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Neutrinos and flavour oscillations

* Neutrinos second most abundant particles in the universe

Carry three flavours e, u, t

Flavour oscillations observed

Must have non-zero mass

Oscillations only sensitive to Am?

Flavour states  Neutrino mixing (PMNS) Mass states
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Oscillation parameters

. sin?26,3 = 0.0856 + 0.0029 (V..o —Daya Bay) 1
0
¢ Sinz 912 = 0. 307i8:8%% (Vsolar_SKv SNO’ Vreactor™ 0

KamLAND)

e sin?0,3 = 0.546 + 0.021 (Ve —T2K,MINOS,NOVA,
Varmo.—lCECUbE, SK)

« Am3; =(7.5340.18)x107° eV? (V,eactor —KamLAND)

e Am3, = (2.453 +0.033)x1073 eV? (NO assumed)
(Vaccel—T2K,MINOS,NOVA,v, im0 —lceCube, SK, Vieactor —

Daya Bay, RENO)
[PDG]

Unknown:

- Mass ordering (m5; > m; ‘normal’, my < my
‘inverted’)

- CP violation (6 # 0||m)
DUNE will address both!
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DUNE Physics Programme

» Determination of CP violation in neutrino oscillation
« Determination of neutrino mass ordering
* Precise measurement of mixing parameters
» Detection of neutrinos from core-collapse supernovae
* Proton decay and other BSM studies

» Detection of solar neutrinos
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Deep Underground Neutrino Experiment — DUNE
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Neutrino Mode
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Near Detector

 Cross section measurement

* Flux monitoring UNDERGROUND CAVERN

NDERGROUND
. b (60 M DEPTH)

« Constrains on systematics in relative VENTILATION SYSTEM

Near — Far Detector measurement

* Three systems

CRYOGENICS
- LAFTPC — primary neutrino target | bl Ll
- GArTPC - high pressure gas; muon
tracker 27, | EUTRINO = PRISM DETECTOR
| | | - S B AMLINE—! MOVEMENT SYSTEM
- On-axis monitor — inner tracker, ECAL, MONITOR =gt ol =
SC-magnet
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Far Detector

Sanford Underground Research Facility (SURF)
1.5 km underground
4 detectors in 2 main caverns

Instrumented in stages
Modules 1, 2 and 3 — LArTPC

Module 4 — module of opportunity
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Principles of LArTPC

* Liquid Argon Time Projection Chamber

Sense Wires
U, ¥ X V wire plane waveforms

Liquid Argon TPC

« 3D image — time plays role of 1 coordinate

« Far Detector — multiple readout wire planes
- multiple 2D views

Cathode
Plane

DUNE:ProtoDUE-SP Run 5772 Event 15132
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Photon Detection System

« Will provide time information for events

-
-
-
————
o
-
-

- Need reference time to know drift distance L’,.Dodu.es <

Anode plane

- Crucial for non-beam events assembly

« Calorimetry
- Aid TPC energy reconstruction
- Important for low-energy physics (supernova v)

« Decided to use X-ARAPUCA y‘“ﬁde
nha -
 FZU has been involved: Y \lqclijr.g“;rgs:

- Installation and commissioning of system in ProtoDUNE ‘// ght
- Initial tests of SiPM sensors - selection of candidates to be 127 nm
tested in ProtoDUNE X PP
350 nm \ Dichroic Filter
- Will prepare for mass testing for QA/QC for DUNE Far i A LAr
Detector Module 1 %L@T"/\}’ WLS plate
P\/ LAr

Reflective surface
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ProtoDUNE at CERN

» Design validation and demonstration at full scale —
same drift distance and E-field

« Two prototypes (~1 kt LAr)
- ‘Single Phase’, horizontal drift

- All liquid argon

. Operational 2018-2020 Tl
e s aawie Single phase cry

« Intestbeam—-p, m, u, e, K &
- Cosmics
- Components being upgraded - ‘Phase II’ (start 2022)
- ‘Dual Phase’, vertical drift
- Liquid argon with gaseous layer on top

- Drift charge multiplied in gas phase - amazing
signal/noise

- Proved to be difficult at large scale
«  Operational 2019-2020, cosmics

- Evolved into ‘Single-phase’, vertical drift
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Anode with wires

DSS
il Feedthroughs

Central cathode

Feedthrough |

ProtoDUNE Single Phase o

it

Anode
with wires

il

L T Photon detection \ -
‘ Y 7 " system bars "

* 2 drift volumes * Inside view of one drift volume

e Cathode in the middle « Not filled with LAr
3 anode assemblies on each side
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ProtoDUNE Single Phase

Successful beam particle identification and

reconstruction

- Cross section measurements under way (m, p, K

with Ar)
Measured distortion of electric field
- Due to accumulated space charge
Stable operation
- >99.5% HV uptime
- >99% channels active

Photon detectors tested - final-design
considerations

Energy loss vs residual range § *°

for stopping particles
—> Particle identification

dE/dx [Me

Beam electron, 6 GeV
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Proton decay

» Potential of DUNE for baryon-number violating decays:

-p -oKtv, n->Kte",p »etrn!
- More to be investigated

« Super-Kamiokande biggest player in the game
- Large water Cherenkov detector

« LArTPC has better particle identification and topology reconstruction - potentially
better efficiency in selecting decay signals and background discrimination

« Most promising:p - K* v
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p > KTV

« KEg =105 MeV (~28 cm in LAr; if p at-rest) 2900

* K" > utv, (64%) 2800
_ ., 2700
- KE, =153 MeV (~52 cm in LAr) § 2600
 DUNE will see kaons (unlike in water 2500
Cherenkov detector) and mono-energetic u 2400
. . 2300

* Major background from atmospheric v,,CC
- Similar topology (if u energy is right) 1700

7

- Possible misidentification of proton as K 1650
Can discriminate on direction g 1000
E1550
Difficult to distinguish when short tracks F 1500

Caveat: in DUNE p decays inside Ar nucleus  14°0

1400

Reconstructed MC events

IIII|IIII|IIII|IIII|IIII|IIII|I—

Signal

500 510 520 530 540

Wire Segment

560

|u

Illlll|IIII|IIII|IIII|IIII|IIII|I

Background

v, +Ar->pu" +p
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Effects of Nucleus

« Energy of outgoing K affected by
- p Fermi motion

- interactions within nucleus (Final State
Interactions/FSI)

- Significant fraction of K'leave Ar with
<50 MeV

 Current reconstructions have troubles
finding short tracks (~4 cm or ~40 MeV)

* Improvements in reconstruction
foreseen (visual scanning suggest
improvement in tracking efficiency
58% — 80% possible)

]
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SenS|t|V|ty top > K™ v

Multi-variate analysis chosen (Boosted
Decision Tree) for event classification

Soudan Frejus IMB Super-K
» Background suppression to 0.4 events per ! mmimja.'fsufa'ff; MDY T
400 kt-year (or 10 years with all 4 modules)  Zaor B e
SUSYSO(10) R
: : - 0Gme  0SO0O
« Current reconstruction > 15% signal ST ——— e veooiegant T
efficiency P et K | _ “_ .
p—)utlfio ‘; [ 0_“: :
« With improved reco. = 30% ps Pt s -ﬂh“””—- *
mlnlmaISUSYSU(S)_: ‘ o i S
« - proton lifetime limit 1.3x103* years Dasorns ' ISSU;YYS:;:O) R
(90% CL) if no signal observed R O RN TR R o w22t
i1l i o il i i sl A R
* FSI model not known well 10 10> 10 10°" 10%
/B (years)
- Some constraints from pion data
- Variations lead to about 2% uncertainty in
signal efficiency
N
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Detector calibration

* Need to determine several detector parameters

« Measure detector response to ‘standard candles’
» Cosmic ray muons useful source
« Beam neutrino events can be also used

Drifting electron lifetime (attachment to impurities)
Electron-ion recombination
Electric field / electron drift velocity

Electron diffusion
Electronics gain
Etc.

Sense Wires

u v X

Liquid Argon TPC

Edrift

« Some dedicated hardware — laser, neutron source, purity monitors
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Cosmic ray muons underground

* Not too many at Far Detector (1.5 km underground)

DUNE simulation

Far detector
<E,>=282 GeV
3244 p/(10-kt)/day

Preliminary

- ~4700 muons in single module per day

Muon rate [1/(10-kt)/day/GeV]

L 107"]

- Only ~90 stop inside .y
- (stopping muons are great for energy calibration) 107
107}

10°° |

* Mostly vertical tracks

10™ 1 10 102 10° 10* 10°
Muon energy [GeV]
Zenith angle Azimuth angle from east direction
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Electron lifetime measurement

» Electrons attenuated along drift due to impurities

10? £ Preliminary DUNE simulation

Far detector
<E,>=282 GeV
3244 p/(10kt)/day

» Collected charge dependent on drift distance

Muon rate [1/(10-kt)/day/GeV]

107"
. . 10—2
« Use cosmic ray muons to measure it 0]
1074 |
- Broad E spectrum - varying ionisation loss 0°] |
10 1 10 10* 10° 10* 10°

- Reconstruction of charge sensitive to track orientation - Muon energy [GeV]

response W|” dlffel’ fOI‘ |nd|V|dua| muons NED < : : tbto‘pping‘muon‘s
£ ut on Cu
* Enough tacks - variations average out = uniform z™:- E
energy depositions along drift coordinate - can g e
measure effects on drifted charge 20 N
é 1? ﬁss&z;r | 'ﬁ-';v;g?);f:; -----
0.001 0.01 0.1 1 10 100 1000 104 105
By [PDG]
o1 1 0 w1 1 w1 10 10

[MeV/c] [GeV/c] [TeV/c]

mentum

Muon mo
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Electron lifetime measurement

« Simulated about 35 days of cosmic ray muons

« Assumed average depositions and charge reco. uniform along drift direction

* dQ/dx — collected charge on each wire / length of corresponding track segment

* Found ~1% uncertainty in corrected dQ/dx achievable with 1-day data — purely statistical

« Systematic effects are being evaluated

Anodes Cathodes
0 Preliminary DUNE simulation
T = m— =
S o[l Simulated 3 ms electron lifetime § 300¢
@) v B O 280 F
a 3 ms e lifetime a -
<, 400 10 kt, 35 days < 260
X P r
2 350 D 240
e C
O 300|F 220 |-
250 |} 200 -
200 180
160 |-
150 C
140 _—
100
—800 —600 —400 —200 200 400 600 800
-600 -400 -200 O 200 400 600 dQ/dx [ADC/om] Drift coord. [cm]

Reco. drift coordinate [cm]
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Conclusion

DUNE programme

* Neutrino oscillations

« Supernova and solar neutrino

« BSM searches — proton decay discussed

Status & Schedule

* ProtoDUNE single phase successfully ran in test beam @ CERN
- Valuable input for DUNE design and demonstration of similar-scale LArTPC
ProtoDUNE phase Il test beam planned in 2022-2023

Near and Far site construction/preparation is underway

First DUNE far detector installation in mid-2020s

Neutrino beam expected late 2020s

230f24  25/11/2021  Viktor P&¢ | DUNE Physics (@ FZU SU0VE



More details on DUNE physics

Deep Underground Neutrino Experiment (DUNE), Far Detector Technical Design Report,
Volume II: DUNE Physics, arXiv:2002.03005 [hep-€ex]

* Physics papers

- Long-baseline neutrino oscillation physics potential of the DUNE experiment,
Eur.Phys.J.C 80 (2020) 10, 978

- Low exposure long-baseline neutrino oscillation sensitivity of the DUNE experiment,
arXiv:2109.01304 [hep-ex]

- Prospects for beyond the Standard Model physics searches at the Deep Underground
Neutrino Experiment, Eur.Phys.J.C 81 (2021) 4, 322

- Supernova neutrino burst detection with the Deep Underground Neutrino Experiment,
Eur.Phys.J.C 81 (2021) 5, 423
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