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Re-thinking artificial neutrino beams

The (4
protons Proton and Van der

Cer .
Horn 1 Horn 2 Decayvolume Hadrondump parad’gm”

N —— — Neutrino
i - . — | * Detector
Neutrinos

“Employ the most intense “Focus as many pions/kaons  “Eliminate any material

, “Build the largest possible
proton accelerator at your as possible” along the beamline in

neutrino detector”

disposal” the decay tunnel”
Pros: Large yield of pions per Large number of neutrinos Large statistics of neutrino
proton-on-target (pot) from pion decay interaction events (CC and NC)
Drawbacks: Lack of control on neutrino Coarse beam diagnostics  Limited precision in the final
energy state reconstruction

LBNF/DUNE is.... the FCC of the van der Meer paradigm ©
But we don’t need such an intense (and coarse) source to measure cross sections!
In addition, we must find a way to have potential sources of v, to test PMNS unitarity (v, > v,)
oscillation and, in general, to understand oscillations beyond v, appearance/disappearance,



A new paradigm for high-precision beams

Sign and momentum selection

\ [
LY
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Collimator Hadron

dump
Neutrinos

Neutrino
..................... .
Detector

Decay volume

I magnets
protons over a long horn-less static focusing instrumented high granularity, fast,
extraction (2-10 s) system based on decay tunnel neutrino detectors

dipole/quadrupoles

Pros: We select secondaries in a We can measure charged Exquisite reconstruction of
narrow energy band leptons associated with the interaction vertex (NBOA — see
We can track pions at single neutrino decay (direct later) and final state particles
particle level using fast silicon monitoring of flux) Time correlation with parent pion
tracker (tagging) and daughter muon (tagging)
Drawbacks: Limited neutrino beam intensity Need for fast, rad-hard detectors Limited statistics

This approach is ideally suited for cross section measurements and precision/BSM physics
(NSI, sterile neutrinos, dark photons, etc.)



Neutrino monitoring and tagging

“Monitored neutrino beams are beams where diagnostic can
directly measure the flux of neutrinos because the
experimenters monitor the production of the lepton associated
with the neutrino at the single-particle level. “ (Wikipedia)
Monitoring: effective removal of systematic uncertainties
associated with neutrino flux modelling

Pioneered in the 1980s, proposed with modern technologies in
2015, R&D from the CERN NPO6/ENUBET Collaboration

“If the time resolution of the particle detector in the tunnel and
the neutrino detector outside the tunnel is very good (below 1
ns), the experimenters can associate unambiguously the
neutrino observed in the detector with the charged lepton
recorded in the tunnel.” (Wikipedia)

Tagging: Event-by-event knowledge of incoming neutrino
energy

Proposed in the 1970s, developed in USSR in the 1980s,
proposed with modern techniques in 2022, R&D from the NP0O6
and NuTAG Collaborations
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https://www.sciencedirect.com/science/article/pii/0168900289914757?via%3Dihub
https://www.sciencedirect.com/science/article/pii/0168900289914757?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-015-3378-9
https://greybook.cern.ch/experiment/detail?id=NP06
https://greybook.cern.ch/experiment/detail?id=NP06
https://www.pd.infn.it/eng/enubet/
https://www.osti.gov/biblio/4117486
https://inis.iaea.org/records/qer09-4h149
https://link.springer.com/article/10.1140/epjc/s10052-022-10397-8
https://greybook.cern.ch/experiment/detail?id=NP06
https://greybook.cern.ch/experiment/detail?id=NP06
https://cds.cern.ch/record/2910172

Liquid argon and

The nuSCOPE implementation ‘
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Instrumented static focusing system | Instrumented decay tunnel Instrumented dump
Proton accelerator: Two quadrupole triplet, four dipoles, Segmented Fe-scint Muon spectrometer
CERN SPS (400 GeV/'c) six silicon trackers for momentum calorimeter for lepton and muon range-meter
Carbon target measurement and tagging monitoring in the tunnel wall

The CERN implementation exploits

* An instrumented decay tunnel and muon range-meter to monitor the numberof K > nev,, m > pv
and K — p v, decays, and to directly measure the v, and v, fluxes from pions and kaons (monitoring).

* A static focusing system and muon spectrometer to tag pions/kaons and the muons fromt — pu v, and K —
) v“decays. These are time-associated with the v, observed in the detector, allowing reconstruction of the
neutrino energy from the two-body kinematics of the parent K and  (tagging).



Beam parameters and optimization

The beamline design originates from the ENUBET design but has been

re-optimized to:

e achieve the original ENUBET physics goals with a number of protons
compatible with the CERN fixed target program, including SHiP

* reduce the instantaneous meson rate in the final dipoles to a level
compatible with particle tracking (silicon trackers)

e Suppress intrinsic backgrounds, such as neutrinos originating outside the

decay tunnel that hit the detector, and positrons produced by tertiary
interactions.

* Enable a realistic implementation within the CERN accelerator complex.

S ome S B N beam I i ne featu res L Momentum measurement:

4 pixel detectors at R4 determine the particle momentum

i Y |
Pb plate:
Energy modulates and removes

positrons in combination with R3
b .

( Graphite target: M d . . )
6 mm diameter; 1.3m long X \\
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Creates a shallow focus in the decay tunnel
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| matches phase advance between R1 and the target |
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followed by p spectrometer
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Parameter

Primary proton energy
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Event rate
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(1% stat. error on ve x-section)

Value

400 GeVlc
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https://link.springer.com/article/10.1140/epjc/s10052-023-12116-3

Beam performance and expected statistics

Reference setup:

A 5-yneutrino run mode with 8.5 GeV momentum secondaries [dedicated low energy runs and anti-neutrino

modes under evaluation]

* A 500 ton liquid argon detector 4x4 m? face; length: 22.3 m, distance: 25 meter from the hadron dump

* Collected statistics: 10° v, CC events, 12000 v, CC events

* Projected event spectra estimated with GENIE from the output flux of the nuSCOPE BDSIM simulation. Flux
systematics from the ENUBET analysis. Tagging efficiency from tracker simulations.
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Physics performance

This facility addresses the most relevant issues for a full understanding of neutrino cross sections, especially
for oscillation experiments. Monitoring provides unprecedented control of the flux and a moderate precision
on the initial neutrino energy through the “Narrow band off axis” technique. Tagging, although technically
more challenging, offer superior energy resolution for the incoming neutrino energy.

The “Narrow-band off-axis” technigue exploits the observed
neutrino interaction vertex, since its distance from the beam
axis correlates with the neutrino energy—provided the parent
meson momentum has a small spread (10% in nuSCOPE).

1e8 narrow band off-axis v,, fluxes

“Neutrino tagging” (=80% of the full v, CC sample
from 7 decay for a 300ps detector time resolution): the
energy is reconstructed from the parent
kinematics. It thus offers a golden sample of
tagged neutrino with sub-percent energy
resolution

T
I monitored v,
sl

calorimeter [

v/cm?/1.4.10'" pot

500 t LAr detector

shielding

photon veto

——] - —_—
flux {illisE o = ]
: Pm:?hx— & a.;. C | — 0.5% X, per tracking plane 7
v g Ll 2r | — 1% X, per tracking plane ]
158 - ci 4
: = . :
134 |

8 w1507 ]
11% o] B III .
Do 1' \ 4
E 0| ek E \\ E
1 0.5¢ :
Il GH - \ 7]
B E‘“—-—-—-._:—__—_:___T_____ 7

0.1 'D_ L ) —_—

r— — —

o
N
-h_
(&)}
Qo

10
Ev[GeV]

E, [GeV]
8



The energy dependence of Vv, cross section

it illustrates sensitivity to theory models
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in the golden tagged sample, the integration
width is no more driven by the energy
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The smearing of reconstructed neutrino energy due to nuclear effects

We can address this key issue by performing high-precision measurements of double differential cross sections
using the NBOA technique or by directly measuring the energy bias from the tagged neutrino sample.

it illustrates sensitivity to theory models
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cross section for “quasi elastic” (CCOn) of the “true” neutrino energy to directly
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Electron-scattering-like measurements with tagged neutrinos

Electron-nucleon scattering experiments provide the primary experimental input
for understanding nuclear effects and developing robust theoretical models.
However, they only access vector currents since the probe is electromagnetic.
Tagged v —nucleus interaction events exhibit the same features, but with a

neutrino probe, which also provides access to the axial component. For example,
the exploitation of the “true” energy transfer w to probe:

regions sensitive to nuclear-level form factors
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Meson and muon tracking (l)

ped™
pt\‘“a‘iﬁ\? . Muon Muon
o calorimeter . Spectrometer range Silicon detectors are
-
f778_ToT10 MeEIEI needed only at the core of
T3T 516 K* i
"4=== thf tra.ckln.g planes.
08 06 OF Scmtlllatmg.fl'ber planes
~ | — are sufficient to
Beam I ‘I:' dump . .e
Spectrometer Ju— 40m long — instrument the outer radii
decay tunnel
T6 LEd
18 € E '°F 45 € £ 0 0.6 T
16 g > 10 4 E > 40 S
14 § 51 35 & 05 N
12 = 3 = 20 04 =
10 X% (0] 25 3 0 5
. 55 1.5 —20 0.2
1
, 4 -10 0.5 —40 0.1
e 2 e 0 o ;
m
12x10 cm? 20x16 cm? 80x100 cm?

Parent and muon tracking requires a time resolution of O(100 ps) and a detector granularity of 300 um.
Particle rates in the hottest (central) planes are 20 MHz/mm? for 1013 pot in 9.6 s. The peak fluence (non-
ionizing dose) is 1016 MeVneq/cm2 We thus benefit from the technology currently being developed for the
LHCb velo upgrade and pioneered at the 2 MHz/mm?2level by NA62 5



Accelerator neutrinos from muons

Produce, accelerate and collect muons in a storage ring is the holy grail of Collider Physics because
 a Muon Collider accelerates muons, which have negligible radiation losses inside a ring (multi-TeV lepton

colliders)

 Muons are elementary leptons and offer the same clean environment as an electron-positron collider

but poses tremendous technical challenges because

* the muon lifetime is quite short (10® s) and acceleration to high Lorentz gamma must occur nearly
instantaneously to prevent early decays

« The muon emittance must be small enough to be collected in the storage ring (challenging) or provide high-
luminosity collisions inside the muon collider (very challenging)

Classical (1990-2012) approach:

* First stage: muon are stored in a ring without acceleration and cooling to have a new source of neutrino for
cross-section experiments and high-precision physics - NUSTORM

* Second stage: muons are cooled (emittance reduction) and accelerated at moderate energies to produce a
Neutrino Factory — IDS-NF

e Third stage: muons are cooled and accelerated to a level adequate for a multi-TeV muon collider

This strategy has been updated after the discovery of 0,5 and | will briefly present the perspectives for muon-
based neutrino sources.
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NuSTORM

Pions are injected at one end of the production straight. Only 50% of the pions decay in the production straight.
Since the arcs are set for the central muon momentum lower than the momentum of the injected pion beam,

pions remaining at the end of the straight will not be transported through the arc and the undecayed pion
beam are dumped into an appropriate absorber.

30 ‘ 1 “
— 151 |
E o : :
l x -15+F 1 :1
-30 ' : : ‘ | ' e
Target 100 <50 o S ]
H y [m] 0 90 100170120130140
orn !_{
= Dump

=Y
4

— Detector
'.u

Muons that decay along the straight section produces p* -e* v, anti-v, if we store u* and p~ e~ anti-v, v, if

we store p~. This source produces as many v, as v, - unlike conventional beams!
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Accelerator challenges
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The ring has a very large aperture since we are not tightly focusing the pions (just a magnetic horn) and muons
have an intrinsic emittance that originate from their decay from pions (p; = 100 MeV)
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Neutrinos from NuSTORM

v flux at Detector front Face
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NuSTORM: detector always on-axis, but can linearly
combine fluxes from different stored-muon momenta
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Neutrino Factories

The concept originates from two seminal papers:

PHYSICAL REVIEW D VOLUME 57. NUMBER 11 1 JUNE 1998

Neutrino beams from muon storage rings: Characteristics and physics potential

Geer understood the enormous potential

S. Geer of muons stored in a decay ring to provide

Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510
(Received 4 December 1997: published 13 April 1998) :
P : intense source of v, and v,

Neutrino oscillation physics with a neutrino factory
o , s They understood the unique features of
A. De Rijula®!, M.B. Gavela®?, P. Herndndez *

* Theory Division, CERN, 1211 Geneva 23, Switzerland this source to address the lepton Yukawa
Y Depr. de Fisica Tedrica, Univ. Auténoma de Madrid, Spain . .
Pl e Fiea Teorid iomom de TGS, bt Sector of the SM if the baseline matches

Received 20 November 1998; accepted 1 February 1999 . .
the oscillation peak at Am?,;

Features:

* Ultra-high neutrino fluxes (102! useful muon decays per year with E, =20-50 GeV))

* Possibility to study v, 2V, oscillations

* Background from “right sign muons” originating from anti- v,

The type of detectors are much simpler than DUNE and HyperKamiokande. Moderate mass detector
with high density and capability to measure the muon sign (magnetized iron)

17



Neutrino Factories: detectors

They look quite similar to MINOS, a magnetized iron detector aimed at observing the v, oscillation
pattern. However, they should be able to look at wrong sign muons (“golden channel” - v, -V, oscillations
and its CP conjugate), v, v, oscillations (“silver channel” - nuclear emulsions) and, possibly, v, < v,
oscillations (low density)
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arXiv:2203.08094v 1

Neutrino Factories: “ultimate precision” ?

The discovery of a large 013 has reduced interest in ultimate facilities, as superbeams are considered 'good
enough' to study the PMNS matrix at the O(1-10%) level. However, achieving a precision comparable to
that of the CKM matrix will still require a new paradigm shift.
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A final thought: these lectures in 10 years from now

_ — _

Determine the missing
parameters of the lepton
Yukawa sector (except my)

Study eV-scale sterile
neutrinos

Unitarity tests

Measure standard neutrino
interactions

Constrain non-standard
interactions (NSI) significantly

Today—2035

Today—2035

>2030

Today—2035

>2030

T2K, NoVA, DUNE,
HyperKamiokande

SBN, DUNE,
HyperKamiokande

DUNE,

HyperKamiokande,

Neutrino Factory

Near detectors of
DUNE and HyperkK,
ENUBET, nuSTORM

DUNE,

HyperKamiokande,

Neutrino Factory

Very likely — at least with 5-10% precision.
particular, | expect the CP phase to be measured W|th
a precision of about 10°.

By definition, this will never be conclusive, but it's
likely that current anomaly tests will be completed.

Unfortunately, we lack a crucial facility: an intense
source of electron neutrinos to study ve = v,
oscillations. A future muon collider could radically
change this.

Significant room for improvement compared to
current precision (10—-30%). Target: 1%.

Wide room for improvement, but we lack benchmarks
as there are no robust models predicting large NSls
without LHC signals.
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Backup slides
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What will we be measuring?

The energy dependence of the neutrino cross The smearing of our neutrino energy
section reconstruction

So we know how to extrapolate from our near to So we can infer the shape of the oscillated
far detectors in oscillation experiments spectrum in DUNE/HyperKamiokande

The differences in the cross section for v, and v, The interaction channels that constitute
backgrounds in DUNE/HyperKamiokande (e.g.
So we can reliably use v, appearance to probe CP- NC nt° production)
violation
So we know how to interpret far detector event
rates

Many other channels not covered in this seminar
because they are work in progress

v-N elastic scattering with tagged v,

The axial counterpart of e-N elastic scattering

exclusive channels, non-standard interactions,
dark sector probes, sterile neutrinos, etc.




V. cross sections and v, / v, ratio

Oscillation experiments cannot fully rely on lepton universality to account for the v, cross sections due to
phase-space-induced effects. Electron neutrino cross sections are therefore particularly valuable and, in
nuSCOPE, mainly originate from kaon decays. These can be monitored with a precision at the 1% level.
Additionally, a 2% level measurement of the ve/vM ratio can be performed using the PRISM technique.
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Since we cannot use either NBOA or tagging for v,, we measure the
flux integrated v, cross section and compare it with the
corresponding v, cross section, which is built from narrow-width v,
fluxes obtained from the NBOA or tagged sample.
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Shielding

* 30 cm of borated polyethylene;

e SiPMs installed on top = factor 18 reduction in

neutron fluence;

Calorimeter with e/m/u separation capabilities:

e sampling calorimeter: sandwich of plastic scintillators and

iron absorbers;

e'l-

Lepton monitoring the decay tunnel Pet

Layout of the instrumented tunnel

* three radial layers of modules / longitudinal segmentation;
* WLS-fibers/SiPMs for light collection/readout;

Photon-Veto allows 0 rejection and timing:

e plastic scintillator tiles arranged in doublets forming inner
rings with a time resolution of ~400 ps;

Pattern identification based on the pattern of
energy deposit in the calorimeter modules
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1 11T 1T 1
—r_——— 1 |

e” (signal) topology

- ; (background) topology

B
7’ (background) topology

>
u™t(signal/bkg) topology

s
The ENUBET dergenstrator

/ + hadron dump instrumentation \

| i Muon stations

1t from m decays

200 ow 200 om 0 om

~  + thin drift gap with

PIMENT

Plcosec Micromegas Detector for ENnubeT

Fast Micromegas

Chwerwos

detectors employing ™=

Promoatoge  oww

sub-25 ps precision
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Meson and muon tracking ()

7 Beam | Muon | LHCb-VELO | NA62-GTK
Specifications [units] | Spectro. | Spectro. (2028) (since 2014)
Peak Dose [Mrad] 700 60 > 107 16
Peak Fluence [IMeVng,/em?] | 1x 10' | 6 x 10 5 x 1016 4.5 x 1014
Peak Rate [MHz/mm?] 20 0.6 10 — 100 2
Time Resolution [ps] < 40 < 100 < 50 < 130
Pixel Pitch [pm] 300 45 300
Material Budget [Xg] | < 1% 0.8% 0.5%
Sensor (Pixel) Readout ASIC
3D trench sensors \__e_/
(FBK through INFN TimeSpot) T
i T icro-channel Cooling P
j%)g‘;“ 5%*: Micro-channel Cooling Plate
O s A Readout ASIC
e il o
o e oo~ Three developments ongoing, all with 28nm
- = CMOS technology

Timespot v2 and IGNITE (3D stacked) by INFN ——» i_".
PicoPix by CERN, Nikhef T



https://www.frontiersin.org/journals/physics/articles/10.3389/fphy.2023.1117575/full
https://cds.cern.ch/record/2914039

Liquid argon detector

The Liquid Argon TPC technology developed by DUNE, in both its “Horizontal Drift” and “Vertical Drift”
configurations, meets all the specifications of nuSCOPE except for the time resolution in tagging mode, which
should be in the 200-500 ps range. It is limited by the light collection efficiency due to poor coverage. This
limitation will be overcome by the third and fourth DUNE modules, which anticipate full 4w photon coverage.

ProtoDUNE-VD Run Il (2027-28)

Field cage equipped with &
Photon Detectors (128 nm)

Cathode equipped with Photon
Detectors (128 nm) as in DUNE
Vertical Drift, validated in
ProtoDUNE-VD (2025)

Anode equipped with VUV (128 nm) SiPMs

event 55 zy view

F r

Muon track
; LABORATORIUM FUR HOCHENERGIEPHYSIK

a
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.96.045001
https://solar-project.web.cern.ch/
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