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Introduction

 After ~8 years of R&D, a new technology has emerged as a potential paradigm shift in the production of
artificial neutrino beams. Unlike Superbeams (T2K, NoVA, DUNE, Hyper-Kamiokande), these beams offer
unprecedented control over the neutrino source and will enable a new generation of cross-section experiments
targeting percent-level precision in neutrino-nucleus scattering.

* We believe this technology meets the goals set by the 2020 update of the European Strateqy for Particle Physics
(ESPPU).

* We are currently establishing an international collaboration to build the first monitored and tagged neutrino
beam at the CERN SPS.

* We have submitted a detailed input document to the 2026 ESPPU available here

DELIBERATION DOCUMENT
ON THE 2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

To extract the most physics from DUNE and Hyper-Kamiokande, a complementary
programme of experimentation to determine neutrino cross-sections and fluxes is
required. Several experiments aimed at determining neutrino fluxes exist worldwide.
The possible implementation and impact of a facility to measure neutrino cross-sections
at the percent level should continue to be studied. Other important complementary
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Development

2015 conceptual paper e as (2015) 155 2025: “ENUBET + nuTAG” =

The ENUBET ERC project 6/2016- 12/2022 - (SBN@CERN) -

Enhanced NeUtrino BEams from kaon n USCO P E

Tagging ERC-CoG-2015, G.A. 681647 neutrino SPS COmplex for Precision Experiments
nuTAG
* ERC )
ENUBET/NP06 Short baseline neutrinos @ PBC
o * CERN Neutrino Platform *  Physics Beyond Colliders
With SPSC:
@ INFN CSN 2  support of test beams of the tagger ) ENUBET
................................. INFN CSN 1 instrumentation at the PS

* monitoring of all neutrino flavors,
including v, from 7t and K decays


mailto:SBN@CERN

Neutrino cross sections in the 2030s

Current long-baseline expeﬂmenis

o—fﬁ\ Fa Y & SV =

Baseline 295 km 800 km
N;¢¢ (v-mode) 318 384
NZF¢ (v-mode) 94 181

Future long-baseline experiments

Hﬁﬁl

arXiv:1805.04163 arXiv:2002.03005

Current systematic uncertainties

Uncertainty on NJ€¢

Cross Sections

All Syst.

* In the 2030s, DUNE and Hyper-Kamiokande will be limited by
cross-section systematic uncertainties. The lack of precision
in neutrino cross-section measurements jeopardizes the €3B
investment being made in high-precision oscillation

Baseline 295km 1300 km experiments. New cross-section experiments have a

NZ€¢ (v-mode)  ~10000 ~7000

NFe¢ (v=-mode) ~2000 ~1500

compelling physics case - equivalent to roughly doubling the
mass of DUNE and Hyper-Kamiokande



State of the art

* Avibrant neutrino cross-section program using conventional beams over the past
decades has significantly advanced our understanding of v interactions in the
energy range relevant for oscillation experiments, reducing uncertainties to the
0(10%) level. However, several critical limitations have now become evident:

* Theoretical models fail to reproduce high-statistics data due to the complexity
and richness of processes occurring in the nuclear medium during final-state
particle interactions.
* Absolute cross section normalizations are typically affected by Flux
uncertainties in the 5-10% range

* Unlike electron-nucleon scattering, neutrino cross-section experiments lack
monochromatic beams. As a result, cross-section measurements are usually
averaged over a broad-band flux, rendering interpretation challenging. A
significant knowledge gap persists between vector (v-N) and axial (v-N)
couplings, primarily due to the absence of a well-characterized neutrino source
in terms of flavor, flux, and momentum.
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Liquid argon and

The nuSCOPE implementation water Cherenkoy/WBLS

Neutrino detectors
beaﬁ‘ Proton-neutrinos angle = 18 °

Y
oo calorimeter ot DL i
. . Spectrometer range Neutrino
Proton accelerator: (tube) e f1a 7eT0 Mmeter Detector
CERN SPS (400 GeV/c) ™ =
T3 T T5T6

Carbon target | | EEE 1] Ve

BT Kt

Beam RS dump

& 40m long
“‘Q?’ Spectrometer (_decay B —F

Instrumented dump

P T Instrumented decay tunnel

ped \a@e‘ Instrumented static focusing system ns rumende ecay tunne Muon spectrometer
Two quadrupole triplet, four dipoles, Segm_ente Fe-scint and muon range-meter
six silicon trackers for momentum Caloflme.ter_f()f lepton
measurement and tagging monitoring in the tunnel wall

- An instrumented decay tunnel and muon range-meter to monitor the number of K — 7t°e ve, T = v, K- v, decays, and to
directly measure the ve and v, fluxes from pions and kaons (monitoring).

» A static focusing system and muon spectrometer to tag pions/kaons and the muons from = — 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

beamline design originates from the ENUBET one but has been re-optimized to:

- 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)

- Suppress 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

i o Momentum measurement:
Some SB N beam I I ne featu res ’ 4 pixel detectors at R4 determine the particle momentum
Pb plate: ‘ / F / Start of decay tunnel
Energy modulates and removes followed by H spectrometer.

positrons in combination with R3 A\

~ Graphite target: B d . ‘
6 mm diameter; 1.3m long
_ - comparable to the CNGS target - ‘ o >
' Quadrupole triplet
V. % Creates a shallow focus in the decay tunnel

-

Quadrupole triplet
matches phase advance between R1 and the target |

Split-up double-bend achromat (18 deg.)
Momentum selection with a focus in the middle

]

particle flux/PaT/bin (c/GeV)

Parameter Value
Primary proton momentum (GeV /c) 400
Beamline meson momentum (GeV /c) max. 8.9
Proton-beam spill duration slow (4.8s to 9.6 )
Spill intensity (protons/spill) 1.0 x 1013
Event rate (THz) 1-2
Instantaneous power on target (W) 170 — 340
(K™, nT) yield per proton (1:3 % 1072, 1.9 % 10-2)
(K™, nT) rate (GHz) max. (2.7, 40)
Annual proton intensity (protons/year) 2.1-3.2 x 108
Total proton requirement (protons) Tt TR
1072
Beamline spectrum . ool
e B
10 {p=400 GeVlc i
-
107 4 —— u?
o= -
107° +
10-% +
107 4 i
10°¢ " ‘

0 2 q 6 8
momentum p (GeV/c)

10 12 14



Beam performance and expected statistics

With our reference setup:

* 5y neutrino run mode with 8.5 GeV momentum secondaries [dedicated low energy runs and anti-neutrino under evaluation]

Collected statistics: 10°v,CC events, 12.000 v.< events

Flux systematics from the ENUBET analysis. Tagqging efficiency from tracker simulations.
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500 t Liquid Argon detector 4x4 m? face; length: 22.3 m, distance: 25 meter from the hadron dump

Projected event spectra estimated with GENIE from the output flux of the nuSCOPE BDSIM simulation (being also ported to GEANT4)

events / 1.4- 10" PoT

total v, 1.3 % 10°
total v, 1.7 x 107
total monitored v, 1.0 x 10°
total monitored v, 1.2 x 10
total tagged v, 7.6 x 10°
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Implementation at CERN

Currently being studied in the framework of the CERN Physics Beyond Collider (PBC) program. The most promising
locations 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.




Pros and cons

In both cases, nuSCOPE
ECN4 (North Area, Prevessin) requires <25% of the TCC2
« A dedicated experimental hall provides greater flexibility for detector intensity and, hence is
installation and the addition of new detectors for cross-section studies with compatible with the CERN
specific targets. fixed target programme in
« Slow extraction is already implemented in LSS2. 2030-40
* The beam splitter presents significant technical challenges.

* Neutrino detectors have minimal overburden, leading to increased cosmic ray
background during long extractions. -
» May require a dedicated cycle for nuSCOPE, potentially increasing the impacton ~ .WF"¥ T T “Z= ]

proton availability for other experiments. Pl n 3 e ot
TNC/TT61/TCC6 (East Area, Meyrin) = ™

» Detectors are located underground "~ sse:Exacion
- Minimal interference with proton sharing among fixed target experiments N YA

* Requires enlargement of existing tunnels to accommodate neutrino detectors. fo = e
- Implementation of a non-local slow extraction is needed, similar to the system - Hsoedbean,

used at the PS.
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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: unprecedented control of the flux and a moderate precision on the neutrino energy (“Narrow band off axis” technique).
* Tagging, although technically more challenging, offer superior energy resolution for the incoming neutrino energy.

" The “Narrow-band off-axis” technique exploits the observed “Neutrino tagging” (~ 80% of the numu CC sample from 7 decay
neutrino interaction vertex, since its distance from the beam for a 300 ps detector time resolution): the eneray is
axis correlates with the neutrino energy—provided the parent P oo 9y
meson momentum has a small spread (10% in nuSCOPE). reconstructed from the parent kinematics. It thus offers a golden
sample of tagged neutrino with sub-% energy resolution
JUE rllarlrovr bandI oilf-a?tis 'u,.ll‘lu]xesI I .
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Measurements "menu”

1) Energy dependence of the neutrino cross
section » know how to extrapolate from near
to far detectors in oscillation experiments

2) Smearing of neutrino energy
reconstruction — infer the shape of the
oscillated spectrum in DUNE/HyperKamiokande

3) differences in the cross section for v
and v, — reliably use ve
appearance to probe CP violation

4) Interaction channels that constitute
backgrounds

(e.g. NC-rt° production)

— how to interpret far detector event
Rates in DUNE/HyperKamiokande

5) v-N elastic scattering with tagged v,
The axial counterpart of e-N elastic scattering

Many other channels not covered because they
are work in progress exclusive channels, non-
standard interactions, dark sector probes, sterile

neutrinos, etc.




Taggable fraction

In terms of Flux here

Complementarity:

3 body is the realm of the

“calorimeter”, 2 body Si-trackers and
B instrumented dump (kinematics)
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v, from decay region
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v, from reco. decays
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Tagqging performance with
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1) The energy dependence of the v, cross section

it illustrates sensitivity to theory models
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2) Smearing of E,™

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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Without monitoring, the double differential cross section

for “quasi elastic” (CCOx) would be systematic limited
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The tagged sample employs the knowledge of the “true” neutrino
energy to directly measure the energy bias in bins of Eie
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3) v. cross sections and v. [ v, ratio

Oscillation experiments cannot fully rely on lepton universality to account for the ve 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 v. /v, ratio can be performed using the “PRISM
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4) NC-=° background to neutrino oscillation experiments

7° production without outgoing leptons (NC) is the leading background for v. appearance in most oscillation
experiments. In this case, the a priori knowledge of the true neutrino energy plays a crucial role, since we
cannot rely on the outgoing lepton to reconstruct the neutrino energy
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5) Electron-scattering-like measurements with tagged v

e-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

collective nuclear effects

(already the dominant systematics on Am?; for T2K)
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nuSCOPE technical readiness

“ready for construction”? While most of the facility relies on validated technologies, there are
still areas that require full confirmation. In particular,

Design OK Still room for Decay tunnel OK ENUBET R&D (2016-2022)
improvement in reduction  instrumentation
of non-monitored v Hadron dump in progress ENUBET+PIMENT R&D (2021-
Components 0K Standard and existing (at ongoing)
CERN) components Silicon tracking R&D The technologies are identified
Slow in progress  Depends on final fully validated
extraction implementation . . . _ -
Outer tracking in progress  Technologies are identified
Infrastructure in progress Depends on final planes and muon but design and validation in
implementation spectrometer progress
Neutrino detectors
Liquid argon inprogress  Based on ProtoDUNE’s technologies with enhanced light detection
(ProtoDUNE Run Il1)
Water Cherenkov - WBLS OK Based on WCTE’s technology or Water Based Liquid Scintillators (WBLS)

Muon catcher and cosmic ray veto  in progress  Depends on final implementation



Lepton monitoring | Light r/o (siPm)
in the calorimeter

4 Calorimeter Y| 30cmofborated

Longitudinal segmentation
Plastic scintillator + Iron absorbers
Integrated light readout with SiPM

polyethylene (5%)

i i
e* (signal) topology n’ (background) topology

- e*[n*/p separation
\ L] + = il . e A N )
4 Integrated photon veto \
Plastic scintillators rings of 3x3 cm? pads :
- 1 rejection H g [
: : T — Y h=3 cm
photon veto
doublets I A e
, iy ey
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Y S

Frontal Compact Module
3x3x10 cm*-4.3 X,

Il
/n*’(background) topology



Lepton event-by-event reconstruction

GEANT4 simulation. Event building: clustering of cells in space and time
(accounting for pile-up ) = PID with a Multilayer Perceptron

Kes positrons: constrain ve

x1

VISIBLE ENERGY

events/pot
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[ o
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€=20%

100 200 300
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K.2 muons: constrain v,
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About half of the efficiency loss is from geometrical acceptance (lepton too forward)




Precision on the electron neutrino flux from monitoring

- considered the dominant sys. (hadroproduction) extracted from hadroproduction

experiments at the SPS (NA56/SPY), which gives a 6% uncertainty on flux

- added as an additional prior the rate, position and energy distributions of positrons from K decay
reconstructed in the tagger ve CC rate relative error on v, CC rate : pre and post-fit

B v, COMPOnents :
1200 ¢ -« fotal v flux —a&— pre-fit p
B [ hadroprod sys > ; ray . —p ;
i i f )reﬁf?y ' I tagger i post-fit Mi =T
1000~ ¢ | na, L 71

Flux uncertainty for v, and v.

drops from 6% to 1% using
positrons only.

i - y hadron-dump
- P [ target =]
800~ ¢ [ proton-dump =
L K I other 1 i
[ - S | _ fit constraint

600

rel. error [%]

e* observables

Ve CC interactions

400

200

F. Bramati poster at Neutrino2024

1 2 3 4 5 |

E IGe‘:)]
In progress: add detector effects, magnet currents, beam component, material budget uncertainty,
(paper in preparation). Include improvement from the information from Ky,

7
E[GeV)


https://agenda.infn.it/event/37867/contributions/227642/attachments/121089/179044/Bramati_enubet_Neutrino2024.pdf

The calorimeter demonstrator cinissry” ™

e, 7, U (0.5-15 GeV)

Trigger scint.

ﬁ ' | Tl h §Assemblz tlmeligzse ' |
RN 2 e e . 753514889
R oo tles: 4335 https: //|tterm/l/slatus/1694308 53514889350

WLS fibers: ~ 4.5 km

— Channels (SiPM): 1275

@ Fiber concentrators, FE boards: 255
Interface boards (hirose conn.): 22 ,
P” Readout 64ch boards (CAE}N_ASZOZ):&Z ———



https://twitter.com/i/status/1694308753514889350

The ENUBET demonstrator at the CERN PS-EA in 2022-23-24
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energy resolution: right-side

: -~ data 2023
} a=15.27+023
22.5 4 b = 1.16 (fixed)
€ =4.49 £ 027
20.0 4 ¥iidof = 18.48/ 4
175 4 ~§- MC 2023
a=1484+ 009
Tl b = 1.16 (fixed)
’ c=4.49+0.10
2idof = 22.11/ 4
12.5 1 x
10.0 1
7.51
0 1 2 3 4 -

HIL P Piace avalee_terra e altri 18

francesco.terranovatel A hairy detector for neutrino
physics & #enubet #cemn




Detector (u-station)

Instrumented hadron dump (1)

Range-meter after the hadron dump. Extends the tagger acceptance in
the forward region to constrain npzdecays contributing to the low-E V. %

r
A
r

-+ z |
200 am - 200 em " Ts0om Example of the first configuration
under investiaation
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Instrumented hadron dump (1)

PIMENT ANR (Plcosecond MicromEgas for eNubeT), ANR2022-25 CEA, Athens, CNRS, INFN, Thessaloniki, Zagreb

we plan to use PICOSEC MicroMegas
Test beam approved 8-15 October @ PS-T9. Will expose some modules with iron in between

and evaluate the response to “busy” events (showers). A preliminary test with
demonstrator+single plane was already achieve in August 2024.
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Y [m]

tracking (1)

pe?
P : Muon Muon
calorimeter . Spectrometer range .
tube e oA meter Silicon detectors are needed only at

the core of the tracking planes.

T3T. 1576 K* e
Aol V— Scintillating fiber planes are sufficient
Q5Q6 Q7 I K . ..
| . to instrument the outer radii
Beam e dump

« 40mlong __,
decay tunnel

Spectrometer

™

15 ol a - < = 60
1e13 POT/9.65| i E B
10 16 E % = i
14 £ N
: 12 £ : 20
el
0 10 g 3 3
o 6 20
e > 40
15 RN A LA 15 -10 o 50 ST
X
12x10 cm? & 20x16 cm? 80x100 cm?

Particle rates in the hottest (central) planes: 20 MHz/mm? for 10" potin 9.6 s.
Peak fluence (non-ionizing dose): 10" MeVne,/cm?Requires o 0(100 ps) and

a detector granularity of 300 m. We thus benefit from the technology
currently being developed for the LHCb velo upgrade, pioneered @ 2 MHz/mm? level by NA62



Meson and muon tracking (1)

7 Beam | Muon Y LHCb-VELO | NA62-GTK
Specifications [units] | Spectro. | Spectro. (2028) (since 2014) Sensor (Pixel) Readout ASIC
Peak Dose [Mrad] 700 60 > 103 16 \ Fs
Peak Fluence [IMeVn.q/em?] | 1x 10'® | 6 x 10" Sa 100 4.5 x 104 —_—
Peak Rate [MHz/mm?] 20 0.6 10 — 100 2 T
Time Resolution [ps] < 40 < 100 < 50 < 130 _ :
Pixel Pitch [;im] 300 15 300 Micro-channel Cooling Plate
Material BUdth [X()] | < 1% | 0.8% 0.5%
3D trench sensors
I Readout ASIC
(FBK through INFN TimeSpot) ,
T g Three developments ongoing, all
= = Zolod t with 28nm CMOS technology
lb 5 Cgh «® |0~
oo .
;};5 | 4% | Timespot v2 and IGNITE (3D stacked)
~e /0
ki 3 by INFN,
‘ |0~ . :
A ~slof | PicoPix by CERN, Nikhef



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

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 47t photon coverage.

Field cage equipped with |
Photon Detectors (128 nm) |

ProtoDUNE-VD Run Il (2027-28)

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 2y view

Muon track
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J. McElwee

Simulation of the LAr detector

We have a full simulation of the neutrino LAr
detector (a’ la Proto DUNE) using GENIE and
CORSIKA.

Working to finalize the cosmic ray tagger (CRT) .

Interaction vertex dlstrlbutlon in the detector

= ~ FrontView ;f{t Front View
Side View :éT: Top View

\EZI




Conclusions

Improving our knowledge of neutrino cross sections at the GeV scale by an order of magnitude is essential to
unlock the full physics potential of future neutrino oscillation experiments. This would also represent a major
advance in our understanding of electroweak nuclear physics.

The technology for neutrino monitoring and tagging has reached maturity, thanks to the efforts of the
ENUBET and NuTAG collaborations from 2016 to 2024

We are now ready to propose a new facility to tackle this field with percent-level precision, with the goal of
implementing it at CERN

The physics case is compelling, and we are continuing to explore its full potential

The technology readiness is well advanced, but key challenges remain regarding CERN integration, meson
tracking, and sub-nanosecond neutrino detection.

A new international collaboration is now forming. We aim to bring together experts in neutrino
cross sections, collaborators from DUNE and HyperKamiokande, and detector specialists — including
those involved in the development of NA62 and LHCb technologies.

We are organizing a dedicated workshop at CERN on October 13-14.
We look forward to seeing you there!
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A. Longhin nuSCOPE IRN Lyon 12/6/2025



Possible implementations at CERN

CNGS: deep underground downstream of LSS4 in TCC4 to point the neutrino beam towards Gran Sasso.

North Area: usually the prime location for fixed-target experiments. Availability of slow extraction at
the long straight section 2 (LSS2). Existing infrastructure and beamlines. Ideal location could be the
ECN3 cavern due to its depth and radiation-protection limits. However SHiP will occupy it from LHC
Run 4.

The beamline cannot be placed inside the surface halls EHN1 and EHN2 in CERN’s North Area due to
radiation constraints.

The beamline’s bending angle makes it difficult to implement in experimental halls like EHN1 and
EHN2, as these halls are predominantly long rather than wide.

A placement below EHN1 is also excluded due to the technical galleries below the building and the
challenges of excavating underneath an existing building in the vicinity of the Lion river.

— the ProtoDUNEs at the North Area’s Neutrino Platform cannot be used in their current location as
the neutrino detector must be placed no more than 50 m from the end of the decay tunnel. Building
extensions and an experimental hall for the neutrino detectors would be necessary in the North Area.

A beamline bypassing EHN1 to approach the ProtoDUNEs has been excluded due to the vicinity of the
fence and the SPS beam rigidity that results in a large bending radius.



ECN4

Underground cavern as an option for the proposed BDF/SHiP
facility. Would be on the Jura side of TCC2 - the underground
cavern that houses the targets for the EHN1 beamlines.

SBN@CERN: similar requirements to BDF/SHiP but

the spill intensity of 1 x 10" PoT/spill is 4x smaller
requires maximum of 2 -3 x 10" PoT/year i.e. ~10x less

reduced amount of shielding, cooling, and dilution measures
and offers greater flexibility in the location of the
experimental hall.

A. Longhin nuSCOPE IRN Lyon 12/6/2025



SPS LSS6

LSS4 and LSS also feature extraction septa followed by transfer tunnels that serve:

 |SS4: LHC Beam 2 and TCC4 (AWAKE)
 LSS6: LHC Beam 1 and TCC6/TNC (HiRadMat) « better for SBN@CERN due to lower depth, absence of AWAKE

deep underground (an advantage for radioprotection)
A conceptual analysis investigated the possibility of re-installing a slow extraction setup at SPS LSS6.

“non-local” extraction setup: the electrostatic ZS septa are not located in LSS6 but upstream in a different LSS (could be
possible at LSS4 and LSS5)

The extracted beam oscillates through a considerable part of the SPS ring until it is fully extracted by the magnetic septa.
Similar non-local extraction scheme used in the PS.

Advantage: does not require any modifications to the fast extraction for the LHC.



SPS LSS6

_HIRadMat .
TNC L4
5.6 mwide
HighRadMat
(only upstream)
Figure 8: View of the TNC (yellow frame) and TT61 (purple frame) tunnels downstream of the extraction
location in SPS LSS6. The first part of the TNC tunnel is occupied by the HiRadMat test facility, while the
ownstream tunnel (approximately m) can be used for the beamline. The tunnel — although slightly
TT61 d 1 imately 120 be used for the beamline. The TT61 | - although slightl
4m Wide narrower than the TNC tunnel — is currently not occupied.

empty

Figure 9: In the current beamline design and pending further optimization, the beamline cannot be operated
successfully at a reduced bending angle. For this reason, the beamline is placed with a straight transfer and
requires the excavation for the neutrino detector and the final part of the decay tunnel.



Proton sharing at the SPS

Shared cycle with the other North Area experiments independent of the beamline placement
1.4 x 10" PoT to collect up to 10*v. (10¢ v, ) CC events (500 ton detector, 25m after the decay region)
Flattop duration is 9.6 s, delivering 1.0 x 10" PoT per spill to the SBN (25 % of the TCC2 intensity).

ECN3 (BDF/SHiP) receives the maximum requested 4.0x10" PoT/year.
The SBN runtime for 10* veCis 5.7 - 7.3 years (2.4 - 1.8 x 10" PoT/year).

After 5 years, the statistical uncertainty on the inclusive ve cross-section would be better than 1.2 % in all cases
IF SPS Flattop duration would remain at 4.8 s — 4.3-6.5 years.

A statistical uncertainty of 1% on the inclusive ve cross-section is therefore

likely to be achievable within five years.

In case of an enhanced spill number for TCC2 in case the SHiP spill intensity is increased to 5 x 1013 PoT/spill.
This would increase the number of spills for the North Area (SHiP excluded) by roughly 25 % and would shorten
the experiment’s required runtime.






Analysis of the demonstrator data (Aug 24)

Analysis is progressing well: 1 PhD from Zagreb, 1 from Insubria
We have analysed the electron energy resolutions with inclined runs.

Good data/MC agreement

No indication for a significant deterioration of the resolution in data or MC

In progress: increase MC statistics, evaluate errors on the parameters of the
fitting model and make a comparison at that level

energy resolution: right-side

25.0 +- data 2023
[ a=1527+023
225 b = 1.16 (fixed)
€ =4.49 £ 027
20.0 x2/dof = 18.48 / 4
175 4+~ MC 2023
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15.0 b = 1.16 (fixed)
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Entries

Analysis of the demonstrator data (Aug 24)

 We are addressing the hadronic variables recon (total-energy, depth profile)
* TODO: compare with simulation and produce plots similar to previous

publications on early prototypes T,

Preliminary 2024 energy
Preliminary 2024 (3 GeV) longitudinal profile
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Leon Halic

Analysis of the demonstrator data (Aug 24)

* Efficiency maps at high spatial resolution

One tile structure

efficiencyMap
Entries 6438
Mean x 5376
Mean y 6.957
Std Dev x 0.8779
Std Devy 0.807

0.7

Efficiency map Projection on X

1t calorimetric layer — Channel: IC Board: 20 Anode: 0




SyStematical uncertainties Antonio Branca, Filippo Bramati

» Wevalidated a sampling algorithm (VEMPK) that allows describing the phase space of
incoming particles at the tagger level. Relieves the need to perform the full beamline
simulation (quite CPU intensive) — high statistics

* We have introduced detector systematics in the flux prediction (seems to be always
subdominant w.r.t. hadroproduction residual systematics)
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Proton-neutrinos angle=18°

a
g P° M M
0 . uon uon _

‘N‘ calorimeter . Spectrometer range Neutrino

(tube) e 1718 19710 Meter Detector
5 1516 K* 110
‘ I Ii | 1| Ve IJ
- - - —
: Q5Q6 Q7 K*
p.e Beam RS dump

40mlong __,

Spectrometer <«—
P decay tunnel

Parameter Value
Primary proton momentum (GeV/c) 400
Beamline meson momentum (GeV/c) max. 8.5
New beamline Proton-beam S%)ﬂl dura}:ion ) slow (4.8 t0139.6 s)
N . Spill intensity (protons/spill L4l we 10
Re-optimization of the detector: Event rate (THz) i
Instantaneous power on target (W) 170 — 340
Cross section 4x4 m? depth=23 m @ 25m (K*, ) yield per proton (1.8 % 102 10 e 107
downstream of the decay tunnel (500 ton) (K, m*) rate (GHz) max. (2.7, 40)
Annual proton intensity (protons/year) 2.1-3.2 x 1018
Total proton requirement (protons) Lalse 10
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Beamline optimization

The production target and the beamline optics optimized in a self-consistent manner.
The pixel detectors that are introduced for particle tagging

mitigation of the large number of positrons that are produced in the graphite target: thin Pb plate was inserted into the
beamline right after the Q4 quadrupole to degrade their energy outside the beamline acceptance.

It may be useful to adjust the thickness of the positron-absorbing Pb plate (using a motorized wedge with variable thickness)
to effectively tune the flux on the pixel detectors.

Multi-objective genetic algorithm (MOGA). 26 beamline parameters.
« Drift spaces: The drift spaces in the upstream and downstream quadrupole triplets are optimised (7 free parameters)
» Quad parameters: For each quad in both triplets, the aperture, length, and gradient are optimised (18 free parameters)

* Production target: 18 different targets (one free parameter). The list includes the T2K, CNGS, ENUBET, and NuMi targets and
variations. Lengths from 0.7 to 1.35 m, target radii from 2.5 mm to 30 mm. graphite densities from 1.70 g/cm3 to 2.26 g/cm3 .



Beamline optimization

modified beamline acceptance that
captures more of the K+ and n+
mesons that emerge from the
production target

full start-to-end BDSIM simulation
Recently ported to GEANT4

optimal target has been found to be
a variation of the CNGS target with
a length of 1.30 m, a radius of 3 mm,
and a density of 2.26 g/cm2 .
reduced to 2.0 g/cm3
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Beamline optimization
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Figure 3: Left: Beamline spectrum after the optimisation process. Compared to any previous design, the
positron transmission is strongly suppressed due to the Pb plate followed by two bending magnets. The study
of the background level of low-energy leptons is still ongoing. Right: Flux of charged particles on the first pixel
detector at the R4 bending magnet of the beamline with a spill intensity of 1 x 102 PoT within a spill length
of 4.8s.
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Lepton monitoring in the calorimeter tagger
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Silicon trackers
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Figure 4: Spatial distribution of the charged particles in the plane transverse to the beam line at T1, T5 and
T7 overlaid with the tracking plane acceptances (white line).



Silicon trackers

The tracking plane surfaces are 12 x 10 cm2 in T1-4, 20 x 16 cm2 in T5-6 and 80 x 100 cm2 in T7-10.

The particle Flux at T1 is the highest. With 9.6 s spills of 1013 PoTs, it reaches 20 MHz/mm?2 at the center of the
tracking plane. In the muon spectrometer, the flux is significantly lower with a peak flux of 0.6 MHz/mm2 .

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.

Technological solutions on pixel sensors and Beam | Muon | LHCb-VELO | NA62-GTK
|ntegra ted EIECtI'OHICS, capable Of sta nd|ng Specifications [units] | Spectro. | Spectro. (2028) (since 2014)
. . . y se [Mre - . 3 ‘

the challenge in terms of time resolution Peak Dose [Mrad] | 700 | 60 _ > 10 16

. . Peak Fluence [IMeVne,/em<| | 1 x 10™° 6 x 10 hx 10*" 4.5 % 10
and radlatlon hal'dI'IESS, have been Peak Rate [MHz/mm?| 20 0.6 10 — 100 2
dEVElOpEd and are St'll UndEI' StUdy by the Time Resolution [ps] < 40 < 100 < 50 < 130
INFN TimeSPOT (2018-2021 and follow-ups) Pixel Pitch [y} 300 45 300

and IGNITE (2023' Ong()'ng) DFOJECtS Material Budget [X] < 1% 0.8% 0.5%
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Figure 26: Total v, (a) and v, (b) charged current event rates. The black solid line shows the total event rate,
and the dashed black line the monitored event rate. For the v, case, the NBOA total fluxes are also shown
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Narrow band off axis
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Figure 27: Flux averaged v, CC inclusive cross-section as a function of neutrino energy using the NBOA
technique. The colored lines correspond to the NBOA fluxes at different radial distances, given by the colored
scale to the right of the figure. The K, component of cach 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 compared to the AR23_.201_00_000 model (blue) and the G21_11a 00_000 model (purple). The DUNE near-
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Energy res for tagged 2-body decays
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Cross section of numuCC vs E with the tagged sample
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Figure 29: v, flux averaged cross-section for CC inclusive events as a function of available energy Euyan in true

three-momentum transfer g™ bins, broken down by interaction mode.



PRISM decomposition with SBN@CERN
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Figure 30: Left: v, target flux and v, narrow band off-axis fluxes. The v, target flux is shown in grey and
inflated by a factor of 10 to make it comparable with the v, fluxes. The colored lines represent different NBOA
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Mapping reco and true energy (from tagging)
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Electron-like” measurements with neutrinos
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7.8 Summary of the SBNQCERN physics potential

SBN@QCERN offers the possibility to make a wide range of previously unattainable measurements that may be
the key to allowing the next generation of long-baseline neutrino oscillation experiments to reach their ultimate
precision. It directly confronts aspects of neutrino interaction physics expected to drive the leading sources of
systematic uncertainty for neutrino oscillation experiments:

e The energy dependence of the cross-section is essential for extrapolating between near and far detectors;
we demonstrate how this can be directly measured in[Sec. 7.3|and [Sec. 7.7.1|

e The smearing of neutrino energy must be understood to interpret far detector event rates as an oscillation
probability. Measurements in a tagged neutrino beam offer a unique opportunity to directly measure this,

as demonstrated in|Sec. 7.7.2

e The muon to electron neutrino cross-section ratio is projected to be a dominant systematic uncertainty
for measurements of CP-violation, we show that this can be directly constrained using a monitored beam
in|Sec. 7.5} with potential improvements possible using a tagged beam.

e NC processes are a key background at the experiment’s far detectors; we show how these can be precisely

constrained in

More generally, collecting high-statistics data with a tagged neutrino beam across the energies relevant to next-
generation neutrino oscillation experiments offers a unique way to directly calibrate their cross-section and
the energy smearing. A library 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. Measurements with a tagged neutrino could also be
leveraged to explore nuclear physics with a neutrino probe at the GeV-energy scale in a previously impossible
way, as explored in

Future work will focus on expanding these studies to include simulations using a water-based target tailored
to supporting Hyper-Kamiokande’s physics program, anti-neutrino beam running, lower energy beam configu-
rations, sensitivity to BSM physics, and a detailed assessment of the detector performance required to realize
the full SBN@QCERN physics program.
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Figure 37: CC v, double differential cross-section as a function of the invariant mass of the hadronic system, W,
and different neutrino energy, Ef™e regions. The filled regions show the associated statistical uncertainty for
the AR23.201_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.



In SBN@CERN: a “monitored” + “tagged” beam

Monitored beam

ENUBET: measure the decay lepton (e/u) rates
with a coarse/large acceptance calorimeter and
an instrumented hadron dump

Tagged beam
NuTAG: measure the parent meson and forward
decay muons for K and = 2-body decays

‘ e “Beam

Spectrometer -

40m long decay tunnel

NUTAG leveraged on excellent timing and
granularity (“4D") achievable using silicon trackers

(3 la “NA62++") — can provide resolutions at the %
on E(v,) thanks to full reconstruction of 2-body
decays of pions and kaons.

Additional constraint on the flux of v. from the
knowledge of B.R.(K,2)/B.R.(Ke3)




Reamining program within SPSC scope + timeline

Items more closely related to the SPSC:

Publication of the paper on the demonstrator: we have completed the equalization of 2024
data and evaluated the energy resolution. Results compatible with 2023. Tilted runs: a lot of
work to simulate precisely the exact conditions of the exposure (geometry+beam profile).
TODO: evaluate data-MC agreement on pion variables (straight+inclined runs).

Expected finalization summer 25. s et s

25.0 {--- ~}- data 2023
a=15.27+023
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In SBN@CERN: a “monitored” + “tagged” beam

Monitored beam o
ENUBET: measure the decay lepton (e/u) rates - -
with a coarse/large acceptance calorimeter and ;_‘s-\" —

H+H-R

aninstrumented hadron dump

Tagged beam

e AR i
* Abigwork has been done within the group born with Physics oo oalitiongus =l \ 7
Beyond colliders to put forward a credible proposal for possible Bl Mg ) o o A .
setup at CERN (presented to the community at the workshop DT e . || T
Neutrinos@CERN). Merging of ENUBET and NuTAG techniques (  trowesesfeatana _ TeEA Be—
SBN@CERN study group): monitored+tagged beam. Proton A hort bl et e SR o bt recision
economics. Studies on possible siting. Document for the strategy in cross-section measurements

preparation. Will be circulated to form a wider proto-collaboration.
In this context we have developed a new, more efficient, beamline A i oo et Ben t CETEN
and we are working to replicate the complete study (irradiation,
physics reach, constraint of the systematics) with this setup. Moving 2 i B 5
from BDSIM to GEANT4 in progress (master student in Padova).
Finalizing the analysis of the systematics on the flux considering
detector and beamline uncertainties (the main component of
hadroproduction has been considered so-far)

Jamuary 21, 2025
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SBN@CERN

A big work has been done within the group born with Physics Beyond colliders to put forward a credible
proposal for possible setup at CERN (presented to the community at the workshop Neutrinos@CERN). Merging
of ENUBET and NuTAG techniques (SBN@CERN study group): monitored+tagged beam. Proton economics.
Studies on possible siting. Document for the strategy in preparation. Will be circulated to form a wider proto-
collaboration.

* In this context we have developed a new, more efficient, beamline and we are working to replicate the
complete study (irradiation, physics reach, constraint of the systematics) with this setup. Moving from BDSIM
to GEANT4 in progress (master student in Padova).

* Finalizing the analysis of the systematics on the flux considering detector and beamline uncertainties (the
main component of hadroproduction has been considered so-far)
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Beamline overview &
the neutrino monitoring system

Andrea Longhin
Padova Univ. and INFN

on behalf of the SBN@CERN study group and ENUBET coll.

Neutrinos at CERN, 23-24 Jan 2025




Role of a monitored neutrino Facility ‘
\Kfi\\\ \

* A dedicated short baseline neutrino beam with a 1% precision in ve and v, fluxes
aimed to high-precision neutrino detectors located close to the source

 Reduce the dominant systematics on fFlux — precise cross section measurements —
consolidate the long-baseline program by reducing systematics with high quality
experimental inputs

e

== ———
<



https://www.pd.infn.it/eng/enubet/

A bit of history X Genie

initi A. Longhin, L. Ludovici, F. Terranova,
The initial paper oty

ENUBET coll. 74 auth, 17 institutions

SNOKE ’
S ; ,:“',/ 70(1;
f rE ﬂ‘i‘
< BIﬁIll:lh\G[MS nss

™~ ) . UnIVEISIte FONDAZIONE
“BO

The ENUBET ERC project 6/2016- 12/2022

Enhanced NeUtrino BEams from kaon
Tagging ERC-C0G-2015, G.A. 681647,
PI A. Longhin, Padova University, INFN

ENUBET/NP06 SBN@CERN

PI: A. Longhin, F. Terranova. Short baseline neutrinos @ PBC
Techn. Coord: V. Mascagna

« CERN Neutrino Platform *  Physics Beyond Colliders

With SPSC: : : -~y
e INFN CSN 2 « support of test beams of the tagger Merging the ideas of ENUBET e \F1d 11 (R3]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, INFN CSN 1 instrumentation at the PS and nuTAG towards an :
* monitoring of all neutrino flavors, experiment proposal — Marc’s talk

including v, from 7t and K decays


https://www.pd.infn.it/eng/enubet/
https://twitter.com/enubet

ENUBET ehy

the first “monitored neutrino beam": v et Proton bear

production of neutrino-associated leptons monitored
at single particle level in an instrumented decay region

K- — e*ven’— (large angle) e
K= v n’or - pv - (large angle) p

» veand v flux prediction from e‘/p* rates ”

* Needs a collimated mom-selected hadron beam — only the decay products hit the tagger

— manageable rates and irradiation in the detectors

* Needs a “short” decay region : ~all ve from K, only ~1% v. from p (large flight length)

w0 neutrino
detector

NB: it requires a specialized beam, not a “pluggable” technology for existing super-beams (unfortunately)



In SBN@CERN: a “monitored” + “tagged” beam

Monitored beam

ENUBET: measure the decay lepton (e/u) rates
with a coarse/large acceptance calorimeter and
an instrumented hadron dump

Tagged beam
NuTAG: measure the parent meson and forward
decay muons for K and = 2-body decays

‘ e “Beam

Spectrometer -

40m long decay tunnel

NUTAG leveraged on excellent timing and
granularity (“4D") achievable using silicon trackers

(3 la “NA62++") — can provide resolutions at the %
on E(v,) thanks to full reconstruction of 2-body
decays of pions and kaons.

Additional constraint on the flux of v. from the
knowledge of B.R.(K,2)/B.R.(Ke3)




Essential achievements of ENUBET in a nutshell  pw=wmm j@é’t

 Revamped the idea of tagged (monitored) neutrino beams in the modern context of GeV neutrino
cross sections
* Set up a design/end-to-end simulation of a facility with which it demonstrated that:
* meson focusing with DC elements (like quadrupoles/dipoles, i.e. without magnetic horns!) - and
a slow extraction (= very little pileup in the tagger) is adequate — enough neutrinos with
reasonable amount of POTs (no need of reconciling pulsed magnetic horns with slow extraction (*))
* a lepton selection with a sufficient purity/efficiency is feasible at these high rates with a
cheap/coarse grained detector
* constraining the lepton rates actually work in reducing the Flux systematics
* showed that we can know the neutrino energy by exploiting the energy/production angle (i.e.
interaction vertex in the neutrino detector) correlation (see below =)
* Built and tested a demonstrator of the tagger instrumentation
* cost-effective, fast, rad-hard

(*) as an intermediate byproduct we also managed to get a pulsed slow-extraction at the SPS (backup)



The ENUBET beamline design

The name of the game: collimation and reduction
of backgrounds from stray beam particles (“only
decay products in the tagger”)

p 400 GeV

* Focuses 8.5 GeV +/- 10% mesons (v spectrum ROl ~ DUNE)
* Length: 26 m
 Tagger length: 40 m
 Neutrino detector (500 t) 50 m after the hadron dump
* 14.8° bending angle

« documented in EPJ-C 83, 964, 2023

Design and performance of the ENUBET monitored neutrino beam

https://arxiv.org/pdf/2308.09402.pdf

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



https://arxiv.org/pdf/2308.09402.pdf
https://link.springer.com/article/10.1140/epjc/s10052-023-12116-3

... a closer look hadron-dump: -

optimized to reduce back-scattering in the tunnel &

fraction of not-monitored flux
Magnets: existing standard (warm) \ B

6 quads + 2 dips + collimators

W foil; absorbs e*

proton-dump:
3 layers (C— Al — Fe)

—ﬁ-
Inermet absorber @ tagger entrance

with conical channel

Target: graphite L=70 c¢cm, r=3 cm

Simulation: optics optimization (TRANSPORT). Design: G4beamline.
Irradiation (FLUKA). Systematics (GEANT4, fully parametric, access to particle history).



2500

Irradiation levels

1500 (—

Dose is sustainable by magnets even in the
hottest regions (<300 kGy/10% pot). "i

X {cm)

Neutrons simulations guided the design of the =
instrumentation — 30 cm of Borated PE (5%)
added to protect the Silicon Photomultipliers.

FLUKA

S
B

| '..—-.’%‘h“ =

I T | I-hh

B . ]
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Good lifetime (7x10° n/cm?/10? pot). Accessible =

9000

100000
S

X 1.602e-7 per Gyjproton X 1

&
or 120 p (FLUKA GeV/g/proton

S
in Gy i

dose

0.0001

eventually.
| Neutrons/cm? for 102 POT \ !
Neutrons in the tagger |
l30cmﬁE};5%
o Sidamage ]
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@siPM E 1
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Particle budget and rates

Entering the tagger:
4.6 x 103 1t*/pot
0.4 x 10°K*/pot

The hottest regions of the
tagger see ~ 500 kHz/cm?

with 2.5 x 10" pot/2.4 s

(slow extraction)

Pile-up mostly non critical but
has to be treated.

— the detector has to be fast
enough, radiation hard, cost-

effective (large area)

Particles at Tunnel Entrance

10 E

Particles [10°/POT]

102 b=
=
10°F

107 =

12
Ptot (GeV)

Hit map for e*in a few ns
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I Light r/o (SiPM)

The lepton tagger

Longitudinal segmentation polyethylene (5%) |
Plastic scintillator + Iron absorbers :
Integrated light readout with SiPM

Frontal Compact Module
3x3x10 cm*-4.3 X,

- e*[n*/p separation
O y
4 Integrated photon veto \ ==
Plastic scintillators rings of 3x3 cm? pads :
-’ rejectlon ﬁ g [
: — v h=3 cm
photon veto 3
doublets : o c* I
\ ) ?Socorlr;X)
. I
1 1 B |

> I
e* (signal) topology nt® (background) topology /nr(background) topology



Lepton event-by-event reconstruction

GEANT4 simulation. Event building: clustering of cells in space and time
(accounting for pile-up ) = PID with a Multilayer Perceptron

Kes positrons: constrain ve

x1

VISIBLE ENERGY

events/pot

0.6

0.4

0.2

0

[ o

Kes
K* (other dec.)
| Ea
e
v
“+
r

S/N=2
€=20%

100 200 300
Visible energy (MeV)

K.2 muons: constrain v,
TAGGER IMPACT POINT

= Kuv

E I K3

: halo u

— [l undec. =

il = uv

= S/N=5.2
= £=36%

K" (other dec.)

_—_—_—_

_IIIIIlllIIIIIlfl_rIIIII
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About half of the efficiency loss is from geometrical acceptance (lepton too forward)




Ve CCspectra at detector @, .o AR, 964 00

The protoDUNE(s)

could be such a detector [EERNEe =L
(an evident asset for a

possible siting at CERN)

<«6m >




Precision on the electron neutrino Flux

- considered the dominant sys. (hadroproduction) extracted from hadroproduction

experiments at the SPS (NA56/SPY), which gives a 6% uncertainty on flux

- added as an additional prior the rate, position and energy distributions of positrons from K decay
reconstructed in the tagger ve CC rate relative error on v, CC rate : pre and post-fit

i v, COMponents :
1200 ¢ i :::a[al v flux N | pre-fit | /Jr@

B [ hadroprod sys Ti
L .Ur@//, . [ tagger post-fit Ir ??f/;
P nj -]
1000~ § Nay T ;

[ i y hadron-dump

F [ target ¢
800~ ¢ [ proton-dump =

L K I other 1 i
soof - _ fit constraint

e* observables

Flux uncertainty for v, and v.
drops from 6% to 1% using
positrons only.

"

rel. error [%]

Ve CC interactions

400

200

F. Bramati poster at Neutrino2024

1 2 3 4 5 7 | 5
Elow] E, [GeV]

In progress: add detector effects, magnet currents, beam component, material budget uncertainty,
(paper in preparation). Include improvement from the information from Ky,


https://agenda.infn.it/event/37867/contributions/227642/attachments/121089/179044/Bramati_enubet_Neutrino2024.pdf

The calorimeter demonstrator cinissry” ™

e, 7, U (0.5-15 GeV)

Trigger scint.

ﬁ ' | Tl h §Assemblz tlmeligzse ' |
RN 2 e e . 753514889
R oo tles: 4335 https: //|tterm/l/slatus/1694308 53514889350

WLS fibers: ~ 4.5 km

— Channels (SiPM): 1275

@ Fiber concentrators, FE boards: 255
Interface boards (hirose conn.): 22 ,
P” Readout 64ch boards (CAE}N_ASZOZ):&Z ———



https://twitter.com/i/status/1694308753514889350

SiPMs

The calorimeter detector technology

Key feature: a smart layout to transport light out of the calorimeter
bulk to prevent an excessive irradiation of Silicon Photomultiplier sensors.

—————r——————————————— e T ——— —

Borated polyethylene neutron shield (5%)



Examples: inclined and calibration runs

200 mrad tilt run

Correggi illuminaz}

Hit map (silicon trackers)

y vs xall
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Electron energy resolution
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175

Calorimeter-only
time-tagging potential

By applying a cut on the At bewteen the v, and
e candidates the SNR passes from ~2 (for the
inclusive e* sample) up to ~8-10 for neutrino-
associated e’

)

c:=200200 ps
E, >1.5 GeV

SNR~3-4

=
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8
Difference in path between the e* and v. (decay vertex position is ﬁ
unconstrained — we assume e*and v, to be collinear) - “irreducible” 2
time spread: oa:= 74 ps(*) 05 T S5 T TV i
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v, fluxes decomposition: NBOA (~PRISM)

“Narrow-band off-axis technique” (NBOA): bins in the radial distance from the center of the beam —
single-out well separated neutrino energy spectra — strong prior for energy unfolding, independent
from the reconstruction of interaction products in the neutrino detector. “Easy” rec. variable. A kind
of “off-axis” but without having to move the detector (thanks to the small distance of the detector) !

0.06

R=10.10m
R=190m
R=10.10m
R=190m

vy, from 7+

V CC —  y, froma*
n { v, from K*

— v, from KT

0.05

e & ® ®

0.04 1 .
T parents

30,03
[1v]

E, [GeV]

0.02

Kparénts

0.01

0.00{ - —d&2




v, fluxes decomposition: NBOA (~PRISM)

“Narrow-band off-axis technique” (NBOA): bins in the radial distance from the center of the beam —
single-out well separated neutrino energy spectra — strong prior for energy unfolding, independent
from the reconstruction of interaction products in the neutrino detector. “Easy” rec. variable. A kind
of “off-axis” but without having to move the detector (thanks to the small distance of the detector) !

Error bands visualize the rms of the energy distributions

v, from 7" @ R=010m —+ <40 GeV

V CC — wy,fromat @ R=190m 5 l>+‘{“‘}\ _‘_ 7 / -+ ])}!%4'0 Gev,
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Achievements of the SBN@CERN study group

The baseline ENUBET beamline had three limitations:

a) amount of PoT, difficult to reconcile with the CERN Ffixed target programme and SHiP
b) limited performance in the low-energy neutrino region (<2 GeV)
¢) neutrino energy a priori with moderate resolution (10-25%), worse at low E,

These limitations were successfully addressed by CERN accelerator physicists at PBC with
a new beamline design (a, b) and by new ideas originating from the NuTAG collab. (b,c).


mailto:SBN@CERN

The SBN@CERN beamline design

The new design — multi-objective optimization of the beamline, a

CNGS-like target, shorter length —
pou=®

1.3x 103 K*/PoT — 3.5 x higher meson acceptance: helps a lot in
terms of proton-economics!

link to NBI2024

ws B
It incorporates by design the possibility of placing the nuTag . B
Silicon trackers in the regions with lower particle density. "

horizontal position x (m)

0(10%) ve CC events and 5x10° v “could be reached in ~ 5 years

with a PoT investment between 13% and 26% of the North Area
PoT (1.4 x 10" PoT)

All the studies performed within ENUBET are being repeated for
this beamline. Preliminary results show a similar S/B ratio and e 22 o
physics reach. " onaitudinalpostions (m)

vertical position y (m)



https://indico.cern.ch/event/1369776/contributions/5794032/attachments/2826762/4938525/24_03_26_pbc_annual_workshop_MJ.pdf
https://agenda.infn.it/event/37867/contributions/227854/attachments/121679/177474/neutrino_24_poster.pdf

How can we get a high precision beam also at lower energies?

Instrumented hadron dump

PIMENT (Plcosecond MicromEgas for eNubeT),
ANR2022-25

Prototype tested with the ENUBET demonstrator at T9

in Aug. 2024 — few 10s of ps resolutions achieved
Athens, CNRS, INFN, Thessaloniki, Zagreb

The key ingredients are:

* 1) extending the acceptance of
the lepton monitoring in the
forward region where most of
muons from pion decays go

‘T*T
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How can we get a high precision beam also at lower energies?

The key ingredients are:

* 2) Selecting lower-energy mesons by
tuning the dipole magnetic fields

* @ 4GeV the 1y, low-E v, peak moves from
3 to ~1.5 GeV. Rather clean and extending
within the Hyper-Kamiokande region.

* veare less and polluted by non tagged
components. But flux could be estimated
from the knowledge of decays branching
ratios.

T parents

8.5 GeV H
focusing £

=0.025 km

CC spectra using the PBC beamline without further optimization but a
scaling of the dipole currents to focus 4 GeV pions/kaons

500

400

300

200

100

cC
v
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CERN Aug. 2024 —

Conclusions

 The current design prepared within SBN@CERN
(ENUBET+NUTAG) could be a “killer-facility” for
precision cross sections in the DUNE-HK era.

* Large progress in terms of improved
compatibility with the CERN infrastructures:

* more in the following talks (Mathieu, Marc)




SBNQCERN

)
onc us.ons A short-baseline neutrino beam at CERN for high-precision
cross-section measurements

January 21, 2025

* A contribution to the European Strategy (ESPPU) |, 1 A high precision neutrino beam at CERN

Neutrino physics entered its precision era in 2012 when accelerator and reactor experiments demonstrated that

L] L] L]
I S I n p re pa ra tl 0 n all mixing angles, including #,3, are large IIH This groundbreaking discovery paved the way for a comprehensive

exploration of the lepton Yukawa sector of the Standard Model. Oscillation experiments can now probe the

nentrino mass hierarchy, the mixing angles, and the Dirac CP-violating phase, providing a nearly complete

> Th e i m po rta n Ce 0 f th e i nvo lve m e n t 0 f a la rg e r picture of neutrino properties. The only remaining piece —the determination of the absolute neutrino mass and

the Dirac/Majorana nature requires dediecated measurements beyond oscillation experiments. A key finding
of the 2020 European Strategy for Particle Physics [2] was the recognition that the ambitious goals of nentrino

community does not need to be emphasized! e
-~ We are going to circulate the document soon to the
LBL-v community to gather interest
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Figure 5: Schematic drawing of ECN4 solution studied as a possibility to house the BDF/SHIP facility. Taken
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Demonstrate detector performance (PID,
homogenity, eff.), scalability, cost effectivess...

The demonstrator

WLS routing
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v, spectra at detector

v rates
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v detector studies (ENUDET)

% 8 B Quasi-Elastic Scattering
. . . . o ol G ENIE B Deep Inelastic Scattering
This R&D is being pursued by ENUBET together with the DUNE- g, -5 Resonant Scattering

SOLAR coll. and is instrumental in exploiting liquid Argonin a B - @ Meson Exchange Current

tagged neutrino beam. A dedicated task force is addressing: . " I CRRN D

* The achievable o: of ProtoDUNE overhauled for DUNE Phase II. It
will be equipped with an enhanced photon detection system. The
corresponding light yield will improve time resolution for GeV
neutrinos below 1 ns.

« Simulation of neutrino interactions (GENIE) and reconstruction
effects (i.e. role of cosmic rays background) to assess the physics
reach on the cross section for specific channels

acement of the PDS behind Anodes.




Fiber bundling with “concentrators”

bundling of the WLS fibers with 3D printed
“fiber concentrators”+ in situ polishing
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Readout scheme




Forward region muons reconstruction

Range-meter after the hadron dump. Extends the tagger acceptance in
the forward region to constrain npzdecays contributing to the low-E V.

[particles/pot]

Cherenkov
Radiator

35mm

Photocathode  18200m
Drift 200 pm
Amplification 128 pm
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U |\ A 2 12 i 2
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Micromegas detectors employing Cherenkov
radiators + thin drift gap ?

Bonus: cutting-edge timing (O(10) ps).

Cathode

Mesh %
(Bulk Micromegas) &
Anode

— PIMENT project! —




ENUBET: demonstrator

Assembly timelapse
https://twitter.com/i/status/1694308753514889350



https://twitter.com/i/status/1694308753514889350

The ENUBET demonstrator in numbers

Scintillator tiles: 1360
WLS: ~ 1.5 km
Channels (SiPM): 400
e Hamamatsu 50 um cell
240 SiPM 4x4 mm?(calo)
* 160 SiPM 3x3 mm? (ko)
Fiber concentrators, FE boards: 80
Interface boards (hirose conn.): 8
Readout 64 ch boards (CAEN A5202): 8
Commercial digitizers: 45 ch
hor. movement ~1m
tilt >200 mrad




Demonstrator constructlon at LNL-INFN labs

Iron arcs and borated polyethylen shleldlng \ ; ' L r 8 Lifting test of demonstrator
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Event pile-up analysis

The energy is now reconstructed as it will happen for real data i.e. considering the amplitudes digitally-sampled
signals at 500 MS/s. Pile-up effects treated rigorously by “fitting” superimposing waveforms.

=z

10°

Matching between
true level energy
deposits from GEANT4
and fully
reconstructed
waveforms

Energy spectrum layer 3

0 § 10 15 20 25 30 35 40 45 50

E [MeV]

With 4.5 x 102 POT in 2s
* 1.1 MHz rate in the hottest channels
* Peak finding efficiency =97.4 %

Time residuals layer 3

=
35000

30000)-

Matching between true
and rec. time (500 **
MS/s). 270 ps.

20000

15000}
10000}~

s000f

0.
-5

r3

Canstarl

Sigma

2.06e+d + D.45a+D1

0.0115 = 0.000G

Time residuals laye|

-4 -3 -2 1 0 1 2 3 4 5
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Proton extraction R&D for horn focusing

before LS2: burst mode slow extraction achieved at the SPS. Iterative feedback tuning allowed to reach ~10 ms

pulses without introducing losses at septa

%10
=
e
ol i
= —— MNominal slow extraction
s 9 —— Burst-mode slow-extraction
e )
-
=
1 I
01 ) B |
0 2 3 ! ]
Time [s]
nom [ T' T e Al
Quom(t + nT) —s {QH (A thn ) t € [0, )]
26,51 { [ Original wne L 24 -3t A
—— Burst SE | ot
26.60 A

A. Longhin, |

Trimming the new tune into the ! !
*1'machine = enabling burst extraction. 1~
‘ | e

Tl b L

LT | No extraction
6000 7000
Time [ms] 5555 w20 w0 e @w =

Intensity [p™/s]

>

x 1012

m i Initial condition i

; 1 i I
il I
1k 10 ms square pulse :
HAE i
HmE :

i 1 1

1 ! : ! 1

: Reached | ! x
i1y first goal: 10 ms [} [

1] ] i i i i il 1

i ! : T 1o
i | : i 1
|\

(1.0 4 : : Y
520 840 860 830 200 920 940 960
Time [ms]

CERN-TE-ABT-BTP, BE-OP-SPS
Velotti, Pari, Kain, Goddard

PhD thesis of M. Pari (UniPD + CERN doctoral).

Defended 23/2/21.

980
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Sterile neutrinos: some results already available o 3
3.;:“
e W miceCube 99% CL
. { ‘ -
L.A. Delgadillo, P. Huber, PRD 103 (2021) 035018 [ ENUEET % L Eyr Best I loeCube
| # Best fit Neutrino-4 = MINOS 99% CL
*Best fit RAA ENUBET 99% CL 5yr
g "= Letkm 1% signal - (oo| kP 50 Loy .
102 10 10° T BT = P
$in‘26,, Sin®26,,

Instrumented proton and hadron dump:

P.S. Bhupal Dev, Doojin Kim, K. Sinha, Yongchao Zhang, Phys. Rev. D 104, 035037 [ALP]
J. Spitz, Phys. Rev. D 89 (2014) 073007 [KDAR]

Work ongoing for studies of Dark Sector and
non-standard neutrino interactions to assess
potential of SBL versus Near detectors:

* Pros: energy control of the incoming Flux.
Outstanding precision on flux and flavor
* Cons: limited statistics

107



At Nufact 2023

https://indico.cern.ch/event/1216905/contributions/5448754/attachments/2702123/4690877/NuFACT_NuTagging_DeMartino.pdf

Bianca De Martino (NA62) Event Display - Event B

e p.+ =1874GeV/c

S/B=5.5, 2 candidates

e E, =57.5GeV

Muon from K decay + neutrino
interaction in Xe calorimeter in an
existing experiment!

iron wall LU TN cor...

(] i Q.
Experimental proof of principle of the Neutrino Tagging technique at NA62 NuFact2023 17 /18

g!

100 150 200 250
Z[m]

A. Longhin nuSCOPE IRN Lyon 12/6/2025


https://indico.cern.ch/event/1216905/contributions/5448754/attachments/2702123/4690877/NuFACT_NuTagging_DeMartino.pdf

Constraint from lepton rates =» flux systematics reduction

* Build S+B model to fit lepton observables
* 2D distributions in z(lepton) and reconstructed-energy
* include hadro-production (HP), transfer line (TL), detector
systematics as nuisance parameters (o, 3, ...)

L(N|Nexp)=P(N|Nexp)-HP(Ni|PDFEM_(NEXD,&’,E)J-pdfa(ﬁ'l0;1)-pdf|;(T3|0,1) A

bins o SO0 1000 1500 2000 2500 3000 3AS00 4000
Impact Position (dm)

Each histogram component
corresponds to a bin in E,

— Extended Maximum Likelihood fit

Use a parametric model fitted to hadro-production data from NA56/SPY experiment:

 compute variations (“envelopes”) using multi-universe method (“toy exp”) for the lepton
observables and the flux of neutrinos

* evaluate “post-fit” variance of the expected flux



Alow-E, monitored beamatEss? -t

MNB@ESS WP6 of the ESSnuSB

E, =2 GeV. No K and = multiplicity very low.
Mitigated by a very LARGE intensity.

Must monitor muons. They are not as forward as for
ENUBET due to lower boost — cyl. geom. still OK.
Design based on (PICOSEC) MicroMegas

The spill structure (2.86 ms) makes pileup more
delicate than for ENUBET (— finer granularity 1cm?)
Use only a fraction of the extracted protons

— Constrain on the flux seems feasible _m_
with a sufficient statistics of neutrinos e e e e
End-to-end studies as for ENUBET being carried on > e e

Proton extraction 2s 2.86 ms This is a key item WP6 has
sssssss d in 2023

Decay in flight of muons Negligible It is the main source of v, at the
ESS



mailto:MNB@ESS
https://indico.desy.de/event/44968/contributions/169400/attachments/92710/125801/2024_09_25_decay_tunnel_instrumentation_2nd_Annual_Meeting.pdf

EPJ-C 83, 964, (2023)

t-tagging for interacting v .

The goal of ENUBET (monitored beam): get a sample
of associated leptons to constrain the Flux. To do this
an event-by-event information is needed. Timing has
to be “just” good enough to limit the pileup (not too

aggressive). At = t(ve)- [t(e*) + A’/(]

. . . . 250
— Time correlation btw Ke; e* and ve candidates with . I 4.8 s slow extraction
the full simulation (reconstruction, backgrounds) — 200 with 4.5x 103 p

2 Fake | ‘I True e* +ve (from tagger)

Difference in path between the e* and v. (decay vertex o *° Fake e”+ ve (vq tagger)

cee . . . 5 . Fake Il Fake e* + ve (Ve outside tagger)
position is unconstrained — we assume e*and v.to be £,
collinear) — “irreducible” time spread: o= 74 ps(*) I

o I 0 (ideal)

(*) already corrected for the position of the neutrino vertex J E >1 .5 GeV
(**) could improve decreasing the tagger radius oL _=Tr o b [Pe ey e 'rlfrﬂl.—.r'n-'ﬁ-h’l"ﬂ-ﬂ"

-20-15-10-05 00 05 1.0 15 2.0
Atv—e* [ps] le3



Z distribution

p distribution

Tagger particle budget at true level

sig pos

[ sig mu

[ sigpi

sig pos

= sigmy

[ sigpi
e |
I

SUNOD

107

15




Event display (10 GeV hadrons an

run = 1656 event = 71
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ST N O T W M1
0 20 40 B0

run = 1656 event = 7

x (cm)

B POl O s
0 20 60

0.1

0.0¢

0.0¢

0.0¢

0.0:

x (em)

x (cm)

run = 1656 event = 71

Locia b v b vy |
o 20 40 60

run = 1656 event = 7

0 OBl O
20 40 60

X (em)

x (em)

d muons)

run = 1656 event = 71

run = 1656 event =7

run = 1656 event = 71

250

200

150

300

200

100



Forward monitoring/tracking = accessing v, at low-E

The key ingredients are:

* 1) extending the acceptance of
the lepton monitoring in the
forward region where most of
muons from pion decays go

T

11111

85GeV -
focusing £

K parents | —romam

Instrumented hadron dump

PIMENT (Plcosecond MicromEgas for eNubeT),
ANR2022-25

Prototype tested with the ENUBET demonstrator at T9

in Aug. 2024 — few 10s of ps resolutions achieved
Athens, CNRS, INFN, Thessaloniki, Zagreb New test October 2025

Veform_data , 2 22iteratio on (Enry$--8%8]

Fii

L

|

«

FO rwa rd muon wﬂﬁ l-rr-'lll:.l g ‘*FlﬂllnTr;w:r |:‘.|:_;.\
spectrometer ;ﬁm ‘iﬁ===§ B g

Beam dump
P orTier dDm long decay tunr*el

£5 % ﬁ\‘“ ﬁﬂ

c s




An option

Study the systematics

introduced but a partial
“instantaneous” coverage of
the full decay region

| B8
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NA62 Tagged Neutrino Candidate

N

8

MUVl MUVZ MUV3
LKr front plane front plane
Z CHOD front plane
1, + nucleon
L+ hadronic shower + ™
e PU——— L P (YRR LR - - - - - - - - - - -
'
LI T T L T T T T T T T T
238 240 242 244 246

Mathieu PERRIN-TERRIN (CPPM)
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