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Neutrino related initiatives at CERN: overview

The CERN Neutrino Platform

* We are following the mandate give by the EU
strategy in 2013: “pave the way ....”

* Main goal : compact the European groups
around the projects of the future short and
long Neutrino baselines

* CERN as a facility for R&D on future
technologies (HW and SW) and partner in
several neutrino research programs

Physics Beyond Colliders for
neutrinos:

Phase 1) nuSTORM
Phase2) ENUBET/nuSTORM

Prototypes for current and next generation near and far
detectors:

NP07 — T2K near detector upgrade

NP04 — ProtoDUNE - Dual Phase
NP02 — ProtoDUNE - Single Phase

SPSC: WCTE (Water Cherenkov Test Experiment)
New ideas for improved future beams:

NP06 — ENUBET

Overall this approach is proving very effective with
several successful and interesting activities!



https://indico.cern.ch/event/1024587/contributions/4301474/attachments/2223838/3766194/SPSC_NPO7_tlux_Ffv.pdf

NPOT7: upgrade of the T2K near detector (ND280) e
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NPO7: physics rationale

4 1T detector

- 09F i)
£ | WE —]
C o8 dakd
(-
K | 4 4 s
il I B e
0sF il o
0.4 _— ——
Wl —+ Muons in
E =" TPC only
D.Q::'___t_,__|__+__._ ++
e — " Current efficiency
08I ; Ol.dl i -0.2 I ItIJI : 0.2I I IO!‘I 0.6 I 0.8 1
true cos B
Threshold
Upgraded ND280 (SuperFGD)
§ {~300MeV/c 90% eff -
Current ND280 " B TS

threshold: ~500MeV/c |

04—

02—

a

—— SFGD (All)

<wee-- SFGD (noYZ)
SFGD {noXZ) —

— — SFGD (noXY) ]

HI L L | i
300 400 600 800 1000 1200 1400 1800 1800 2000
True Proton Momentum (Me\i/c)

https://indico.cern.ch/event/1024587/contributions/4301474/attachments/2223838/3766194/SPSC_NPO7_tlux_Ffv.pdf

SK Phase Space

4

1 44 A8 A4 a2 L] [T TN T ) 1 o

’ trua cos B

‘-----

Neutron Detection

T. Lux


https://indico.cern.ch/event/1024587/contributions/4301474/attachments/2223838/3766194/SPSC_NP07_tlux_fv.pdf

https://indico.cern.ch/event/1024587/contributions/4301474/attachments/2223838/3766194/SPSC_NPO7_tlux_Ffv.pdf

NP07: upgrade of the T2K near detector (ND280) "

Replace POD by

v2.0 :
_ I

top HA-TPC _: + 2018 = TDR arXiv:1901.03750
+ 2021/22 final modules
+ 2022 installation

new subdetectors

SuperFGD
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New read-out concept Novel detector concept = 150 ps time resolution
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NPO7: the SuperFGD detector

A new scintillator tracker concept (SuperFGD)

To improve the granularity the new active target will be a novel 3D tracking
technology

SuperFGD concept I
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Production of all cubes (~2.1 millions) finished.

All cubes and holes underwent quality control

« 56 layers + 1 spare (182x192 cubes) assembled

« Transport boxes designed to ship to assembly site
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NPO07: High angle-TPC

bulk MicroMegas

Diamond Like Carbon

Amplification gap: ~128

FR4 PCB

N

+ 2 new TPCs being produced

* Dimensions: 1865x2000x820 mm3

+ Composite materials for field cage

* Readout by 8 resistive Micromegas (ERAM)
per side (novel technology)

* New gas system will also be installed

» Using T2K gas (95 Ar, 3 CF4, 2 iC4H10)

* Intensive test programme with cosmics and
testbeam

resistive anode MicroMegas

https://indico.cern.ch/event/1024587/contributions/4301474/attachments/2223838/3766194/SPSC_NPO7_tlux_Ffv.pdf
T. Lux
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+ Successfully tested:
* Metrology
* HV stability in air and argon up to 35 kV
+ Gas tightness

MicroMegas

7 mm

<4———» 128 um gap bulk-micromegas with SD45/18 woven stainless steel mesh @ GND

<1 um DLC 0,5 M{Y/square resistive layer on 50 um APICAL
75 um glue

4 mm

34x42 cm? PCB with 32x36 pads (10,09 x 11,18 mm?2) 2.4 mm

Mechanical
DLCHV @ ~ 400V stiffener


https://indico.cern.ch/event/1024587/contributions/4301474/attachments/2223838/3766194/SPSC_NP07_tlux_fv.pdf

T. Lux https://indico.cern.ch/event/1024587/contributions/4301474/attachments/2223838/3766194/SPSC_NPO7_tlux_Ffv.pdf

NPO07: overall progress

- 2 High Angle TPCs 1 SuperFGD - 6 ToF panels

+ 1sthalf at CERN in June » Cube and layer production + All 6 modules ready at CERN
* Pre-production of ERAM finished « Testing ongoing
has started + Box design finished and « Integration test in summer
« (Gas system production to be started as 2021
commissioning at CERN soon as possible
in summer 2021 + Assembly expected to start
» SPS testbeam with first autumn 2021
half TPC in 10/2021 (if « Electronics prototype ready
granted) in May
« Shipment of 2@ TPC to « Commissioning expected to

J-PARC: spring 2022 start 09/2022
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Hyper-Kamiokande Detector -
_Kamioka
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Hyper-Kamiokande near detectors

Off-axis Magnetized Tracker . o .
On-axis Detector (INGRID) ND280—ND280 U de—sHK Off-axis spanning intermediate

( __’ pgrade~ water Cherenkov detector (IWCD)
magnetize detector)

Downstream
I ECAL

“11T0m

v
10m
- , , intrinsic backgrounds, electron.
measure beam direction, charge separation (wrong-sign (anti)neutrino cross-sections, neutrino
monitor event rate. background), recoil system. energy vs. observables, H.0 target.
Existing being upgraded. To be built ’

A. Longhin, HEP2021, 16/06/21 10



https://indico.cern.ch/event/1024587/contributions/4301475/attachments/2224851/3768654/wcte_spsc_20210413.pdf

Water Cherenkov Test Experiment

* Propose a prototype water Cherenkov detector to operate in the T9 beam line in the East Area

« Study particles directly from secondary beam and with tertiary production configuration

+ We propose a test experiment that is ~4 m diameter x 4 m tall

+ Particle fluxes of i, p, 4, e in the 300 MeV/c-1200 MeV/c range

- ) Water Cherenkov

Silicon Strip  Aerogel Detector

Detectors Threshold o
Shielding

/ o I

Permanent
Magnet (0.1 TM)

TOF TO
Secondary
Beam

Secéj};&é?i;"""'

O
T

3-4m

CERN-SPSC-2020-005; SPSC-P-365: http://cds.cern.ch/record/2712416?In=en

M. Hartz

» Measurement of Cherenkov light production
* Currently used simulations are not consistent
* Introduces systematic errors in event reconstruction

» Can be measured with well characterized beam in
WCTE

« Study of energy scale calibration
« Muons crossing detectors used in Super-K to set energy scale
+ Systematic uncertainty of 2% needs to be reduced to 0.5% for Hyper-K
+ Can be studied with crossing muons of known energy in WCTE

* Measurement of secondary neutron production

= In SK-Gd and Hyper-K, neutrons used for neutrino/
antineutrino tagging, proton decay background
tagging

» Predicted rates sensitive to secondary production by
pions/protons

» Can measure secondary production in WCTE

+ Study of pion scattering

» T2K, Super-K and Hyper-K are using samples with
pions in the final state

+ Reconstruction is challenging due to modeling of
hadronic scattering with limited data on oxygen

+ Can directly measure water Cherenkov detector
response to pions in WCTE
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Water Cherenkov Test Experiment

The WCTE Detector

* Detector is instrumented with 130 multi-PMT
modules mounted on support structure

* Multi-PMT modules each contain 19 fast 8-cm
diameter PMTs, their high voltage and readout

circuits
* Installed inside stainless steel 304 tank

« Calibration deployment system to deploy
sources throughout detector volume

* Filled with 50 ton deionized water

Calibration System ]I:

&3

Tank Lid -

Tank

mPMT Array / | | |
Structure

Base Plate =

Stainless steel backplate
Penetrator (power, and signal)

PMT cup hold

7.7 cm PMT
Polyurethane foam
P 5 ati

O-ring
Daughter board
— Scintillator panel
L Support pillars
Main Board

vl PPOrl
High Voltage

M. Hartz


https://indico.cern.ch/event/1024587/contributions/4301475/attachments/2224851/3768654/wcte_spsc_20210413.pdf

DUNE Far detector

* Four (4) LArTPC FD Modules,
deployed in stages

- 17 kton each

- 1.5 km underground

19 m

A. Longhin, HEP2021, 16/06/21

Long-Baseline Neutrino Facility

South Dakota Site Neutrinos from

Fermi National
Accelerator Laboratory
in lllinois

Ross Shaft
1.5 km to surface

Facility
and cryogenic
support systems

One of four
detector modules of the
Deep Underground

Meutrino Experiment
4850 Level of

Sanford Underground
Research Facility

 Two far detector designs:
Horizontal Drift and Vertical Drift
(both employ liquid argon phase only)

* First detector module will be Horizontal Drift (HD)

13



DUNE far detector hor.-drift LArTPC module

* HD FD uses modular drift cells (scalability)
* Electric field: 500 V/cm, 3.6 m drift

» Suspended Anode and Cathode Plane
Assemblies (APAs and CPAs)

« APA:

- Wrapped induction wires, reducin ngmber
of readout channels, cabling complexity

- Single plane of collection wires

&.324 m

ction (X) and Grid (G} wi
I 1

rrrrrrrrr

A

2316 m

* Photodetectors also employed, providing timing
and possibility of off-beam triggering

A. Longhin, HEP2021, 16/06/21
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ProtoDUNEs @ CERN

Low-noise on all readout planes
S/N>10in all cases (>40 for collection plane)
Stable running (first operations in 2018)

Two 1-kton prototypes i
a charged particle test hear
at CERN ;

. -, DUNE:ProtoDUNE-SP Protons (1 GeV/c)
Testing component o s ' | ]
installation, commissioning, » 10 } Data
and performance T S sl —MC |

. b E EO.G :— —:
ProtoDUNE-Single Phase 5 g | ]
(HD) operated 2018-2020 s g ]

3 0z |- B
ProtoDUNE-Dual Phase ool . - -
(LAr+GAr) operated dEkix [MeViem)

2019-2020

Preparing for phase Il
operations /

A. Longhin, HEP2021, 16/06/21 15




NP04: ProtoDUNE single-phase

ProtoDUNE SP LAr-TPC in EHN1

6 x Anode Plane Assembly
(APA): 3 sensing planes, 3 x Cathode Plane
4.7mm pitch, 15 360 total ch. Assembly (CPA)
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NP02: ProtoDUNE dual-phase
Y
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: ENUBET

ENUBET: 62 physicists, 13 institutions

D,
AUl JU;qu_

< DEGLI STUD!

= = - - - By o
e W BeNBG = ¢
E 2 universite FONDAZIONE % S
= ™ “BORDEAUX  GrunoKessier 7y o s
BIGOCCA o

*Aristotle University of Thessaloniki. Thessaloniki 541 24, Greece.

Gt (INFN

ity Rarmale @ | ) Macleary

Enhanced NeUtrino BEams from kaon Tagging Annual report

ERC-C0G-2015, G.A. 681647, P A. Longhin, https://cds.cern.ch/record/2759849/files/SPSC-SR-290.pdf

Padova University, INFN NP06/ENUBET Annual Report for the SPSC
The ENUBET Collaboration

CERN Neutrino Platform: NP06 F. Acerbi®”, I. Angelis*, M. Bonesini®, A. Branca®', C. Brizzolari®f, G. Brunetti’,
M. Calviani®, S. Capelli®®, 5. Carturan™®®, M.G. Catanesi®, N. Charitonidis®, S. Cecchini’,
F. Cindold!, G. Collazuol®?, E. Conti®, F. Dal Corso®, C. Delogu®?, G. De Rosal*,

A. Falcone®', A. Gola®, B. Goddard®, F. Iacob®?, C. Jollet', V. Kain®, B. Kli¢ek™,
Y. Kudenko™*¥, Ch. Lampoudis*, M. Laveder®?, A. Longhin®?, L. Ludovici®,

E. Lutsenko®?, L. Magaletti™, G. Mandrioli’, A. Margotti’, V. Mascagna®®, N. Mauri',
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E.G. Parozzi®®, L. Pasqualini**, G. Paternoster®, L. Patrizii!, M. Pozzato', M. Prest®?,
F. Pupilli*?, E. Radicioni®, C. Riccio'*, A.C. Ruggeri**. D. Sampsonidis*, C. Scian®,
G. Sirri', M. Stipéevié™, M. Tenti', F. Terranova®, M. Torti®"!, S. E. Tzamarias*.

E. Vallazza®, F.M. Velotti’, and L. Votana'
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Accelerator based neutrino beams
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Pion based neutrino beams have a ~60y long
history. Lots of physics done at different
energies.

Enormous increase in intensity —
a leap in technology and complexity

More “brute force” than conceptual
innovations. Still OK in the era of “statistical
errors-dominance” and “large 8., but ...

New future challenges (b,,, searches) require

timely changes or at least “adjustments” in
this strategy.
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Precision for the Hyper-K/DUNE era

F. Di Lodovico, Neutrino Telescopes 2021

Improving the knowledge of (electron) neutrino HK 10 years @7OERPOTI3VS)
and anti-neutrino cross sections in the GeV E 16F Statistics only -
H HPY o H < CLELERLEEET Improved syst. (v./V, xsec. error 2.7%) 3
region strengthens significantly the physicsreach = 1aF 77T TZK 2018 ays. (x /. x50, etvor 4.9%) -
of next generation Super-beams in construction \ g 1 E
2 10F -
= Q - n
314F 5 8 ‘ : : . =
3: 1_ I 6__ :‘ . ‘,.' ".'.:v‘.. S
EO'G_E %L) 4 - ‘/::‘:: ." D ,". ‘-"{X .
20_4;_ .5 2: F TR |, WO .U POTPRTPTRP :
g0.2 I R N TR B
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Hyper-K preliminary True 6CP
ENUBET and nuSTORM

To extract the most physics from DUNE and Hyper-Kamiokande, a complementary programme of
(see also the European A _experimentation to determine neutrino cross-sections and fluxes is required. Several experiments aimed at
Strategy Physics Briefbook, determining neutrino fluxes exist worldwide. The possible implementation and impact of a facility to

arXiv:1910.11775) mcasun{ neutrino cross-sections at the percent I::vcl]shuuld continue to be studied.




A. Longhin, L. Ludovici, F. Terranova, EPJ C75 (2015) 155

The concept of monitored neutrino beams

Conventional “meson-based” beam brought to a new standard — use a narrow band beam and
shift the monitoring at the level of decays by instrumenting the decay tunnel (tag high-
angle leptons)

An ancillary facility providing physics input to the long-baseline program

.
a v/[v :
I Yol ¥ neutrino
protons — (K*, w*)— Kdecays 5 __* *
' y detector

N e/

“By-pass” hadro-production, protons on target, beam-line efficiency uncertainties



ENUBET / NP06

Aim: demonstrate the feasibility and physics performance of a neutrino beam where lepton production is
monitored at single particle level

. - “short”, 40 m, tunnel (~all v from K, ~1% v from muons)
* Instrumented decay region ) e e
K' = e'v n’— (large angle) e’ — collimated p-selected hadron beam
A ) ) — only decay products in the tagger = manageable rates
K™= v, n"or > v, — (large angle) p — narrow band beam:

- v_andv flux prediction from e’/p" rates E -interaction radius correlations —

“a priori” knowledge of the v, spectra

pillars 1) Build/test a demonstrator of the instrumented decay tunnel
2) Design/simulate the layout of the hadronic beamline

SiPM and
electronics




The ENUBET hadron beamline

 Standard warm magnets. Max aperture 15 cm diameter.

* Momentum bite: 8.5 + 5% GeV/c at tagger entrance: .
e 4.2 x1031/POT — With 4.5x10" POTfy - 10*v, on

« 0.4x10°K*/POT — 500 t @ 100m from targetin~2y
= 14.8° bending
Keeping beam backgrounds small and under y
control is the name of the game e
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ENUBET multi-momentum transferline

* A parallel study ongoing for the hadron beamline to add Flexibility and allow a set of different
neutrino spectra spanning from the “Hyper-K” to DUNE regions of interest. Focus 8.5, 6 or 4 GeV/c
secondaries by changing the magnetic fields only.

v_from 8.5 GeV/c secondaries
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Preliminary optics




Proton extraction R&D for horn focusing

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

before LS2: burst mode slow extraction achieved at the SPS. Iterative feedback tuning allowed to reach ~10 ms
pulses without mtroducmg losses at septa

A. Longhin,

Intensity [p*/s]

o

x1n”

-

(8]

Nominal slow extraction
Burst-mode slow-extraction

0 1 2 3 1 5
Time [s]
Q{4+ nT) —» {Qﬁ“”‘(%t I nT) 1€ [0, )
. Lf(t+nT) te[AT]

26.61 + |~ Original tune
—— Burst SE

26.60

Trimming the new tune into the ! !
“1'machine = enabling burst extraction. &7~ [
| | 4

Extractloz//fr ------ _/*
562
zl | No extraction
. T A58
5000 6000 7000
Time [ms] —o5 0 =0 s om0 = =0

Intensity [p™/s]

E

x 10" . : |
P Initial condition ! _
|: ----- 10 ms square pulse
0.8 i | |
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0.41- H
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820 &40 860 880 900 920 940 960 980
Time [ms]
PhD thesis of M. Pari (UniPD + CERN doctoral).
Defended 23/2/21.
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Horn optimization

* New double-parabolic geometry (formerly MiniBooNE-like)

* New genetic algorithm implemented successfully to sample
the large space of parameters.

* FoM is~number of collimated K* with p ~8.5 GeV/c

» Convergence in O(100) iterations

* First candidate designs worked out

R

R

AZ

E
E _ _
-

|

We were able to reach values of the standalone FoM ()

of x 3 higher than the static case. These results confirm an
improvement w.r.t. early studies.

|||||||||

When plugged to the existing beamlines the gain factor

reduces to only x 1.5 =» next step: dedicated beamline target o static beamline
optimization () to profit of the horn-option initial gain = setecteax a4 :
e ey Not dependent on full beamline rst quadrupole
larger apertures for initial quads. o Fast 10 compte B
@ Good for relative optimization
Can extend the same systematic optimization tool. Selected K at

® Requires full tracking down to tagger
@ Yields exact flux gain between two configurations
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The lepton tagger

f

.

Calorimeter

Longitudinal segmentation

Plastic scintillator + Iron absorbers

Integrated light readout with SiPM
- e*[n*/p separation

T

;
|

Integrated photon veto
Plastic scintillators rings of 3x3 cm? pads

Lateral Compact Module
3x3x10 cm3-4.3 X,

- M rejection , ﬁ :

photon veto ‘
doublets o ¢ I I
! __|,_,___———-——f—_" Ll
\_ L e Y o
(ie.0.012X,)
I ]

el I

0
e" (signal) topology mt (background) topology

n* (background) topology



Waveform analysis

The energy is now reconstructed as it will happen for real data BiE.

i.e. considering the amplitudes digitally-sampled signals at 500 MS/s. b

Pile-up effects treated realistically. £
Energy spectrum layer 3 e

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

Peak finding efficiencies:
Slow ~ 4.5x 103 POT in 2s
Fast ~ horn ~ 10 x slow

=z

G4 simulation
10*

s Delected ES

10°F

10

[ ikes K\. 1 l
I - A e W

Matching between true
and reconstructed time
(1 GS/s — 270 ps)

1 [ 3 ‘ L ‘ 11| 1 1
00 5000 5200 5400

Time [ns]

Time residuals layer 3

asooof-
30000 -
25000 -
20000 -
15000 —
10000 —

s000F

|

Time resi

layer 3

Constani

Sigma

2.85e+04 + 045401

0.0115 + 0.0006

0.2721 = 0.0007

0 5 10 15 20 25 30 35 40 E‘iliqe\f]ﬂ e
Transfer line and extrac- || Hit rate per | detection -effi-

tion scheme LCM ciency

TLR5 slow 1.1 MHz 97.4%

TLR5 fast 10.4 MHz 89.7%

TLR6 slow 2.2 MHz | 95.3%

Time [ns]
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ENUBET: v, constraint from K , e* reconstruction

The K, branching ratio is ~5 % and kaons are about 5-10% of the incoming hadron beam.

GEANT4 simulation of the detector, validated by prototype tests at CERN in 2016-2018.
Clustering of cells in space and time. Treat pile-up with waveform analysis. Multivariate analysis.

Hit map fore* R S
A L mASes Rl " L Tt AT T inner c.m. layer
ENE A e s 07 e S
S ‘ .ot o i Rt .‘ T photon veto :
- ' - - i =ty doublets ool
?: —— .-- 'h' Lt .“‘1.‘- ..--"" . ey
Yl ¥ g 1 ! | ™ »
z o e* candidate visible
. P 27°F energy (MeV ]
K., positron selection: He Be ot (MeV)
N .:"1:+ .-ﬂ:— o.sf-
Efficiency ~22% S/N of ~2 Bo n o
* o o ° }’ .!J-+ D_4E—
Half of efficiency loss is geometrical ~ 1 Ko :
K™ (other dec.) D'ag_
F. Pupilli et al., PoS NEUTEL2017 (2018) 078 e ]

Visible energy (Mel)



ENUBET: v, constraints from muons

Constrain high-E v, from (K = p* v and )
The main background from beam halo muons can be effectively
selected out and/or used as a control sample. efficiency 34% (K_) and 21% (K_) §/B ~ 6.1
Cut=0.61 ’ Muon reconstructed [[]KOther
candidates 29 Cm - v
- B undec. =+
> 1509 [Jhalo p
e [JKu3
N B Kuv

02000 1500 -1000 -500 O 500 1000 1500 2000
ZTrack"™

Position along the tunnel
Constrain low-E v, from n* - p* v

Muon energy @ different u-stations Neutrino energy @ different p-stations

In progress. Measure
momentum by range
with muon stations —

=3 mu i MDD

{mani]

=2 04
25605 N

=

[z

disentangle (n*— p*
vu) from halo p.

6001
..............



Forward region muons reconstruction

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

[particles/pot]

[particles/pot]

Design being defined. Possible candidate:

fast Micromegas detectors employing
Cherenkov radiators + thin drift gap
(PICOSEC coll.). Bonus: excellent timing.

A. Longhin, HEP2021, 16/06/21

_

A =
7

) 7000 8000
Energy [MeV]

L
Particle

Cherenkov

6
Radiator semm

F 3

Detector (u-station)

> 4> . e |
200 em 50cm Example of the fnrsg coqhguraiuon
under investiaation

200 cm

The most upstream (hottest) detector
needs to cope with a muon rate of ~ 2
MHz/cm? and about 10" 1 MeV-n, /cm?.

VI Cathode

Photocathode 18 200m

Drift 200 pm

----------

Amplification 128 pm

------------

Mesh %
nd  (Buk Micromegas) ‘_',.
Hv2? Anode :




Lepton monitoring

Tagger: leptons from K (v, and high-Ev )
Hadron dump instr: p from n (low-E vu)

A :f' - w '

A ean

)—/1-
—_——— . \
£ Fme me
Zoaskmn’ BT
H 4 n,
0af 27 IE

. ) (=
ke (other dec.) =

e* from K,

EUOD 1500 -1000 -500 0

A. Longhin, HEP2021, 16/06/
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ENUBET: flux constraint

Not directly taggable components:
1) v, from K™ in the
— reduce by tuning the dump geometry/location

2) v, from K*in front of the tagger

(after
accounted for with simulation (~geometrical).

Uncertainty reduction for the tagged flux
component

Constrain the Flux model by exploiting correlations
between the measured lepton distributions and the
flux — Fit the model with data and get energy
dependent corrections.

2™ bend) ~10% contamination —

E:
A
An example:

ve CC

Ve

spectra

CcC

e

tagg

able

— Tgt
—— Tripl
— After1stBending
—— After2ndBending
—— Tagger
hDump
-~ pDump

Each histogram component
corresponds to a bin in
neutrino energy

400 —

200

Muon z B .
‘ E (bin 1)

i

| s e

e |

paiulay

E,(bin 2)

E,(bin3)

ol o

| als "
o
o SO0 1000 1500 2000 2500 3I000 ISOo0 4000

Impact Position (dm)



Time tagging

Profit of advances/affordability of excellent
timing capabilities over large areas —

- time coincidences of v_ and e*

Example with reconstructed e*
2.5x10 pot [ 2s with 20% eff. S/N 1.6

genuine K, cand. : — 1 every ~ 77 ns
background K ,cand. ~ 0.6 x — 1 cand / ~ 130 ns

Assumed time resolution: 0.4 @ 0.4 ns

Flavour and energy determination at
interaction level are enriched by
information at the decay level.

Distance corrected At between tagged
leptons and neutrino interactions

\ t.-(tag/det)= 0.4/0.4 ns, e+ each 7.7e+01 ns, $/N untag 1.6 tag 5.7 efftag = 0.2
140? _ a”
100~ — K5 bckg
8ol
60
40 Toy MC
20l |
o A }H,UU—N%P 1 Jy
l | | 'lmﬂ‘lj’mr\L\ L]H_’L]lm‘rrjﬁ\ | l

0 11 | L1 1 11| 11 | | 1 | | 11 11 | L1 1
-0 8 6 4 2 0 2 4 6 8 10
Delta t (ns)
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100000

ENUBET: irradiation studies . Dose for 102 POT [Gy]

Ensure lifetime of instrumentation and = I B
focusing elements. | I
The dose at the hottest point of the i '
quadrupole closest to the target is of about B
100-300 kGy.

The dose at the second dipole leaves room
for thinking about a SC option (could easily
double/triple the bending angle)

0.0001

1500

Graphite

2m [

tagger

9000 10000

A. Longhin, HEP2021, 16/06/21 35



Neutrons in the tagger

m‘\

x10° hpCALG_tunnelEkinix
f‘.‘g 0.6 :—/' Entries 2115
B Mean -1.867
810° L RMS 1.805
i 0.5 —
1 t 30 cm BPE 5%
10°° — 0.4 —
S i 30 cm BPE 5% | F
| oak )
oo L » Si damage
- C _ function
0.2 —
107" H @S| PM E
0.1 —
10—]2 L | L 1 L 1 I 1 L 1 L | L 1 L 1 I 1 L L L J L 1 L 1 I 1 1 1 L I 1 1 1 1 | 1 1 1 1 0 ﬂ_l‘ﬂ_—_lﬂ l
3000 3500 4000 4500 5000 5500 6000 6500 7000 -10 -6 -2 0
z (cm) Iogm(Em] n

BPE shielding has a reduction effect ~ x 20
W.r.t. to the single dipole beamline

7x 10" n/POT/cm?~ 10 X reduction

(7 x 10° nfcm? for 10%° POT)

A. Longhin, HEP2021, 16/06/21

E.. of surviving neutrons is 0(10-100) MeV
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ENUBET: prototypes at the CERN-PS

l = NN Il 1] ‘!llllll |
* inteqgrated t-layer—

charge exchange: &t “p=>na’ (= yy)
Trigger: PM1 and VETO and PM2

=
t0 pm2 Fe Veto Delrin pm’

Energy in scintillator [MeV]

JINST 15 (2020) 08, P08001

30_
:_ . o Data &t-
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r —MC r-
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- profile
15— _o
10 o
51— e
-I | III I I IIIIIIIIIII
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ENUBET: prototypes at the CERN-PS

_Nsee Nmax
Nﬁred =~ Nma,x (1 — € d/ )

n
n
(=]

n
8

v
180

MC
MC + SiPM saturation

Data
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120
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2

m_n.
S & 8

B
(=)

IIIIIIIIIIIIIlllllllllllllIIIIIIIIIIIII

llllJllllllI.I.llllllJJJJlllllllll]llllllllllllll]

x? / ndf 1.731/1
Offset data —0.7268 + 0.9395
Slope data 40.68 + 0.624
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35 4 45
Beam Energy [GeV]

JINST 15 (2020) 08, P08001
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New SiPMs under test (NUV, RGB high density and low cross talk from FBK)

A. Longhin, HEP2021, 16/06/21
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Updated light readout scheme

GEANT4 optical simulation

From lateral to frontal light collection 00F
Safer for injection molding. More uniform, efficient. =

Each tile has readout grooves and “transit” grooves. A
Readout grooves on alternate sides. oot

Staggering for the two tiles at larger .

frontal fiber
readout

3500

st Lateral fiber
é,l readout s

A. Longhin, HEP2021, 16/06/21
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FE mech. =
studies .

The demnonstrator — Cuon diers

WLS routing e ey

! ! ol
PS East Area in 2022

A. Longhin, HEP2021, 16/06/21 40
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Neutrino beams from stored muons

“clean” sources (~ easy, “textbook” flux prediction)

Pre-2012: use for long baseline experiments

Evolution: a short baseline setup for cross section
measurements with high precision supporting the long
baseline program which will be carried on with high intensity
“meson based” HK & DUNE SuperBeams

— NUSTORM

\
protons = (K*, t*) —» | decays —b-‘ve/‘v“—h-» neutrino
detector

/




nuSTORM

v, and v beams from decay of circulating low-E muons

ut

e

+

P — e Vel

— € Vel

Target
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k(

.
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Dump

100 GeV/c p from SPS (156 kW). Fast extr. (10.5 us).
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1;Energy spectrum of neutrinos from NuSTORM
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— .
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nuSTORM

Physics Beyond Colliders study
Costing performed at CERN(*) and FNAL (PDR)
Beside cross section and sterile neutrino program

L ==

-40565 =100 =50 0 50 100

T

Work package

Base cost [M35]

Primary beam line
Target station
Capture & transport
Decay ring

Near detector hall
Site work

21.1
26.7
10.8
89.3
16.8

For sterile searches. For cross sections

X [m]

(*) CERN-PBC-REPORT-2019-003 https://cds.cern.ch/record/2654649?(n=en

105 120 135

other detector schemes could be more
appropriate, with similar small sizes.


https://cds.cern.ch/record/2654649?ln=en

Fluxes decomposition

nuSTORM: vary the channeled
muon energy from 1 to 6 GeVj/c

ENUBET narrow-band off-axis
technique:

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 low distance of the
detector) !
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ENUBET-nuSTORM synergies

nuSTORM can be seen (simplistically) as an “ENUBET without a hadron dump” where pions and muons are
channeled into a ring. Large room for smart ideas to match the requirements of the two experiments

/ a . ° M N . 0
hrotans - (K, )Nk decays B netin J common pglnts.sProton extraction line,
\ e etector target station, 1*stage of meson focusing,
(‘oratons — (k' )~/ decays = vlv;==» neutrint proton dump, neutrino detector (possibly)
& detector
Target,
. sec.
Decay region Hadron dump Forg::i:;xtractlon, energy, transfer Neutrino detector
* But also significant o
differences (and scale) Yes. Dumps  in addition > 5iou extraction (= quad triplets S
ENUBET ~40 m. Instrumented.  Preventing a (small) v, “slow” in bursts (+horn) similar |1na‘|lar utd lexibilit
pollutionto K, -v, 400 GeV U e
Replaced by straight . : Similar but at
nuSTORM section of the ring N(; H kf.pt' F{le e " fzztézxaractmn L similar >300 m from target
(180 m). Interesting riux parents. ¢ (ring straight section)

4
\ 1= NUSTORM
0.0t . N )
‘ 2\ g /
— T
a7 204

complex

Engineering studies starting within
Physics Beyond Colliders




BSM and more opportunities

Low normalization errors is @ must to further constrain sterile neutrinos or STUDY them in the - exceptionally
exciting - scenario of having them discovered at FNAL!
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NE {
o
5‘?3 ! ;
T4 t ‘
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o | —
=30 _ A
Ve | }
r . - ENUEET - tagged beam
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n __,_T_ s TK
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Electron neutrino cross section

A. Longhin, HEP2021, 16/06/21

Am, [eV)

ENUBET 99% CL 5yr

# Best fit Neutrino-4
* Best fit RAA

i | ==== L=1km 1% signal

1072 107 10°
sin“28,,

Sterile neutrinos

8970T 0TOZ:AIXJe UagnH d ‘o|ipes|ag

Am? [ev2]

10

100, 1% Sys -
99% C.L., 1% Sys
S 106, 5% Sys e
o ,.-"99% CL., 5% Sys «wwn--
" 99% C.L: Fit to Evid.
g 99% C.L: Fit to App. =====~
99%0 L. lcarus o

0.1
0.0001

0.001

46




. €Ny
Conclusions o
CERN NP, SPSC: activities to support present and future neutrino physics in JP and US are in
full swing (protoDUNEs, T2K near detector upgrade, WC test experiment)

+ Support to new concept beams through ENUBET/NP06: a narrow band neutrino beam at the
GeV scale to measure at O(1%) the flux, flavor and (at 10%) the energy using lepton-neutrino
correlations.

Could fill the gap between our knowledge of standard neutrino properties (Firstly cross
sections) and the needs of the next generation experiments. Possibly the pivotal idea to
create a hub for high precision neutrino physicsin EU.

Large space for contribution on broad range of subjects from detectors/analysis/simulations.

ENUBET CDR expected in ~ 1 year. Contribution from CERN (PBC, p-Collider studies) can help
to make a step forward with sound studies on implementation and costing.
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Bonus slides
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Conclusions

o ENUBET is on schedule and we are entering the last phase of the project
o The new beamline: single particle e*/p* monitoring with good S/B, efficiency and neutrino yields
with a much reduced untagged-v, component

* Multi-momentum option on its way
o Experimental test of “burst” slow extraction @ SPS — could go down to 3 ms

* horn option remains very appealing: further optimization ongoing
o Frontal readout option — long lifetime/accessibility of SiPM
o Completed the test beams campaign before CERN LS2
o Redundant end-to-end simulation as a framework for the treatment of systematics
o Construction of the demonstrator and electronics in progress = test at PS East Hall summer 2022

* PBC: Engineering studies, explore synergies with nuSTORM
* Conceptual Design Report at the end of the project (2022): physics and costing

IS



Framework for systematics

A software framework written within ROOFIT to constrain the neutrino flux from the reconstructed leptons.

nominal mu impact point

To validate the machinery the impact point along the ] = o
tagger of muons from kaon decays is considered. i} e o 0
Uncertainty envelope created by sampling hadro- :: . o
production parameters of a toy model (multiverse F —— -
method. R

Extended likelihood Fit of lepton variables with templates in
bins of the associated neutrino energy:

— — —

PDF = Ns(&@, 3) - S(&, 8) + Ng(&, B) - B(@, §)

Nuisance parameters from uncertainties related to hadroproduction (a)
and beam parameters ().

Fit the relative normalizations of the templates in E - flux constraint.
In progress: from a toy to the real ENUBET case using full simulation.

Gen level

E,(bin 1)

E,(bin2)

anf E (bin 3)

Lonvibeenbinedidinn oo

)
0 500 1000 1500 2000 2500 3000 3500 4000

Impact Position (dm|

Atter fit




Framework for systematics

— created a common data model to be used for systematic studies (G4TL+GATAG).
. Unlfy p-target (FLUKA). Full simulation including the beamline G4 (G4TL). Tagger simulation and lepton
reconstruction G4 (G4TAG).
* Information of all decays producing neutrinos is stored and linked to the parent particle at the level of target

d

nd at the tunnel entrance.

* Allows a full description of v-flux components and linking neutrinos to the relative reconstructed leptons.
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Proton extraction R&D

during LS2: burst mode slow extraction

a full simulation to validate the experimental results
and explore possible improvements, which could not be
tested in the machine before the shutdown.

Two different methods (increase of extraction sextupole
strength and amplitude extraction)

pulses between 3 and 10 ms seems at reach without
hardware interventions — tests after LS2

Reduction of ripples in the usual slow extraction

Tuning different set of sextupoles: the quad-correcting
ones used to act on the chromaticity (X) and the ones

used for the extraction (V)

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

x 2 reduction of the 50 Hz ripples

o w = ot

Effective burst length / input

—_

\

Hmax

Nom. Vi x 2
Nom. Vi x 4
Nom. Vi x 4 corrected

1
} Hmax
b
i

t  Amplitude extraction
Experimental
Best Experimental

5.0 75 100 125 150 175 200
Input burst length [ms]

PhD thesis of M. Pari

50.0 Hz harmonic
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Target: Graphite, Lg = 0.3m, Primary: 400 GeV/c, Direction: 0°, Ap/p: £10%, AA = 20 mrad

Target optimization oyt o

Explored the parameter space of the geometry
(also tronco-conical) and some materials
(graphite, Inconel) to maximise the yields of
mesons in our region of interest with FLUKA.
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The current targets are both more efficient and 8.5 6 4GeV/c  CERN-EN-EA, Parozzi, Charitonidis
robust under the point of view of implementation ; % @ @ o w W o

and lifetime.

\ Study 2 |
New baseline targets: S 'G raphite Inconel/ \L,

0.06[{2IR=10m 0OBE

#|R=15cm — = FeJR=0.5cm
H ; ::::: ~¢ OME_ J\ FeJR=1.0cm
b Graphlte: L/g - 700/60 mm 0.05?%R=3.0cm S . ()_0355— R . zzlzcm
* Inconel: L/@ = 500/60 mm Coaf. ' S| b |
(*) The two studies used different ~ °=f g
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https://indico.cern.ch/event/1024587/contributions/4301475/attachments/2224851/3768654/wcte_spsc_20210413.pdf

Water Cherenkov Test Experiment
Experimental Configurations

+ We plan to operate in secondary and tertiary beam configurations:

Secondary Beam Configuration Tertiary Beam Configuration

Electron, muon and proton fluxes Low momentum pion and proton fluxes

+ Configurations with pure water and Gd2(S04)z loaded water (0.2% by mass) to allow for neutron
detection


https://indico.cern.ch/event/1024587/contributions/4301475/attachments/2224851/3768654/wcte_spsc_20210413.pdf
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Forward region muons reconstruction

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

Detector (u-station)

o e - o YT oo > . Example of the first configuration |
g ’3: g. under investigation
" H
2 The most upstream (hottest) detector
j; needs to cope with a muon rate of ~ 2
i MHz/cm? and about 10" 1 MeV-n_ /cm?.
» O wa
EMey)
Design being defined. Possible candidate: Crererkor . _
fast Micromegas detectors employing e w1 Cathode
Cherenkov radiators + thin drift gap orin som - E__ﬁfk_*[ osn
(PICOSEC coll.). Bonus: excellent timing. Amplfication e Efmdb " anode
——{ Preamplifier + DAQ

A. Longhin, HEP2021, 16/06/21 56



ENUBET: proton extraction, rates, pile-up

: 25 slow extraction

. Hottest
Rates in the tagger vs z channels
e ~ 0.;—0.6 MHz
3 —e -

c 350
: B ow K

Solid: calorimeter inner
layer
Dashed: 2" and 3" layers

N
=]
o
TTT IIH‘II\I|II|I||I\I|\I\I|II\I|H\I

2 b 3 T Ty Rl .
0o 50 100 150 200 250 300 350 400
z (a.u., max = 40 m)

Waveform analysis algorithms developed.
With 250 MS/s sampling:

pile-up efficiency loss stays

sub-% up to ~ 1 MHz/ch

extracted intensity [p*/s]

: “burst mode” slow extraction
tested during machine studies at the CERN-SPS
~X10 rates increase
CERN-BE-OP-SPS

le12 Burst-mode slow extraction in SPS

H Paper link

——— Continuous spill
—— Burst extracted spill

time [s]

With the increased rates implied in the horn focusing
scheme — ~ few % loss


https://ipac2019.vrws.de/papers/wepmp035.pdf

ENUBET CERN-SPSC 2020 annual report link

ENUBET: prototypes at the CERN-PS R

T
'\ éff M g ! : %25:_ Pion o Data n-
= | shower — MC n-
A, ! A 2 20f profile
i i it ' = 10; —
TN EREN TRV U E T
l’?lll”llf | “IPIH T °F —
ENNRR I S ST vves
= " integrated t-layer— e e

charge exchange: = ~p = na® (= yy)

Trigger: PM1 and VETO and PM2
n . 10
ete ' O Delrin pm’



https://cds.cern.ch/record/2714046
https://arxiv.org/abs/2006.07269

180m

HK: constructlonlprocurementc
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@Construction of entrance
yard in Wasabo is completed.

@Construction of the waste
water treatment facility at the
entrance yard.

Neutel2021 - 24 Feb 2021 &= = S bor

-370 mL

‘Hyper-K Detector Construction has Started

completed completed

-300 mL

completgd

-370 mL

PMTs for the Inner Detector
Super-K
11,129 50cm PMTs

Hyper-K
20,000 50cm PMTs (JPN)
(+ additional PDs (Oversea))

20%
~24%
4 kHz (Average)
~1.5 nsec

Number of PMTs

40 %
~12%
~4 kHz (Typical)
~3 nsec

Photo-sensitive Coverage
Single photon efficiency /PMT
Dark Rate /PMT

Timing resolution of 1 photon

@Production has started on time for
the 50cm PMTs with Box&Line dynode.
@300 PMTs by March, 20,000 PMTs in
total by 2026 according to the
Japanese budget profile.

z o
2020/12 First six PMTs delivered to Kamioka

| 1K FD mPMIT Electronics at INFN

mPMT is a vessel WhICh houses and proteots
an array of 19 3” PMTs:

@improves the granularity and timing;
@additional intrinsic directional information.

@Far detector “hybrid” photocoverage: 20”
PMTs and mPMTs.

@IWCD will be instrumented only with mPMTs.

@Different constraints on far detector and
IWCD mPMTs.

Survey tunnel
Near the center of the (future) HK dome
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