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V) et ENUBET: the first monitored neutrino beam
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* Hadron production, beamline geometry and focusing, POT . the instrumented tunnel
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Latest update:

[For a full review of the ENUBET projectj
SPSC Annual Report 2021

check G. Brunetti talk in WG3 on 7/09



https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3378-9
http://cds.cern.ch/record/2759849/files/SPSC-SR-290.pdf?version=1
https://indico.cern.ch/event/855372/contributions/4406042/

particles/pot

e-l-

v The ENUBET beamline
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bending angle 14.8°

proton dump

 Static Focusing option — coupled to slow proton extraction (assuming 4.5x10'3 - 400 GeV potin 2 s)

* Optimized to transport mesons with p=8.5 GeV * 10% (narrow-band beam)
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* Trade-off between a larger meson yield (larger v flux) and a sustainable background on the tunnel walls
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https://indico.cern.ch/event/855372/contributions/4499007/
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gt The instrumented decay tunnel
7 Requirements: . Further details on detector R&D in today F. lacob talk :
* Allow e*/n*° separation in the GeV energy region
» Suppress background from beam halo (y, vy, non collimated hadrons)
» Sustain O(MHz) rate and suppress pile-up effects (recovery time < 20 ns) |
* Doses: <10 n/cm? at SiPMs, 0.1Gy at scintillator \ i :
N Lateral Compact Module y """x-“ﬂ\' ‘-. '1 :
Calorimeter 3x3x10cm* - 43X, |« --‘.~-=\---,i L
i ; ; Five 1.5 cm thickiron | 2 &
Long!tUdl.na.l segmentation Five 0.7 cm thick scint. £ H; N
Plastic scintillator + Iron absorbers syardy
Lateral light readout with WLS+SiPM
- e*/n*/p separation
J
~ ™
Integrated photon veto (to-layer)
Plastic scintillators
Rings of 3x3 cm? pads readout by SiPM
- n°/y rejection
5 /y rej )
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e" (signal) topology

nt’ (background) topology
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https://indico.cern.ch/event/855372/contributions/4499006/

Hit rate on tunnel instrumentation

Rate vs Z - TO - E>0.1 Rate vs Z - T Calo layer - E>1.0
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Maximum rate of O(MHz)
Dominated by residual uncollimated pions, halo muons and
Halo muons are the main background for Kpv

Positrons from the beam represent a not negligible background for ke3 monitoring
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"Dy K_, positron identification

St

Full GEANT4 simulation of the detector

v hit-level detector response
v validated by prototype tests @ CERN

Analysis chain:

1) Event builder:

Hit map for e*.
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» start from event “seed” (LCM with E>28 MeV in First layer) to preselect e.m. showers
« cluster energy deposits compatible in space (-5<@__,<5;-3<z__,<10) and time (-1<At<1 ns)

e associate TO hits on the 8 upstream tiles wrt to seed in the same @ sector (At within 1 ns)

5

2) e/ /y/ pseparation: g g Event bullder g

* Multivariate analysis (MLPNN fromz f 8
TMVA) exploiting 19 variables o
(energy pattern in calorimeter, ‘F 025
event topology, photon-veto) F 02
Performance
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constrain the v_ flux - Today A. Branca talk


https://indico.cern.ch/event/855372/contributions/4499027/

bg Waveform simulation and reconstruction

Software framework implemented to simulate tagger response at single channel level
— fully realistic treatment of pile-up effects

Conversion of energy
deposits in p.e.
Conversion factor
(15p.e./MeV) from
test beam data

SiPM response

simulated using the

GosSiP software
Waveform
digitization

Pulse detection
algorithm
— Peak amplitude and
time determination

Standard
analysis chain
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Tagger performance

Standard analysis
Waveform simulation

Time residuals layer 1
Time residuals layer 1

Energy spectrum layer 1
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Efficiency vs S/N for different cuts on the NN classifier

* Improvement to close the gap expected when
processing the NN training sample with the same chain

* Full control on the pile-up effects and on the
reconstruction chain up to the signal processing level



https://www.kip.uni-heidelberg.de/hep-detektoren/gossip

e’g" K muon identification
s et pv

Large angle muon tracks reconstructed in the tagger with dedicated event builder and multivariate analysis
Main background from halo muons is identified and can be used as control sample

Analysis chain:

1) Event builder:
 start from event “seed” (LCM with 5<E<15 MeV in first layer) to preselect mip-like particles
* look for a pattern of aligned energy deposits around the seed

2) p-like background separation:
* multivariate analysis (MLPNN from TMVA) with 13 variables exploiting track topology (to
suppress halo muons) and energy pattern

ZTrack™ Longitudinal position along tunnel ZTrack™
KOther _E KOther
nt — pv mf_ nt— uv
B undec. n* -3 B undec.
halo p °°' halo p
Ku3 “E Ku3
E B Kpv E B Kuv
Performance
S/N=6

Efficiency:34% (K ,) & 21% (K ,) [~ half geom.]




Tt , muon identification

T, muon reconstruction to constrain low energy v,

Low angle muons, out of tagger acceptance — need muon stations after the hadron dump

u from tunnel

Detector (g-station)

200 cm

Muon enemgy @ different y-stations

T |

200 cm 50 cm

4 I W

Work in progress

F. Pupilli

NuFact2021 - 9/09/2021

Exploit:

* Correlation btw number of
transversed stations (u energy from
range-out) and v energy;

* Difference in distribution to
disentangle signal from halo-muons

Detector technology to be assessed

Max i rate: 2 MHz/cm?
Max n fluence: 10" 1-Mev-neq/cm92



v, rates
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Neutrino spectra

Assuming:

* 4.5x10" pot/year

* 500 ton Lar v-detector (6x6 m?) @ 50 m from h-dump

10 v_°¢ interactions in ~2y of data taking

<E>=4 GeV

v, CC

e
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* Taggable component:
80% monitored by measuring
positrons in the decay tunnel

* Non-taggable component 1:
5-10% low-E n from p-dump
Can be removed with energy cut

* Non-taggable component 2:
10% from decays in the transfer line

About 8x10° v ¢ interactions in ~2y

ENUBET @ SPS, 400 GeV, 4.5e19 pot, 500 ton detector
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Narrow-band off axis technique (NBOA):
* Narrow p width (O(10%))

* Finite dimesion of near v-detector

— Strong correlation between E and radial vertex pos (R)
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Cross section measurements

ENUBET is an ideal facility for high precision v-N cross section measurements at the GeV scale

N~ [|¢[E)o(E

) e(E)|dE

[

* Absolute normalization and
flavour content know at ~1%

« Abundant source of v_

(the appearing species in LBL
experiments)

~

basis

& v energy known a priori at N\ (.
10-20% on an event by event

* Remove biases from nuclear
effects and FSI that are
affecting the energy
reconstruction through Final

* Measure o x € for the
oscillation program with
“replica” detector
technologies

* Decouple o and € with
complementary high
efficiency detectors

\_ ) \_ state particle kinematics ) \_ )
. A. Branca, G. Brunetti, A. Longhin, ' _ :
i M. Martini, FP, F. Terranova / A complex with a variety of detector )
............. Symmetry 2021, 13, 1625 . concepts is highly desirable

e 0 yeanQIBRPOTISNG » Water-Cherenkov (HK) and LAr TPC (DUNE)
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S ERELLLLLED Improved syst. (v./V, xsec. error 2.7%)
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Hyper-K preliminary

Trie normal hierarchv (known)

E * Fine-grained detectors with superiorir PID performance
and low thresholds allowing for a complete
characterization of the hadronic system

» Detectors with Hydrogen and Deuterium (lowest Z

\_ isoscalar nucleus) targets would be pivotal for a cross-
Y section model building not affected by nuclear effects
k and for nucleon structure studies with a bare weak proby



https://www.mdpi.com/2073-8994/13/9/1625/

ProtoDUNE-SP and DP @ CERN represent an excellent option for o x € measurement:

* Very same technology as the DUNE Far detectors

* Almost full containement of the neutrino interaction (unlike the ND-LAr of DUNE)

* ProtoDUNE-SP response to charged particles already fully characterized in EHN1 exposure

Drift volume

» 7.2X6 m?transverse dimensions
* 7 m length in the beam direction
e ~400 ton mass

- " VA W | Sensing planes composed by 3
A( 1-3) . D . on each
\(_)rift Volume Beam right, am % \ | side
. 3:6m -y 3 in
: the mlddle
. . B Abietal
Photon Detection system = { 2020 JINST 15 P12004
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https://indico.cern.ch/event/855372/contributions/4464795/attachments/2303307/3918266/20210909%40NuFACT2021-ProtoDUNE-Detector.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12004/pdf

HPTPC with Argon

The simultaneous use of a liquid and a gas phase TPC could be an ideal solution to
decouple the neutrino cross section (o) in Argon from the detector efficiency (€)

An example is provided by the TPC of the DUNE ND-GAr, whose design is inherited from ALICE one

OUTER FIELD

: = ¥ A\ READOUT WIRE )
/ -r ﬁ\ | CHAMBERS * Argon-CH4 mixture at 10 bar
| * R=2.5m
* L=5m
I - ~1.8 ton active mass
 CENTRAL HV\! S :
ELECTRODE gﬂfg FIELD . DUNE-ND-CDR
A { arXiv:2103.13910 |

—
T T
N '

o
o

Main advantages:

Efficiency

expected to push it
down to 5 MeV with
ML techniques

Ll.:'

* Excellent momentum resolution (B field) 06T

* Improved particle-id (especially p/n 0.4}
separation) '

 Significantly lower energy threshold - Ffull el

characterization of the hadronic system T T T T

(low-E p and n) 0 50 100 150 200
Proton KE (MeV)



https://arxiv.org/abs/2103.13910

The exposure of a small WC detector is planned in 2022-2023 @ CERN
to pursue R&D studies fFor future detectors including the Hyper-K far one

i CERN SPSC 13/04/2021 = — ; : :

:
S A pet

Calibration System |

— * H=4 m
o * R=4.1m
Tank Lid - e ~50 ton fiducial mass
e * 19PMT (8 cm Q) arranged in 128
multi-PMT optical modules

mPMT Array / | | |
Structure .

It could represent an interesting opportunity for the cross section
measurement in water:

Base Plate * Full prior characterization of the response to charged particles

* Despite the smaller PMT size (driven by the smaller Cherenkov
Acrylic dome rings size) the detector technology and the event reconstruction
Stainless steel ring ————— ..

are very similar to those of HK

PVC outer cylinder  —
Stainless steel backplate
Penetrator (power, and signal)

* Should be complemented by a spectrometer for p measurement

Opticalgel
;ET Pn.rT dar £ %Y. O-ring
Polyarethane foam -~ AL SRS - Daughterboard ¢ Given the small mass, not possible to have enough ve-int.
T : i ik B Sointillator pane . . . . . .
o opport matris Y — el . Suppor plars with a moderate intensity beam like ENUBET, but still possible to

o measure double differential cross section with v, (O(10%) events)


https://cds.cern.ch/record/2712416
https://indico.cern.ch/event/1024587/contributions/4301475/attachments/2224851/3768654/wcte_spsc_20210413.pdf
https://indico.cern.ch/event/855372/contributions/4452155/attachments/2304577/3921520/WCTE@CERN_NuFACT-2021-09-08_LAnthony.pdf

High precision measurements in water

Fine-grained detectors with H,0 targets can be used to disentagle

the neutrino cross section from the detector efficiency
Side muon range

detectors BabyMIND Grid scintillator
magnitized spectrometer —265em l Plinesclitilaten WAGASCI
; 0.15ecm  Oem
W * 0.6 ton water target

* Encompassed by a 3D grid-
like structure of plastic
scintillator strips enclosing
cells of O(cm) size

» Side modules (steel

v ' Gile plates+scint. Slabs) and
BabyMIND spectrometer for
groseeds e v muon p-measurement
: G. Pintaudi :
PoS 2019, 2019, 142 :
NINJA
i =l g ) Waer | * Nuclear emulsion films and
Scintillating | m iron plates intervealed in a
FiberTrackerR sandwich-like structure with

2 mm water layer

* Scintillating fiber tracker
downstream to timestamp
and match tracks in emulsion

@ i L@ W 1S  One INGRID module for
Cooling| I J muon range measurement
shelter fume Water target ECC Iron ECC
59 tracking layers 6 emulsion films ° P_th res h o) ld:
R : 58 water layers 5 iron plates
A. Hiramoto et al. : 200 MeV/c for p

 Phys. Rev. D 102, 072006 (2020) 50 MeV/c for Tt


https://indico.cern.ch/event/577856/contributions/3421618/attachments/1882026/3101273/EPS-HEP2019_NOAH_WAGASCI.pdf
https://pos.sissa.it/369/119/pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.102.072006

v-H interactions

* The measurement of neutrino interactions with Hydrogen would provide a clean and solid
base to build reliable models not affected by nuclear effects scalable to higher Z materials

* |t would also be major asset for electroweak nuclear physics and the study of nuclear media

x1 c:r49

Indirect approaches exploiting the transverse 45 T
momentum imbalance due to nuclear effects have 40 —— Hydrogen

. I carbon
been recently proposed to disentangle hydrogen Carbon CCQE
interactions from those with other nuclei in
composite materials (like e.g. hydrocarbon targets)

L. Munteanu et al.

CCQE vp-pu'n

: H. Duyang, B. Guo, S. Mishra, R. Petti, Phys. Lett. B 2019, 795, 424
L Munteanu at al., Phys. Rev. D 101, 092003 (2020)
P Hamacher—Baumann X. Lu, J. Martln-Albo Phys. Rev. D 102, 033005 (2020) 5E
0

S pr=|py+pyl

do 2 -1 1
dSpT [em Nucleon™ GeV™]
n
o
II II|IIII|IIIIIIIIIlIIII|IIII|IIII|IIII|III

A0
I s RS ——.

0.1 02 03 0.4 05
Sp [GeV]

Afully unblased measurement would be provided by using a liquid-H target

D [

* Constraints posed by modern safety requirements
for underground experimental halls make this
option challenging

* Recently in the SNOWMASS framework it has
been proposed a revival of the time-honoured
magnetized bubble-chamber technique with
modern digital camera technology and machine-
assisted reconstruction techniques to improve
precision and data analysis speed.

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



https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF6_NF3-TF11_TF5_LauraFields_RichardHill_TomJunk-165.pdf
https://www.sciencedirect.com/science/article/pii/S0370269319303818?via%3Dihub
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.101.092003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.033005

F. Pupilli

Thanks for the attention

NuFact2021 - 9/09/2021
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