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CP asymmetry as a function of L/E

CP violation can be measured by comparing n and anti -n oscillation
probabilities in an asymmetry variable
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The amplitude of the pure CP term increases with L/E A this effectis

stronger at the second oscillation maximum

Measurements at the second oscillation maximum are very important and
possible only with a detector with very good energy resolution



Matter effects and CP violation effects degeneracy

Matter effects on the
oscillation probability at L

= 2300 km for nand anti -n
in the case of Normal

(NH) or Inverted (IH)
hierarchy

Since CP violation is also
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and anti -n oscillation
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Effects on oscillation probabilities as a function of d CP

Once the mass hierarchy ~ CERN-Pyhasalmi: spectral information v,—ve
Is determined, itis

possible to study the CP- *Normal mass hierarchy L 2300 km
violation and determine Fof T Torf T N
the value of d by %0 1 7o §p=45
measuring the n and anti-n ooz CFromsenin

oscillation probabillities
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A lot of information is
contained in the shape
around the first and second
maximum
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A Direct measurement of the
energy dependence (L/E
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Addressing mass hierarchy with non-accelerator experiments:

P(v,—v,) - Normal Hierarchy

Matter effects in atmospheric neutrinos:
Study upward going neutrino flux in bins of energy
and cos(q)

A Different patterns at low energy

2000 4000 6000 BOOO
distance in km

P(v,—v,) - Normal Hierarchy

Oscillations probabilities for NH and IH are similar for
neutrinos and antineutrinos A if the charge of the
muons is not measured the effectis diluted

Energy (GeV)
o

However there are differences in fluxes and cross
sections for neutrinos and antineutrinos and a few %
effects can be still measured

Adaptation of the high energy neutrino observatories
Icecube and Antares at low energy A Pingu, Orca,
higher density of photomultiplier strings

Difficult measurement for flux modelling and detector
response to reach ~3s significance

P(v,—V,) - Inverted Hierarchy
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The Water Cerenkov approach (extrapolation of SuperKamiokande):

V Large water Cerenkov detector

V Low energy narrow beam (0.1-1 GeV), peak at 0.6 GeV A just lepton reconstruction
In QE events

V Short baseline (100-300 km) A no mass hierarchy determination (needs an external
Input (atm. neutrinos, other experiments)

V New beam needed ~1.3 MW

A Counting experiment on neutrinos-antineutrinos asymmetry at first oscillation
maximum

Ve

A HyperKamiokande project in Japan

Initial project 2013 0.56 Mton, 99k PMT 20606, new beam fr
Beam neutrinos, Supernovae neutrinos, Search for proton decay

260 kton
A Project under construction since 2021: AN ater tan

188 ktonf I duci al mass (x8.3 S (

(@)

multi-PMT modules

neutrino anti-neutrino

L=295km, sin220,53=0.1 H71lm

' """ IH ——§..=180°
_ Scpz _900 M

T2K peak
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HyperK:

Neutrlno beam Antineutrino beam
K 10 ye “n_“ 10 years (2.7E22 POT 1:3 v:¥)

A Continuation of
measurements in sub-GeV
region (peak at 0.6 GeV)

A Mostly « counting,,
statistics experiment »
O(kevents)

A MH to be known to avoid a
systematic bias

Systematic uncertainties based on: HyperK 10 years at 1.3MW
V T2K experience

V Water Cerenkov Near Detector

V Study of atmospheric neutrinos control sample in Far Detector

HK 10 years (2.70E22 POT 1:3 v:V)

T2K systematics on nue/nuebar - Statistics only
cross sections at 4.8% planned to TR

A 60% CP coverage (5s)if MH know
reachablein 10 years with 188 kton, 1.3 MW
beam power to be upgraded from 515 kW, 3:1
antineutrino/neutrino running

Hyper-K prehmm'iry
True normal hlerarchy (known)
sin‘(ﬂl_‘) =0.0218 sin“(ﬂﬁ_) =0.528 lAm?;gI =2.509E-3




Overall Experimental Layout DA(VE

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

Sanford
Underground
Research
Facility

Fermilak

AR high precision
near detector

\ Wide band, high purity 7, beam with peak flux
J—— — at 2.5 GeV operating at ~1.2 MW and upgradeable

+ four identical cryostats deep underground L ]
* staged approach to four independent 10 kt LAr detector modules BT EGQ vl RO )
* Single-phase and double-phase readout under consideration o ZCP:ZO'IN:
A Four liquid argon far detector modules of ~10 kton LAr mass 3 ot0r ey B 505 N1 .
each located in the mine at 1500m depth } E
A Firsttwo detector modules constructed by 2028 *
0.05
U Neutrino Beam: 1.2 2.4 MW protorbeam
intensityon target N
U ~40 kton Far Detector mass 000, =0 2 6 8 10



The Primary DUNE Scientific Goals

- CP violation in the v sector
Neutrino + Neutrino mass hierarchy
oscillations ¥. precision oscillation measurements

- Testing of 3v paradigm

Proton - Predicted by BSM theories, but not yet seen
decay » Unique sensitivity to SUSY-favored modes (p — v K+)
Supernova [© Neutrino burst from galactic core-collapse supernova
neutrinos  R. Unique sensitivity to supernova ve's

Highprecisionneutrino mixingmeasurementsn a singleexperiment

A Determination of the neutrino mass hierarchy in the first few years.

A Observation and measurement of CP Violation in the neutrino sector.

A Test of the 3neutrino paradigm (PMNS unitarity).

A Observatory for astrophysical neutrino sources (solar, atmospheric, supernova).
A Search for BSM physics with ND and FD



Additionalphysicgyoals &ncillaryprogram):




Somereferences

Prospects for Beyond the Standard Model Physics Searches at the Deep Undergroun
Neutrino Experimentittps://arxiv.org/abs/2008.12769

Supernova Neutrino Burst Detection with the Deep Underground Neutrino
Experimenthttps://arxiv.org/abs/2008.06647

Long-baseline neutrino oscillation physics potential of the DUNE experiment
https://arxiv.org/abs/2006.16043

Neutrino interaction classification with a convolutional neural network in the DUNE
far detectomttps://arxiv.org/abs/2006.15052

Deep Underground Neutrino Experiment (DUNE), Far Detector Technical Design
Report, Volume II: DUNE Physicsttps://arxiv.org/abs/2002.03005

Deep Underground Neutrino Experiment (DUNE), Far Detector Technical Design
Report, Volume I: Introduction to DUNEtps://arxiv.org/abs/2002.02967
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Long Baseline Neutrino Facility (LBNF)

» DOE/Fermilab hosted project with international participation

= Horn-focused beamline similar to NuMI beamline

* 60— 120 GeV protons from Fermilab’s Main Injector
* 200 m decay pipe at -5.8° pitch, angled at South Dakota (SURF)
* Initial power 1.2 MW, upgradable to 2.4 MW

Apex of Embankment

Max. Height = 60" + ‘ '
Elevation 800+ MI-10 Point of Extraction —

Near Detector Absorber Hall Target Hall Complex

Service Building Service Building (LBNF-20) Primary Beam

Service Building

(LBNF-40) (BF-3°) (LBNF-5)

Muon Shielding [ '

14



Proton ImprovementPlan Il (PIRI)

Beam Transfer Line

PIRII https://pip2.fnal.gov/ -
L

FERMILAB Proton Improvement Rlan \%,;.w = s B~ -
A Another O(1G$) program on top of LBNF L. Tinel

£ 25 kW Dump

DUNE |

PIRII enables the accelerator complex to %“
reach 1.2 MW proton beam on LBNF target. bump
Upgradable to multMW power

Warm Front End

800 MeV SRF Linac
i %

800 MeV LINAC + transfer line to Booster + H-fon Source
Booster upgrade A Under construction

A Fermilab beams stop end 2026
A Beam commissioning: 202D

A Beam to DUNE: Fall 2031, ~ 1 N
A 1.2 MW by end 2032



https://pip2.fnal.gov/

NearDectectorcomplex ConceptuaDesign Report (CDR):
https://arxiv.org/abs/2103.13910 March 202PDR (Day 1 configuration) in 2021

Near Detector .

o =
All systems in prototyping or ~ 4 & DUNE-PRISM
PR RN NDLAr & TMS move
—— at 90° to the beam
SAND : =
on-axis, stationary ] _\_ ]
KLOE magnet & calorimeter £ TR T
Straw Tubes =
GRAIN: 1 ton LAr N\ |/ \ |
15 ‘\f—__— b
| . ‘ ‘ ‘ —';1 .r- — '."
T j | = ) =
il ¢ - = neutrino
s P B | SR \‘27
7 > 3 ==y | e e beam
N\ NI _;"Flf L“ B!
—H = =l I.l— :;;1
1 - oo
= e — ~+ " moveable
z\\[;~ = —— ] |1 35 modules
o - pixel readout

« Measures the neutrino beam rate and spectrum to predict un-oscillated

event rates in the far detector
« Constrains systematic uncertainties for oscillation measurements 16


https://arxiv.org/abs/2103.13910%20March%202021

Optimized beam focusing design based on a genetic algorithm a la LBNO to define the

all parameters of the horns geometry

Optimized focusing design obtained from genetic algorithim:

1300 km
Normal MH

.-
-

Ogp = +x/2

m— 0,, =0 (solar term)

Neutrino Energy (GeV)

(T [ GeV / 10°° POT)

v,

Flux

Three Horn Design (0.5 m)
= Deasign (2.0 m)
<,

Three Horn Design (6.0 mf.
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Overview - “Far Site” — LBNF at Sanford Lab, Lead, SD

Conventional Facilities:
- Surface and shaft Infrastructure g

including utilities
- Drifts and two caverns for detectors

- Central utility cavern for conventional
and cryogenic equipment

Cryostats:

- Four membrane cryostats supported 4850L caverns and drift layout
by external steel frames

Cryogenic Systems:

- LNZ2 refrigeration system for cooling
and re-condensing gaseous Argon

- Systems for purification and
recirculation of LAr

Argon:
- 70kt LAr (~40kt “fiducial” mass)

LBNF facilities will support
DUNE experiment

Single cryostat and portion of central utility cavern

18



Far Site Conventional Facilities Status

Pre-Excavation Scope
v' Empty & Repair Ore Pass
v Replace Skip Loading System
v Replace/Restore Rock Crushing System
v Rehabilitate the Existing Tramway
v Install New Conveyor System

v Install additional Electrical Capacity at Ross
Substation

v’ Structural Reinforcement of Ross Headframe
v’ Install Shaft Utilities

v' Early Ventilation Improvements

Groundbreaking for pre-excavation work was

held in August 2017

LBNF Groundbreaking held at 4850L (1.5km underground) at Sanford Lab.
Participants included:

— International funding agencies: CERN, INFN, and STFC

— Congressional delegation and the Governor of South Dakota

— Executive Office of the President (Michael Kratsios, OSTP) and DOE
— Fermilab and Sanford Lab

18 25May2021  C.J Mossey | Status of the LBNF Project LBNF/U(VE

19



1 DUNE experiment: started in 2014/5 by an internationabrldwide collaboration including
EU countries andCERNI(500 collabiorators from 37 countries)

J Infrastructure based in the USA:

A Neutrino Beam from Fermilab Chicago, Illinois

A Underground (1500m depth) far detector infrastructure in
_ead, South Dakota, SURF laboratory

in former Homestake mine) at 1300 km frdfarmilab

Jnderground exavation started in 2017 almost completed,
—ardetectors underconstruction

1 Strong french participation supported by a TGIR/IR* program and 6 IN2P3 laboratories (A
IJCLAB, IP2I, LAPP, LP2l, LPSC), IN2P3 and CEA also supporting via the IR* program tt
intensity uprade at Fermilab (PH progran)

1 DUNE TGIR kickoff in 2021: https://indico.in2p3.fr/event/24119/

A DUNE needs sophisticated massive detedifl0 kton)in order to study tiny effects :

A Accurate identification of neutrino flavors via final state leptoruén, electron, tau: tau
appearance via kinematical methods like in the NOMAD experiment

A Precise measurement of all particles in the final state and ofhthgrino energy

A Electronic version dBubble ChambersThe Liquid Argon Time Projection Chamber (TP




Typical neutrino interactions events in fine grained detectors

Vy CC Event

MINOS
(sandwich of
2.54 cm
magnetized
steeland 1 cm
scintillator —— 35m —
plates) —
ullo byt e
+ Long muon track +
hadronic activity at
vertex
n,,CC event
with p°
production
< >
ICARUS LAr i 8 1
TPC i
neutrino —~ ‘i\
interactions / bbbt o
from CNGS _ \\ o
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M

NC Event Ve CC Event

| — 18m —

+ Short showering
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| — 23m ——

e
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e
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The Liquid Argon Time Projection Chamber (LAr TPC) ot - -
Congept invented by C. Rubbia in 1977 u v X —— A lonizationby a charged particle produce in

Liquid ArgonTPC Yy LAr acloud of electrons and positive ions
| Al along the trajectory of the particlg~10k
iy I \ electrons/mm of path)
s A A strong electric fielseparates electrons
iy / from Artions, ~30% of them recombine
: [l producing UV lightat 127 nm (Prompt
wate ity signal)
e A Remainingelectrons drift at constant spee
AL || ~1.5m/us to the anoddn ultra-pure LArA
| 14 0.1 ppb remaining @contamination in LAr
A The image of the track of the particle is
projectedto the anode

Cathode
Plane

Edrift
A Theanode surface is sampleid individual channels (wires planes or segmented PCB) with a pitch of
and 3 independent viewge.g. 90 +30° -30°)
A Single channels areeadout by low noise cryogenic amplifiers and the output waveforms are continuo
digitized(14 bit, ~2 MHZz)
A 3D images of particles interactions are reCONSITUCIEA IN wun 1326 coer xscey v6.06.2022, 20120162 GMT + 500000000 e

great details **° 8 Time axis (400 ns ticks) l
Example of image from a single view ; | k . B
£ 5000 o A
z j o
The number of electrons collected per unit of track 4500 ] : I ‘
lenght allows measuring the energy of the particle » | ——Space axje (channel numoen ~1rg k
and indentifying the particle type = o

Min: -120 Max: 120 Enter



ICARUS T600 pratotype 72007) explivited at LNGS amdl now at FIVALL

farttivesshort-baselire proyeam
ICARUS T600

|\\lo|‘.\'l‘\l\l ||”"‘ 7
\\ . !f{/,,///,

\‘.'.‘.".\ul,l““]lnnuuu.-.-’./
(3itissdad=s 5 V8 54,

co

.....

Charge collection electrodes

Lo

S

Drift Lenath (1.5 iy,

~- e

Cathodes at -HV

400 600
Y (cm)

a) rock d) gap

b) hall B h) container

¢) neutron shield i) gas phase Ar
d) cables-electronics j) inactive LAr
e) platforms k) active LAr

f) insulation




The liquid argon TPC as an electronic bubble chamber

A Large mass, homogeneous detector, low thresholds, exclusive final states
A Tracking + calorimetry (0.03 X0 sampling)
A Electron identification, p° rejection, particles identification with dE/dx

A Neutrino physics (electron identification, reconstruction of event kinematics,
identification of exclusive states, excellent energy resolution from sub GeV to multi GeV)
A Supernovae neutrinos

A Proton decay search (large mass, particles id.)

K'—uv

L

UL—=cv M_"'h-' -

N
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The liquid argon TPC as an electronic bubble chamber

Run 9927 Event 572: v,-CC CNGS event

Total visible energy

45 GeV
1
-
Primary vertex | Collection
(A)
very long 1 (1),
e.m.cascades(2),
™ (3) | |
Secondary l,': ," ',.' Track Eyep[MeV] | cosx | cosy | cosz
vertex (B): 1 ducﬂonZ 1{) 270197 | 0.069 |-0.040 |-0.997
the longest ] 2 520.82 |0.054 |-0.420 |-0.906
. S 3@)  |5404 |-0001 (0137 |[-0991
track (B) is a ;- : : : '
i Fri /, - *‘-TCO Sec.vix. | 797
coming Y\ ) 4 7699 0009 |-0.649 |0.761
SToppmg k (6)- v A 2 ; - B (u) 3139
deca IS ‘ Conversion dISfO.nCZS
il decay 69cm 23em | |60 8698  |0000 |-0.239 |-0.971
observed 7 /7 | 04l4 |0793 | -0.446
8 283.28 |-0613 |0.450 |-0.776




DUNE Neutrino Oscillation Strategy

Measure neutrino spectra at 1300 km in a wide-band beam

1300 km
Normal MH

1300 km
Normal MH

2012 =20
— By, =0 (sOlar term) — By, =0 (soOlar term)
T_ 0.10 ’ T 0.10 ’
S IS
o 0.08

10" | 10 “107 1 10
Neutrino Energy (GeV) Neutrino Energy (GeV)

* v, appearance probability depends on 8,3, 6,3, .5, and matter effects.
All four can be measured in a single experiment.

* Wide-band beam and long baseline break the degeneracy between CP
violation and matter effects.

Exploitation of spectral information and®oscillation maximum

DUNE is a unique experiment allowing performing all these measurements (CP search, mass
hierarchy, 3 neutrinos phenomenology with atsappearance, precision measurementsthin

the same setup and with high significance for discovetyhecking of CP vs NSI with spectral info.
It also provides a complete neutrino interactions final state reconstruction information




Time

DUNE Simulation

| — |

Wire

Charge

2.2GeVnue CC

(a) View 0: Induction Plane.

(b) View 1: Induction Plane.

(c) View 2: Collection Plane.

Time

DUNE Simulation

T wire

Charge

(a) 1.6 GeV CC v,.

(b) 2.2GeV NC 17T

(c) 2.4GeV NC 170,

DUNE Simulation
CC (v, + v,) signal

—— CC (v, + v, ) background

—— CC (v, + V. ) background
——NC (v + V) background

— CC (v, + v, ) beam background

3 3
c @10
2 DUNE Simulation c
w, o3|l . - 2
10 CC (v, +V,) signal I
—— CC (v, + v.) background
—— NC (v + V) background 102
10?
10
1
107 | | TR B g0l R
0 0.2 0.4 0.8 1 0 0.2

CVN v, Score

TR I '
0.8 1

CVN v, Score

Selection Efficiency

DUNE use of thevisual
neural network (CVN)
for theevents
classification

~90%efficiency for nue
CC

~95%efficiency for
numuCC

Appearance Efficiency (FHC)

L DUNE Simulation
1
0.8
0.6 v, Signal
i NC Background
Signal (pre-selection)
0. 4 - Arb. unit
------- DUNE CDR (Fast MC)
L —— DUNE (Full MC, CVN)
0.2

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)



How DUNE sees neutrinos and
measures oscillations

e Identify as v, CC from electromagnetic shower

e Measure E, by summing the energy of the electron and
hadrons (one pion and two protons, in this case)

Very rich amount of information, ongoing studies on the events reconstruction, particles
identification (arSoftand Pandora software ) and neutrino energy reconstruction-n order 1
improve the sensitivity and fully exploit the detector capabilities



Neutrino oscillationgneasuremerdtrategy

n, antin, appearance
~1000eventsin 7 years

¥

=

n,,antin, disappearance

~10keventsin 7 years

2nd Max

2 8

Events per 0.25 GeV
-
8

8

8 8 8

ha
[=]

[=]

5
Reconstructed Energy (GeV)

DUNE v, Appearance

MNermal Ordering

8o = 0, sin20,, = 0.088

sin’,, = 0.580

3.5 years (staged)

—t— Signal (v, + ¥,) CC

I Beam (v, + v,) CC

[ NC

B (v, +7,) CC
fv.+v) CC

14

e

6 7

B
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300

DUNE v, Disappearance

sin‘,, = 0.580

Amj,=2.451 x 107 eV*

3.5 years (staged)

—— Signal v, CC

v, cc

[ NC

I (v.+ V) CC
fv.+v)CC

5 6 7 8

Reconstructed Energy (GeV)

2nd Max

1st Max

Events per 0.25 GeV

!

4 5
Reconstructed Energy (GeV)

DUME ¥, Appearance
Mormal Ordering
Bigp = 0, 8in”20,, = 0.088
sin’il,, = 0.580

3.5 years (staged)
—4— Signal (v, + v,) CC
B Beam (v, + v,) CC

6 7 8

g B & §

Events per 0.25 GeV

g @

]

3

4

DUNE v Disappearance
sin’,, = 0.580

Amd, = 2.451 % 107 eV*
3.5 years (staged)

—+— Signal ¥, CC

. v.cc

I NC

. (v, + %) CC
{v.+v)CC

5 6 7 8

Reconstructed Energy (GeV)
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Qscillation probability for v,— v,

Oscillation probability for v,— v,

— Jpp=T/2
Sp=0
— §gp=m/2

- 2nd maximum
1st maximum

0.08
0.06
0.04

0.02

L | Ogp=T2
I — 9gp=0
| dgp=mi2

L \Lll
:_\jgf N
|~

Events per 0.25 GeV
. e -h Y
8 8 8 8 & 8

H
o
A

n
(=]

1 2 3 4 5 6 7

Reconstructed Energy (GeV)

Events per 0.25 GeV

DUNE v, Appearance
Normal Ordering
sin’29,, = 0.088
sin’s,, = 0.580

3.5 years (staged)

B (v, + v,) CC

- 5 7

3
Reconstructed Energy (GeV)

=4 Signal (v, + v,) CC A
SR Beam (v, + v,)) CC
NC

T> T T

8

Ey. all CC

h_Etrue

E,.. all CC

h_Etrue

iri

T

L

Eririos €3313
Mean
Sid Dav 1185

Ideally it would be nice to measure the
oscillation probability for neutrinos and
antineutrinos as a function of energy
(first two maxima at 0.8 and 2 Gev)

=« The spectral information measured in the
detector is a convolution of

The incoming neutrino flux as a function
energy

The oscillation probability

The neutrinanteractioncrosssection

The energy scale on the X axis is the
reconstructed neutrino energy

Same plot with the true neutrino
energy



The physics of charged current neutrino interactions
with nuclei is by itself an important experimental
and theorerical topic

3 main interactions processes are involved in a

(CCQE)

(CCRES)

(CCDIS)

¥y I}

proportion changing with the neutrino energy due their

crosssection energy dependence:

Quasielastic scattering, Renonances production and
Deep Inestatic scattering

Hadronic
intranuclear

cascade —

Extraction of
nucleons and
protons
already
present in the
nucleus

* Fermi momentum of
struck nucleon
* Binding energy

— dis

ael

ras

mec

others [coh)

200/~
150
1001

50—

W _"1' ‘I'h"..l i |I-J..I‘.,IIM"|J|M\J*H1
D- Ll

Neutrino& d6’Hot interact withfrfée
nucleons but with bound nucleons
moving inside the nucleus due to Fe
momentum

The hadrons produced by the neutril
my undergo nuclearescattingand
extract nucleons



DUNE Phase I: + DUNE Phase IlI:

+ Full near + far site facility and infrastructure  Two additional FD modules
 Upgradeable 1.2 MW beam » Beam upgrade to >2MW
+ Two LArTPEar Detector Modules  More capable Near Detector

» MovableLArTP@ear detector with muon catcher
: Onaxis near detector

DUNE Phase I: definitive mass
ordering, possible hints of CPV

o * Large matter effect in DUNE -
mass ordering is “easy”

* DUNE will have >50 significance
after 1-4 years of Phase I, depending
on true O.p

* DUNE has ~30 sensitivity to CP
violation in Phase I, but only if CPV
is nearly maximal

* ~50% chance of 30 if §., = /2
» ~20% chance of 30 if 6, = /4




Observation of CP Violation, measurement of O¢p
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Supernova Neutrino Bursts

A Vast information from flaveenergytime profile of events

A Unique sensitivity ta,Q &

o Elastic scattering, + e->n,+e(x=em,) t
0 Absorption:n, +4%Ar -> e +4K* (E>1.5 MeV), +4Ar -> e +40CI* (E>7.5 MeV)

. * —_
o NC.n +%Ar->n +%Ar* (x =em,)
40 kton argon, 10 kpc
g 80 nfall E Neutronization Accretion Cooling
Q 70 —— No oscillations
J2) 60 —4— Normal ordering
g —+— Inverted ordering
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Reaction Livermore model [ GKVM model [10)]
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The Liquid Argon approach:

LAGUNA-LBNO:

Liquid argon TPC 20+50 kton

High energy (>1 GeV) beam, all final states accessible

L/E pattern and second oscillation maximum

Long baseline (>1000 km) A mass hierarchy measurement (2300km for LBNO)

<>z << >

Ve

A LBNE project in USA (before 2014)

A First phase 2022 (~900 M$):

700 KW beam from FNAL to Homestake,
1300 km A matter effects

10 kton LAr far detector on surface

no near detector TBNE 0 ki

+ T2K + NOvA

Time Projection
Chamber

(A marginal outcome of Phase I)

A Sensitivity from only first oscillation max.

A Needs very small syst. errors.
-1 -0.5 0 0.5 1

Scp/m Scp/m

Further stages: underground far detector
35 kton, 2.3 MW beam (Project X)

Can resolve MH with > 5/40 for 50%/all 4, combined
Can resolve CPV with > 3o for 45% 6., combined




LAGUNA-LBNO Design Study:

2 EU programs: 2008-2011/2011-2014

~17 Meur investment

Completed August 2014

Prototyping activity for dual-phase since 2003

A LBNO EOI June 2012 (CERN to
Pyhasalmi)

Physics program:

A Determination of neutrino mass hierarchy
A Search for CP violation

A Proton decay

A Atmospheric and supernovae neutrinos
A Use of a wide band beam to exploit the
spectral information, relevance of the 2nd
oscillation maximum for CP sensitivity

phase LAr TPC

2100 km from RAL, 1500kmfl m
- DESY, and 1160 km from Protvino.

20013 Ginrrie - L i 8043 Rswreer® Gieerin

Development of technical aspects for
building an affordable underground
detector. LBNO Phase I:

WA105/LBNO-DEMO (6x6x6 m?3)
approved at CERN in 2013
(now ProtoDUNE dual-phase)

Layout of the LAGUNA-LBNO
observatory at Pyhasalmi
(-1400m)

Available space for up to
2x50 kton LAr + 50 kton LSc
879’000 m?3 excavation
Design to be finalised within

LAGUNA-LBNO by =2014

Far liquid Argon detector

anode & charge readout

**Double phase LAr LEM

1 field cage TPC (GLACIER,2003)
i e\ (hep-ph/0402110,

v beam, 0.75 x 30E+21 POT
& V.NH, 8 . = 0,m = 24k = f":é‘;;"‘"'“'“’"“ (T
& 100 I, CCeam 555' J.Phys.Conf.Ser. 171 (2009)

sin“ 0,3 = 0.45 I, CCmisid 012020, NIM A 641 (2011)

v_NC #* migid 4
‘CC 48-57, JINST 7 (2012) P08026)
V. +T 0

ﬂ liquid argon
volume height

Design based on
extensive experience
with smaller scale

34 5 6 7 8 910 devices

Reco v energy (GeV) cathode bottom of tank & light

readout

20 kton dual-

=)


http://cdsweb.cern.ch/record/1457543

LBNO physics strategy

A Select a very long baseline (2300km and optimized site for installation) to explore
the L/E pattern predicted by the 3 flavor mixing mechanism over the 1st and 2™
max.

A Staged experiment adjusting the beam and detector mass on the bases of the
findings of the first phase, most efficient use of resources:

A Phasel (LBNO20)
24 kton DLAR + SPS beam (700 kW, 400 GeV/c), 15E20 pot, 25% antinu
Guaranteed 5s MH determination + 46% CP coverage at 3s + protondecay +
astroparticle physics

A Phase Il (LBNO70)
70 kton DLAR + HPPS beam (2 MW, 50 GeV/c) 30E21 pot, 25% antinu or
Protvino beam, 80% (65%) CP coverage at 3s 54 )} proton decay +
astroparticle physics

A Complementarity to HyperK (numu vs anti-numu at first max, 300 km) A L/E
dependence at 2300 km, 25% antinumu. matter effects

A L/E pattern measurement releases requirements on systematic errors related to
the rate normalization at the first maximum

38

A Guarantee MH at 5s and incremental CP coverage satisfying the P5 requirements



What is observed in the detector:

| ne, CC spectrum for
j neutrino run >
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A little bit of history of the project in France:

A LArR&D started in 2006 at IPNL/IP2I for the charge readout electronii g&s—S=% " Farliquid Argon detector

alsosupported by the LABEX LIO since 2012 e 4 i R o i

A INPL with other IN2P3/CEA groups contributed toltA&UNA.BNO A /= 1\ e e
program (20082014)and R&Dwhere thedual-phase detectoitechnology
was developed oo

A Project for the dualphase R&D program at CERMinchedat CS IN2P3 o
June 2013 for LBNDema then becomingNP02/protoDUNE duaphase & - L 7 e
in 2015 §  CORRL N

A D.A.contributed in2014to the fusion of the EU and US efforend to the .
birth of DUNEI(EB, LBNF/ELBNF [EOI

A Since2015A DUNE/protoDUNE IN2P3 project

A 2016-2017: construction and operation of the 3x1xdetector. Provided:
Charge Readout Electronics (IP2l), suspension system of Charge Refi =

Plane (LAPP) -
A 20172019: construction of NP02/protoDUNE duphase Provided:

Charge Readout Electronics (IP2l), Charge Readout Planes
(LAPP/CERN) +LEMs (CEA), DAQ system (IP2l)

A 2017 start of discussions f@UNE IR proje¢2018 DUNE in TGIR
roadmap

A 2018 IN2P3 CS, start of discussions for TGIR profeted on DP
module: submitted summer 2019, on the way of approval in fall 2020

A August 2019September 2020: operation of protoDUNE dyathase

A October 2020 December 2020: definition of Vertical Drift FD
module #2

A 2021-2022 Vertical Drift tests large scale campaign at CERN

A 20232024 Vertical Drift Module0

A 2023 IN2P3 KDP3 Review and DUNE MOU

A 2024 Start of production

A 2027 FD module #2 Installation



Singlephasehorizonal

drift activeelements
design: Anode Plan
AssembliegAPA)

6Xx2 n* Modules of 3wire
planesimmersedin LA
Anode Planéssembly

Infegral = -
APA+CE =
Concept | =

€S

Core detector element: Anode Plane Assemblies (APA) with
integrated Cold Electronics Boards and Ph.Detector modules

Each APA : 960 X, 800V, 800 U, 960 G (un-instrumented) wires
10 Photon Detectors are installed into each APA frame

20 ColdElectronics Boxes mounted onto the APA frame and
connected to the wires - 2560 Channels-Wire

=

The modular approach to detector construction
enables the construction of detector elements to
take place in parallel and at multiple sites.

This will be an essential approach for the DUNE Far Detector
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Single Phase Dual Phase
Anode and

4 -/— Readout
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iinglephase Design: Duakphase Desigripng drift (up to 12 m), high S/N:

lonization charges drift horizontally and 4 viertical driftA extraction of electrons from the liquid ar
are read out with wires

PMT

multiplication in avalanches in micgattern detectors

A Driftupto3.6m LEM (Large Electron Multipliers) operating in pure arg
A No signal amplification in liquid gas.
A~ Read out by APAs (wire planes) A Tunable LEM gain ~20 , two symmetric collection view
coupling to cold electronics accessible through chimne
DUNEBoriginallycommitted in deploying on top
both technologies in 1&ton modules. A Light readout performed with an array of cryogenic
Planning: Module #1 SP, Module #2 DP photomultipliers below the cathode 4z




L ProtoDUNEHletectors at
f"‘“‘*p“uakph Z‘E—NP 02: — k. CERN EHNZ1 Neutrino Platform

@ Dedicated charged particles
test-beam lines 110 GeV/c +
= beamline instrumentation for
particles identification: tagging
&= of e, muonspions kaons,

% protons

Membrane cryostats with LNG tanks
technology and external steel structure

11m x 11m x 11 m external size

ProtoDUNElualphase
(view inside the field cage —)
Spring 2018) 43



