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Abstract This article describes a new experimental method
for accelerator based neutrino experiments called neutrino
tagging. The method consists in exploiting the neutrino pro-
duction mechanism, the 7% — u*9), decay, to kinemat-
ically reconstruct the neutrino properties from the decay
incoming and outgoing charged particles. The reconstruc-
tion of these particles relies on the recent progress and on-
going developments in silicon particle detector technology.
A detailed description of the method and achievable key per-
formances is presented, together with its potential benefits for
short and long baseline experiments. Then, a novel config-
uration for long baseline experiments is discussed in which
a tagged beam would be employed together with mega-ton
scale natural deep water Cherenkov detectors. The coarse-
ness of this type of detectors is overcome by the precision of
the tagging and, conversely, the rate limitation imposed by
the tagging is outweighed by the size of the detector. These
mutual benefits result in an affordable design for next gen-
erations of long baseline experiments. The physics poten-
tial of such experiments is quantified using the Protvino
to KM3NeT/ORCA setup as a case study for which an
unprecedented sensitivity to the leptonic CP violation could
be achieved.

1 Introduction

The discovery of neutrino oscillation with atmospheric neu-
trinos and its confirmation with solar neutrinos have inaugu-
rated arich field in fundamental physics. Following these first
measurements, new experiments were designed to operate
with controlled neutrino sources to more precisely measure
the neutrino oscillation parameters. In this context, experi-
ments have been performed with neutrino beams with ener-
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gies of O(1-10)GeV produced at particle accelerators. This
type of experiments typically requires two neutrino detec-
tors. The first one is installed near the accelerator to charac-
terise the initial neutrino flux. The second one is placed fur-
ther downstream and measures the flux after oscillation. For
studying the standard neutrino oscillation, the distance over
which the neutrinos propagate has to be O(100-1000) km.
Hence, these setups are referred to as long baseline neutrino
experiments (LBNE’s) in contrast to short baseline neutrino
experiments (SBNE’s) for which the distance of propagation
is O(10-100) m. The physics case of the latter is the study
of non-standard neutrino oscillations, neutrino cross-sections
and interactions.

The first generations of LBNE’s, K2K, MINOS, T2K,
NOVA, have successfully improved the knowledge on the
mixing angles and the squared mass splittings. The next gen-
eration of experiments, DUNE [1-3] and T2HK [4,5], are
being constructed to determine the neutrino mass ordering
and to study CP violation in the neutrino sector. These new
experiments rely on the same methodology but employ larger
detectors and more powerful beams to collect larger neutrino
samples. Moreover, they implement new techniques such as
movable near detectors to better characterise the neutrino
flux and so reduce the systematic uncertainties. In parallel
to these LBNE’s, several SBNE’s, have been carried out:
LSND, MiniBooNE and MicroBooNE. These experiments
have indicated anomalous oscillation patterns which, as of
today, still remain puzzling.

In all these SBNE’s and LBNE’s, the properties of the neu-
trinos are obtained based solely on the neutrino interaction
final state. This article proposes a new method to refine the
measurement of these properties by also exploiting the neu-
trino production mechanism, the 7= — p*9, decay. The
principles of the method are described in Sect. 2. In Sect. 3,
a generic experimental setup using this method is presented
together with estimates for the most relevant technical per-
formances. In Sect. 4, this generic design is applied to the
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case of a LBNE and preliminary sensitivity estimates to key
observables are presented to illustrate the physics potential
of the setup. Finally, summary and prospects are discussed
in Sect. 5.

2 The neutrino tagging method
2.1 Conceptual description

The neutrino beams produced at accelerators are primarily
obtained by generating an intense beam of pions that decay
in flightas 7% — 9. The possibility of extracting useful
information from the decay has been identified early [6-9]
but never completely implemented as proposed in this arti-
cle.! Continuous progress in silicon pixel detectors [11-13]
allows to operate beam trackers at increasingly high particle
rates such that a neutrino beam line instrumented with sili-
con trackers becomes conceivable. These instruments would
allow to reconstruct all 7+ — /Licf)’# decays from the tracks
of the incoming 7 ¥ and outgoing p*. Using this informa-
tion, for each decay, a tagged neutrino could be formed with
the following properties:

e a muonic initial neutrino flavour, to match the charged
lepton one,

e a chirality opposite to the lepton one, or deduced from
the pion electric charge,

e a direction and energy fulfilling momentum and energy
conservation at the decay.

Based on time and angular coincidence, each neutrino
interacting in the detector could be associated with a single
tagged neutrino. The resulting associated neutrino sample
would allow to access to a rich physics program, as described
in the next section.

2.2 Expected benefits

The neutrino tagging technique has three main advantages.
First, it enables the reconstruction of nearly all neutrinos in
the beam. Second, it allows to track each interacting neutrino
from the detection back to the production at the 7% — p*9,
decay. This ability allows in turn to precisely reconstruct the
interacting neutrino properties by exploiting the decay kine-
matics. These advantages enter in numerous ways into the

study of neutrino physics as described in the next paragraphs.

Improved flux measurement The ability to precisely and indi-
vidually reconstruct all beam neutrinos from 7+ — Mi(ffﬂ

+ +

L At Protvino [10], few interactions of neutrinos from 7+ — nEVy,

were associated with the 4 from the decay.
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decays is very useful to determine the neutrino flux and its
composition in terms of energy, flavour and chirality.

At SBNE’s, the angular resolution on the tagged neutrinos
is sufficient to perfectly determine the neutrino flux, i.e. pre-
dict individually which beam neutrino from 7% — p*9,’s
are in the detector acceptance. Such a perfect flux determina-
tion is extremely useful to measure neutrino cross sections.

At LBLNE’s, the angular resolution might not be suffi-
cient to predict, event-by-event, which tagged neutrinos are
in the detector acceptance. However, the tagging provides
stringent constraints on the ratio of the flux at the far and
near detectors. This ratio is a significant source of uncertain-
ties for oscillation studies [14,15].

Background suppression One of the main backgrounds for
the studies of neutrino oscillation in the appearance v,, —
9, channels at SBNE and LBNE are the non-oscillated v,
beam components [14,16,17]. The tagging technique would
allow to significantly reduce this background [18] as the non-
oscillated interacting v, will not coincide with any tagged v,
and could thus be discarded.

Improved energy reconstruction The tagged neutrino energy
measurement is expected to largely surpass the methods rely-
ing on the neutrino interaction. To illustrate this, one can con-
sider the most forward neutrinos which are very relevant for
on-axis LBNE’s. These neutrinos have an energy, E,, equal
to

Ey=(—m}/m})  Ex =043 E, (1)

where m,, and m are the ,ui and 7* masses and E,; the 7+
energy. Hence, the E, resolution is equal to the 7+ energy
resolution which, in the ultrarelativitic hypothesis, is equal to
the 7+ momentum resolution. A magnetic spectrometer can
easily provide O(0.1—1)% precision for 7 *’s with momenta
of O(1 — 10) GeV/c [11,19] with almost no uncertainties on
the energy scale. By contrast, the reconstruction of the energy
from the neutrino interaction final state is much more chal-
lenging. For instance, in a charged current (CC) interaction,
the charged lepton recoils against an hadronic system which
is subject to substantial stochastic fluctuations. These fluctu-
ations induce variations of the light yield at Cherenkov water
detectors [20], and of the ionisation charge at liquid argon
detectors [21]. As aresult, the resolutions obtained with these
detectors are about one order of magnitude worse than the
one expected with the tagging technique. Moreover, relat-
ing the light yield or the ionisation charge to the neutrino
energy relies on interaction models which induce significant
uncertainties on the energy scales. These effects are notably
detrimental to the study of neutrino oscillations [22,23].
Hence, the tagging technique allows to further reduce sys-
tematic uncertainties related to energy reconstruction and
opens new possibilities to resolve the energy dependent pat-
terns of the neutrino oscillation. This ability will further help
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to reduce the impact of systematic uncertainties as pointed
in the conclusions of [14].

Improved neutrino flavour identification The tagged neutrino
energy reconstruction is independent of the neutrino interac-
tion final state. Hence, by comparing the tagged neutrino
energy to the visible energy deposited in the detector by the
interacting neutrino, one could determine the process under-
gone by the neutrino during the interaction.

For example, this ability would allow to identify NC events
as they release a smaller visible energy than CC interactions
due to the outgoing neutrinos. The rate and spectrum of the
NC events are unaffected by the neutrino oscillation. Hence
they are conventionally considered as a background for the
oscillating signal. However, in a tagged experiment, not only
these events could be isolated from the signal, but they could
also serve the analysis for instance to further constrain the
neutrino flux.

Similarly, 9;’s undergoing CC interaction release a
smaller visible energy than 9,-CC’s or V,-CC’s due to the
neutrinos produced by the 7* decay. Hence, the same tech-
nique could be used to select a neutrino sample enriched in
V7. Such a sample would be extremely valuable as the V;
appearance channel is essential to constrain the oscillation
matrix unitarity [24].

Improved neutrino interaction modeling The precise flux
determination and energy reconstruction provided by the tag-
ging would allow to improve cross-section measurements,
which will be very important for the next generations of
LBNE’s [14]. Indeed, the nearly perfect knowledge of the
flux would allow to reduce the uncertainties on v, absolute
cross sections but also the energy dependence.

Moreover, as tagged neutrinos are reconstructed indepen-
dently of the neutrino interaction final state, they are excel-
lent probes to refine the phenomenological models used to
infer the neutrino energy from the neutrino—nucleus interac-
tions [22,23].

Event by event chirality determination The tagging technique
allows to determine event-by-event the neutrino chirality.
Hence in a tagged neutrino experiment, the alternation of
the beam polarity is no longer needed and both neutrinos and
anti-neutrinos can be collected together. This ability allows
to collect data samples twice as large as the ones that a con-
ventional beam experiment would for the same beam power
and data taking period. Moreover, collecting both chiralities
together is a strong asset to further reduce systematic uncer-
tainties in the attempt to precisely determine the leptonic CP
violating phase for which, the asymmetry between neutrinos
and anti-neutrinos is crucial.

3 Experimental setup design

The two keystones of the tagging technique are the abilities
to track all charged particles in a neutrino beam line and to
associate the interacting neutrinos to the tagged ones. The
following paragraphs describe how these two challenges can
be addressed.

3.1 Tracking capabilities

Until recently, the use of silicon pixel trackers inside a neu-
trino beam line was prevented by the very high particle
rates of these environments. In the past few years, signif-
icant progress has been achieved to increase the particle
rate at which these instruments can be operated. In partic-
ular, the NA62 Collaboration has developed a beam tracker,
called GigaTracKer [11,25,26], able to withstand an instan-
taneous hadron rate of 750-10° particle/s with a peak flux
of 2.0-10° particle/s/mm?. The particle tracking at these
rates is possible thanks to time-resolved pixels with a res-
olution of 130 ps. The detector life time in this environ-
ment is limited and expected to correspond to a total inte-
grated fluence normalised, under the Non Ionizing Energy
Loss (NIEL) scaling hypothesis, to a 1 MeV neutron equiva-
lent fluence of @(10'4-15)1 MeV neq/cm2. The LHC exper-
iments have started to develop similar detectors [27,28] for
the high luminosity LHC (HL-LHC) upgrade foreseen for
2028. These detectors should be able to operate at even
higher particle rates. They foresee a maximum flux of 20-10°
particle/s/mmz, atotal fluence of O(10'°~17)1 MeV neq/cm2
and a hit time resolution of 30 ps. Assuming that the beam
particles are spread over 0(0.1) m?, these devices would
allow to track a beam with a rate of ©(10'2) particle/s and
survive several years in such an environment. The next sec-
tion describes how a neutrino beam line could be designed
to keep the particle rate within the tracker capabilities.

3.2 Beam line

Three handles are available to reduce the beam particle rate.
First, the particles can be spread in time by extracting them
from the accelerator over a few seconds instead of the few
micro-seconds cycle conventionally used. Second, the parti-
cles can be spread in space by adapting the beam transverse
profile. Last, the particles can be momentum selected to keep
only the 7*’s that would produce neutrinos in an energy
range relevant for the phenomena under study.

@ Springer
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Fig. 1 Schematic of a possible beam line enabling neutrino tagging. Blue rectangles represent quadrupoles, red triangles dipoles and vertical dotted
lines correspond to tracking planes. The number and location of those are not optimised. The schematic is described in more details in the text

While reducing the 7* rate, the slow extraction is also
preventing the use of magnetic pulsed horns traditionally
employed to collimate the 7%’s. These elements could be
replaced with quadrupoles [29]. The ENUBET collabora-
tion has recently demonstrated that quadrupoles sets [30]
can effectively reach a focusing power comparable to those
of horns. Moreover, the quadrupoles can be arranged to focus
both 7 and 7 ~. While this feature is considered to be
problematic for conventional beams, it is clearly desired for
a tagged beam where the neutrino chirality is determined
event-by-event.

Based on these considerations, a beam line design, as
shown in Fig. 1, could be envisaged. In this design, the pro-
tons are brought onto the target over few seconds using a
slow extraction. The charged particles emerging from the
target are refocused using four quadrupoles to ensure sim-
ilar acceptances for w7 ’s and 7 ~’s. Then, the particles are
momentum-selected by a dipole magnet and a collimator.
This momentum selection is expected to reduce the particle
rate by one to two orders of magnitude by removing the low
momentum charged particles [31]. The beam is split into two
branches by the dipole. The positively charged particles are
deflected in one direction and the negatively charged one in
the opposite direction. In each branch, the beam particles are
restored on trajectories parallel to the initial ones by a dipole
magnet with magnetic field opposite to the first one. Finally,
the same arrangement of magnets, but placed in reversed
order, restore the beam particles on trajectories aligned with
the initial ones. The four magnets are thus forming an achro-
mat. Two sets of time-resolved tracking stations are installed
inside and after the achromat. They allow to measure the
direction of the 7% as the particle trajectories inside and out-
side the achromat are parallel. The momentum is obtained
by measuring the displacement between the two trajectories
which scales with the particle rigidity. The 7*’s then tra-
verse a O(100) m long beam pipe where they may decay. At
the end of the decay pipe, a dipole magnet with two sets of
tracking stations, one after and one before the magnet, allow
to measure the ,ui direction, electric charge and momentum.

@ Springer

The beam line section upstream of the decay tube entrance
has to be as short as possible as 7% — p* ¥, decays occur-
ring in this place cannot be reconstructed. Fortunately, the
amount of neutrinos from early decays that happen to be
in the far detector acceptance are significantly reduced by
the improper collimation of the 7% beam up to the last
quadrupole. Likewise, after the last dipole magnet and track-
ing plane, the particles should be stopped as quickly as pos-
sible to prevent untrackable 7% and u* decays.

The 7 rates shown in Fig. 1 are derived assuming the
capabilities of the HL-LHC trackers and a beam transverse
size of at least 0.1 m?. The neutrino rate is derived from this
value assuming that the 7% momentum is O(1-10) GeV/c
and the beam pipe is O(100) m long.

3.3 Interacting and 7agged neutrinos association

The tagging technique relies on the unambiguous matching
between the interacting neutrino and tagged neutrino. This
matching is performed based on time and angular coinci-
dences.

The tagged neutrino time coordinate will be determined
with great precision, as each pixel layer will provide an inde-
pendent time measurement with O(10) ps resolution. Hence
the size of the matching time window will be determined, in
the first place, by the resolution on the interacting neutrino.
The latter is typically O(10) ns. Given this value and a neu-
trino flux of 10! v/s, about O(103) tagged neutrinos will
coincide in time with a given interacting neutrino.

The number of accidentally matching tagged neutrinos
will further be reduced by using the angular coincidence
between them and the interacting neutrino. The efficiency
to reduce the number of matches is determined by the reso-
lutions on the tagged and interacting neutrinos’ directions.

The direction of the interacting neutrino can be derived
as the ratio of the transverse position of the neutrino interac-
tion to the baseline. The resolution on the interaction position
depends on the technology used for the neutrino detector and
ranges from meters, for the sparsest instruments [32], to mil-
limeters for the densest ones [1,33]. Using the most spatially
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resolutions on 7% and u* direction. At the decay point, the recon-
structed 7+ and ,ui directions, g and ug, differ from the true ones,
77 and 7, as the 7+ and u* undergo multiple coulomb scattering in
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Fig. 3 Angular resolution on the tagged neutrino as a function of the
fraction of the 7* energy transferred to the neutrino for different 7+
momenta

resolved detectors technology for SBNE’s, and coarser ones
for LBNE’s, one can always achieve angular resolutions bet-
ter than O(10) prad.

The angular resolution on the tagged neutrino is deter-
mined by the performances of the beam spectrometers. In this
study, these performances are assumed to be similar to the
ones of the existing NA62 GigaTracKer [11]. The momentum
resolution is 0.2% for the 7* and u*. The resolution on the
7+ and ¥ direction is limited by the multiple coulomb scat-
tering that the 7* and ™ undergo, respectively, in the last
and first tracking plane they crossed, as illustrated in Fig. 2.
The tracking planes are assumed to have a thickness of 0.5%
of a radiation length as for the NA62-GigaTraKer [11].

Under these hypotheses, the standard deviation on the
space angle between the true and the reconstructed neutrino
is shown in Fig. 3 for different incoming 7% momenta and
as a function of the neutrino energy.?

The best resolutions are achieved for high momentum
7%’s and high energy 9,’s which are emitted colinear to
the 7*’s. On average, the tagged neutrino angular resolu-

2 As a reminder, the neutrino energy is uniformly distributed between
E,/E; =0 and 0.43.

2 1 ! -
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Fig. 4 Distribution of the number of extra tagged neutrinos in coinci-
dence with the interacting neutrinos assuming different 7% momenta

tion ranges between 0.1 and 1 mrad. These values are one to
two orders of magnitude worse than the angular resolutions
obtained for the interacting neutrinos. Hence, the capability
to correctly associate tagged and interacting neutrinos, based
on the angular coincidence, is determined in the first place
by the tagged neutrino resolution.

This resolution has to be compared with the tagged neu-
trino angular distribution. The wider this distribution, the
smaller the number of accidentally matching tagged neutri-
nos. Hence, a conservative hypothesis consists in assuming
that the 7% beam is perfectly focused and that the ¥, beam
divergence arises only from the 7+ — uicffﬂ decay. In these
conditions, the ¥, beam divergence is around 1/y, where y
is the 7% Lorentz boost. For 7%’s with a momentum of 15
GeV/c, the beam divergence is O(10) mrad while the angular
resolution is about O(0.1) mrad. As a result, the number of
accidentally matching tagged neutrinos will be reduced by a
factor (0.1/10)2, going from 1000 to 0.1. As the worsening
of the resolution at lower 7+ momenta is compensated by
the increase of the beam divergence, the previous result is
expected to be independent of the 7+ momentum. Assum-
ing that the number of accidentally matching tagged neutri-
nos follows a Poisson distribution,’ the association between
interacting and tagged neutrino will be unambiguous for 90%
of the events.

More quantitative simulations have confirmed these qual-
itative results, as reported in Fig. 4. According to the study,
tagged and interacting neutrinos can be associated without
ambiguity for more than 90% of the events with a very
marginal dependence on the 7% momentum. The remain-
ing 10% of the events would have to be discarded for physics
analyses as the association is ambiguous. Background from
mis-associated events would only occur if the true tagged
neutrino is not reconstructed. Such a situation occurs when
the 7’s decay before the trackers. These early decays rep-
resent the main source of missing tagged neutrinos. Com-

3 This hypothesis may be optimistic as time structures in the beam may
remain due to improper de-bunching.

@ Springer
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Fig. 5 Energy resolution on the tagged neutrino as a function of the
fraction of the 7 & energy transferred to the v (black solid) overlaid with
the contributions from the resolutions on the angle between the 7+ and
v (red dashed) and on the 77 momentum (blue dashed)

pared to it, other sources, like tracking inefficiencies, can
be made negligible. Assuming that the fraction of interact-
ing neutrinos originating from early decays is of the order
of O(1)%, the probability for a mis-tagged event is thus
0(0.1)%. Hence, these results, obtained with conservative
hypotheses, indicate that neutrino tagging in a beam with a
rate of 10'! 9,/s should be feasible with the technologies
developed for the HL-LHC.

3.4 Energy resolution

As mentioned in Sect. 2.2, the neutrino energy resolution
obtained from the kinematical reconstruction is expected to
greatly surpass the ones obtained from neutrino detectors
in the GeV energy range. The neutrino energy, E,, can be
derived from the 7+ momentum, pr and the angle between
the 7 and 9V, O, as

(1 —mj,/m2) px
S N @
y v

where y is the 7% Lorentz boost.

The uncertainties on neutrino direction can be assumed to
be negligible (see Sect. 3.3). Hence the uncertainty on 6y, is
dominated by the multiple coulomb scattering of the 7+ in
the last tracking plane it crossed. Assuming a momentum res-
olution on the 77 * similar to what is achieved at NA62 [11,26]
(0p/p = 0.2%), the neutrino energy resolution is expected
to range between 0.6% and 0.2% as shown in Fig. 5, and is
independent of the 7+ momentum.

3.5 Prospects for an experimental demonstrator

In the short term, the NA62 experiment should be able to
demonstrate the feasibility of the neutrino tagging technique.
The collaboration is aiming at collecting about 10'3 75 GeV/c
kaon decays [25,26] and most of them are K+ — utv,.

@ Springer

Given the size of the NA62 liquid krypton calorimeter (20
ton) [34], few hundreds of v, should interact in the kryp-
ton. These events could then be matched with the K+ and
;ﬁ‘ reconstructed in the NA62 spectrometers. Since 2021, a
trigger line dedicated to these events has been operational.

4 Tagged long baseline neutrino experiments
4.1 A new paradigm

The next generation of LBNE’s will be devoted to the preci-
sion measurement of the neutrino oscillation parameters and
in particular the CP violating phase §cp. These measure-
ments require both large neutrino samples and small sys-
tematic uncertainties. In this context, the tagging technique
would be very advantagous as it would greatly reduce the
systematic uncertainties as explained in Sect. 2.2.

However, the limitation imposed by the tagging on the
beam particle rate prevents to use this method for the new
generation of experiments, DUNE [1-3] and T2HK [4,5], as
they are relying on beams of very high intensity to collect
enough statistics.

A tagged LBNE would thus need a very large detector to
collect enough neutrinos with a modest beam intensity. An
interesting option is to use natural water Cherenkov neu-
trino detectors such as KM3NeT/ORCA [32]. Compared
to most of the neutrino telescopes like ANTARES [35],
KM3NeT/ARCA [32], IceCube [36] or Baikal-GVD [37],
which are primarily dedicated to neutrinos with energy above
1 TeV, KM3NeT/ORCA specifically aims at studying the
oscillations of atmospheric neutrinos in the energy range
between 3 and 100 GeV. Using this technology, very large
volumes of water can be instrumented for reasonable costs,
as no excavation is required. For example KM3NeT/ORCA
will instrument around 6.8 Mton of sea water, i.e. a number
of scattering centres more than a hundred time larger than
the ones of DUNE [1-3] or HK [4,5].

While being less granular and precise than these two detec-
tors, this technology should be sufficient for a tagged LBNE.
Indeed, the initial properties of each neutrino being measured
with an unprecedented precision, the detector is mainly left
with the identification of the flavour of the oscillated neutri-
nos.

Hence, a LBNE with a tagged beam and a mega-ton scale
natural water neutrino detector should provide in about ten
years of operation a sample of O(10°) neutrinos [38] of the
highest quality with very small systematic uncertainties. This
option is therefore a viable solution for the next generations
of LBNE’s. In the next sections a case study of such an exper-
iment from the U70 accelerator complex in Protvino, Russia,
to KM3NeT/ORCA is presented. Note that similar LBNE’s
could be implemented between U70 and lake Baikal in Russia
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or between Fermilab and the Neptune submarine infrastruc-
ture offshore of British Columbia [39].

4.2 A tagged LBNE from Protvino to KM3NeT/ORCA

The KM3NeT/ORCA detector is under construction offshore
Toulon, France and the first detection lines deployed already
allowed to observe the oscillation of atmospheric neutri-
nos [40]. The possibility to perform a LBNE from the U70
accelerator complex in Protvino, Russia, to KM3NeT/ORCA
was discussed in detail in [38]. The experiment is referred to
as P20. The baseline of 2595 km corresponds to an energy
at the first oscillation maximum of around 5 GeV, as shown
in Fig. 6, which is well above the detection threshold of
KM3NeT/ORCA. In the following paragraphs, a study of the
sensitivity to §c p of P20 with a tagged beam is presented.

The study assumes that a 450 kW wide band beam can
be delivered by U70 [43]. The neutrino rates and spectra are
assumed to be identical to the ones obtained in the initial
P20 study [38].* Such a beam would allow to collect about
20 - 103 neutrinos and 5 - 10° anti-neutrinos per year with
KM3NeT/ORCA. The beam power corresponds to 2.25- 1014
protons per pulse [43]. The same order of magnitude is
expected for the 7 rate after the protons interacted in the
target and before any selection. This rate can be reduced by
around two orders of magnitude by imposing a minimum
7% momentum of 9 GeV/c [31]. As the maximum neutrino
energy from 7= — u*9), is 0.43 - E,, this selection has
no effect on the neutrino with an energy around and above
5 GeV, the first oscillation maximum. The expected 7 rate
should thus be around 10'? particle/s which is within the
capabilities of the trackers as discussed in Sect. 3.1.

For what concerns the association between interacting and
tagged neutrinos, the resolution on the interacting neutrino
time-of-flight will be dominated by the uncertainties on the
interaction position. The later is expected to be 1 m [32]
corresponding to about 3 ns which is better than the value
assumed in Sect. 3.3. The individual association of the inter-
acting neutrino with the tagged one can thus be taken as
granted.

4.3 Measurement principle

The tagged P20 experimental setup will access an unprece-
dented neutrino energy resolution which opens new possi-
bilities. The standard method to determine §¢ p [44] consists
in measuring the probabilities for neutrino and anti-neutrino
oscillation, P(v, — v¢) and P(v,, — V), and in comparing
them to the expectations. The latters describe two ellipses,

4 Studies should be performed to refine the hypotheses made on the
neutrino rates and spectra as the performances of a tagged beam line
can significantly differs from the ones in [32]

one for each mass ordering, inthe P(v, — v.) xP(v, — V)
plane. At tagged P20, the excellent energy resolution allows
to extend the method and to measure the two probabilities
for different energies. Figure 7 shows these two probabilities
as function of §¢p and for various energies between 4 and
15 GeV. The probabilities are nearly symmetric with respect
to the P(v, — v.) = P(v, — V,) line. The top part corre-
sponds to inverted ordering (IO) and the bottom to normal
ordering (NO). With such a long baseline, the two order-
ings are well separated. Fig. 7(b) shows a zoom into the NO
region. For each energy, the points corresponding to the dif-
ferent ¢ p values describe an ellipse. The points correspond-
ing to the same §¢ p value follow, as the energy is varied, one
of the curved lines in shades of blue. At high energy (dark red
ellipses), both probabilities are null, as the oscillation is no
longer occurring. Near the first oscillation maximum energy,
5 GeV, the curvature of the ellipse is maximal at 5cp = 90°
and 180° which translates in the well known result that the
precision to measure §¢ p is the worse at these values. How-
ever, the ellipses apsides correspond to other ¢ p values for
other energies. In addition, at these energies the ellipses are
more circular. The excellent energy reconstruction offered
by the tagging technique makes it possible to resolve the dif-
ferent ellipses. Hence, the degradation of the §cp precision
at 90° and 180° is expected to be much less pronounced at a
tagged P20.

4.4 Detector responses

The performances of the KM3NeT/ORCA detector in terms
of energy response, effective mass and particle identifica-
tion (PID) are assumed to be identical to the ones obtained
on atmospheric neutrinos. A detailed description of the per-
formances is available in [45]. This hypothesis is conserva-
tive as new reconstruction and triggering algorithms could
be developed to exploit the fact that the direction and energy
of the beam neutrinos are known a-priori. A second sce-
nario is also considered in the study where the detector
photo-cathode density is assumed to be twice as large as
the KM3NeT/ORCA nominal value. In this case, the per-
formances for a given energy are assumed to be equal to
those obtained at KM3NeT/ORCA for twice the energy. A
third limit case scenario is also envisaged where the PID is
assumed to be perfect. The energy resolution on the tagged
neutrino is assumed to be 1% which is also a conservative
hypothesis.

4.5 Tagged P20 sensitivity to §c p
With the assumptions described above, the sensitivity of
tagged P20 to §cp is derived with a method similar to the

one described in [45, Sect. 3.1] and using the oscillation
parameters from [42]. The analysis is performed using the
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Fig. 6 aProbabilities for v, ’s (dark colour scatter plots) and v, ’s (light
colour scatter plots) to oscillate to each neutrino flavours as function of
the neutrino energy and for all possible values of ¢ p. b Probabilities
for a v, ’s (dark red thick lines) and v,,’s (yellow thin lines) to oscillate
to the electron neutrino flavour as a function of the neutrino energy.
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Fig. 7 a Probability for v, to oscillate to v, versus the probability
for v, to oscillate to v,. For each neutrino energy, the two probabilities
describe an ellipse as 8¢ p is varied. The black circles indicates the points
for which écp equals 0°. The color of the ellipses corresponds to the
neutrino energy and is reported on the red color scale in b. The ellipses
obtained assuming normal ordering (NO) and inverted ordering (I10) are
clearly separated with IO above the P (v, — v.) = P(v, — V) line

OscProb [41] and ROOT [46] software packages. The neu-
trino and anti-neutrino data samples are analysed in the plane
made by the energy reconstructed by the tagger and the one
reconstructed by the KM3NeT/ORCA detector. Three event
categories are considered based on the detector PID response:
a track-like class collecting mostly ,,-CC and V;-CC where
the t* decay to a u™; a shower-like class collecting mostly
9,-CC,NC and V;-CC where the t* decay hadronically; and
an intermediate class collecting an admixture of flavours. A
full description of the KM3NeT/ORCA PID performances is
available in [45, Fig. 6]. When a perfect PID is considered,
four event categories are used, one for each flavour and one
for the NC interaction. In this case, the analysis is performed
in one dimension corresponding to the tagged neutrino recon-
structed energy. The distributions of the energy reconstructed
by KM3NeT/ORCA and by the tagger in each PID category is
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The probabilities for different ¢ p values are shown with different line
styles. In both a and b, the oscillation baseline is 2595 km. The oscilla-
tion probabilities are computed with the OscProb software package [41]
and using the oscillation parameters from [42]

20 Ev[GeV]

Bef x 5 5 {850
1 0 ‘:’ 10.0 G(:/7 5 3};;:5 e : 5 [D]

/ N ] C§ 60

| f)f15.0 cev \ h 270

° | 150
1890

0

00 0.05 0.1
P(v, = Vo)

(b)

(dashed line) and NO below. A zoom in the NO region is shown in b.
The blue lines represents the probabilities for a given 6cp value when
the energy is varied. At high energy both probabilities are null as no
oscillation occurs. In both a and b, the oscillation baseline is 2595 km.
The probabilities are computed with the OscProb software package [41]
and using the oscillation parameters from [42]

obtained by applying the detector response to the true energy
distributions.

Several systematic uncertainties, reported in Table 1 are
included in the model to reflect the limited knowledge on:

the oscillation parameters, 013, 6>3 and Amé,

e the detector performances in terms of detection effi-
ciency, energy scale and PID,

the beam neutrino rates,

e the cross-section.

The choice and treatment of these uncertainties are similar to
what is described in [38] and in [45, Sect. 3.1]. Technically,
the systematic uncertainties are implemented with a set of
energy scales and re-normalisation factors which distort the
expected event distributions.
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Table 1 Parameters considered as systematic uncertainties together
with the standard deviation of the Gaussian priors applied to them

Parameter Gaussian Prior Std Dev
013 0.15°

623 2.0°

Am3, 51073 eV?
Global energy scale 3%
Hadronic energy scale 3%

Ve energy scale 3%

PID category energy scales 3%

PID category normalisations 10%
9r-CC cross section 10%

Ve cross section 10%

NC cross section 5%

A first energy scale, referred to as global energy scale in
Table 1, is applied to neutrinos from all channels (v, V), and
9; both CC and NC) and represents the uncertainties on the
detector energy response which originate from the limited
knowledge on the photo-detection efficiency. The large fluc-
tuations of the hadronic showers light yield further increase
the uncertainties on the detection efficiency. Hence, a second
scaling factor, referred to as hadronic energy scale in Table 1,
is applied to neutrinos from all channels but weighted by the
average fraction of light produced by the hadronic shower
in the interaction. Finally, as the energy thresholds and the
energy responses may differ between the channels, a third
factor, referred to as cffe,  energy scale in Table 1, is applied
only to V,,,-CC, as in [38].

The uncertainties on the PID response are implemented
with a set of independent energy scale factors, referred to as
PID category energy scales in Table 1, and applied to the
neutrinos in each PID category. In addition, the event yields
classified in each PID category are scaled by independent re-
normalisation factors, referred to as PID category normali-
sations in Table 1. These re-normalisation factors reflect also
the uncertainties on the total event yield which originate from
the limited knowledge on the detection efficiency, beam rate
and cross-sections.

As the cross sections for NC and V,-CC interactions are
less precisely known than the others, two independent re-
normalisation factors, NC cross section and V,-CC cross sec-
tion in Table 1, are respectively applied to the event yields
from NC and V;-CC.

Gaussian priors are applied to these parameters. The stan-
dard deviations of these priors are identical to [38] and
reported in Table 1.

The sensitivity to exclude the CP-conservation hypoth-
esis is reported in Fig. 8 for different scenarios: standard
P20, tagged P20 and tagged P20 with a denser detector,

V] [ L T T 1 T+ 7 L— T ]
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Fig. 8 Sensitivity to exclude the no-CP violation hypothesis as a func-
tion of the true §¢ p value for P20 (green), tagged P20 (red) and tagged
P20 with a far detector with a photocathode density twice as large as
KM3NeT/ORCA (blue). The solid lines correspond to an exposure of
40-10% POT and the dashed ones to 12-10%° POT

T
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Fig. 9 Precision on §¢p as a function of the true §cp value for P20
(green), tagged P20 (red), tagged P20 with a far detector with a pho-
tocathode density twice as large as KM3NeT/ORCA (blue), and with a
perfect PID (purple)

and, for two different exposures: 12-10%° protons-on-target
(POT) and 40-10%° POT corresponding to 3 and 10 years of
operation with a 450 kW beam. Discovering the CP viola-
tion in the neutrino sector appears to be impossible at P20.
However such a discovery becomes possible with the tag-
ging technique. With 12-10%0 POT, tagged P20 would be
able to claim a So discovery of this effect for 46% of the ¢ p
phases violating the CP symmetry and 68% with 40-10%°
POT. These values are increased to 60% and 76% if a denser
detector is used.

The precision on §¢cp is reported in Fig. 9 for four sce-
narios: standard P20, tagged P20, tagged P20 with a denser
detector and, finally, with a perfect PID. The benefit of the
tagging method is very clear. It allows to reach a much better
precision and the precision obtained remains stable over the
whole §cp range. In the case of tagged P20 with a dense
detector, a precision between 4° and 5° is expected for an
exposure of 40-10%° POT and a water instrumented mass of
6.8 Mton. In the limit case for which a perfect PID is achieved,
a 2° precision could be reached.

@ Springer
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5 Conclusions and prospects

In this article, a new experimental method was presented
for accelerator based neutrino experiments: the neutrino tag-
ging. The method consists in exploiting the neutrino produc-
tion mechanism, the 7% — %V, decay, to kinematically
reconstruct the neutrino properties based on the incoming and
outgoing decay charged particles. The reconstruction of these
particles relies on the recent progress and on-going develop-
ments in silicon particle detector technology which can oper-
ate at very high particle flux. The tagging method allows to
reconstruct individually nearly all neutrinos in the beam and
to determine the particle properties with an unprecedented
precision. Using time and angular coincidences, the neutrino
interacting in the detector can be individually matched to the
¥ — u*9, decay it originated from and to the correspond-
ing tagged neutrino.

The benefits brought by this method are numerous. Such a
precise knowledge of the neutrino source allows to drastically
reduce the systematic uncertainties and background contam-
inations for neutrino oscillation studies. These studies also
benefit from the excellent energy resolution which allows to
fully exploit the energy dependence of the oscillation prob-
abilities. Finally, the tagging technique enables significant
improvements of the cross-section measurements and of the
phenomenological models used to infer the neutrino energy
from the neutrino-nucleus interactions.

The implementation of this technique requires to design
neutrino beam lines where the particle flux remains within the
capabilities of the silicon detector technologies. Ideas were
presented on how to design such a beam line using slow
extraction, large beam transverse size and careful momen-
tum selection of secondary pions. The resulting beam line
layout employs only basic and affordable elements such as
dipoles and quadrupoles. The beam line can simultaneously
collect neutrinos and anti-neutrinos by exploiting the event-
by-event chirality determination provided by the tagging. A
generic beam line design is under investigation within the
CERN Physics Beyond Colliders Study Group [47] and in
collaboration with the Institute for High Energy Physics in
Protvino. The outcome of these studies will allow to refine
the hypotheses made in this article.

Based on these ideas, a new type of long baseline neu-
trino experiments was proposed which uses a tagged beam
together with a mega-ton scale natural water Cherenkov neu-
trino detector. The strength of the design stems from the
counterbalancing of the detector limitations by the assets
of the tagging and vice-versa. Indeed, the coarseness of the
sparse water Cherenkov detector is overcome by the excel-
lent precision of the tagging and, conversely, the rate limita-
tion imposed by the tagging is outweighed by the size of the
detector.

@ Springer

The physics potential for this new type of long baseline
experiments was evaluated with the Protvino to KM3NeT/OR
CA (P20) setup as a benchmark. The reduced systematic
uncertainties and the sub-percent energy resolution yields
unprecedented sensitivities to the CP violating phase dcp.
Several scenarios were considered for the far detector per-
formances extrapolating from the ones obtained with atmo-
spheric neutrinos. These scenarios still require to be consol-
idated with precise studies of the KM3NeT/ORCA detector
performances with tagged beam neutrinos. The most opti-
mistic scenarios indicate that a 2° precision on §cp could
be achieved. Hence, the tagging technique represents a valu-
able option for the next generations of neutrino experiments.
More investigations will be carried out to study the com-
plete physics case of the method at short and long baseline
experiments.
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