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NnuSTORM: Neutrinos from STORed Muons | .storm
a2 nuSTORM: storage ring for 3.8 GeV/c muons
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— Pions of 5 Gev/c captured and injected into ring.

— 52% of pions decay to muons before first turn: #° —u* +V,
— For 102° POT, flash of neutrinos from 8.6x10'8 pion decays
— Muon momentum acceptance: p = 3.8 GeV = 10%

— Muon decays (1 lifetime=27 orbits): u" —e" +v, +v,

— For 10%° POT, expect 2.6x10'" u* decays

— Creates hybrid beam of neutrinos from pions & muons,
Muon beams for particle physics, RAL, 11 October 2018



Physics motivation

Physics motivation of nuSTORM:

STORM

Light sterile neutrino problem: short baseline oscillations

Neutrino beam with flux accuracy of 10-3 for neutrino

scattering physics

Measurement of v, and v, cross sections and nuclear
effects in neutrino-nucleus collisions

Test bed for muon accelerator R&D

Detector concepts for nuSTORM need to address
physics topics

— Magnetised detector for neutrino oscillations

— Generic high resolution detector for neutrino scattering

— Low density detector to resolve nuclear effects
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nuSTORM and long-baseline physics | storm
2 Precision requirement for CP violation:
— For 75% of CP asymmetry coverage at 3o: Asp as low as 5%

— Requires 1.5% measurement of P - P (~1% syst. error),
but we measure rate:
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nuSTORM and long baseline physics | storm

2 Precision requirement for CP violation:
— In disappearance experiment we can satisfy:
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NuSTORM and long baseline physics STORM

Influence of measurement of cross-sections with less than
1% precision as potentially provided by nuSTORM:
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Short baseline physics

o LSND and MiniBooNE hints of v, and v, appearance
P(v, —v,) ~0.003 and reactor anomaly (6% v, def|C|t)
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Short baseline physics STORM
2 Precision requirement for CP violation:
P(v, =v,)<4(1-P(v, =v))(1-P(v, =v,)

— nuSTORM probes all possible sterile neutrino appearance and
disappearance channels (if E >t threshold) to test paradigm

yﬂ— — €+y€§M [ —r e Vel
Uy — Oy vy — Uy, disappearance
U, — Ve Vg —* Vg appearance (challenging)
v, — U; vV, — Ur appearance (atm. oscillation)
By % Vs 7 —5 s disappearance
B, — by, b, — B, appearance: “golden” channel
M — Ve — Vs appearance: “silver” channel
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NuSTORM Facility STORM

1 nuSTORM facility:
— 120 GeV protons on carbon or inconel target (100 kW)
— NuMI-style horn for pion collection: recently optimised
— Injection pions (5 GeV/c £ 10%) into storage ring: 0.09 x/POT
— Storage ring: large aperture FODO Iattice (3.8 GeV/c £ 10%) muons:
8x10-3 u/POT

l FODO start

Horn downstream

Decay Straight
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NUuSTORM Flux and Spectrum

o nuSTORM flux and enerqgy spectrum
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- v, from pion decay 7" —u"+v, flux: 6.3x10° v/m? at 50 m
- v, from muon decay u" —e¢" +v, +v, flux: 3.0x10'* v/m? at 50 m
- v, from kaon decay K™ —u" +v, flux: 3.8x10* v/m? at 50 m

_B)
STORM

— Can be used for cross-section measurements and short baseline

experiments
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STORM

NUuSTORM Event Rates

o  Flux uncertainties for nuSTORM from beam diagnostics: < 1%
2 Event rates per 1021 POT in 100 ton Liquid Argon at 50 m
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w ™
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Limited by detector systematics:
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Sterile neutrino search Storm

Requires two

magnetised detectors for neutrino oscillations:
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Sterile neutrino search Storm

n Appearance search: Adey et al., PRD 89 (2014) 071301
2 . Am?,x Am’,x
P (x)=4U,, 2‘UM4‘ sin” 4; = sin (206M)sm2 4;
14 | Total App. Bagkggslprfd: 6 events —— 1
3 12f ’ 1 With full reconstruction
g 10r 1 and efficiencies, 102! POT
i gl
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1 Disappearance search:

PMM (x)= 4‘UM4‘2 (1 - ‘U/M ‘2)Sin2 (Am124x) = sin’ (2HMM)Sin2 (AZ_/IZ%X)
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Sterile neutrino search Storm

o Short-baseline oscillation search with near detector at
50 m and far detector at 2 km, 10%" POT exposure

1 Appearance and disappearance multi-variate analyses
Adey et al., PRD 89 (2014) 071301 (Ryan Bayes’ analysis)

Appearance efficiencies Disappearance efficiencies
) —e— v, CC Signal Y — .
§ 10F 2" i¥rec. fromy, co S ob [T v e, co
€ 1E | e remy: o8 2 il Al
% 10" g wrec.fromv.NC| _o —s———0—¢"—0—¢ E- 1 he e o v: =
82 —— g _._—o—+=='v""===
g 10 '(80 10-1 Y
w103 . ™ I
4 10—2 +_._.__._._¢—=lz;—__::, - —-
100 X .- '"*_"*':'F + e - =S
107 : t—* ';-_?%jif"‘?:t" T 10° =
10-6 .T: - E 4?, : E —
v o b o by v b o b bty v i b by by g ah 10_4., TS P RS N NI I I
6 o5 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
True Energy (GeV) True Neutrino Energy

Muon beams for particle physics, RAL, 11 October 2018 14



Sterile neutrino search Storm

o Short-baseline oscillation search with near detector at
50 m and far detector at 2 km, 10%" POT exposure

1 Appearance and disappearance multi-variate analyses
Adey et al., PRD 89 (2014) 071301 (Ryan Bayes’ analysis)

Appearance sensitivity Disappearance sensitivity
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After FNAL SBL programme, sterile neutrinos might not be relevant
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Neutrino interactions at nuSTORM STORM

1 Example of CCQE measurement errors:
— Data for v, and Vv, cross-sections
— Systematic errors completely dominated by detector
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Detectors for neutrino interactions Storm

o ProtoDUNE detectors at CERN:

— Two 770 ton liquid argon detectors:
single phase and dual phase

— ldeally located in North Area at
CERN for nuSTORM

100m from the front face of the detector

Existing detector-Extension EHN1

1400m from the
upstream limit of CERN land

Option 1

L7
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Detectors for neutrino interactions Storm

2 High resolution straw-tube tracker detector:
— HiResMuNu as was first proposed for LBNE

18
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Detectors for neutrino interactions EtbRM

1 High pressure argon gas detector:
— Best resolution to measure nuclear effects in argon

~10m 30m . 10m 05m 50m
Return yoke NOMAD
Al Coil ECAL

Argon gas
pressure
vessel
Beam

Flange

@D=5.0m

TPC charge readout Central cathode

Ar fiducial volume

Dipole coil TASD calorimeter
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WAGASCI/Baby MIND concept

)
STORM

1 Totally active scintillator, surrounded by magnetised
iron spectrometers (similar to WAGASCI/Baby MIND)

Downstream MRD Detector
- Magnetized Steel / Scintillator Detector

Side MRD Detector
- 4 Modules

H,0O/CH Detector
- 2 Water Modules

- 2 Plastic Modules
- 5120 Channels

Muon beams for particle physics, RAL, 11 October 2018
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WAGASCI/Baby MIND concept STORM

1 Baby MIND concept:

— Individually magnetised plates with two slots to be able to

thread 25 turns of conductor: inexpensive to manufacture
——— _
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WAGASCI/Baby MIND concept /STORM
1 Baby MIND concept:

— Modular spectrometer with array of magnetised plates and
scintillator planes, which can be interspersed in bespoke
ways to optimise acceptance and momentum reconstruction
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2 d3 ds dé d7 d9 di1 di3 dis di7
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WAGASCI/Baby MIND concept 'STORM
o Baby MIND at T9 Test Beam at CERN

— Constructed 33 magnetic plates and 18 scintillator planes
— Tested at CERN test beam and now installed at J-PARC

QJL- S | . jg; ) ' , o

23
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Preliminary CCQE analysis STORM

1 CCQE analysis with Totally Active Scintillator Detector
(TASD) + Baby MIND S.-P. Hallsj6, PhD thesis

— Simulation with nuSTORM spectrum + GENIE + GEANT4

Muon beams for particle physics, RAL, 11 October 2018 24



Preliminary CCQE analysis STORM
o CCQE analysis with TASD + Baby MIND
— Charge identification efficiency S.-P. Hallsj6, PhD thesis

Charge identification efficiency
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Preliminary CCQE analysis STORM
1 CCQE analysis with TASD + Baby MIND
— Neutrino event selection with TASD S.-P. Hallsjo, PhD thesis

- v, CCQE = signal; v, CCQE + NC = background
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Preliminary CCQE analysis

1 CCQE analysis with TASD + Baby MIND
— Neutrino event selection with TASD S.-P. Hallsjo, PhD thesis

- v, CCQE = signal; v, CCQE + NC = background

Background rejection versus Signal efficiency
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Preliminary CCQE analysis STORM

1 CCQE analysis with TASD + Baby MIND
— Neutrino event selection with TASD S.-P. Hallsjo, PhD thesis

- v, CCQE = signal; v, CCQE + NC = background

TMVA overtraining check for classifier: MLPBNN
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Number of eve

Preliminary CCQE analysis STORM

1 CCQE analysis with TASD + Baby MIND
— Neutrino event selection with TASD S.-P. Hallsjo, PhD thesis
- v, CCQE = signal; v, CCQE + NC = background
— Signal efficiency = 84%; background contamination = 7.4%
— Assume10 ton detector and 104" POT at nuSTORM

Energy spectrum before TMVA cuts, for 10?' POT
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Preliminary CCQE analysis STORM
1 CCQE analysis with TASD + Baby MIND
— Neutrino event selection with TASD S.-P. Hallsjo, PhD thesis
— Extract cross section o(E): N, ccor = N yuge f o(E)x¢ (E)dE

— Epected v, CCQE cross section with ~3% errors for
10 ton detector and for 102! POT at nuSTORM

Cross section estimate with a 10 ton detector for 10> POT
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Conclusions STORM

NuSTORM fluxes very well determined (<1% accuracy)

For short-baseline neutrino oscillations, requires magnetised
detectors to perform “wrong-sign” muon analysis

For scattering physics, need to measure both vV, and Vv,

High-resolution detectors (ie. liquid argon, totally active
scintillator or high resolution straw tubes), ideally magnetised

At CERN, ProtoDUNE LAr detectors would be already in place

To perform measurements of nuclear re-interactions, gaseous
argon would probably be ideal, but mass much lower

Hybrid detector with active target and modular magnetic
spectrometer (a la Baby MIND), could also be possible:

Performed ~3% differential cross section measurement with a
10 ton totally active detector and 102" POT in nuSTORM

31
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