for kaons. The constrained hadroproduction
weight map will be used to build a neutrino flux at the detector with higher precision. The
constraint procedure is based on reducing the variance of the Iw distribution, following
the workflow described below:

1. A 3-dim scatter plot of Nsig, Nbkg and Iw is built.

2. Before using the fit information, the integral of weights Iw is distributed according
to a gaussian p.d.f. (pre-fit distribution), with a given mean Iw,0 and standard
deviation σIw .

3. A new distribution for Iw (post-fit distribution) can be computed by using the
fitted values of Nsig and Nbkg with their uncertainties and the 3-dim scatter plot
mentioned before. A slicing and projection procedure is used to retain only the Iw
values matching the actual Nsig and Nbkg values from the fit to data. The details of
this procedure are discussed later in this section.

4. The new distribution of Iw will have a central value I ′w ̸= Iw,0 and standard deviation
σI′w < σIw . In other words, after including the fit information, the integral of weights
Iw is distributed according to a gaussian p.d.f. with a smaller variance.

5. From the knowledge of the post-fit gaussian p.d.f. Gauss(I ′w, σI′w), having mean value
I ′w and standard deviation σI′w , one can generate - by means of a rejection sampling
method - a new set of hadroproduction weight maps with reduced uncertainties.

The 3-dim scatter plot of Nsig, Nbkg and Iw is shown in Fig. 4.28, left. The projection
on the (Nsig, Nbkg) space is also reported in Fig. 4.28, right, highlighting the values of
Nfit

sig and Nfit
bkg and their errors from the fit to the positron observables. The joint p.d.f.

f(Iw, Nsig, Nbkg) can be build from the 3-dim scatter plot above. The pre-fit Iw p.d.f. can
be computed from the marginal p.d.f. of the joint p.d.f. f(Iw, Nsig, Nbkg), as follows:
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Figure 4.28: (left) 3-dim scatter plot of Nsig and Nbkg versus Iw. (right) Constraint plot for Nsig and Nbkg against
Iw, whose axis is not visible. The fitted values of signal and background are reported with dashed lines.

f(Iw) dIw =

∫
dNb

∫
dNs f(Iw, Ns, Nb) dIw (4.55)

In practice, the marginalization can be performed projecting the 3-dim scatter plot in
Fig.4.28, left, onto the Iw axis via the method ProjectionX() of a TH3D. The fit to
positron observables provides accurate estimates for the number of signal Ns and back-
ground Nb events, with their uncertainties. As a matter of fact, the estimates from the fit
represent the actual application of the positron monitoring technique in ENUBET. The
post-fit values Ns and Nb are correlated and assumed to be distributed according to a
multivariate gaussian p.d.f, as follows:

g(µ⃗,Σ) ≡ gauss(Ns, Nb ; µs, µb, σs, σb, ρ) dNs dNb (4.56)

where µs = Nfit
sig and µb = Nfit

bkg are the estimated values from fit to the observables and
σs = σNfit

sig
and σb = σNfit

bkg
their corresponding uncertainties.

The Iw post-fit p.d.f. can be computed according to the following operating procedure:

1. For each pair of values Ns and Nb, i.e. one bin of the 2-dim scatter plot (Ns, Nb),
the conditional p.d.f. f(Iw |Ns, Nb)dIw of the integral Iw is computed

f(Iw |Ns, Nb) dIw =
f(Iw, Ns, Nb)∫
dIw f(Iw, Ns, Nb)

dIw (4.57)

this is done by projecting the intersection of the Ns and Nb slices in the 3-dim plot
in Fig. 4.28 onto the Iw axis.

2. The fit constraint is introduced by reweighting the conditional p.d.f. f(Iw |Ns, Nb)
by Eq. (4.56) for each possible value of Ns and Nb

f(Iw |Ns, Nb) dIw · g(µ⃗,Σ) (4.58)

This means that to each possible distribution of Iw, corresponding to fixed values
of signal and background, is assigned a different importance based on the actu-
ally observed signal and background events, taking into account the errors in the
measurement.
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3. The post-fit p.d.f. for Iw is computed from Eq. (4.58) by integrating over a confi-
dence interval for Ns and Nb given by the errors from the fit:

fpost-fit(Iw) dIw =

∫ µs+σs

µs−σs

dNs

∫ µb+σb

µb−σb

dNb dIw f(Iw | Ns, Nb) · g(µ⃗,Σ) (4.59)

In essence, the distributions of Iw corresponding to fixed values of signal and back-
ground are summed around the best-fit values, within their respective uncertainty
ranges.

The resulting pre-fit and post-fit Iw p.d.f.s from the described procedure are shown in
Fig. 4.29. Thanks to the constraint from the fit to positron observables, the post-fit Iw
p.d.f. has a significantly smaller variance compared to the pre-fit Iw p.d.f., enabling to
constrain the hadron production weight maps.
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Figure 4.29: Iw p.d.f. pre-fit (left) and Iw p.d.f. post-fit (right).

4.6.3 Generation of post-fit hadroproduction weight maps

In order to reweight the neutrino flux including information from positron monitoring,
thus obtaining the neutrino flux post-fit, it is necessary to generate a set of varied hadron
production weight maps that satisfy the post-fit constraint on the integral of weights Iw
in the ENUBET phase space. It should be remarked that the correlation between Nsig,
Nbkg against the integral of weights Iw has been observed for kaons only, and not for pions
or protons, as expected. Therefore, it is possible to set a constraint only on the weights
of kaons, whereas the uncertainties of the weights for pions and protons remains the
same. In particular, for protons and pions, hadron production weight maps are generated
simply by means of the multi-universes method applied using NA20 and NA56/SPY data
discussed in Sec. 4.3.1.
In the case of kaons, the multi-universes method is combined with the rejection sampling
technique [136] in order to generate varied hadroproduction weight maps that satisfy the
post-fit constraint. The rejection sampling technique can be implemented in a simple
manner from the knowledge of the pre-fit and post-fit p.d.f.s for Iw. Specifically, it
allows the generation of multiple hadroproduction weight maps via the multi-universe
method, retaining only those whose integral Iw falls within the post-fit Iw distribution.
Finally, a set of varied hadron production weight maps for kaons is produced according
to the post-fit distribution. These weight maps will be used in Sec. 4.7 to reweight the
neutrino flux at the detector, obtaining the post-fit neutrino flux and thereby mitigating
hadroproduction-related systematic uncertainties.
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4.7 Neutrino flux and interaction rate at detector

In this section, the flux of neutrinos reaching the detector and the corresponding charged-
current interaction rate are computed. Results are presented both before (pre-fit) and
after (post-fit) introducing the positron monitoring through the fit to the observables, to
compare the performance of the ENUBET monitoring technique in reducing the hadropro-
duction systematics. A 500 ton LAr neutrino detector located at 50m from the end of
the decay tunnel and with a transversal section of 6× 6m2 has been considered, accord-
ing to the beamline design proposed in [76]. The total νe flux at the detector, before
introducing the positron monitoring information (the pre-fit flux), is shown in Fig. 4.30.
The mean hadroproduction weight maps are used for reweighting the neutrino events.
The contributions are distinguished based on the region of the facility where the parent
particle decayed; namely, the instrumented decay tunnel (tagger), the proton-dump, the
hadron-dump, the target, the transfer line (TL) or other regions of the facility.
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Figure 4.30: Total νe flux at detector.

Almost all low energy νe are produced outside the tagger, mainly at the proton-dump,
in the target region or along the transfer line, due to reinteractions of secondaries with
passive elements of the beamline, such as collimators or magnetic elements.
The pre-fit neutrino flux covariance and correlation matrices are obtained by means of
the multi-universes technique. The only information exploited at this point is the one
available from the hadroproduction data of NA20 and NA56/SPY discussed in Sec. 4.3.1:
the full hadroproduction uncertainty is propagated to the neutrino flux. Therefore, a
new set of hadroproduction weight maps is generated by varying the hadroproduction
parameters according to their covariance matrix. This new set of weight maps is then
used to reweight neutrino events in the MC simulation, producing multiple realizations
of the νe flux. From this set of fluxes {Φu}pre-fit, the mean flux Φpre-fit

mean is computed, and
subsequently the νe flux covariance matrix is calculated as follows:

Vij =
1

N

N∑
k=1

(
Φi

mean − Φi
k

)
·
(
Φj

mean − Φj
k

)
(4.60)

where i and j identify a pair of bins in the neutrino flux and k the k-th universe within
the N produced. The pre-fit covariance and correlation matrices are shown in Fig. 4.31.
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The correlation matrix (Fig. 4.31, right) suggests that the two distinct neutrino popula-
tions, the low-energy component and the higher energy one above ∼ 1.5GeV, are poorly
correlated. Moreover, all the bins belonging to the same population are highly correlated
among themselves. The presence of poorly correlated low- and high-energy neutrino pop-
ulations can be explained by their independent sources. High energy neutrinos are mostly
produced from decays occurring in the tagger or along the transfer line, whereas low en-
ergy neutrinos are produced in various other regions of the facility, e.g. dumps, through
re-interaction of particles with the material.
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Figure 4.31: Pre-fit covariance (left) and correlation (right) matrices, obtained by means of the multi-universes
method. The visualization of the covariance matrix is in logarithmic scale along the z axis.

Positron monitoring information, incorporated through the fit to the measured calorimet-
ric observables, is introduced to reduce the hadroproduction uncertainty in the νe flux.
This is achieved by using the set of post-fit hadron production weight maps, computed
using the procedure described in Sec. 4.6.3, to reweight the νe events. As in the pre-fit
case, the new set of fluxes {Φu}post-fit is used to compute the mean flux Φpost-fit

mean , and sub-
sequently, the νe flux covariance matrix with Eq. (4.60). Fig. 4.32 shows the post-fit flux
covariance and correlation matrices. A qualitative comparison of the covariance matrices
in Figs. 4.31 and 4.32 indicates improved precision in the neutrino flux, resulting from
the constraints imposed by the fit to the observables. A more quantitative comparison
is provided below using the neutrino rates at the detector, which are of greater physical
interest with respect to the flux itself. The νe CC interaction rates at the detector and
corresponding covariance matrices can be estimated from the pre- and post-fit νe fluxes
{Φu} computed above. The rate is computed from the flux as follows:

R(Ei) = σν(Ei) · Φν(Ei) ·Nn (4.61)

where σν(Ei) is the νe CC cross section as a function of the energy Ei of the i-th bin of
the flux histogram. The number of nucleons Nn in the detector can be computed as:

Nn =
Mdet[g]

Aiso[g/mol]
· A ·NA (4.62)

where Mdet[g] = 0.5 · 1019 g is the detector mass, A = 40 and Aiso[g/mol] = 39.948 g/mol
are respectively the number of nucleons and the atomic weight of Ar, whereas NA is the
Avogadro number. To obtain the total neutrino rate expected after the full data-taking
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Figure 4.32: Post-fit covariance (left) and correlation (right) matrices, obtained reweighting neutrino events with
the post-fit constrained hadron production weight maps, generated combining the multi-universes and rejection
sampling technique. The visualization of the covariance matrix is in logarithmic scale along the z axis.

of the ENUBET facility, the neutrino flux is rescaled to the total number of protons-on-
target, given by N tot

pot = 4.5 · 1019 pot:

Φν(Ei) =
Nν(Ei)

Sdet
·
N tot

pot

N sim
pot

(4.63)

where Nν(Ei) is the number of νe in the energy bin centered in Ei, Sdet = 6× 6 · 104 cm2

is the detector area, whereas N sim
pot = 1GPOT is the number of protons-on-target in the

FLUKA simulation.
The pre-fit νe CC interaction rate obtained from this computation is shown in Fig. 4.33,
with a breakdown of the different components according to the region of the facility where
the neutrinos were produced. The error bands for the νe rate are computed from the flux
covariance matrix, and displayed as a gray shaded area in Fig. 4.33. Considering the
total neutrino rate, many neutrinos have origin from particles which cannot be properly
reweighted according to the procedure developed in this work. For instance, since the
majority of low energy neutrinos are produced from interactions of primary protons in
the proton-dump, they cannot be reweighted using the hadron production weight maps
of particles at the target exit. Therefore, in the following analysis, the neutrino flux
is separated into components due to different types of particles produced at the target
exit, rather than considering the total contribution. In particular, emphasis is given to
the neutrino flux component originated from charged kaons produced at target, since the
current workflow for the assessment of systematics exploits the fitted positron observables
to set a constraint on the hadron production weight maps for kaons in the ENUBET
phase space. Therefore, in this work the positron monitoring is exploited to set a post-
fit constraint on the dominant flux component due to charged kaons produced at target.
However, electron neutrinos are produced also from the propagation and decay of particles
exiting the target different from charged kaons, mainly pions and K0

L. These neutrino flux
contributions, originated from particles exiting the target different from charged kaons,
are not constrained by the procedure developed in this work. The νe event rate separated
by different particles exiting the target is shown in Fig. 4.34, with the majority of the
contribution originated from K+ and π+ produced at target.
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Figure 4.33: Pre-fit νe CC interaction rate. The νe rate error bands are obtained from the flux covariance matrix
and displayed as a gray shaded area.
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Figure 4.34: The νe event rate separated by different particles exiting the target.
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The fraction of total νe rate - for each bin - originated from K+, π+ or other target
particles is shown in Fig. 4.35, left. For visualization purposes, the fraction values above
2GeV for kaons and pions or other particles produced at target are summarized in the
histogram shown in Fig. 4.35, center and right, respectively.
The comparison of the pre- and post-fit νe rate due to kaons at target and their error
bands are shown in Fig. 4.36, left. The corresponding pre- and post-fit relative bin errors
are shown in Fig. 4.36, right. Since the neutrino energy distribution is reweighted using
the weight maps for kaons, the pre-fit relative error has a flat trend, due to the fact that
all events are properly reweighted on hadron production data for kaons.
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Figure 4.35: (left) Fraction of total νe rate - as a function of energy - originated from K+, π+ or other target
particles. (center) Histogram of fraction values above 2GeV for kaons produced at target. (right) Histogram of
fraction values above 2GeV for pions or other particles produced at target.

1 2 3 4 5 6 7 8
E  [GeV]

0

100

200

300

400

500

600

700

800

ev
en

ts
 /

4.
5

10
19

po
t/

0.
5G

eV

e event rate

hadroprod sys pre-fit

hadroprod sys post-fit

0 1 2 3 4 5 6 7 8
E  [GeV]

0

1

2

3

4

5

6

7

8

9

10

11

re
l. 

er
ro

r [
%

] e event rate relative error

pre-fit

post-fit

Figure 4.36: (left) Pre- and post-fit total νe rate due to kaons at target and their error bands, shown as blue and
red shaded areas respectively. (right) Energy dependence of the pre-fit and post-fit νe rate due to kaons at target
relative bin errors.

Moreover, reweighting the neutrino flux with the weight maps for kaons - for which the
constraint has been set - the precision on the neutrino flux is well below ∼ 1% level
for energies above ∼ 2GeV. The rise of the post-fit error at lower energies is due to
the fact that for energies below ∼ 2GeV many of the neutrinos originate from particles
outside the ENUBET phase space. Fig. 4.37 shows a visualization of charged kaons
produced at target (purple dots) giving origin to neutrinos at detector, superimposed to
the target phase space in the region (p, θ) ∈ [0, 10GeV/c] × [0, 45mrad]. Fig. 4.37, left,
shows the phase space of kaons producing neutrinos with energies Eν < 2GeV, whereas
the phase space of kaons producing neutrinos with energies Eν ≥ 2GeV is shown in
Fig. 4.37, right. For energies above 2GeV the kaons fall in the ENUBET phase space
defined within the 10% momentum bite around the central momentum p = 8.5GeV/c
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and within the angular acceptance of 25mrad, as shown in Fig. 4.37, right. Therefore,
kaons producing high energy neutrinos with Eν ≥ 2GeV are mainly produced in a phase
space in which hadron production weight maps are well constrained using the procedure
explained in Sec. 4.6.1. Nonetheless, as shown in Fig. 4.37, left, there is a significant
number of kaons producing low energy neutrinos with Eν < 2GeV that are produced
in a scattered phase space distant from the ENUBET phase space. Therefore, in these
phase space regions distant from the ENUBET phase space, the weight maps of kaons
are not well constrained, resulting in an increase of the post-fit error for energies below
Eν < 2GeV.
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Figure 4.37: Visualization of charged kaons produced at target (purple dots) giving origin to neutrinos at detector
with energies Eν < 2GeV (left) or energies Eν ≥ 2GeV (right), superimposed to the target phase space in the
region (p, θ) ∈ [0, 10GeV/c]× [0, 45mrad].

After the kaons produced at target, the second most significant contribution to the total
νe rate comes from pions at target, as shown in Fig. 4.34. For energies Eν > 2GeV
the core of the neutrino flux can be estimated, at first order, from the flux of neutrinos
produced from kaons and pions at target, namely ΦK+π ≃ Φtot. However, an hadron pro-
duction constraint for pions produced at target has not been set in the present work, but
there exist different handles that can be explored to improve the knowledge of such a flux
contribution originated from pions at target. For instance, the ratio K/π from measured
hadron production data can be used to set a constraint on the pion yields exploiting
the constrained hadron production yields of kaons. Moreover, since electron neutrinos
results also from the decay in flight of muons produced from πµν and Kµν decays, the
sample of muons recorded in the tunnel walls and in the hadron dump can be exploited
to constrain the pions and kaon weight maps, which can be used also to constrain the
electron neutrinos from muon decay.

The comparison of pre- and post-fit νe rates due to kaons and pions at target and their
error bands are shown in Fig. 4.38, left. The corresponding pre- and post-fit relative bin
errors are shown in Fig. 4.38, right. At energies above 2GeV the constraint from the fit to
positron observables allows to enhance the precision on the neutrino flux at O(1%) level,
with further possibility of improvement if constraining the pions yields using the muon
sample, as discussed above. Fig. 4.33 shows that a fraction of neutrinos in the detector
acceptance are not produced from meson decays occurring along the instrumented decay
tunnel, but rather from other regions of the facility, and thus they cannot be monitored.
The neutrino flux component having origin from the dumps and reaching the detector
can be reduced, in principle, with a different location of the dumps. These non-monitored
neutrino contributions can also be minimized using other handles, for instance exploiting
the longitudinal position of the neutrino interaction vertex reconstructed along the neu-
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trino detector depth, e.g. using the directionality of the reconstructed tracks to discard
neutrinos crossing the detector but produced at the proton dump with a high angle with
respect to the neutrino beam axis.
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Figure 4.38: (left) Pre- and post-fit total νe rate due to kaons and pions at target and their error bands, shown
as blue and red shaded areas respectively. (right) Energy dependence of the pre-fit and post-fit νe rate due to
kaons and pions at target relative bin errors.

4.8 Treatment of detector systematics

In this section, the systematics related to the instrumentation of the decay tunnel and the
method adopted for their assessment are discussed. These are expected to be subleading
compared to the hadron production systematics. Three different types of detector effects
have been considered:

• calibration uncertainty

• calibration bias

• scintillator ageing (i.e. photo-electron statistics)

These detector effects can impact the neutrino flux systematics budget, as they affect the
number of reconstructed positrons in the calorimeter.

4.8.1 Injection workflow

It is important to note that the raw output of the tagger simulation does not account
for any detector-related effect. These effects must be applied to the simulation output,
and the procedure for doing so is referred to as the injection workflow. A schematic for
the injection workflow of detector-related systematic uncertainties in the tagger simula-
tion output (G4TAG) is shown in Fig. 4.39. In each calorimetric channel, the true MC
energy deposits are smeared by uncertainties related to detector effects. No new G4TAG
output files are produced with detector effects included, as the procedure is applied on
the fly at the Middlelayer level, where the energy deposits are used as input. Therefore,
the Middlelayer output file including detector systematics are saved on disc, and sub-
sequently used in the reconstruction chain, namely the Event Builder reconstruction
algorithm and the ANN selection PID analysis.
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Figure 4.39: Schematics of the workflow for the injection of detector systematic effects into simulated events
(G4TAG simulation output). The systematics injection and propagation involve the three standard reconstruction
steps, namely the Middlelayer, Event Builder and ANN selection, highlighted by the light blue block.

The ANN weights used for the PID analysis in the workflow described above are the
same one used for the results presented in Sec. 4.1.1, computed from the bare true MC
simulation output13. This scenario corresponds to what would happen in a real data
analysis: the datasets collected by a real experiment would undergo PID analysis using
a set of ANN weights computed from the true detector response obtained from MC
simulation. In real data, the true values of the energy depositions in the calorimetric
channels are not known a priori. We only know how to obtain the calibrated energies and
how to apply corrections to account for channel response changes due to ageing. Special
auxiliary measurements are used to determine the sets of coefficients for calibration and
ageing corrections. However, these coefficients are affected by uncertainties and possible
biases, and the true value of the energy depositions depend on the true values of the
coefficients within their p.d.f.s. Therefore to assess the detector effects, it is necessary
to produce different simulation outputs, each corresponding to a possible realization of
the true energy depositions within the uncertainties of these coefficients. In practice, to
produce each of these simulation outputs, a set of smearing coefficients {Sch}i for the
calorimetric channels is computed to account for the detector effect uncertainty being
studied. Each set of smearing coefficients is applied following the workflow depicted
in Fig. 4.39, eventually obtaining a set of RECO outputs including detector systematic
effects, dubbed as systematic universes. The generation of a set of systematic universes
from the application of many realizations of smearing coefficients is schematically shown
in Fig. 4.40. At the end of the injection procedure, a set of n systematic universes - each
one with its own realization of detector effects - is produced. The systematic universes
are thus a set of RECO outputs which implement the detector effects.

Usys =


{Sch}1
{Sch}2

...
{Sch}n

 det sys injection {Sch}2

det sys injection {Sch}1

det sys injection {Sch}n

...

RECO output + det unc 2

RECO output + det unc 1

RECO output + det unc n

...

Figure 4.40: Generation of a set of systematic universes from a set of smearing coefficients {Sch}i used to injected
detector systematics in the RECO output.

4.8.2 Combination of hadroproduction and detector systematics effects

The systematic universes obtained in the previous section are represented in the upper-
most block in Fig. 4.41. This set is the building block of the procedure developed to assess
the impact of detector-related systematics on the observed charged lepton events in the

13In this case the ANN weights are the same one used for the published results in [76].
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tagger. Combined with the hadroproduction uncertainties, it is used for both fit model
building and pseudo-data generation. Of course, model building relies on information
known a priori, before the experiment is performed. Therefore the procedure consists of
reweighting the set of systematic universes using the mean hadroproduction weight maps,
in order to account for the average effects of hadroproduction combined with detector
systematics. This new set of mean hadroproduction reweighted systematic universes is
represented in the leftmost block in Fig. 4.41.

n = 1000 sys-universes

RECO output + det unc 1

RECO output + det unc 2

RECO output + det unc n

...

Reweight by mean hp-weights

n = 1000 sys-universes

RECO output + det unc 1

RECO output + det unc 2

RECO output + det unc n

...

Reweight by hp-weights
from i-th hp-universe

n = 1000 sys-universes

RECO output + det unc 1

RECO output + det unc 2

RECO output + det unc n

...

Exploited to build the fit model
including detector effects

Exploited for pseudo-datasets
generation and fitting to as-

sess detector-related systematics

Figure 4.41: Uppermost block: set of RECO outputs each one including a possible realization of a detector effect
within the uncertainties. Leftmost block: same as the uppermost set, but includes the reweighting by the mean
hadron production weight (hp-weight) maps; this set is used to extract the information needed for building a
model p.d.f. including detector effects. Rightmost block: same as the leftmost set, but includes reweighting using
the hp-weight maps from a specific hp-universe - specifically, the one assumed to be realized in Nature; this is
used to produce the pseudo-datasets to be fitted.

The set is then analyzed to extract the information needed to build the model p.d.f.
Specifically, the distributions of the total number of signal, background and total events
(from the integrals of observables distributions) are plotted to estimate potential biases
induced by detector effects, which are then accounted for in the fit model through scale
factor parameters. The covariance matrix induced by detector systematics on the observ-
ables bin contents is also computed from the new set of universes, and used to constrain
the nuisance parameters introduced in the model to describe the bin-by-bin detector
effects. Pseudo-data samples, including detector and hadroproduction effects, are gener-
ated from the set of systematic universes reweighted using the hadroproduction weight
maps corresponding to a specific hadroproduction universe. Therefore the new set, repre-
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sented by the rightmost block in Fig. 4.41, includes detector systematics and is rescaled
by hadroproduction effects, accounting for the hadroproduction parameter values chosen
by Nature as the true ones (see Sec. 4.5.7). The produced pseudo-datasets undergo the
fitting procedure using the model including both hadroproduction and detector systemat-
ics. The only missing element is a reference result without detector effects, against which
the results including detector systematics can be compared to assess the impact of the
detector uncertainties. Therefore, the reference result includes only the hadroproduction,
and can be obtained by analyzing the tagger simulation output reweighted by the specific
hadroproduction universe mentioned above (see Fig. 4.42).

Reweight by hp-weights
from i-th hp-universe

RECO output
(no det effects)

Figure 4.42: RECO output reweighted with the hp-weights of a specific hadroproduction universe - specifically, the
one assumed to be realized in Nature. The output is used to compute the reference result to be compared with
detector systematic results.

4.8.3 Calibration uncertainty

The calibration of the calorimetric LCMs can be performed through m.i.p. particles (high
energy muons or pions), as discussed in Sec. 3.5. The signal distribution in each LCM is
a Landau distribution, like the ones obtained at the prototypes test-beams and shown in
Fig. 3.17. The MPV value of the Landau function is used to determine the response of a
channel to a m.i.p. energy deposition. The calibrated response of each channel is given
by:

E[MeV]ch =
⟨MIP⟩chMeV

MPVch
ADC

· PHch
ADC = cch · PHch

ADC (4.64)

The calibration coefficient cch is affected by an uncertainty, which affects directly the
charged lepton observables measured by the ENUBET calorimeter, and thus the deter-
mination of the neutrino flux. The measured value of the calibration coefficient of a
channel is distributed according to a gaussian, so that the actual energy measured in a
channel is given by:

E[MeV]ch = Gauss(µcch , σcch) · PHch
ADC

= µcch · Gauss(1, σcch/µcch) · PHch
ADC

= Gauss(1, σcch/µcch) · ⟨E⟩[MeV]ch (4.65)

These considerations allow to define a procedure for the injection of the calibration un-
certainty effects in the reconstructed electrons. A new set of smearing coefficients for all
calorimetric channels can be obtained by extracting as many values as the calorimetric
channels from the gaussian, as follows:

{Sch}u = {Gauss(1, σcch/µcch)}u (4.66)

This set can be used to smear the energy deposition of the events produced through the
G4TAG simulation, as shown in Fig. 4.43, and to obtain a new G4TAG output with injected
calibration uncertainty effects. This will correspond to one systematic universe.
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Figure 4.43: In this schematic view, a longitudinal section of the ENUBET calorimeter is shown, together with
the energy depositions caused by a crossing muon (channels highlighted in red and light blue). The effect of
calibration uncertainty is taken into account by smearing the energy deposits by the corresponding smearing
coefficients of the involved channels Sa,b,c,d,e,f,g

ch ∈ {Sch}u. Note that this procedure is performed for each type
of energy deposit across all reconstructed events. For illustrative purposes, a muon is used in the schematic to
help visualize the involved channels.

The set of smearing coefficients, corresponding to different realizations of the calibration
coefficients within their uncertainties, produced by means of Eq. (4.66) are given by:

Usys = {{Sch}1, {Sch}2, ..., {Sch}n} (4.67)

and applied to the G4TAG output (see Figs. 4.40 and 4.41). The workflow described in
Sec. 4.8.1 and Sec. 4.8.2 is used to extract the information to build the fit model p.d.f.
and to produce the pseudo-datasets.
A systematic value of σcch/µcch = 5% is assumed for calibration uncertainty hereafter, and
it represents a conservative choice, supported by preliminary analyses of the test beam
data which indicate that the systematic uncertainty lies below this threshold.

4.8.4 Calibration bias

The LCMs can be calibrated according to their m.i.p. response, as discussed in Sec. 4.8.3,
as follows:

E[MeV]ch =
⟨MIP⟩MeV

MPVch
ADC

· PHch
ADC = cch · PHch

ADC (4.68)

assuming the m.i.p.s deposit on average an energy ⟨MIP⟩MeV equal for all channels. Such
a value can be estimated using MC simulation; however, the real experimental setup
differs from MC because of material budget, angular and energy distribution of beam
particles and other effects. Moreover, the calorimeter response depends on the type and
energy of the incoming particle and its shower development. These effects can lead to
a systematic mis-measurement of the energy deposited in the channels E[MeV]ch, i.e. a
calibration bias equal to all LCMs. Similarly to the modeling of calibration uncertainties
in Sec. 4.8.3, the calibration bias effect is modeled computing smearing coefficients for the
deposited energy in the channels. Indeed, the MC energy deposits in the LCMs are scaled
with these coefficients to take into account the effect of a calibration bias, according to:

E[MeV]ch = Gauss(1, σcbias/µcbias) · ⟨E⟩[MeV]ch (4.69)

where the scaling coefficients are modeled through a gaussian with mean 1 and bias
uncertainty normalized to the mean value. The set of scaling coefficients for calibration
bias are equal for all channels in a given systematic universe, as follows:

{Bch}u = {Gauss(1, σcbias/µcbias)}u (4.70)

Usys = {b1, b2, ..., bn} (4.71)
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Therefore, one coefficient bu defines one possible realization of the calibration bias on the
measured particles, i.e. defines one of the systematic-universes.
A systematic value of σcbias/µcbias = 5% is assumed for calibration bias hereafter.

4.8.5 Scintillator ageing

The scintillator ageing mechanisms can be divided into two main categories [137–139]:

• Unrelated to radiation dose: e.g. crazes within the material caused by mechani-
cal stressing, fogging of the material caused by water penetration and condensing,
yellowing induced by photochemical processes caused by oxidation of the material.

• Related to radiation dose: damage of the substrate (PS/PVT) can result in the
creation of color centers (radicals, carbonyl species etc.) that can absorb light
emitted by secondary flour reducing the absorption length of scintillation light.

The effect of the scintillator ageing is a drop in the scintillation light yield from the LCMs
over time. A monitoring system in the experimental setup will allow to correct for this
effect and get a constant response of the calorimeter for fixed energy depositions. In or-
der to assess the scintillator ageing systematic impact on the neutrino flux it is necessary
to introduce two parameters in the simulation: the total drop in light yield after the
full data-taking period of NP06/ENUBET and the error on the light yield measurement
from the monitoring system. In the following, a conservative value for the light drop
LYred = 10% and a 1% error on the light measurement are assumed, as a result of both
ageing effects above14.

The scintillator ageing systematic is thus included in the G4TAG simulation output of
the calorimeter producing different systematic universes, each one with its own realiza-
tion of the ageing effect, as outlined in the following. At time T (e.g. at the end of
NP06/ENUBET data taking) the scintillator transparency will be reduced, implying a
reduction of the light yield of:

ε−1
T = ε−1

T=0 · (1− LYred) = 13.5 p.e./MeV (4.72)

where the value ε−1
T=0 = 15 p.e./MeV [76] corresponds to the light yield at the beginning

of the data taking (i.e. no ageing) and LYred = 10% is the total relative light yield drop.
In practice, the calorimetric response due to the light drop is corrected for using the
monitoring system, which allows to measure 4.72. Nonetheless, a drop in the produced
scintillator light implies a larger statistical fluctuation in the measured energy deposi-
tions. Therefore, each energy deposition in the LCMs is varied to account for the larger
statistical fluctuations. Given the true MC energy deposit, the mean number of p.e. after
a time T can be computed according to:

⟨Np.e.⟩T = ε−1
T · EMC

dep (4.73)

This is used to get a new p.e. value after statistical fluctuations:

N stat
p.e, T ∈ Poiss(⟨Np.e.⟩T ) (4.74)

14In the instrumented tunnel, the expected doses estimated with FLUKA is between few Gy up to kGy [76].
Considering 1020 pot, 0.4×10−3K/pot and an average energy deposit in the scintillators of 200MeV, the average
dose is O(100Gy). Using as a reference the light yield reduction in CMS experiment [138], the drop is of the
order of 5% for doses up to 100Gy, and of about 10% for doses up to 1 kGy (note that this does not take into
account the different dose rates). The light yield drop values are measured with few % errors. For the ageing
effect unrelated to the radiation dose, a 6% drop in the light yield can be expected and an error of O(1%) in the
light yield measurement [137].
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and the corresponding new value for the deposited energy:

Estat
dep =

N stat
p.e, T

ε−1
T

(4.75)

where the factor 4.72 after the ageing is used in order to get back to the deposited energy.
As mentioned before, the monitoring system allows to compute correction coefficients for
the calorimetric response, which are applied to the pulse heights measured in the LCMs.
The correction coefficients are affected by an error that, as is done for the other detector
effects, is propagated to the final measured energy deposition:

Eageing
dep = Gauss (1, σLY/µLY) · Estat

dep (4.76)

obtaining a smearing coefficient which is the same for all LCMs within a given systematic
universe. The smearing is modeled through a gaussian with mean 1 and relative moni-
toring error assumed to be σLY/µLY = 1%. The set of scaling coefficients for scintillator
ageing are equal for all channels in a given systematic universe, as follows:

{Bch}u = {Gauss (1, σLY/µLY)}u (4.77)

Usys = {b1, b2, ..., bn} (4.78)

similar to procedure employed for the calibration bias in Sec. 4.8.4.

4.8.6 Fit model and likelihood for detector systematics

The fit model and likelihood discussed in Sec. 4.5 can be extended to include detector-
related systematic uncertainties. Such detector effects can be parametrised by nuisance
parameters, in addition to the parameters of interest p⃗ = (α⃗, β⃗) related to hadroproduc-
tion. In fact, the variation induced by detector effects in each bin of the charged lepton
observables is modeled through a set of γ⃗ bin-by-bin nuisance parameters, common for
signal and background events. The bias induced by detector effects in the total observed
events is taken into account by means of bin-by-bin scaling factors f⃗s. The definition of
the fit model may vary depending on both the detector effect and the physical channel
considered. For instance, a bin-by-bin scale factors f⃗s is considered for positrons. These
nuisance parameters are gathered in a vector ν⃗ defined as:

ν⃗ = (f⃗s, γ⃗) (4.79)

The number of events predicted by the model in each bin i is given by:

Np
i (p⃗, ν⃗) = fs,i · [(1 + αi + γi) · TSi + (1 + βi + γi) · TBi] (4.80)

where Np
i is the predicted number of events in a fixed bin i. At present, the scaling factor

is fixed in the fitting procedure. The detector systematic uncertainties are then included
in the likelihood through a prior p.d.f. for the γ⃗ nuisance parameters, assumed to be a
multivariate normal distribution defined as:

πdet(γ⃗) =
1

(2π)k/2 · |Vγ⃗|
1
2

· e−
1
2
γ⃗·V −1

γ⃗
· γ⃗T

(4.81)

where Vγ⃗ is the covariance matrix induced by detector effects. The binned likelihood
function is thus extended to include detector systematics, according to:
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L(p⃗, ν⃗) = πhp(p⃗) · πdet(γ⃗) ·
n∏
i

P (Ni|Np
i (p⃗, ν⃗)) (4.82)

The γ⃗ nuisance parameters are thus constrained by the covariance matrix Vγ⃗ induced by
detector effects. The negative log-likelihood ratio for the combined fit of multiple pseudo
datasets can be finally extended according to:

χ2(p⃗, ν⃗) = −2 lnλ(p⃗, ν⃗) = 2
D∑
d

n∑
i

[
Np

i (p⃗, ν⃗)−Ni +Ni ln

(
Ni

Np
i (p⃗, ν⃗)

)]
+ (4.83)

+
m∑
j,k

pjV
−1
j,k pk +

n∑
j,k

γjV
−1
γ⃗j,k

γk (4.84)

where the terms (4.84) are the penalty terms on the parameters. The fit model in
Eq. (4.80) allows to fit both hadron production and detector systematic effects, therefore
it is possible to isolate the interesting contribution represented by α⃗, β⃗ parameters of
interest which directly affect the neutrino flux. In the best case scenario, the detector
systematic effect can be completely accounted for: the hadroproduction effect is com-
pletely extracted from the fit and thus the α⃗, β⃗ best fit values and errors are equal to
what expected in the absence of any detector effect. The actual behaviour, due to the
introduction of γ⃗ nuisance parameters, is that of changing the best fit values for the α⃗, β⃗
parameters of interest, worsening their errors with respect to the hadroproduction only
case. The result is a change of the reweighted neutrino flux due to a detector systematic
effect.

4.8.7 Assessment of the impact of detector-related systematics on monitor-
ing

This section describes the general procedure for the assessment of detector-related sys-
tematics on the events observed in the tagger and the neutrino rates. The specific appli-
cations will be shown in Secs. 4.9.2 and 4.9.3. The starting point is represented by the set
of hadroproduction reweighted systematic universes, namely the set of RECO output files
including detector effects reweighted by hadroproduction weight maps from the specific
hadroproduction universe. This set, shown in the rightmost block of Fig. 4.41, is used for
pseudo-datasets generation and fitting. The full set of K = 1000 systematic universes is
considered15, each one used to generate and fit a total of M = 100 pseudo-experiments.
For each one of the M pseudo-experiments, a set of D = 50 datasets (i.e. correspond-
ing to a total statistics of 5 · 1012 pot) including statistical fluctuations is generated and
fitted with the model described in the previous section. From the M fitted values of
signal and background events for the k-th systematic universe, with k ∈ K, the mean
⟨N (hp+det-sys)-univ

sgn/bkg ⟩k-th and standard deviation σ
(hp+det-sys)-univ
sgn/bkg, k-th are computed. These values

are then compared against the reference result. The reference result is obtained from
the fit to the set of M pseudo-datasets, with the same 5 · 1012 pot statistics, generated
from the RECO output file reweighted by the specific hadroproduction universe, as de-
scribed in Sec. 4.8.2. The fit is performed with the fit model in Eq. (4.42), including
hadroproduction only. From the M fitted values, the reference mean ⟨Nhp-only

sgn/bkg⟩ref and
standard deviation σhp-only

sgn/bkg, ref are computed. From the mean fitted values that include

15A subset K = 100 of the systematic universes can also be used, without impacting the final result.
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both hadroproduction and detector systematics, and the reference mean value that in-
cludes only hadroproduction, the detector systematic effect on the signal and background
events measured in the calorimeter can be computed according to:

σup
det-sys = max

i
{⟨N (hp+det-sys)-univ

sgn/bkg ⟩i} − ⟨Nhp-only
sgn/bkg⟩ref (4.85)

σdown
det-sys = ⟨Nhp-only

sgn/bkg⟩ref − min
i
{⟨N (hp+det-sys)-univ

sgn/bkg ⟩i} (4.86)

The final result on signal and background events can thus be expressed as follows:

Nsgn/bkg = ⟨Nhp-only
sgn/bkg⟩ref ± σhp-only

sgn/bkg,ref + σup
det-sys − σdown

det-sys (4.87)

The logic for propagating detector systematics to the neutrino flux and rate at the detector
is the following. The fit model used for detector-related systematics is that of Eq. (4.80),
where the set of ν⃗ nuisance parameters takes into account the variation induced by
detector effects in each bin of charged lepton observables. The predicted number of
events Np

i in a given bin i stated in Eq. (4.80) can be expressed as:

Np
i (p⃗, ν⃗) = fs,i · [(1 + αi) · TSi + (1 + βi) · TBi] + fs,i · γi · TSi + fs,i · γi · TBi (4.88)

which can be rewritten in a more compact form as follows:

Np
i (p⃗, ν⃗) = fs,i ·

[
N eff

sgn,i(α⃗) +N eff
bkg,i(β⃗) + ∆det

sgn,i(γ⃗) + ∆det
bkg,i(γ⃗)

]
(4.89)

In each bin i, the effective number of signal/background events in Eq. (4.89) are defined
as follows:

N eff
sgn,i(α⃗) = (1 + αi) · TSi (4.90)

N eff
bkg,i(β⃗) = (1 + βi) · TBi (4.91)

and represent variation induced by hadroproduction only; they are thus function of the
set of α⃗, β⃗ parameters of interest only. The detector correction terms in Eq. (4.89):

∆det
sgn,i(γ⃗) = γi · TSi (4.92)

∆det
bkg,i(γ⃗) = γi · TBi (4.93)

represent the variations induced by detector effects on the shape of the observables; they
are thus functions of the set of γ⃗ nuisance parameters only. Note that the bin-by-bin
scaling factors f⃗s, taking into account the bias induced by detector effects in the total
observed events, is a fixed set of parameters in the fit.

The fit to the observables, performed using the model in Eq. (4.89), provides, for each
bin i of the distributions, an estimate of the effective number of signal and background
via Eqs. (4.90) and (4.91). By summing these fitted values over all bins, the total ef-
fective number of events N eff,tot

sgn and N eff,tot
bkg are computed. These represent the best

estimates of the signal and background as they would be observed in the calorimeter
if only hadroproduction effects were present. By applying the procedure described in
Sec. 4.6, and using N eff,tot

sgn and N eff,tot
bkg as values provided by the monitoring, a new set of

constrained hadroproduction weight maps is obtained for each systematic universe. The
constrained hadroproduction weight maps are finally used to reweight the neutrino flux
and to compute the expected interaction rate at detector, following the same method
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discussed in Sec. 4.7.
From the procedure described above, a set of k ∈ K different predictions of the reweighted
neutrino flux {Φν}k is thus obtained, whose small variations are induced by residual de-
tector effects on the effective signal fitted values. From these fluxes, the corresponding
set of neutrino rates {Rν}k is computed and used to evaluate the impact of detector
systematics. This set of neutrino rates is split into two subsets: one corresponding to
rates above {Rν}up

k , and one to rates below {Rν}down
k , relative to the reference rate dis-

tribution Rhp-only
ν , which includes only the hadroproduction effect. For each bin Rhp-only

ν,b

of the hadroproduction only rate distribution, the value Rdet-sys,up
ν,b , corresponding to one

standard deviation of the {Rν,b}up
k distribution, is interpreted as the detector systematic

uncertainty on the upper value of the neutrino rate for that bin. Similarly, the value
Rdet-sys,down

ν,b , derived from {Rν,b}down
k , represents the uncertainty on the lower value.

The relative upper and lower systematic variation in the neutrino rate induced by detector
effects can be simply computed as follows:

∆Rdet-sys,up
ν [%] =

Rdet-sys,up
ν −Rhp-only

ν

Rhp-only
ν

· 100 (4.94)

∆Rdet-sys,down
ν [%] =

Rhp-only
ν −Rdet-sys,down

ν

Rhp-only
ν

· 100 (4.95)

for both bin-by-bin contents and integral values of the neutrino rate. The procedure de-
scribed above is applied to each of the detector effects considered in this study, allowing
to assess the detector systematic on the neutrino rate for each one of them. The overall
systematic effect on the neutrino rate is reported as the quadrature sum of the single sys-
tematic contributions. As with the hadroproduction systematic uncertainty, the relative
value of the systematic effect is the same for both the neutrino rate and the neutrino flux.

4.9 Assessment of the impact of detector systematics

This section describes the assessment of detector-related systematic uncertainties for
positron events measured in the instrumented decay tunnel and electron neutrino rates at
the detector. The effect induced by detector-related systematics on signal and background
events observed in the calorimeter is assessed in Sec. 4.9.2, which will be eventually
propagated to neutrino flux in Sec. 4.9.3.

4.9.1 Building blocks of the model including detector systematics

The building blocks of the fit model, including detector systematics and the mean effect
of hadroproduction, are presented in this section. Specifically, they are reported below for
the case of calibration uncertainty. The discussion for other detector effects is very similar
and therefore omitted. As explained in Sec. 4.8.2, the systematic universes represented
in the leftmost box of Fig. 4.41 are used to build the fit model. From these universes, the
mean total observable template TotObsMean_hpsys, shown in Fig. 4.44, right, and the
covariance and correlation matrices for the bin-by-bin nuisance parameters γ⃗, shown in
Fig. 4.45, are computed. It should be noted that the covariance and correlation matrices
are computed for the total content, signal plus background, of each bin.
As discussed in Sec. 4.8.6, detector effects can induce a bias in the total observed events
which can be taken into account by means of bin-by-bin scaling factors f⃗s. These co-
efficients f⃗s are computed by comparing the average observable template that includes
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both hadroproduction and detector systematics with the one that includes only hadropro-
duction. Specifically, they are obtained from the ratio of TotObsMean_hpsys, Fig. 4.44,
right, to the average total observable template TotObsMean_hp computed from variations
induced by hadroproduction only, Fig. 4.44, left. The obtained normalization coefficients
f⃗s for calibration uncertainty are shown in Fig. 4.46.

36.383 249.384 273.666 259.196 269.692 274.355 314.403

4.952 1078.32 4936.28 5819.62 5830.37 5932.29 5753.82 5828.45

1 1416.57 8889.27 12103.8 12287.4 12726.4 12232.9 12198.8

588.223 7183.28 12146 13187.6 13700.6 13303 13572.8

116.95 4276.06 9544.02 11580.5 12377.8 12451 12669.2

15.432 1710.62 6886.58 9267.96 10666.1 10909.7 11288.8

469.801 4319.71 7031.36 8476.94 9110.29 9290.64

79.582 2183.9 4971.11 6428.4 7132.32 7398.74

1.443 887.711 3165.03 4583.17 5323.5 5482.34

206.263 1738.03 2847.32 3749.45 3954.45

11.805 579.935 1593.53 2417.32 2622.22

0.105 88.463 740.197 1372.4 1709.27

3.199 250.257 757.192 1060.04

1 55.713 318.57 664.965

1.089 1.999 7.676 88.653 423.129

mean tot observables: hp-only

20− 15− 10− 5− 0 5 10 15 20
z [m]

50

100

150

200

250

300

350

E
 [M

eV
]

0

2000

4000

6000

8000

10000

12000

mean tot observables: hp-only

0.012 30.017 246.283 273.838 250.067 250.841 260.034 281.821

4.405 1059.82 4785.76 5584.07 5556.4 5609.13 5384.78 5444.43

1.099 1393.04 8643.31 11736 11864.1 12159 11560.1 11594.9

577.074 7049.57 11823.9 12824.2 13213.6 12711.2 12909.2

117.448 4185.14 9312.47 11235.4 11918.2 11939.3 12184.6

13.84 1685.01 6727.68 9045.34 10346.3 10521.4 10793.9

0.024 470.25 4242.68 6876.32 8273.75 8786.38 8932.3

0.272 72.02 2167.26 4862.79 6228.08 6882.42 7123.5

0.02 1.632 851.781 3092.89 4451.08 5168.99 5311.23

0.005 0.002 198.339 1680.96 2821.13 3666.37 3798.04

0.001 12.424 579.005 1581.28 2338.53 2514.61

0.004 0.012 97.206 736.376 1360.08 1657.96

0.006 0.003 4.146 242.085 721.273 1026.31

0.414 0.107 0.717 49.436 293.46 626.543

0.468 0.25 1.991 6.002 90.479 403.952

mean tot observables: hp (mean-weights) + sys1

20− 15− 10− 5− 0 5 10 15 20
z [m]

50

100

150

200

250

300

350

E
 [M

eV
]

0

2000

4000

6000

8000

10000

12000

mean tot observables: hp (mean-weights) + sys1

Figure 4.44: (left) Mean total observables template TotObsMean_hp due to variations induced by hadron produc-
tion uncertainties only. (right) Mean total observables template TotObsMean_hpsys due to variations induced by
calibration uncertainty and rescaled by mean hadroproduction effects.
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Figure 4.45: Covariance (left) and correlation (right) matrices for total bin contents of total observable templates
built from systematic universes with calibration uncertainty.

In summary, the systematic universes in the leftmost box of Fig. 4.41 are used to compute
the scaling factors f⃗s and the covariance matrix Vγ⃗ for the nuisance parameters γ⃗. These
are used in the fit model that includes detector systematics, discussed in Sec. 4.8.6.
All other components of the fit model, namely the signal template, TS, the background
template, TB, and the covariance matrix Vp⃗ for the hadroproduction parameters p⃗ =

(α⃗, β⃗), are derived from the analysis performed considering only hadroproduction effect.

4.9.2 Impact on monitored positrons

In this section the detector-related systematic effects on fitted signal and background
events are assessed. As outlined in Sec. 4.8.2, pseudo-experiments are generated and
fitted from the systematic universes shown in the rightmost plot of Fig. 4.41. The pseudo-
experiments are generated for each of the 1000 universes, therefore the choice was to
produce 100 of them for each universe, to avoid being limited by time and computing
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Figure 4.46: Bin-by-bin scaling factors f⃗s to take into account a bias in total observed events induced by calibra-
tion uncertainty.

constraints. This does not impact the final result. The total number of datasets produced
for each pseudo-experiment must be the same (i.e. 50 datasets, for a total 5 · 1012 pot
statistics). The results from the fits are compared to the reference fit obtained from 100
pseudo-experiments generated from the universe shown in Fig. 4.42, including only the
hadroproduction effects. In the following subsections, results for calibration uncertainty,
calibration bias and scintillator ageing effects are reported.

Calibration uncertainty

The results of the fits as a function of different occurrences of calibration uncertainties
in each generated systematic universe are shown in Fig. 4.47, for signal and background
events respectively, considering a subset of 100 systematic universes for visualization
purposes.
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Figure 4.47: Distribution of the mean and standard deviation of fitted signal events, Nfit
sgn (left), and background

events, Nfit
bkg (right), obtained by fitting a set of pseudo-experiments from 100 different systematic universes

(red points), each corresponding to a different instance of the calibration coefficients within their calibration
uncertainty. The maximum and minimum values are highlighted through the black dashed lines. The mean
and standard deviation of fitted events obtained fitting pseudo-experiments in the hadroproduction only case are
shown by the blue dashed line and band.
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The red points are the mean values ⟨N (hp+det)-univ
sgn/bkg ⟩i and the red error bands their corre-

sponding standard deviations σ(hp+det)-univ
sgn/bkg, i . The mean ⟨Nhp-only

sgn/bkg⟩ref and standard deviation
σhp-only

sgn/bkg,ref from the hadroproduction only case are shown in blue, representing the refer-
ence values used for comparison. The definition of the procedure used for computing the
mean and standard deviations mentioned here is reported in Sec. 4.8.7. The black dashed
lines represent the maximum excursion of fitted events with respect to the hadroproduc-
tion only case. The distributions of the ⟨N (hp+det)-univ

sgn/bkg ⟩i values, computed from the full
set of 1000 systematic universes, are shown in Fig. 4.48. The correlation between the
fitted signal and background is illustrated in Fig. 4.49, which shows the scatter plot of
mean fitted signal versus background.
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Figure 4.48: Projection of the distributions in Fig. 4.47 along the mean fitted signal and background axes (y-
axes).
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Figure 4.49: Scatter plot of the mean fitted values of signal and background events for 1000 systematic universes
(calibration uncertainty). The correlation coefficient of the distribution is shown in red. The reference fit value
obtained for the hadroproduction only case is shown with the yellow star.

The deviation of the mean fitted values, ⟨N (hp+det)-univ
sgn/bkg ⟩i, with respect to the reference

value, ⟨Nhp-only
sgn/bkg⟩ref, in the distributions from Figs. 4.47, 4.48 and 4.49 represents a measure

of the calibration uncertainty effect on the reconstructed positrons in the calorimeter.
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The actual evaluation of the calibration uncertainty (CU) systematic effect on the fitted
signal and background is computed using Eqs. (4.85) and (4.86), and the final result
written using Eq. (4.87):

Nsgn = 248582± 0.05% (hp-only) +0.22%
−0.27% (CU-sys) (4.96)

Nbkg = 158569± 0.07% (hp-only) +0.49%
−0.22% (CU-sys) (4.97)

Calibration bias

The results of the fits as a function of different occurrences of calibration bias in each
generated systematic universe are shown in Fig. 4.50, for signal and background events
respectively, considering a subset of 100 systematic universes for visualization purposes.
Fig. 4.51 shows the distributions of the mean fitted signal and background computed
from the full set of 1000 systematic universes for the calibration bias. The correlation
between the fitted signal and background is illustrated in Fig. 4.52.
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Figure 4.50: Distribution of the mean and standard deviation of fitted signal events, Nfit
sgn (left), and background

events, Nfit
bkg (right), obtained by fitting a set of pseudo-experiments from 100 different systematic universes (red

points), each corresponding to a different instance of the calibration coefficients within their calibration bias.
The maximum and minimum values are highlighted through the black dashed lines. The mean and standard
deviation of fitted events obtained fitting pseudo-experiments in the hadroproduction only case are shown by the
blue dashed line and band.
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Figure 4.51: Projection of the distributions in Fig. 4.50 along the mean fitted signal and background axes (y-
axes).
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Figure 4.52: Scatter plot of the mean fitted values of signal and background events for 1000 systematic universes
(calibration bias). The correlation coefficient of the distribution is shown in red. The reference fit value obtained
for the hadroproduction only case is shown with the yellow star.

Finally, the effect induced by calibration bias (CB) on the fitted signal and background
events is the following:

Nsgn = 248582± 0.05% (hp-only) +0.18%
−0.38% (CB-sys) (4.98)

Nbkg = 158569± 0.07% (hp-only) +0.63%
−0.38% (CB-sys) (4.99)

Scintillator ageing

The results of the fits as a function of different occurrences of scintillator ageing in each
generated systematic universe are shown in Fig. 4.53, for signal and background events
respectively, considering a subset of 100 systematic universes for visualization purposes.
Fig. 4.54 shows the distributions of the mean fitted signal and background computed
from the full set of 1000 systematic universes for the scintillator ageing. The correlation
between the fitted signal and background is illustrated in Fig. 4.55.
Finally, the effect induced by scintillator ageing (AG) on fitted events is the following:

Nsgn = 248582± 0.05% (hp-only) +0.32%
−0.51% (AG-sys) (4.100)

Nbkg = 158569± 0.07% (hp-only) +0.73%
−0.3% (AG-sys) (4.101)

In summary, for all considered detector systematics, the impact on the estimated signal
and background positron events from the monitoring technique is less than 1%. It can
be also noted that the impact of the detector systematic is larger than that of hadron
production. However, as will be shown in the following section, this is no longer the case
when propagating detector systematics to the neutrino rate. This behavior is intrinsic to
the propagation procedure.

4.9.3 Impact on neutrino rate

In this section the results of the assessment of detector-related systematics on neutrino
rates are reported and discussed. They are obtained according to the procedure outlined
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Figure 4.53: Distribution of the mean and standard deviation of fitted signal events, Nfit
sgn (left), and background

events, Nfit
bkg (right), obtained by fitting a set of pseudo-experiments from 100 different systematic universes

(red points), each corresponding to a different occurrence of scintillator ageing systematic. The maximum and
minimum values are highlighted through the black dashed lines. The mean and standard deviation of fitted
events obtained fitting pseudo-experiments in the hadroproduction only case are shown by the blue dashed line
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in Sec. 4.8.7. In the case of detector-related systematics, the fitted events are corrected
for detector effects through the nuisance parameters γ⃗ introduced in the fit model, and
then used to set a constraint on hadron production weight maps, similarly to the hadron
production only case. Therefore, the detector systematic effects are propagated to the νe
CC interaction rate at detector by reweighting the neutrinos using the new constrained
hadroproduction maps. As a reference, the pre- and post-fit νe rate with the uncertainty
related to the hadron production only systematic are shown in Fig. 4.56. On the left of
the Figure is reported the total νe rate, whereas on the right only the νe rate component
from neutrinos produced by kaons at target is shown. In the following, the impact of
detector systematics is assessed on the νe rate component from neutrinos produced by
kaons at target. In fact, this is the neutrino component directly constrained by the
analysis discussed in this thesis.
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Figure 4.56: (left) Total νe rate before (pre-fit, blue) and after (post-fit, red) monitoring of positrons from Ke3,
with bands representing the neutrino rate uncertainties due to the hadroproduction systematic. (right) Same as
the left plot, but for the νe rate component from neutrinos produced by kaons at target.

The left side of Figs. 4.57, 4.58 and 4.59 report the post-fit νe rate together with their
hadron production uncertainty (blue band) and the three considered detector systematics
(red band). The corresponding relative errors for the hadron production and detector
effects are shown on the right side of the same figures. The results indicate that the
impact of the detector systematics is subdominant compared to that of hadroproduction,
remaining below the 1% level.
To summarize the results, all the post-fit detector-related systematics (calibration uncer-
tainty, calibration bias and scintillator ageing) are shown in Fig. 4.60 and compared to the
post-fit hadron production systematic, considering the νe rate component from neutrinos
produced by kaons at target. The total impact of detector systematics on the neutrino
rate, shown by the blue line in Fig. 4.60, is evaluated assuming that all the three contribu-
tions are uncorrelated, and is therefore obtained by summing them in quadrature. These
results show that the impact of detector systematics on the neutrino rate at the detector
is subdominant compared to the hadroproduction systematic, with a contribution on the
rate uncertainty below ∼ 0.5%.

129



1 2 3 4 5 6 7 8
E  [GeV]

0

100

200

300

400

500

600

700

ev
en

ts
 /

4.
5

10
19

po
t/

0.
5G

eV

e event rate

x 10 hadroprod sys

x 10 calibration uncertainty

1 2 3 4 5 6 7 8
E  [GeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

re
l. 

er
ro

r [
%

] e event rate relative error

hadroprod sys post-fit

calibration uncertainty post-fit

Figure 4.57: Calibration uncertainty (left) νe rate after monitoring of positrons from Ke3 (post-fit), with
bands representing neutrino rate uncertainties due to the residual hadroproduction systematic (blue) and the
impact of calibration uncertainties (red). Only the νe rate component from neutrinos produced by kaons at
target is shown (see text). Errors have been inflated for visualization purposes. (right) Relative errors on the νe
rate shown in the left plot. The impact of calibration uncertainty (blue line) is subdominant compared to the
hadroproduction systematic (orange line).
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Figure 4.58: Calibration bias (left) νe rate after monitoring of positrons from Ke3 (post-fit), with bands
representing neutrino rate uncertainties due to the residual hadroproduction systematic (blue) and the impact
of calibration bias (red). Only the νe rate component from neutrinos produced by kaons at target is shown (see
text). Errors have been inflated for visualization purposes. (right) Relative errors on the νe rate shown in the
left plot. The impact of calibration bias (blue line) is subdominant compared to the hadroproduction systematic
(orange line).
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Figure 4.59: Scintillator ageing (left) νe rate after monitoring of positrons from Ke3 (post-fit), with bands
representing neutrino rate uncertainties due to the residual hadroproduction systematic (blue) and the impact of
scintillator ageing (red). Only the νe rate component from neutrinos produced by kaons at target is shown (see
text). Errors have been inflated for visualization purposes. (right) Relative errors on the νe rate shown in the left
plot. The impact of scintillator ageing (blue line) is subdominant compared to the hadroproduction systematic
(orange line).
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Figure 4.60: Summary plot showing the relative error contributions to the νe rate after monitoring of positrons
from Ke3 (post-fit). Only the νe rate component from neutrinos produced by kaons at target is shown (see
text). The relative error due to the residual hadroproduction systematic (orange) is compared to that from the
three considered detector systematics: calibration uncertainty (light blue), calibration bias (red) and scintillator
ageing (slate blue). The impact of the total detector systematic, computed as the quadrature sum of the three
individual contributions, is also shown (dark blue). The overall systematic uncertainty on the neutrino rate
(black), obtained by summing in quadrature the residual hadroproduction and total detector systematics, is
below 0.5% above 2.5 GeV.
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5 The physics potential of the nuSCOPE
monitored and tagged neutrino beam in
neutrino cross-section measurements

The nuSCOPE monitored and tagged neutrino beam offers a wide range of unique and
powerful cross-section measurements that can be tailored to characterise the physics re-
sponsible for the dominant systematic uncertainties in neutrino oscillation analyses. Past
and present experiments such as MiniBooNE, T2K, MicroBooNE, NOνA, and MINERνA
have provided a wide range of measurements on different targets. This large body of mea-
surements, primarily focused on quasi-elastic-like interactions and in the ∼ 1GeV regime,
has highlighted important shortcomings in the way in which neutrino-nucleus interactions
are modeled. Furthermore, in the run-up to the DUNE experiment, there are no exist-
ing or planned high-statistics measurements using an argon target in the energy range
relevant for DUNE beam oscillations (i.e., 2− 3GeV and above). This Chapter provides
a non-exhaustive overview of some of the measurements that could be made with nuS-
COPE and how they can reduce uncertainties in neutrino oscillation experiments. In
particular, their application is focused on supporting the DUNE physics program1, since
the use of the argon-based reference detector described in Sec. 2.4 is assumed. Indeed,
the reference neutrino detector is a liquid argon (LAr) detector with 500 ton fiducial
mass, positioned 25m from the end of the decay tunnel. The neutrino detector front
face measures 4 × 4m2, for a total length of 22.3m. The LAr TPC is assumed to have
a time resolution improved to 300 ps compared to the current ProtoDUNE, thanks to an
enhanced photon detection system as planned for DUNE Phase II upgrades. The physics
goals presented in this Chapter are part of a global strategy of cross-section measurements
aimed at addressing the main sources of systematic uncertainties for future experiments.
They complement past measurements made by the MiniBooNE, T2K, NOνA, Micro-
BooNE, and MINERνA experiments, and will benefit from the experience we will learn
from upcoming measurements at the Fermilab SBN program with ICARUS and SBND.
They are also complementary to the measurements that will be performed in situ with
the DUNE and Hyper-Kamiokande near detectors. This Chapter focuses on measure-
ments of neutrino cross-sections, but in principle, similar measurements could be made
with an antineutrino beam. The work presented in this Chapter constitutes the core of
the neutrino cross-section physics studies of the documents submitted in late March 2025
as input to the European Strategy for Particle Physics Update 2026 for the nuSCOPE
physics case [70, 106].
Sec. 5.1.1 presents the two methods offered by the nuSCOPE facility to measure the neu-
trino energy without relying on neutrino interactions: the Narrow Band Off-Axis (NBOA)

1Tailored studies assuming a water-based detector and projected cross-section measurements focused on sup-
porting the physics program of Hyper-Kamiokande will be reported in future work.
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technique, which achieves a precision of approximately O(10%), and the tagging method,
which can reach the ultimate precision of ∼ 1%. The expected performance of the fa-
cility for a range of reference cross-section measurements is detailed in the following
sections. In particular, Sec. 5.2 describes the neutrino fluxes and then Sec. 5.3 provides
an overview of the simulation to estimate the event rates that can be used for cross-section
measurements. Sec. 5.4 focuses on measurements that exploit the NBOA technique and
the monitored neutrino beam to first make a νµ inclusive energy-dependent cross-section
measurement; νµ and νe differential cross-section measurements are then provided in
Sec. 5.5. Sec. 5.6 explains the PRISM technique and how it can be applied using the νµ
NBOA fluxes to directly measure the νe/νµ cross-section ratio. Sec. 5.7 explains how the
NBOA technique can be used to constrain common backgrounds for neutrino oscillation
analyses, in particular the NC π0 contribution. A set of measurements benefiting from
neutrino tagging is then considered in Sec. 5.8, including direct measurements of neutrino
energy reconstruction bias that can be used to calibrate DUNE alongside measurements
of powerful kinematic quantities to characterise neutrino interactions that are usually
only accessible to electron-scattering experiments.

5.1 A priori measurement of the neutrino energy

5.1.1 The Narrow-Band Off-Axis technique

Due to the proximity of the neutrino detector to the neutrino beam (25m baseline), and to
the large size of the detector itself, the detector surface (4×4 m2) is exposed to a range of
incoming neutrino directions. The energy of νµ produced in π+ → µ+νµ and K+ → µ+νµ
decays is correlated to the emission angle, due to the two-body decay kinematics. As a
result, neutrinos interacting at different off-axis angles span different energy ranges. The
off-axis technique has already been exploited by a cross-section measurement from the
T2K experiment [140], and is essential for the PRISM technique [141], which is planned
for use in the DUNE [142] and Hyper-Kamiokande near detectors [143] as well as in
the SBND experiment [144]. A key advantage of a narrow-band beam like nuSCOPE is
that the off-axis neutrino energy estimation can leverage the parent meson momentum
knowledge at O(10%), enabling an a priori determination of the neutrino energy without
relying on the reconstruction of final-state particles. This is the core concept of the
Narrow-Band Off-Axis (NBOA) technique, which can be applied to νµ fluxes from πµν

and Kµν decays. Neutrinos interacting at different off-axis angles can be identified by
defining a set of hollow cylinders within the detector volume, corresponding to different
radii where interaction vertices occur. The relationship between the probed neutrino
energy Eν and the radial distance r of the interaction point with respect to the center
of the neutrino detector front face is shown in Fig. 5.1. The radial distances covered by
the detector surface correspond, in practice, to an angular range of 0− 4.5◦. By selecting
specific radial slices, it is possible to probe a neutrino flux narrower than the total flux.
Such a feature is leveraged in the experimental setup by defining 10 radial slices, each
spanning a 20 cm window. The contribution of the total νµ flux within each radial slice
is shown in Fig. 5.2, left. The total flux exhibits the characteristic dichromatic energy
spectrum of a narrow-band beam, with a low-energy component from πµν and a high-
energy component from Kµν . At low energies, there is also a contamination of neutrinos
from off-momentum mesons produced in the early stages of the beamline. Notably, this
contamination is absent when considering only neutrinos produced in the decay tunnel,
as shown in Fig. 5.2, right. As expected, the neutrino energy decreases with increasing
radial distances for both πµν and Kµν components. It can be noticed that the sum of the
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NBOA fluxes will be slightly lower than the total flux, as only cylindrical sections inside
the detector volume are considered, while the exposed face of the detector is square.
Therefore, areas near the detector corners are not included in the analysis.
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Figure 5.1: Distribution of neutrino energies Eν from πµν and Kµν decays as a function of the radial distance r
of the neutrino interaction vertex on the exposed surface of the detector.
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Figure 5.2: νµ narrow band off-axis fluxes at different radial distances on the detector surface. The black line
shows the total flux (i.e. considering the total squared surface of the exposed detector face) and the colored
lines show the fluxes incident on filled discs of 20 cm at different radial positions on the detector surface. The
radial position is given by the color scale alongside each plot. (left) Breakdown for all incoming neutrinos.
(right) Breakdown only for the monitored neutrinos, i.e. neutrinos produced from decays occurring along the
instrumented decay tunnel. An inlay shows a zoom on the contribution of neutrinos from kaon parents in the
4− 10GeV energy range.

The change in the probed neutrino energy profile with increasing off-axis angles is shown
in Fig. 5.3. The πµν and Kµν contributions were separated using an energy cut placed at
∼ 4GeV, depending on the off-axis configuration. Since their shape is not symmetrical,
the width of NBOA spectra with asymmetric error bars is reported, representing the
68% percentiles of their distributions with respect to the mean energy. Kaon peaks cover
the range from ∼ 5 to ∼ 8GeV, whereas pion peaks have energies particularly well-
suited for cross-section measurements in the energy domain of next-generation oscillation
experiments.
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Figure 5.3: Mean neutrino energy ⟨Eν⟩ as a function of radial distance r for NBOA interaction spectra obtained
from πµν-like (left) and Kµν-like (right) peaks. The asymmetric error bars correspond to regions of Eν containing
68% of the flux integral on either side of the mean energy (above a threshold of 200MeV, see Sec. 5.2).

5.1.2 Neutrino energy measurement from tagging

The beam tagging allows for measuring the energy of each tagged neutrino interaction
from the kinematics of the associated parent meson decay (Eνµ = Eπ,K − Eµ), indepen-
dently of the neutrino detector response. The energy resolution is dominated by multiple
scattering in the beam and muon spectrometers’ tracking planes. The expected energy
resolution for tracker planes of 0.5% and 1% radiation length is shown in Fig. 5.4. The
neutrino energy resolution lies in the sub-% range, below 0.4% for Eν > 1GeV. Such a
precise energy resolution allows for measuring muon neutrino cross-sections as a function
of energy with a fine-grained binning and negligible smearing between bins. It also gives
the opportunity to directly measure the energy smearing and bias in LAr, as needed by
the DUNE experiment, by comparing the energy estimated in the LAr detector to that
precisely measured by the taggers.
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Figure 5.4: Expected energy resolution of tagged neutrino interactions from π and K decays, as a function of
the true neutrino energy for a material budget per tracking plane of 0.5% (blue) and 1% (orange) of a radiation
length.
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5.2 Neutrino fluxes

The total neutrino fluxes are computed as the neutrinos in the detector acceptance and
normalized to the neutrino detector 4× 4 m2 front face area and to the total protons on
target exposure, which corresponds to 1.4 · 1019 pot. The total obtained νµ and νe fluxes
are shown in Fig. 5.5. The beamline design is such as to maximize the number of neutrinos
produced from meson decays occurring along the instrumented decay tunnel, since these
neutrinos can be monitored by measuring the associated charged leptons. The large-
angle positrons and muons produced from Ke3 and Kµν kaon decays can be measured
using the instrumented decay tunnel, whereas the forward-going muons produced in πµν–
outside the decay volume acceptance – can be recorded using an instrumented hadron
dump. Nevertheless, a significant fraction of neutrinos in the detector acceptance do
not come from meson decays occurring along the instrumented decay tunnel, but rather
from other regions of the facility, and thus they cannot be monitored. These neutrinos
come from interactions within the graphite target, along the beamline, and in the dumps.
In particular, the dominant contribution is below 1GeV, whereas for higher energies,
there are residual contributions due to neutrinos produced along the beamline after the
second dipole (early decays before entering the tunnel) and in the hadron dump. For
the monitoring technique, these neutrinos represent a source of irreducible background in
the energy spectra and, since they cannot be monitored, their contribution to the total
flux will have a larger systematic flux uncertainty associated with them. For the tagging
technique, their impact is reduced as, in most cases, they won’t be matched to a mesonic
decay. A breakdown of the neutrino flux into monitored neutrinos and these additional
background neutrinos is also shown in Fig. 5.5.
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Figure 5.5: Total νµ (left) and νe (right) fluxes on the surface of the detector. The monitored neutrinos (blue)
contributing to the total flux (black) are those produced from decays occurring along the decay volume, i.e. for
which the associated charged lepton can be measured using either the instrumented decay tunnel (νµ from Kµν

and νe from Ke3) or the instrumented hadron dump (νµ from πµν). Note that the y-axis range is limited to
exclude the large spike at very low energies coming from neutrinos produced in the target region; the spike in
the first bin extends to ∼ 8 · 1010 and ∼ 7 · 109 ν / cm2 / 1.4 · 1019 pot for the νµ and νe fluxes respectively.

In practice, although there is a large contribution from the low-energy unmonitored neu-
trinos to the total flux, their impact on the observable event rate will be minimal. At
Eν ≲ 200 MeV, the cross-section for charged current interactions is almost negligible,
and it increases with neutrino energy. To improve the readability of the fluxes, we apply
a 200 MeV cut to remove this contribution. This cut is applied to both the νµ and νe
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fluxes. As mentioned in Sec. 5.1.1, the monitored νµ flux exhibits the typical narrow-band
beam dichromatic energy spectrum [59] since two distinct peaks can be identified: a low
energy peak at Eν ≲ 4GeV due to neutrinos produced by two-body decay in flight of
pions (π+ → µ+νµ) and a high energy peak at Eν ≳ 4GeV coming from the two-body
decay of kaons (K+ → µ+νµ). On the other hand, since muon decays-in-flight are nearly
negligible in nuSCOPE, the νe flux is due to neutrinos coming predominantly from the
three-body kaon decays (K+ → e+π0νe), and a single large peak can be identified.

5.3 Event rates and simulation

5.3.1 Neutrino interaction models and simulation

Neutrino interactions on an argon target are simulated using the GENIE event genera-
tor [145, 146] and the total and narrow band off-axis fluxes shown in Fig. 5.5 and Fig. 5.2,
respectively. The nominal configuration chosen for the simulation is the AR23_20i_00_000
comprehensive model configuration (CMC), corresponding to the model chosen by the
DUNE Collaboration for upcoming sensitivity studies [147]. The CMC uses a Local
Fermi Gas model to describe quasi-elastic (CCQE) interactions [148], with an additional
contribution at high nucleon momenta mimicking the impact of short-range correlations
(SRCs) [149]. The nucleon axial form factor is described by the z-expansion parametriza-
tion, detailed in [150]. Multi-nucleon interactions (mostly two-particle-two-hole interac-
tions, or 2p2h) are simulated with the SuSAv2 model [151, 152]. Resonant interactions
(referred to as RES in the following) use the model by Rein and Sehgal [36]. At higher
energies, non-resonant hadronization processes are simulated using the custom AGKY
model [153] for interactions with an invariant hadronic mass W < 1.7GeV, and using
the PYTHIA 6 generator [154] for W > 3GeV, with a linear interpolation between the
two regions. Intra-nuclear transport processes (i.e. final state interactions, or FSI) are
described using the GENIE hA2018 model [155]. This model uses tuned parameters ac-
cording to the work in [156], in which the parameters have been tuned to neutrino-nucleon
scattering measurements from bubble chamber experiments. In some studies, this model
is compared to an alternative CMC, G21_11a_00_000, whose implementation details can
be found in [157]. The G21_11a_00_000 model has two main differences with respect to
the AR23_20i_00_000 model. First, QE and 2p2h interactions are both simulated using
the SuSAv2 model, but only using inclusive predictions (i.e., only as a function of lepton
kinematics). One of the main consequences of this difference is that the models apply
different treatments to the inclusion of long-range correlations inside the nucleus (also
known as RPA, or random phase approximations), which will have a significant impact
at low energy transfers. Second, the tuned parameters described in [156] are not applied
to this CMC, which results in a higher predicted cross-section for inelastic events.

5.3.2 Expected event rates

The GENIE event generator is used to simulate 1 million CC interaction events using
the total νµ flux, 1 million CC events using the total νe flux, and 1 million CC events
using each of the ten NBOA total fluxes shown in Fig. 5.2. The NUISANCE framework
[158] is then used to facilitate the analysis of these generated events. The total number
of expected events is obtained by multiplying the flux integral and the corresponding
GENIE cross-section, and scaling this number according to the expected exposure, i.e.
1.4 · 1019 pot, and the number of argon nucleons in each corresponding detector volume:
the whole detector volume for the total fluxes and the volumes of hollow cylinders with
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20 cm thick wall at each radial position. As mentioned above, a total fiducial mass of 500
tons of argon in a 4×4×22.3 m3 volume located 25m from the tunnel end is considered.
Except for the study detailed in Sec. 5.7, any detector effects, efficiencies, or smearing
are not applied. Therefore, for νµ and νe CC inclusive interactions, it is assumed that
the reconstruction efficiency for muons and electrons is 100% and that the smearing on
their momenta is much smaller compared to the size of the binning chosen in the stud-
ies. This approximation is quite realistic for LAr Time Projection Chambers, given their
outstanding granularity and particle identification capabilities. Note, however, that this
approximation relies on the assumption that the detector setup can either fully contain
muons or it is instrumented with a downstream magnetized spectrometer. The studies
presented in the following sections aim to provide an overview of the types of measure-
ments possible with this setup, notably in terms of expected statistics. A complete study
will need an estimation of detector effects in the projected measurements, and it is left
for future work.
The total CC event rates are shown in Fig. 5.6 and summarised in Tab. 5.1. As expected,
the large contribution from the low-energy neutrinos outside of the monitored area in
the flux is almost entirely suppressed by the low interaction cross-section. The event
rates show that the two-peaked structure of the νµ flux and the single peak of the νe flux
are preserved, and the contributions are enhanced at higher energies due to the larger
interaction cross-section. The clear separation between the πµν and Kµν peaks seen in
the simulated fluxes is preserved in the event rates. The event rates effectively cover the
range of neutrino energies relevant to the DUNE experiment.
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Figure 5.6: Total νµ (left) and νe (right) charged current event rates. The black solid line shows the total event
rate, and the dashed black line the monitored event rate. For the νµ case, the NBOA total fluxes are also shown
with colored solid lines, where the colors correspond to different radial positions. The HK (blue) and DUNE
(red) regions of interest are given by the shaded areas.

5.4 Flux-averaged νµ CC-inclusive cross-section measurement

One of the simplest yet most powerful measurements that can be made using a monitored
neutrino beam is the measurement of flux-averaged CC cross-sections using different
NBOA fluxes. Since the visible event rate for a neutrino experiment results from the
convolution of the neutrino flux and the interaction cross-section, it is only possible to
measure the total cross-section for a process averaged over the range of available energies.
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channel events / 1.4 · 1019 pot
off-axis νµ at r = 0.1m 1.0× 105

off-axis νµ at r = 0.3m 2.2× 105

off-axis νµ at r = 0.5m 2.2× 105

off-axis νµ at r = 0.7m 1.8× 105

off-axis νµ at r = 0.9m 1.3× 105

off-axis νµ at r = 1.1m 1.0× 105

off-axis νµ at r = 1.3m 8.3× 104

off-axis νµ at r = 1.5m 6.8× 104

off-axis νµ at r = 1.7m 5.9× 104

off-axis νµ at r = 1.9m 5.2× 104

total νµ 1.3× 106

total νe 1.7× 104

total monitored νµ 1.0× 106

total monitored νe 1.2× 104

total tagged νµ 7.6× 105

Table 5.1: νµ and νe event rate integral for AR23_20i_00_000. The event rate is given for the total number of
events, as well as separated into different radial slices with respect to the center of the exposed detector face.

The flux-averaged cross-section ⟨σ⟩Φ (in cm2/nucleon) is defined as follows:

⟨σ⟩Φ =
Nevents

ΦNtgtNpot
(5.1)

where Nevents is the number of expected events in the detector (as predicted by GENIE),
Φ is the neutrino flux integral (expressed in ν/cm2/pot), Ntgt is the number of nucleons
in the considered volume and Npot is the total exposure in protons on target, i.e. 1.4 ·1019
pot. This method does not rely on a fine reconstruction of all final-state particles. Indeed,
it is equivalent to counting the number of neutrino interactions that have a charged lepton
consistent with a muon in the final state, regardless of other products. For wide-band
beams, the measurement of the CC inclusive cross-section is intrinsically limited by the
range spanned by the neutrino flux, since the neutrino energy is not known on an event-
by-event basis. However, by performing a flux-averaged measurement, we avoid building
in model dependence into this analysis. To estimate the feasibility and precision of such
a measurement, this method can be applied to all the NBOA fluxes. As shown in Fig. 5.2
and Fig. 5.6, the πµν-like and Kµν-like contributions to both the neutrino flux and the
event rate are well separated at ∼ 4GeV in true neutrino energy. We therefore apply
this ∼ 4GeV energy cut, depending on the off-axis configuration, to the obtained event
rates2 and extract two flux-averaged cross-sections for each NBOA flux – once for πµν

decays, and once for Kµν decays.
The resulting flux-averaged cross-sections, along with statistical uncertainties, are shown
in Fig. 5.7. Several observations can be made:

• Thanks to the large size of the detector assumed in this setup, the statistical errors
associated with such a measurement are almost always below 1%. The measurement
would therefore be entirely limited by systematic uncertainties. In current high-
statistics measurements, the largest source of systematic uncertainty usually stems

2Indeed, this cut in true neutrino energy introduces some model dependence in the analysis, as the cut would
be made on events as a function of reconstructed neutrino energy. However, due to the small flux in this region and
the natural separation between the fluxes, a negligible contribution to the systematic budget of the experiment
can be expected.
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from the knowledge of the neutrino flux [159, 160]. A systematic uncertainty on
the normalization of the flux of 1% has been assumed, coming from the monitored
beamline. Still, note that, to complete this study, it is also essential to assign
appropriate uncertainties to the unmonitored contributions to the neutrino flux,
which will be investigated in future work.

• The energy ranges spanned by the πµν and Kµν peaks cover the vast majority of the
DUNE on-axis flux.

• The natural span of the πµν and Kµν fluxes results in a gap in the inclusive cross-
section measurements between 3 − 5GeV. However, this region can be recovered
using techniques such as obtaining a virtual flux from the real νµ fluxes (the PRISM
technique), which will be described in Sec. 5.6.
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Figure 5.7: Flux-averaged νµ CC inclusive cross-section as a function of neutrino energy using the NBOA tech-
nique. The colored lines correspond to the NBOA fluxes at different radial distances, given by the colored scale
to the right of the figure. The Kµν component of each flux has been artificially inflated by a factor of 10 for
illustration purposes. Each NBOA flux has a corresponding predicted measurement point of the same color.
Horizontal error bars encase the 68% percentiles with respect to the mean energy for the NBOA fluxes. The
underlying figure shows the size of uncertainties due to available statistics (blue) and considering also systematic
uncertainties related to the monitored flux prediction, assumed to be ∼1% (red). The measurements are com-
pared to the AR23_20i_00_000 model (blue) and the G21_11a_00_000 model (purple). The DUNE near-detector
flux is shown for reference using an arbitrary normalization.

It is worth noting that, in principle, other experiments can perform such flux-averaged
measurements using off-axis fluxes. This technique is proposed both for DUNE via the
DUNE-PRISM [142] setup and by the SBND experiment [144]. However, in the case
of DUNE-PRISM, the off-axis fluxes are significantly wider than the NBOA fluxes con-
sidered in this work, making a fine-grained analysis of the evolution of the cross-section
more difficult. They also cannot easily probe the tail of DUNE neutrino energy dis-
tributions. Whilst the SBND-PRISM concept offers exciting possibilities for imminent
measurements, it spans only a small range of neutrino energies compared to the NBOA
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fluxes in this analysis. More importantly, the measurement proposed in this Chapter
will benefit from the percent-level constraint on the integral of the neutrino flux from
the monitoring instrumentation, whereas conventional beams are currently limited by
flux systematic uncertainties of the order of 10%, which present a bottleneck to precision
measurements.

5.5 Flux-averaged νµ and νe CC double-differential cross-section
measurements

Whilst the inclusive cross-section measurement presented in Sec. 5.4 provides a very useful
measurement, it only constrains the total CC cross-section, which gets contributions from
several channels regulated by different dynamic processes. The relative contribution and
the specific underlying physics of each process are fundamental information needed to
ensure the success of future experiments. There are a variety of measurements that allow
us to probe these individual mechanisms; in this section, only a few examples inspired by
measurements made by current neutrino scattering experiments are considered.

5.5.1 νµ CC0π differential cross-section

The measurement of differential cross-sections as a function of outgoing lepton kinematics
is a notable example. The simplest channel that can be targeted experimentally is the CC
quasi-elastic (CCQE) process, also referred to as a one-particle-one-hole (1p1h) process,
containing a single lepton and nucleon in the final state. Indeed, it is not possible to mea-
sure pure CCQE events, since the interaction takes place inside the nuclear medium and
final state interactions result in the same interaction topology from different interaction
channels. The closest visible final state in a detector is one with a final state lepton and
no pions, known as the CC0π topology. The CC0π topology will have significant contri-
butions from CCQE processes, but also from multi-nucleon interactions (2p2h), resonant
pion production where the pion has been absorbed inside the nucleus (RES), or other
processes with no pions in the final state. CC0π cross-sections have been extensively
measured by neutrino scattering experiments (see e.g. [140, 161, 162]). The interest in
measuring the differential cross-section as a function of outgoing lepton kinematics is that
the latter maps to the momentum and energy transfer in a neutrino scatter, averaged
over the range of available neutrino energies. In addition, inclusive predictions as a func-
tion of lepton kinematics are often the only type of predictions available inside neutrino
generators from different models. A projected measurement of this double-differential
cross-section, using the AR23_20i_00_000 model, as a function of the muon momentum
pµ and direction with respect to the beam axis cos θµ is shown in Fig. 5.8.
The choice of pµ and cos θµ binning was not optimized for the detector setup. Instead,
the cos θµ binning employed by the T2K experiment in the measurement reported in [140]
has been used. The T2K pµ binning has been refined to have at least 50 expected events
in each bin. From Fig. 5.8, it is apparent that the dominant channel across all cos θµ
ranges is the CCQE process, but we also see contributions from 2p2h, RES, and other
processes, as expected for this topology. The muon angle is correlated with the energy
transfer ω in the interaction – it is clear that the range of muon momenta increases with
increasing values of cos θµ. Importantly, the projected statistical errors on the cross-
section measurement are reported, assuming two different neutrino interaction models.
Across all bins, this error is below 10%. In the peak regions, the error is below 1%. It
is important to note that this level of statistical uncertainty is comparable to that of
conventional cross-section experiments, and at this level of precision, such measurements
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Figure 5.8: Projected measurement of νµ flux-averaged cross-section for CC0π events as a function of muon
momentum pµ in bins of cos θµ, using the AR23_20i_00_000 model (black line) and the G21_11a_00_000 model
(blue line) with error bars. The AR23_20i_00_000 prediction is also broken down by true interaction mode, with
each mode represented by solid colored lines, as indicated in the legend. The statistical error associated with
each measurement is shown beneath each of the main figures
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become systematically limited. However, the largest source of systematic uncertainty
on conventional measurements comes from the modeling of flux uncertainties, at the
level of 10%, whereas the monitored neutrino beam allows this source to be reduced
to the level of 1%. The projected measurement is compared with one using a different
model, G21_11a_00_000. The two models predict different values for the differential cross-
section across all angular regions. The statistical power of the projected measurement
is enough to discriminate between the two models, and the different kinematic regions
are sensitive to distinct aspects of modeling differences. For instance, at high scattering
angles and intermediate momenta, the models differ primarily in the strength of the
cross-section for resonant pion production processes. At forward scattering angles, the
models apply different treatments for the description of collective nuclear effects (such as
nuclear screening). The latter, in particular, is one of the dominant sources of systematic
uncertainties for neutrino oscillation experiments, whether using beam or atmospheric
neutrinos.

5.5.2 νe double differential cross-section

Similar to the projected measurement for muon neutrinos, there is also interest in mea-
suring the differential cross-section for electron neutrinos. Fig. 5.9 illustrates a projected
measurement as a function of calorimetric observables, Eavail and q3. The available, or
recoil, energy Eavail is the calorimetric sum of the outgoing hadronic state. Given the low
energy transfers of interest for modern accelerator experiments O(0.1 − 5GeV), it is a
proxy for the energy seen in a detector with a high tracking threshold, where individual
charged pions are not identified, and no neutron energy is measured [163]. The available,
or recoil, energy Eavail is defined as follows:

Eavail =
∑

i=π±,p

Ti +
∑

i=π0,γ

Ei (5.2)

where
∑

i=π±,p Ti is the sum of proton and charged pion kinetic energies, and
∑

i=π0,γ Ei

is the sum of total energies deposited by neutral pions and photons. This is equivalent
to MINERνA’s definition of Eavail [164]. This variable is particularly interesting as it
provides a proxy for the energy transfer in a neutrino interaction. q3 is the projection
of the momentum transfer vector onto the incoming neutrino direction, which can be
computed according to:

q3 =
√

Q2 + q20 (5.3)

where q0 = ω is the energy transfer. Q2 = −q2 is the square of the four-momentum
transfer, which can be computed as follows:

Q2 = 2(El + q0)(El − |p⃗l| cos θl)−m2
l (5.4)

where El, p⃗l, cos θl and ml are the outgoing lepton energy, momentum vector, direction
with respect to the neutrino beam and lepton mass, respectively. For this illustration, the
reconstructed q3 from particle kinematics are assumed to have been unfolded to the true
value of q3 [165]. It is important to notice that this is a model-dependent procedure when
using a wide neutrino beam, but the model dependence can be mitigated at nuSCOPE
by using tagged neutrinos, whose energy is well-known.
As in the case of the νµ differential cross-section measurement, the projected statis-
tical errors are below 5% for the vast majority of analysis bins. As in the νµ CC
double-differential measurement, the reference model is compared to the alternative

143



0.0

0.1

0.2

0.3

0.4

d2

dE
av

ai
ld

qtru
e

3

10
38

cm
2

nu
cl

eo
n

G
eV

2 /c 0  qtrue
3  < 1 GeV/c

G21_11a_00_000
AR23_20i_00_000
CCQE
2p2h
RES
other

0 1 2 3 4 5 6 7 8
Eavail [GeV]

0

5

er
ro

r [
%

] 0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

d2

dE
av

ai
ld

qtru
e

3

10
38

cm
2

nu
cl

eo
n

G
eV

2 /c 1  qtrue
3  < 2 GeV/c

G21_11a_00_000
AR23_20i_00_000
CCQE
2p2h
RES
other

0 1 2 3 4 5 6 7 8
Eavail [GeV]

0

5

er
ro

r [
%

]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

d2

dE
av

ai
ld

qtru
e

3

10
38

cm
2

nu
cl

eo
n

G
eV

2 /c 2  qtrue
3  < 3 GeV/c

G21_11a_00_000
AR23_20i_00_000
CCQE
2p2h
RES
other

0 1 2 3 4 5 6 7 8
Eavail [GeV]

0

5

er
ro

r [
%

]

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

d2

dE
av

ai
ld

qtru
e

3

10
38

cm
2

nu
cl

eo
n

G
eV

2 /c 3  qtrue
3  < 8 GeV/c

G21_11a_00_000
AR23_20i_00_000
CCQE
2p2h
RES
other

0 1 2 3 4 5 6 7 8
Eavail [GeV]

0

5

er
ro

r [
%

]

Figure 5.9: νe flux-averaged cross-section for CC inclusive events as a function of available energy Eavail in true
three-momentum transfer qtrue

3 bins, broken down by interaction mode.
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G21_11a_00_000 model. Large differences between the two models can be observed,
in particular, at low values of Eavail and low q3. This is a region corresponding to low
energy and momentum transfer, where differences between νµ and νe cross-sections be-
come significant due to the relative contributions of the lepton mass differences. This
proof of principle illustrates that this measurement can be achieved with good statistical
precision, and, as in the case of the νµ CC double differential measurement, with low
associated flux uncertainties of ∼ 1%.

5.6 Measurement of the νe/νµ cross-section ratio

One of the largest sources of systematic uncertainty for future oscillation experiments
is related to the differences between electron and muon neutrino cross-sections. Long
baseline oscillation experiments are in general designed to measure νe appearance in a νµ
beam; nonetheless, they have few direct constraints on the νe cross-section – the latter
often represent small intrinsic contamination in the neutrino flux probed with the near
detector, and they span energies often higher than those of appearance events. The
general strategy of oscillation experiments is to extrapolate the constraints obtained at
the near detector using primarily muon neutrinos, by relying on models that translate
such constraints for the electron neutrino cross-section. If lepton universality is assumed,
the only differences between νµ and νe cross-sections are due to terms in which the lepton
mass becomes significant, which become important at relatively low energy transfers [166,
167]. In these regions, nuclear models predict differences of the order of 3% [167] on the
σ(νe)/σ(νµ) ratio. To be competitive with the differences predicted by theoretical models,
a direct measurement of σ(νe)/σ(νµ) would require an associated error of less than 3%.
Such a direct measurement is challenging to perform, since current artificial beams do not
produce similar νµ and νe fluxes, meaning that cross-section measurements of each are
integrated over different fluxes and thus cannot be directly compared. In this section, the
prospects of measuring the σ(νe)/σ(νµ) ratio with a monitored neutrino beam using the
NBOA technique are discussed to obtain a virtual flux of muon neutrinos that matches
the shape of the flux of electron neutrinos from three-body decays. Such a measurement
employs the PRISM technique [141], which consists of performing linear combinations
of real fluxes in order to obtain an arbitrary target flux shape. These fluxes will be
used to extract the total flux-averaged cross-section for νe and νµ interactions, and their
associated ratio.

5.6.1 PRISM analysis using narrow band off-axis fluxes

The PRISM technique [141, 168, 169] aims to provide measurements at different off-axis
positions with respect to the neutrino beam and to create a virtual flux from a linear
combination of the neutrino fluxes measured at different off-axis positions. The PRISM
concept can thus be used to create a virtual flux φ to reproduce the shape of an arbi-
trary target flux ϕ from a set of linear combinations of the different off-axis fluxes. In
nuSCOPE, the νµ narrow band off-axis fluxes obtained at different radial positions with
respect to the center of the neutrino detector can be linearly combined to create a virtual
flux to match the shape of a given target flux.
In principle, an arbitrary target flux ϕ(Eν) can be reproduced from a proper linear com-
bination of off-axis fluxes Φj(Eν) measured at different off-axis positions j according to:

ϕ(Eν) =
∑
j

cjΦj(Eν) (5.5)
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Since the off-axis neutrino fluxes Φj(Eν) are binned in neutrino energy, Eq. (5.5) can be
written in a more compact form as a set of linear equations to be solved in the coefficient
vector c⃗, as follows:

ϕ⃗ = Φ · c⃗ (5.6)

where Φ is a matrix such that Φi,j is the expected flux at energy bin i and off-axis position
j, whereas ϕ⃗ is a vector such that ϕi is the target flux at energy bin i. Therefore, given
the flux matrix Φ and the target flux ϕ⃗, the coefficient vector c⃗ solving Eq. (5.6) can be
used to create the virtual flux φ⃗ according to:

φ⃗ = Φ · c⃗ (5.7)

thus providing an approximation of the target flux ϕ⃗. Moreover, the set of coefficients
c⃗ can be used to linearly combine the event rates measured at each off-axis position,
obtaining a virtual event rate n⃗ corresponding to the virtual flux φ⃗, as follows:

n⃗ = N · c⃗ (5.8)

where N is the event rate matrix corresponding to the flux matrix Φ. In this analysis,
the input off-axis fluxes are split into the pion and kaon parent contributions with a cut
at ∼ 4GeV neutrino energy, as described in Sec. 5.4. The flux matrix Φ and event rate
matrix N obtained using narrow band off-axis fluxes and projected event rate are shown
in Fig. 5.10, respectively. The units used in the flux matrix are neutrinos in detector
acceptance normalized to the 4× 4m2 front face area of the neutrino detector.
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Figure 5.10: Flux matrix Φ [ν / cm2] (left) and event rate matrix N (right) obtained using narrow band off-axis
fluxes. The neutrino fluxes are ordered for increasing values of off-axis angle, i.e. for increasing radial distances.
The Kµν-like fluxes are shown first and πµν-like fluxes follow. Therefore, as the off-axis angle increases, the
energy decreases.

Since the virtual event rate bin content is ni =
∑

j Ni,j · cj, using error propagation the
bin-by-bin event rate statistical uncertainty can be computed as δn2

i =
∑

j

(
cj
√

Ni,j

)2;
therefore the total event rate statistical uncertainty can be estimated as follows:

δn =

[∑
i

δn2
i

]1/2
=

[∑
i,j

c2jNi,j

]1/2
(5.9)

The statistical uncertainty can be estimated in a more accurate way using a numerical
method based on the multi-universes approach [130]. For each universe, the event rate bin
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contents are varied according to Poisson statistical fluctuations and, for a given c⃗ solution,
an ensemble of N statistically fluctuated virtual event rate histograms is obtained. The
event rate covariance matrix can be computed according to:

cov[j, k] =
1

N − 1

histo∑
u

(νj − nuj)(νk − nuk) (5.10)

where ν is the mean virtual event rate and nu the virtual event rate of a certain universe u.

It is important to stress that the set of linear equations encoded in Eq. (5.6) does not
provide an exact and unique solution, since it is an ill-posed linear algebra problem. If
the set of equations were solved by matrix inversion, namely c⃗ = Φ−1 · ϕ⃗, the statistical
fluctuations in the target flux would lead to large variations in a highly degenerate so-
lution [170]. Therefore, any subsequent analysis using the virtual flux would have very
large statistical uncertainties stemming from the implicit subtraction of large numbers in
Eq. (5.5). The Tikhonov regularization method [171, 172] can be used to find a stable ap-
proximated solution with less variance, where the variations between adjacent elements of
c⃗ are reduced. This introduces a bias to reduce the variance, which can be adjusted via a
regularization strength. The set of coefficients solution c⃗ can be obtained by minimizing:∥∥∥Φ · c⃗− ϕ⃗

∥∥∥2 + ∥Γ · c⃗∥2 (5.11)

where Γ is the regularization matrix defined as follows:

Γ = τ · A (5.12)

where τ is a parameter determining the strength of the regularization and the A regular-
ization matrix has the following form:

A =



1 −1 0 0 . . . 0 0
0 1 −1 0 . . . 0 0
0 0 1 −1 . . . 0 0
0 0 0 1 . . . 0 0
...

...
...

... . . . ...
...

0 0 0 0 . . . 1 −1
0 0 0 0 . . . 0 0


(5.13)

thus forcing the adjacent elements of c⃗ to be similar, since the regularization is on the
first derivative of the coefficient solution c⃗. The set of coefficients c⃗ can be computed
using Tikhonov regularization according to the general formula [170]:

c⃗ =
[
ΦTP Φ + ΓTΓ

]−1
ΦTPϕ⃗ (5.14)

where P is a diagonal matrix which can be used to down-weight regions of neutrino
energy where it is difficult to achieve a good mapping between the real fluxes and the
target one. This can be used, for instance, to prevent the lowest and highest neutrino
energies from affecting the coefficients calculation, in order to prioritise the achievement
of a good matching between the virtual φ⃗ and the target flux ϕ⃗ in the region of interest.
In this analysis, the simplest scenario where P = 1 is considered, and Eq. (5.14) reduces
to:

c⃗ =
[
ΦT Φ + ΓTΓ

]−1
ΦT ϕ⃗ (5.15)

147



0 2 4 6 8 10
E [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

 / 
cm

2

narrow band off-axis  fluxes
target e flux × 10

0.1

0.3

0.5

0.7

0.9

1.1

1.3

1.5

1.7

1.9

of
f-a

xi
s 

ra
di

al
 p

os
iti

on
 [m

]

Figure 5.11: νe target flux and νµ narrow band off-axis fluxes. The νe target flux is shown in grey and inflated
by a factor of 10 to make it comparable with the νµ fluxes. The colored lines represent different NBOA fluxes,
and the line color corresponds to the color scale showing the radial position with respect to the center of the
exposed detector face.

Since, in principle, the target neutrino flux is arbitrary, an appropriate choice is to use
the νe flux measured by nuSCOPE as target and then to create a virtual νe flux from the
νµ narrow band off-axis fluxes. This choice makes possible an estimation of σ(νe)/σ(νµ)
cross section ratio, as will be discussed in the following.
To facilitate a stable solution, a coarse bin width of 0.2GeV is employed both for the νe
and νµ neutrino flux histograms and a 0.2GeV energy cut is applied to remove the first
bin from the analysis (where the interaction cross-section is negligible). The bin width
used for the νe and νµ event rate histograms is 0.5GeV (except for the last bin, which
is coarser); indeed, a larger bin width is employed to reduce statistical fluctuations in
poorly populated bins. The νe target flux and νµ narrow band off-axis fluxes are shown
in Fig. 5.11, with a cut at 0.2GeV. The νe target flux is shown in grey and inflated by a
factor 10 to make it comparable with the νµ fluxes.
An important observation for the PRISM analysis using the NBOA technique is that, at
each off-axis position, the νµ flux is dichromatic and two peaks corresponding to πµν-like
and Kµν-like events are present. The πµν-like and Kµν-like peaks have different amplitudes
due to the branching ratio of corresponding decays; therefore, if a two-peaked flux were
used for each off-axis configuration, it would be difficult to reproduce an arbitrary target
flux, since the virtual reconstructed one would have a preference for a double peak shape,
due to their linear combinations. For the proof-of-concept study presented in this Sec-
tion, the choice was to separate the πµν-like and Kµν-like using an energy cut at ∼ 4GeV,
depending on the off-axis configuration. This assumption is justified by the fact that,
when using the NBOA technique, the πµν-like and Kµν-like populations are generally well
separated. As a result, an energy cut can be applied to effectively distinguish between
them. In reality, the NBOA fluxes are not well separated for all off-axis configurations
(in particular at high off-axis position in the current reference detector setup) because of
background neutrinos coming from regions of the facility different from the decay tunnel,
and in addition, migrations between the two populations can be expected because of the
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reconstructed neutrino energy. The benefit offered by the πµν and Kµν flux separation
is that, as long as they can be considered as independent fluxes, the number of off-axis
configurations is doubled and, as a result, the same applies for the number of coefficients
c⃗ - i.e. degrees of freedom - exploited to reproduce the shape of the target flux. Note
that in Fig. 5.10 the πµν-like and Kµν-like fluxes measured in the same radial position are
reported in different off-axis bins such to create a flux matrix which is more effective in
terms of flux matching capabilities. An example of c⃗ solution according Eq. (5.15) for a
non optimized value of the regularization strength τ = 10−5 is shown in Fig. 5.12, and the
corresponding virtual flux and event rate computed according to Eqs. (5.7) and (5.8) are
shown in Fig. 5.13, respectively. The presence of a dip at ∼ 4GeV can be explained by
the difficult task of combining off-axis fluxes in an energy region corresponding to πµν-like
and Kµν-like peaks separation, where fluxes are poorly populated and flux matching can
be difficult to achieve.
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Figure 5.12: Solution coefficients c⃗ for a non optimized value of the regularization strength τ = 10−5.
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Figure 5.13: Virtual flux (left) and virtual event rate (right) for a not optimized value of the regularization
strength τ = 10−5. The virtual νµ flux or event rate (blue lines) obtained by applying the PRISM technique are
compared with the target νe flux or event rate (filled blue area).

The Tikhonov regularization condition in Eq. (5.11) introduces a bias in the result in
order the make the coefficients vary smoothly among themselves. The smoothness of the
coefficient variations is determined by the regularization parameter τ . Therefore, the
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choice of the regularization strength τ is pivotal for a PRISM analysis since the smooth-
ness of the linear combination coefficients controls the size of the statistical uncertainties.
The optimization of this sensitive parameter is, in general, performed using an "L-curve
scan". The idea of the L-curve scan is to look at the graph of two variables Lx and Ly,
defined as follows:

Lx = log
∥∥∥Φ · c⃗− ϕ⃗

∥∥∥
Ly = log ∥A · c⃗ ∥

(5.16)

and to locate the point where the curvature is maximal [173]. Note that the Lx term
measures the agreement of the virtual and target flux (bias term), whereas Ly measures
the agreement of c⃗ with the regularization condition. For τ → 0 the value of Lx is minimal
and Ly is maximal, since

∥∥∥Φ · c⃗− ϕ⃗
∥∥∥→ 0. As τ gets large, Lx increases whereas Ly gets

small. In general, the parametric plot of Ly against Lx shows a kink and is L-shaped. The
optimum value of τ generally corresponds to the kink location, and its value is chosen to
maximize the curvature. The curvature C of the L-curve is computed according to:

C =
d2LydLx − d2LxdLy

[(dLx)2 + (dLy)2]
3
2

(5.17)

where the first and second derivatives of Lx/y with respect to τ are approximated using
cubic spline parametrization. The point of maximal curvature C is determined using a
cubic spline parametrization of C(τ) [173]. The L-curve scan and the curvature C(τ)
profile are shown in Fig. 5.14 respectively, with the τ value maximizing the curvature.
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Figure 5.14: L-curve scan (left) and curvature C(τ) profile (right), showing an optimized value of the regularization
strength τ value maximizing the curvature.

It is also important to note that as τ → 0 the bias is minimal, but the spikiness of the
coefficients c⃗ is maximal, since the smoothness of the regularized solution is minimal. If no
regularization is applied, wild statistical fluctuation dominates in the solution. Therefore,
the spikiness/smoothness of the solution c⃗ and the event rate statistical uncertainty are,
in general, anti-correlated and an over-regularized solution is not preferable, since the
virtual event rate prediction is dominated by statistical fluctuations.
An alternative method chosen to find the optimum τ value is to scan the trend of the
total event rate statistical uncertainty as a function of τ parameter, and to determine the
value corresponding to a total statistical uncertainty of 2 or 3%, as shown in Fig. 5.15.
The final choice for the regularization strength τ is to obtain a total statistical uncertainty
of 2%, i.e τ = 1.25 · 10−3. The set of coefficients c⃗ solution is shown in Fig. 5.16, and it
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can be noted that the relative variation among adjacent bins is reduced with respect to
the non-optimized solution shown in Fig. 5.12. The resulting virtual flux, compared to
the target flux, is shown in Fig. 5.17, right. Even if there is room for further optimisation
of the regularisation and binning scheme, the fluxes match quite well. The remaining
discrepancy could be accounted for using small model-dependent corrections, where the
model dependence is further mitigated by neutrino tagging.
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Figure 5.15: Total statistical uncertainty as a function of the regularization parameter τ . The optimum values
for τ are chosen as the ones corresponding to a given total statistical uncertainty (2% or 3%).
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Figure 5.16: Solution coefficients c⃗ for the optimized value of the regularization strength τ corresponding to a
total statistical uncertainty of 2%.

The possibility of creating a virtual flux which matches the target electron neutrino flux
from linear combinations of muon neutrino fluxes by means of the PRISM concept makes
it possible to access the σνe/σνµ ratio, according to:

σνe

σvirt
νµ

=
Nνe

Nvirt
νµ

·
∫
Φvirt

νµ (Eν) dEν∫
Φνe(Eν) dEν

(5.18)

where Φνe and Nνe are the genuine νe flux and event rate measured by nuSCOPE whereas
Φνµ and Nνµ are the virtual flux and event rate built from linear combinations of νµ fluxes
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Figure 5.17: Virtual flux (left) and virtual event rate (right) obtained for the optimized value of the regularization
strength τ corresponding to a total statistical uncertainty of 2%. The virtual νµ flux or event rate (blue lines)
obtained by applying the PRISM technique are compared with the target νe flux or event rate (filled blue area).

and event rates measured by nuSCOPE using the narrow band off-axis technique. Note
that since the virtual event rate is obtained from linear combinations of νµ event rates,
the knowledge of σνµ is encoded in the measured νµ event rates. Therefore, the ratio of
real and virtual event rates provides direct access to the σνe/σνµ cross-section ratio since
using the same νe and νµ fluxes, thus on the same energy range. In Eq. (5.18), Nνe is the
νe event rate integral whereas Nvirt

νµ =
∑

i,j Ni,j · cj is the virtual event rate integral.
Using the AR23_20i_00_000 model, a virtual-flux-integrated νµ cross-section measure-
ment with a 2% statistical uncertainty is obtained. A νe flux-integrated measurement
can be made using the νe flux directly with an estimated statistical precision of ∼ 1%.
Using the virtual flux and event rate obtained using the PRISM technique, shown in
Fig. 5.17, it is possible to provide a measurement of σνe / σνµ as follows:

σνe

σνµ

= 1.02± 0.02 (5.19)

thus the relative statistical uncertainty is ∼ 2%3. Therefore, assuming the residual dif-
ferences in the virtual flux can be accounted for, a projected measurement of the νe/νµ
cross-section ratio averaged over the νe flux with a statistical precision of ∼ 2% is ob-
tained. The monitored beam is expected to reduce flux systematic uncertainties at or
below this level, and so a direct measurement of the νe/νµ cross-section ratio at a level of
precision that is comparable to theory calculations is achievable. As shown in Fig. 5.11,
this would be a measurement within the DUNE region of interest, providing a unique
constraint on a source of systematic uncertainty that is currently projected to limit the
experiment’s sensitivity to constraining CP-violation. A measurement using a water-
based target and a lower-energy meson beam may be able to achieve a similar result for
Hyper-Kamiokande.

5.7 Flux-averaged νµ NC π0 cross-section measurement

In addition to providing measurements of the CC-inclusive cross-section, nuSCOPE is
also well-suited to provide a measurement of neutral current (NC) processes. NC interac-
tions constitute a source of background for neutrino oscillation measurements. Although
no charged lepton is produced at the primary vertex, hadrons or photons produced in NC

3The flux integral ratio is Φvirt
νµ /Φνe ∼ 0.969.
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interactions can be mis-reconstructed as electrons following photon conversion processes.
This causes some NC events to be misattributed to CC events with a final state electron.
This is notably one of the main sources of background for neutrino oscillation searches,
in which the flavor of the lepton is used to measure electron (anti-)neutrino appearance.
The main NC channel that contributes to this background is the production of neutral
pions in NC interactions, referred to as the NCπ0 topology. The neutral pions can be
produced via a resonance, coherent scattering off the nucleus, or via neutral pion produc-
tion during reinteractions inside the nucleus. This process has been measured by several
neutrino scattering experiments (see e.g. a measurement performed by the MicroBooNE
Collaboration in [174], used as a reference for this study). Still, the measurements are
limited to energies below ∼ 1GeV. In this section, prospects of measuring this process
using a monitored neutrino beam and the NBOA technique are presented. The same
approach used in Sec. 5.4 is followed. To reduce backgrounds, MicroBooNE separates the
NCπ0 sample into two contributions from events with two photon showers (2γ) and either
no tracked protons (0p) or one tracked proton (1p). The selected events have a single
π0 in the final state and either zero or one proton with momentum above 300MeV/c
(corresponding approximately to the tracking threshold for a liquid argon detector such
as MicroBooNE, quoted as a kinetic energy of 50MeV). An efficiency correction factor
of 10% is applied to the total number of NCπ0 events to match the efficiencies obtained
by MicroBooNE in [174]. The obtained νµ NCπ0 event rate using the NBOA technique
is shown in Fig. 5.18a. Despite the reduction in statistics due to the efficiency correction
and the lower cross-section for NC processes, the NBOA fluxes are still visible and well
separated.
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(a) NCπ0 event rate.
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(b) NCπ0 flux-averaged cross-section.

Figure 5.18: Expected performance of the setup for an NCπ0 measurement using the NBOA technique. The
radial position is given by the associated color scale. The red and blue shaded areas highlight the DUNE and
Hyper-Kamiokande regions of interest, respectively. The assumed selection efficiency εNC1π0 is of 10%. (left)
Expected NCπ0 event rates using the GENIE AR23_20i_00_000 model. The black line shows the expected event
rate using the total flux and the colored lines show the expected contributions at different radial positions in
the detector. (right) Flux-averaged νµ NCπ0 inclusive cross-section as a function of neutrino energy. The Kµν

component of each flux has been artificially inflated by a factor of 10 for illustration purposes. Each NBOA
flux has a corresponding predicted measurement point of the same color. Horizontal error bars encase the 68%
percentiles with respect to the mean energy for the NBOA fluxes. The underlying figure shows the size of the
statistic (blue) and the statistic + systematic (red) errors corresponding to each measurement. The measurements
are compared to the reference AR23_20i_00_000 simulation (blue). The DUNE near-detector flux is shown for
reference using an arbitrary normalization.
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Using each NBOA flux, the flux-averaged inclusive NCπ0 cross-section4 as a function of
the incoming neutrino energy are extracted, as shown in Fig. 5.18b. The expected size
of statistical errors is below 10% across the majority of DUNE energies and below 5%
in the peak region. For reference, the statistical error associated with the MicroBooNE
measurement is of ∼ 6%. However, it is important to note that the latter has an associated
systematic error of ∼ 16%, of which the dominant contribution comes from neutrino flux
uncertainties at the order of ∼ 12%. With the NBOA technique, the contribution of the
flux uncertainty (assumed to be 1%) becomes subdominant compared to the statistical
error. Moreover, the MicroBooNE measurement provides a single flux-averaged cross-
section measurement for a mean energy of ∼ 0.8GeV. Using the NBOA technique, the
cross-section for this process can be measured for a multitude of mean neutrino energies,
covering the relevant energies for DUNE and Hyper-Kamiokande.

5.8 Cross-section measurements with the tagged neutrino sample

In addition to the measurements using a monitored neutrino beam and the NBOA tech-
nique, nuSCOPE provides the unique opportunity to perform measurements using tagged
neutrinos. This provides prospects for performing measurements where the neutrino en-
ergy is known on an event-by-event basis. In this section, several measurements that
can be made by exploiting this new capability are presented and their impact on future
generation experiments is discussed. First, the expected event rate from tagged neutrinos
using the AR23_20i_00_000 model is shown in Fig. 5.19, left. Despite the reduction in
statistics because tagged neutrinos can only be found in the decay tunnel, and taking
into account the tagging efficiency, the total event rate is significant and comparable to
that obtained using the NBOA technique discussed in Sec. 5.3.2. The Kµν contribution
is smaller than the NBOA case due to the lower tagging efficiency in this region. The πµν

contribution is similar to the one obtained with the monitored beam.
In the following sections, a few examples of measurements that can be achieved by ex-
ploiting the tagging technique are presented.

5.8.1 νµ CC-inclusive cross-section

As a natural extension of the study presented in Sec. 5.4, the total νµ CC inclusive cross-
section can also be measured with tagged neutrinos. The key advantage of a tagged
neutrino beam is that it allows for performing the cross-section measurement directly as
a function of neutrino energy, instead of extracting a flux-averaged cross-section for each
off-axis position. The projected measurement is shown in Fig. 5.19, right. The neutrino
energy binning employed for this measurement is uniform in steps of 200MeV5, which is
coarser than the neutrino energy resolution shown in Fig. 5.4.
The total statistics at each neutrino energy extracts a cross-section with associated sta-
tistical uncertainties of less than 5% across the entire considered energy range. The
statistical error on the measurement is below ∼ 1% between 1 − 4GeV, corresponding
to the higher statistics coming from πµν decays. The small increase in statistical error
around 4.5GeV is due to the transition region between the πµν and Kµν populations, and
the statistical error stays at the level of 2−3% for the Kµν region. It is important to note

4In this measurement, we report the “total” NCπ0 cross-section as the ratio of the event rates as predicted
by GENIE using the AR23_20i_00_000 model divided by the incoming monitored neutrino flux. Since NCπ0 is a
final state topology rather than an elementary interaction channel, GENIE does not provide a single cross-section
for these processes. In these results, any discrepancies between cross-section curves and measurement points are
due to statistical fluctuations due to reduced statistics of this topology.

5The binning scheme can be further optimized in future studies.
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Figure 5.19: (left) Projected measurements of the event rate using tagged neutrinos as a function of the true
neutrino energy derived from the tagging procedure. The total event rate (black line) is also broken down by the
expected event rates from each interaction mode (colored lines). The total event rates and their percentages with
respect to the total are given in the legend. (right) Projected measurement of the νµ CC inclusive integrated
cross-section as a function of neutrino energy using tagged neutrinos. The reference model AR23_20i_00_000
(blue) is compared to the alternative model G21_11a_00_000 (purple). The error bars represent the statistical
error expected on the measurement, also shown below the main figure.

that thanks to the tagging technique, this measurement has negligible flux systematic
uncertainties.

5.8.2 Measuring the neutrino energy bias

Due to their requirements for high-intensity neutrino beams, future neutrino experiments
such as DUNE and Hyper-Kamiokande cannot employ the tagging and monitoring tech-
nique in their experimental setups. Therefore, in order to infer the true neutrino energy
from the interaction products, they need to rely on neutrino interaction models that re-
late the amount of visible energy in the detector to the true neutrino energy. There are
large uncertainties associated with neutrino interaction models, and this constitutes a
large source of systematic uncertainty for oscillation measurements.
Using tagged neutrinos, whose true energy is known on an event-by-event basis, it is
possible to directly measure the relationship between the true and reconstructed neu-
trino energies, as seen by future generation neutrino experiments. The prospects for such
a measurement are discussed for a liquid argon detector employing calorimetric energy
reconstruction methods6. The absolute bias in neutrino energy measurements is defined
as the difference between the reconstructed Ereco

ν and true neutrino energy Etrue
ν . In a

liquid argon detector, the reconstructed neutrino energy is given by the sum of the visible
energy deposited in the detector:

Ereco
ν = Eµ +

∑
i=π±,p

Ti +
∑

i=π0,γ

Ei, (5.20)

where Eµ is the muon energy,
∑

i=π±,p Ti is the sum of kinetic energies of protons and
charged pions and

∑
i=π0,γ Ei is the sum of total energies of neutral pions and photons.

Therefore, under this assumption, the difference between the true and reconstructed
neutrino energy will have three main contributions:

6For a water Cherenkov detector such as Hyper-Kamiokande a kinematic energy reconstruction method should
be used, leading to different sources of bias.
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• The missing energy due to the removal energy of nucleons inside the nucleus.

• For each charged pion, a contribution equal to one pion mass (i.e. mπ = 139.6MeV/c2),
since it is assumed that the number of pions is not determined in the analysis, as
they might not always leave an identifiable Michel electron tag and a fraction of
their energy is carried away by neutrinos.

• Invisible energy carried by undetected particles, mainly corresponding to neutrons
produced primarily through final state interactions inside the nucleus (but some
neutrons also come from the elementary interaction processes).

The expected event rates as a function of the absolute and relative neutrino energy
bias are shown in Fig. 5.20a and Fig. 5.20b, respectively. From Fig. 5.20a, it is visible
that the distribution exhibits sharp peaks spaced by integer multiples of pion masses
mπ. The majority of single pions come from RES interactions. At higher energies,
the pion peaks are populated by "other" interactions, which mainly correspond to deep
or shallow inelastic scattering processes. Each peak has a width of the order of 50MeV,
corresponding to the span in nucleon removal energies associated with the ground state of
the nucleus. The absolute bias distributions from pion production and CCQE events sit on
top of a slowly decaying contribution, coming from all interaction modes, corresponding
to events in which a fraction of the energy is carried away by neutrons. The fraction of
neutrino energy carried away by events producing charged pions and neutrons (primarily
in the tail of the distribution) is responsible for a fraction of invisible energy ranging
between 10%− 50%, as can be seen in Fig. 5.20b,
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(a) Absolute bias.
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(b) Relative bias.

Figure 5.20: Expected event rates using the tagging technique as a function of the absolute and relative neutrino
energy bias, using the AR23_20i_00_000 model. The distributions are split by true interaction mode, indicated in
the legend. Ereco

ν is defined as in Eq. (5.20), whereas Etrue
ν is the true neutrino energy derived from the tagging

procedure. Error bars are given for the total predictions from the model. The colored lines show the breakdown
by interaction channel as predicted by the model. Each figure is accompanied by an underlying plot showing the
evolution of the statistical error on the cross-section measurement as a function of each quantity.

Using the a priori knowledge of the energy of tagged neutrinos, the projected measure-
ment of the absolute and relative neutrino energy for different regions of neutrino energy is
shown in Fig. 5.21. The energy ranges considered are between [0, 2] GeV (low), [2, 3] GeV
(mid) and [3, 5] GeV (high). The choice of energy intervals can be further optimized and
was chosen to illustrate how the contributions to the neutrino energy bias change as a
function of neutrino energy. This is particularly important for oscillation experiments,

156



since the constraints obtained with the near detector must be propagated to the far de-
tector, where oscillations change the shape of the neutrino flux.
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Figure 5.21: Projected measurements of the CC cross-section as a function of the absolute Ereco
ν − Etrue

ν (left)
and relative (Ereco

ν − Etrue
ν )/Etrue

ν (right) neutrino energy bias using tagged neutrinos, for different neutrino
energy regions. Ereco

ν is defined as in Eq. (5.20), whereas Etrue
ν is the true neutrino energy derived from the

tagging procedure. Error bars are given for the total predictions from the AR23_20i_00_000 (black) and the
G21_11a_00_000 (light blue) models. The colored lines show the breakdown by interaction channel as predicted
by the AR23_20i_00_000 model. Each figure is accompanied by an underlying plot showing the evolution of the
statistical error on the cross-section measurement as a function of each quantity.
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Fig. 5.21 highlights that this measurement can be performed using the chosen refer-
ence neutrino detector setup with a statistical precision much below 5% across the vast
majority of the spectrum. A similar measurement has been performed by the e4nu Col-
laboration by using electron scattering measurements [175], providing crucial benchmarks
for neutrino interaction models. However, this measurement is only able to probe the
vector part of the interaction. Using the tagged neutrino beam and within the considered
energy ranges, it is possible not only to measure the vector and axial contributions from
neutrino interaction models, but also to use such measurements to effectively calibrate
the neutrino energy bias of the DUNE experiment far detectors as a function of neutrino
energy across the full range of relevant energies.

5.8.3 Electron scattering-like measurements with tagged neutrinos

The measurements described in Secs. 5.8.1 and 5.8.2 provide direct insight into the quan-
tities relevant for future generation neutrino oscillation analyses, but do not attempt to
place constraints on individual interaction channels or the dynamics of the underlying
processes. Historically, electron-scattering experiments have aimed to characterize the
nuclear dynamics in these processes by measuring differential cross-sections as a function
of quantities such as the energy transfer ω and momentum transfer q3, the invariant mass
of the hadronic system W , or the Bjorken x and y variables.
However, electron scattering measurements are only sensitive to the vector part of the
interaction process, since electrons interact electromagnetically, and are not well suited
to probe the axial part of nuclear dynamics. In a tagged neutrino beam, such measure-
ments become accessible using neutrinos as a probe, since their energy is known on an
event-by-event basis, allowing for a direct measurement of the aforementioned quantities.
Such measurements are essential since they can give targeted insight into the exact pro-
cesses that govern nuclear effects, currently dominating neutrino oscillation analyses. In
this section some selected examples of measurements that can be made with the tagged
neutrino sample to refine the nuclear models are presented. A first example is shown
in Fig. 5.22, which compares the expected measurement using muon neutrinos coming
primarily from πµν decays. The resulting triple differential cross-sections are reported as
a function of the energy transfer ω, the muon scattering direction with respect to the
neutrino direction cos θµ and for neutrino energies in the [0, 5] GeV range. The energy
transfer is defined as:

ω = Eµ − Eν (5.21)

where Eµ is the muon energy. Such an observable is only accessible thanks to the a priori
knowledge of the neutrino energy with the tagging technique and cannot be accessed
using conventional broad-band beams. Two angular regions are chosen to highlight dif-
ferences between the AR23_20i_00_000 and G21_11a_00_000 models. The first angular
region (cos θµ ∈ [0.92, 0.93]) highlights differences at relatively high energy transfer values,
which stems from the different parameters related to nucleon-level form factors within
the GENIE event generator. The AR23_20i_00_000 model applies parameters tuned to
bubble chamber measurements of neutrino-nucleon scatters [156], which notably reduces
the cross-section of RES interactions and deep and shallow inelastic scatters. The second
angular region (cos θµ ∈ [0.99, 1]) is dominated by very forward scatters and showcases
primarily the difference in the treatment of collective nuclear effects (such as the nuclear
screening) applied by the different models in the QE region. In both cases, the associated
statistical uncertainty is below 5% across the entire spectrum.
The forward-angle, low energy transfer region probes the physics responsible for the
main systematic uncertainties for beam and atmospheric oscillation analyses [176]. An
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Figure 5.22: CC νµ triple differential cross-section as a function of energy transfer ω, for different muon scattering
angle cos θµ and neutrino energy Etrue

ν regions. The filled regions show the associated statistical uncertainty for
the AR23_20i_00_000 (black) and G21_11a_00_000 (light blue) models. The breakdown by interaction mode is
given for the AR23_20i_00_000 model. Each figure is accompanied by the evolution of the associated statistical
uncertainty on the measurement, shown underneath.

accurate description of such processes as a function of neutrino energy is essential, as
neutrino oscillations modify the fluxes probed with the near and far detectors. The
energy dependence of nuclear effects is also particularly important for oscillation analyses
involving atmospheric neutrinos, where there are no prior constraints like those obtained
with a near detector. This type of measurement can also be achieved with the tagging
technique, as illustrated in Fig. 5.23. The size and shape of the differences predicted by
the two models change as a function of the neutrino energy range. Across the majority of
the spectra, the statistical errors are below 5%, except for low energies (i.e. Eν < 1GeV)
where the measurement in the current binning scheme becomes statistically limited7.
Finally, another example of an electron scattering-like measurement which can be inves-
tigated is the double-differential cross-section as a function of neutrino energy and the
invariant mass of the hadronic system W . The invariant mass of the hadronic system W
can be computed as follows:

W =
√
M2

N + 2MNω −Q2, (5.22)

where MN is the nucleon mass (i.e. neutron or proton, depending on the interaction chan-
nel) and Q2 is the square of the four-momentum transfer Q2 = −q2, where q = (ω, q⃗3).
This is an inclusive definition of the invariant hadronic mass W , using only the neutrino
energy and the four-momentum transfer in the calculation (i.e. it does not add all of
the hadronic components, since they are not visible inside the detector) and assumes
that the nucleon is at rest. Thanks to the tagging technique such a variable becomes
an experimental observable, since Eν , ω and Q2 are known on an event-by-event basis,
providing valuable insight on the mechanisms for hadron generation in neutrino interac-
tions. The distributions of W exhibit peaks corresponding to the different baryons that
are probed during the interaction – first, a nucleon for QE and 2p2h interaction, then a
∆(1232) resonance for the lightest resonance in pion production processes and then in-
creasingly higher-order resonances. In the DUNE energy range, resonant pion production
processes account for roughly ∼ 1/3 of the available CC interactions. Such a projected
measurement is shown in Fig. 5.24, illustrating that as the mean value of neutrino energies
increases, the phase space for interaction as a function of W probes increasingly higher

7However, there is potential for further optimization of the binning for such a measurement.
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Figure 5.23: CC νµ triple differential cross-section as a function of energy transfer ω, for very forward muon
scattering directions cos θµ ∈ [0.98, 1] and different neutrino energy Etrue

ν regions. The filled regions show the
associated statistical uncertainty for the AR23_20i_00_000 (black) and G21_11a_00_000 (light blue) models. The
breakdown by interaction mode is given for the AR23_20i_00_000 model. Each figure is accompanied by the
evolution of the associated statistical uncertainty on the measurement, shown underneath.

mass baryons and the interactions become more inelastic. The associated statistical error
on the cross-section is far below 5% (often below 2%) across all regions of interest.

5.8.4 Other measurements with a tagged neutrino beam

The projected measurements illustrated in this section provide a non-exhaustive set of
measurements that could be made with a tagged neutrino beam. Indeed, an experiment
with event-by-event knowledge of the neutrino energy would represent a paradigm shift
for neutrino cross-section measurements, both from the perspective of mitigating sys-
tematic uncertainties in neutrino oscillation analyses and of using neutrinos as a weakly-
interacting probe of the nucleus. Therefore, there exist several additional possibilities for
measurements with a tagged neutrino beam. For instance, the measurement presented
in Sec. 5.6 could be repeated without the statistically challenging linear combinations of
NBOA fluxes. Instead, an inclusive νµ flux-integrated tagging analysis could simply be
reweighted on an event-by-event basis to model-independently correct the measurement
to the shape of the νe flux. The same concept could be applied to directly measure the
νµ cross-section in the oscillated or unoscillated flux of neutrino oscillation experiments,
allowing a precision check of the cross-sections relevant to those experiments. Recon-
structing specifically the hadronic energy and momentum imbalance could be used for
precision studies of final state interactions (effectively fixing ω and comparing it to the
observed hadronic energy) or to construct spectral functions from neutrino scattering
measurements in the same way it is done for electron scattering [177], allowing a de-
tailed evaluation of the nuclear initial state. Moreover, the knowledge of the neutrino
energy would also allow a detailed exploration of the very poorly understood resonant to
deep inelastic transition region, which is of particular importance to experiments operat-
ing at the few GeV energy scale such as DUNE. The Bjorken and Nachtmann variables
could be precisely reconstructed, and the suppression of the cross-section with respect to
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Figure 5.24: CC νµ double differential cross-section as a function of the invariant mass of the hadronic system
W , and different neutrino energy Etrue

ν regions. The filled regions show the associated statistical uncertainty for
the AR23_20i_00_000 (black) and G21_11a_00_000 (light blue) models. The breakdown by interaction mode is
given for the AR23_20i_00_000 model. Each figure is accompanied by the evolution of the associated statistical
uncertainty on the measurement, shown underneath.
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calculations naively extrapolating standard parton distribution functions into the non-
perturbative region could be precisely mapped. The hadronization could also be explored
in much more detail, using the precise knowledge of four-momentum transfer allowed us-
ing a tagged beam.
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Conclusions

This Ph.D. thesis aims to study the physics potential and prospects of a monitored
and tagged neutrino beam at CERN. The ENUBET/nuSCOPE experiment is designed
to deliver neutrino cross-section measurements at the GeV scale at the percent level,
which is crucial in the precision era of oscillation physics and lepton flavor studies. This
novel facility enables a wide range of measurements that were previously out of reach
and proves essential for next-generation long-baseline neutrino oscillation experiments to
achieve their full precision potential.

The research work I carried out within ENUBET/nuSCOPE contributed to achieving
relevant results for the experiment and its future implementation.

The ENUBET demonstrator, a large-scale prototype of a section of the instrumented
decay tunnel, was exposed at the CERN PS T9 area during dedicated test beam data
campaigns in 2022, 2023, and 2024. I contributed to the analysis of test beam data to
assess prototype performance, the development of a full and realistic GEANT4 simulation
of the demonstrator reproducing test beam conditions, and data/MC agreement studies.
By selecting electrons from the beam, I assessed the electromagnetic energy resolution
and response linearity of the equalized calorimeter. The energy resolution of the right
side of the demonstrator is σ

E
= 15.3%√

E
⊕ 1.1%

E
⊕ 4.4%, which is appropriate for the aims of

ENUBET (< 25% at 1GeV). The discrepancies observed in the data/MC agreement of
the energy resolution were explained by including in the simulation some detector effects
that can contribute to a degradation of the energy resolution, such as photo-electron
statistic fluctuations and geometrical misalignments. In particular, the description of
dead regions between scintillator tiles provided a significant improvement in the data/MC
agreement for the energy resolution. The results from the test beam data analysis are of
great importance for the final validation of the detector performance and as a proof-of-
principle of the ENUBET technique. Furthermore, the data/MC comparison is crucial
for validating the full simulation of the instrumented decay tunnel, which is used to
determine the performance of the charged lepton monitoring technique. Therefore, the
assessment of the demonstrator performance complements, on the instrumental side, the
studies carried out to evaluate the final systematic budget on the neutrino flux.

The assessment of neutrino flux systematic uncertainties and their mitigation thanks
to the monitoring of charged leptons recorded in the instrumented decay tunnel are cru-
cial tasks for a proof-of-concept of the ENUBET technique. In particular, I investigated
the leading systematic contribution affecting the neutrino flux: the yields of secondary
hadrons produced at the target. The hadron production model considered in this work
is drawn from the NA20 and NA56/SPY experiments, from which some semiempirical
formulae both for cross sections and hadron yields have been retrieved. The use of such a
parameterization should be considered as a proof-of-principle test, aiming to demonstrate
that the monitoring of positrons from Ke3 in the decay volume actually allows to reach
a percent-level precision on the electron neutrino flux and, in turn, on its cross section.
The hadron yields measured by NA20 and NA56/SPY have been used to reweight both
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the positron observables at the instrumented decay tunnel and the neutrino flux at the
detector, obtained from a GEANT4 simulation of the entire facility. I developed an algo-
rithm capable of determining the impact of neutrino flux systematic uncertainties before
and after using the information provided by the fit to charged lepton observables. The
algorithm is based on a fit model where the parameters of interest are related to the
hadron production; additional nuisance parameters are then introduced to parametrize
the uncertainties related to detector effects (calibration uncertainty and bias, scintillator
ageing). The GEANT4 simulation of the instrumented tunnel is used to derive a set of
pseudo-experiments including the effects of hadron production and detector-related un-
certainties on the charged lepton observables. I used these synthetic datasets to perform
an extended maximum likelihood fit on the observables to study the feasibility of the
monitoring concept; I used the fit results to set a constraint on the hadron production
yields and on the expected neutrino flux. I carried out the propagation of uncertainties
to the physical observables and to the neutrino flux at the detector by means of the
multi-universe technique, namely a numerical approach to estimate the neutrino flux co-
variance matrix from multiple simulations (universes) where the parameters affecting the
flux estimate are sampled from appropriate probability distributions. The observables
considered in my work are the distributions of visible energy and the impact point of
positrons along the decay tunnel. I have shown that these observables can be used to
constrain the neutrino flux at the percent level. The neutrino flux component originating
from the dumps and reaching the detector cannot be monitored, but it can, in princi-
ple, be reduced by optimizing the location of the dumps. These non-monitored neutrino
contributions can also be minimized using other handles, for instance, by exploiting the
longitudinal position of the reconstructed interaction vertex along the neutrino detector
length and the directionality of reconstructed tracks. The assessment of neutrino flux sys-
tematics has been presented, in particular, considering the contribution to the flux due
to neutrinos originating from kaons produced at the target, since in this case all events
are properly reweighted on hadron production data for kaons. Considering the neutrino
flux produced by kaons at the target —given that the fit constrains the hadron produc-
tion weight maps for kaons— the post-fit precision is well below ∼ 1% level for energies
above ∼ 2GeV. Kaons originating high-energy neutrinos with Eν ≥ 2GeV are mainly
produced in a phase space in which hadron production weight maps are well constrained
using the procedure discussed above. Conversely, for energies below ∼ 2GeV, many of
the neutrinos originate from particles outside the ENUBET phase space. Therefore, the
constraint is weaker and the post-fit error is higher than what obtained at higher energies.
Following kaons, the next most important contribution to the total νe rate comes from
pions produced at the target. In this work, no hadron production constraint was applied
to pions produced at the target. However, several strategies can be employed to improve
the knowledge of this flux component. For instance, one could use the measured K/π
ratio from hadron production data, or exploit the sample of muons recorded in the tunnel
walls and in the hadron dump. These muon data can be used to further constrain the
pion and kaon weight maps that will ultimately be used to reweight the electron-neutrino
flux from muon decay. The results obtained demonstrate that charged lepton monitoring
in the instrumented decay volume can be used to reduce neutrino flux systematic uncer-
tainties at the percent level for the dominant hadron production systematic and below
the percent level for subleading detector-related systematics.

The physics prospects of the nuSCOPE monitored and tagged neutrino beam in terms
of neutrino cross-section measurements have been extensively explored. I provided a set
of neutrino cross-section measurements that could be made by nuSCOPE to reduce uncer-
tainties in neutrino oscillation experiments, with a focus on their application to support
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the DUNE physics program, since the use of an argon-based detector is assumed. I sim-
ulated neutrino interactions on an argon target using the GENIE event generator and
estimated the expected event rates projected to the total 1.4 · 1019 pot statistics, consid-
ering a proton sharing at the SPS compatible with the physics program of BDF/SHiP.
For the case of a monitored neutrino beam, I investigated a set of double differential
cross-section measurements for νe and νµ. The nuSCOPE facility also offers an a pri-
ori determination of the neutrino energy without relying on the reconstruction of final
state particles in a neutrino interaction, by means of the narrow-band off-axis (NBOA)
technique and the tagging method, which can reach the ultimate precision of ∼ 1%. I
investigated the use of such techniques to perform a νµ inclusive energy-dependent cross-
section measurement, whose knowledge is essential for neutrino oscillation experiments
to extrapolate between near and far detectors. Moreover, the NBOA method has also
been exploited to constrain the main backgrounds at the far detectors, such as NCπ0

events. I investigated the feasibility of a PRISM analysis using a monitored neutrino
beam by creating a virtual flux from linear combinations of the νµ narrow band off-axis
fluxes, in order to reproduce the shape of a target νe flux. Such a method can thus be
used to constrain the muon to electron neutrino cross-section ratio, which is projected
to be a dominant systematic uncertainty for measurements of CP-violation, and can be
further improved considering the use of a tagged neutrino beam. A set of measurements
with a tagged beam could be leveraged to determine how simulated events for DUNE
or Hyper-Kamiokande are expected to look in their near or far detectors, thanks to the
event-by-event characterization of neutrino energy. For instance, the direct measurement
of neutrino energy offers the unique possibility to measure the smearing and bias in the
reconstruction of neutrino energy, which need to be understood to properly interpret
far detector event rates as an oscillation probability. Furthermore, a neutrino probe at
the GeV-energy scale could also be leveraged to explore nuclear physics in a previously
unattainable way. For instance, the unique possibility to provide electron-scattering-like
measurements but with tagged neutrinos can definitely provide valuable insights into
nuclear physics. The physics case of nuSCOPE should be further expanded with future
work, in order to consider a water-based target tailored to support the HyperKamiokande
physics program, anti-neutrino beam running, lower energy beam configurations, sensi-
tivity to BSM physics, and a detailed assessment of the detector performance required to
realize its full physics program.

Finally, the results obtained in this Ph.D. thesis rigorously motivate the statement
that monitored and tagged neutrino beams can be used to provide neutrino cross-section
measurements at the GeV scale at the percent level.
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