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The Deep Underground Neutrino Experiment (DUNE) is an upcoming long-
baseline neutrino oscillation experiment under construction in the United States.
It will consist of three new systems:

e a new MW-scale neutrino beamline (LBNF):
e a high-resolution, high-rate near detector (ND);
e afar detector (FD) comprising four 1/-kiloton liquid argon TPC modules.
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\

The science program of DUNE covers three major areas:
e | ong-baseline neutrino oscillations.
e Neutrino astrophysics.
e Searches for phenomena beyond the Standard Model (BSM).

Sanford Underground Fermi National
Research Facility, Accelerator Laboratory,
South Dakota lllinois
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The experiment will be built in two phases:
e Phase |l ready by ~2032.

- Up to 1.2 MW beam power; 2 FD modules; basic ND (NDLAr).
e Phase |l ready before 2040.

- 2.4 MW beam power; 4 FD modules; more capable ND (NDLAr+NDGAr).
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OW1H: Why



“For the greatest benefit to mankind”

The Royal Swedish Academy of Sciences has decided to award the
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2015 NOBEL PRIZE IN PHYSICS

)
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Takaaki Kajita
Arthur B. McDonald

“for the discovery of neutrino oscillations, which shows that neutrinos have mass”

# Nobelprize.org

The Official Web Site of the Nobel Prize
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Motivations

Neutrinos are the most abundant matter particles in the universe but the least
understood.

In the Standard Model, neutrinos are massless particles. Neutrino masses are thus
the first direct evidence of new physics.

Understanding the origin and nature of neutrino masses may pave the way to a more
complete theory beyond the Standard Model.

11
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The known unknowns

We know neutrinos oscillate... but what is the origin of neutrino mixing? Is there an
underlying flavour symmetry?

We know neutrinos have mass... but what is the origin of neutrino mass? Why are the
neutrinos so light?

We know there are at least three neutrino states... but are there exactly three? Is the
vSM complete? Is the PMNS matrix unitary?

We know there is a baryon asymmetry... but is leptogenesis a viable explanation?
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Neutrino mixing

m~ m?

Ve Vy Vr

Oscillation experiments established that neutrinos are massive particles and that the neutrino states
participating in the weak interaction (flavour eigenstates) are different from the states controlling
free-particle evolution (mass eigenstates).



Neutrino mixing circa 2022
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CP violation

A new source of CP violation is required to explain the matter-antimatter
asymmetry observed in our universe.

Leptogenesis is a popular solution for the problem, but we need to find first any
leptonic CPV.

arXiv:2006.11237

15
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Lepton mass spectrum

Matter Generation
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(A parenthesis)

Neutrino oscillation experiments cannot address on their own every outstanding
Issue In neutrino physics.

For example, double beta decay experiments are needed to answer whether
neutrinos are Majorana particles (i.e. whether neutrinos and antineutrinos are the
same particle). IFIC is involved in one of such experiments:

(Pnext

17



5W1H: How



Oscillation experiments 101

1%

p U

L SORLITLIIILLEIEY (Hundreds of km) ---------------- >

Near Detector
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Far Detector
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Oscillation experiments 101

Near Detector Far Detector

Decay Pipe

Target
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p* Beam t
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Oscillation experiments 101

v e, u,T

L ICCLITLEIILLRTEY (Hundreds of km) ---------------- >

Near Detector Far Detector

NND(E,/) — & (I)ND(E,/) O'(E,/)
NFD(EI/) — & POSC(EV) (I)FD(EV) U(EV)

~ Pnp(Ey) Nep(£))

Posc(Ey) = Prp(Ey) Nnp(Ey)

In a real experiment, perfect cancellations never occur (e.g. ND and FD may have different
acceptances or even different target materials), complicating notably the above picture.
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Oscillation experiments 101

Near Detector Far Detector

Muon-neutrino disappearance (to leading order):
- 2 - 2 2
Py, - v,) =~ 1 —sin“(20,3) sin“(Amgy,L/4E)
Electron-neutrino appearance (plus potentially large CPV and matter effects):

P(U,u —> I/e) ~ Sln2(623) Sln2(2913) Slnz(Am322L/4E)

22



Measuring CP violation

In principle, it is straightforward: just measure the difference in oscillation rates
between neutrinos and antineutrinos. However, matter effects complicate the picture:
even in the absence of CPV, neutrinos and antineutrinos have different rates.

Ve

W

- | Differentsign for Ve vs Ve

P(v, = Ve) = P(Vy, > V) =

" 16A Am2 LY
ME | sin’ 12 62 52.(1 = 22
| Amgl ( AR ): 13513523 3)
- 2AL . (Amy L), , )
ME i_ " E _Sin_( 4E )j613313323(1 — 2573)
 AmA L (AmA L)
CPV i — 8 212?1 smz( 4}321 )Sln5:r §13C13€23523C12512

|
—————————————————————— E
A = 2V2Gen.E = 7.6 x 10%eV? . —F .
gcm™  GeV
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Measuring CP violation

Either keep baseline short (~200 km) so that matter effects are insignificant:
« To maximize signal: (Am*L/4E) ~ n/2 - E, < 1 GeV

e Since cross section is proportional to neutrino energy, need a high flux at oscillation
maximum — use off-axis, narrow-energy beam.

Or make baseline long (>1000 km) and measure matter effects (and mass ordering):
o To maximize signal: (Am?*L/4E) ~ n/2 — E, > 2 GeV

o Unfold CPV from matter effects using energy dependence — use on-axis, wide-band
neutrino beam.

24
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DUNE measurement strategy

Precise measurement of all parameters that
govern long-baseline oscillationsv, — v, A and

H pie
v, = U,,,including the still-unmeasured CP-

violation phase.

Effect of mass ordering, CP violation, 623 octant
have different shape as a function of L/E.
Measuring oscillations over a wide energy range
helps resolve degeneracies.

This is uniqgue to DUNE, and complementary to
other experiments with narrow flux spectra.

0.14- Neutrinos

1285 km
0.12F  Normal Ordering

5>?1 0 1 2

lscp='7‘/2
.SCP=°

Ocp = W2

3 4 5678

Neutrino Energy (GeV)
0.14 — Neutrinos [ ] Ocp = ~T/2
- 1285 km
0.12;7  |nverted Ordering . %p =0
Ocp = W2

T 2
Neutrino Energy (GeV)

4 5 6 7¢
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:— Antineutrinos

- 1285 km
— Normal Ordering

510 1 2
Neutrino Energy (GeV)

lacp='7r/2
.8CP=0

Ocp = W2

3 4 5678

Antineutrinos
1285 km
Inverted Ordering

1 2
Neutrino Energy (GeV)

lscp='7‘/2
.5c9=°
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3 4 5678
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C DUNE Simulation
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LBNF neutrino beam
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Neutrino cross sections
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The wide energy range covered by DUNE includes contributions from several
underlying processes, resulting in a variety of final states.
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Liquid argon time projection chambers
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Run 3493 Event 41075, October 23™, 2015
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Liquid argon time projection chambers

[ProtoDUNE-SP Run 5779 Event 12360]
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The DUNE technology



The near detector

Large uncertainties on flux, cross sections and detector
response will be constrained to the few percent level by the

ND.
The conceptual design includes three different components:

e NDLAr: 150t LArTPC with pixelated readout.

e« TMS: magnetised muon spectrometer.
« SAND: magnetised tracker and ECAL used as beam
monitor.

The design includes the possibility of taking data at off-axis
positions with the Ar TPCs, exposing them to neutrino fluxes

with different spectra.




Stayed
[~ Heads

In Phase ll, TMS will be replaced by a magnetised 1-tonne argon gas TPC (NDGAr).
IFIC (together with IGFAE and Vigo) participates in the R&D effort for this detector.

32
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The DUNE far detector







The DUNE far detector

Detector located 1.5 kilometers

underground at Sanford Lab

Detector electronics

Each module will be filled with 17,000 tons

of argon and cooled to minus 184°C

34



The DUNE far detector

/| Liquid Argon TPC q

Sense Wires

U Vv )/( V wire plane waveforms
/1

Charged Particles

- '

’Cathode

N WV W W WV W W W

/ 7 /
/ n?n )/ PA
7
7 N —
/
T

N

X wire plane waveforms t

Photon detectors (not shown) collect the scintillation light produced in the interaction to signal the
start time of the interaction. lonization electrons produced by interacting particles drift in an electric
field towards the readout plane (in this case, consisting of three planes of sense wires).
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The DUNE far detector

3x3 m2 PCB Anode 2 X 6.5-m vertical drift
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FD-2: Vertical drift

FD-1: Horizontal drift

The four DUNE modules are not a clone of a single system because they reap the advances
of the R&D that is ongoing (as soon as it is mature for a large-scale implementation).



FD photon detection system (PDS)

ticl®
rge pal
ch liquid argon -
\ scintillation o //

;// light
Passive photosensor ganging,

127 n m . *,

A — Coaled Qller plates (6 per side)

/~ Tilter Plate Alignment I'rame
(1 per side)

PCE (4 per side)

PTP
350 nm '\ Dichroic Filter ~ WLS Plate
_ LAr Main Structural Bar
p— (2 per supercell)
Qo @Dm/ WLS plate
72 . - :
\/ LAr Filter Plate Clamping Bat
B (4 per supercell-- holds plates
Reflective surface in frame)

The PDS —based on the X-ARAPUCA concept— is the main area of involvement of
IFIC (and the other Spanish groups) in the construction of the DUNE FD.
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ProtoDUNEs at CERN
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ProtoDUNEs at CERN
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ProtoDUNEs ~* =M

&

Detector Support Structure (DSS)

P —
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Bottom Field Cage

HV Feedthrough

Photon Detectors
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ProtoDUNEs at CERN
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https://www.phy.bnl.gov/twister/bee/set/protodune-gallery/event/1/
https://www.phy.bnl.gov/twister/bee/set/protodune-gallery/event/1/
https://www.phy.bnl.gov/twister/bee/set/protodune-gallery/event/1/

Physics opportunities
at DUVE




Sensitivity to mass ordering

40
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Sensitivity to CPV

- DUNE Sensitivity 7 years (staged)
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resolution to 6cp without dependence on other experiments.



Sterile (right-handed) neutrinos are a prediction of many BSM
models explaining the origin of neutrino masses.

Oscillations between active and new light sterile neutrino
states would distort the standard oscillation probabilities (see
plots).

DUNE will be sensitive to this effect through the combined
analysis of the v, and ve spectra from both the near and far
detectors. The wide span of neutrino energies from LBNF
beam enables probes over large regions of parameter space.
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Sterile neutrino mixing

Assuming 300 kton MW yr exposure (staged 7 year
running) for 3+1 model with oscillations in ND and FD:

e On its own, DUNE can potentially probe the sterile
Mixing parameter space at same level or better than
present and future experiments.

e Sensitivities include normalization-only systematics, so
the two DUNE lines represent best (black) and worst
(grey) scenarios.

10
1= DUNE
O = Simulation
> -
L
NS 107 _ouenosrpoocL. ¢ N~ 177
- - DUNE FD-Only 90% C.L.
< ~  —MINOS & MINOS+ 90% C.L.
102 —iceCube 90% C.L.

=~ — Super-K 90% C.L.
[ CDHS 90% C.L.
103 | CCFR90%C.L.
= [ SciBooNE + MiniBooNE 90% C.L.
B .Gariazzo et al. (2016) 90% C.L.

10—4 | I| | IIIIIII| | IIIIIII| L 11 I"111l L1 1L 111l

107 107 107 1072 107" 1

- 2
sin“(6,,)
10? Er T
10
1= DUNE
<<.>\ = Simulation
Q » | — DUNE ND+FD 90% C.L.
~NT 10 E_ DUNE FD-Only 90% C.L.
- ~  § Kopp et al. (2013)
< ~ ¢ 1Gariazzo et al. (2016)
1072 £ []LSND 90% C.L.
= — MiniBooNE 90% C.L.
. — NOMAD 90% C.L.
1073 & ---KARMEN2 90% C.L.
- — MINOS and Daya Bay/Bugey-3 90% C.L:
| — SBND + MicroBooNE + T600 90% C.L.
Lol Lol Lol Lol Lol

10—4 ] IIIIIII| 1 1 L 1 1 L 1 1 L 1 1 11Ul 1 1 L
10° 107 10° 10 10* 10 102 107" 1

5in“26,, = 4|U,,[ U1

40



Astroparticle events in DUNE

10¢ - Solar
Neutrinos

Atmospheric Neutrinos
e

—
10 - o—

Supernova Neutrinos
1E~ Duty factor: ~10°

Ar Event Rate (events per kt-yr)

107 F Nucleon Deca .

10-2L- Relic Supernova Pulsed Source

Neutrinos Continuous Source |
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Supernova neutrinos
DUNE has unigue sensitivity to supernova : "
electron neutrinos (dominant emission during =, i
neutronization burst), complementary with other &t—rr®i —+ & .
sensitive large detectors.
-.% | | "] 40 kton |
Hundreds to thousands of neutrinos from - .
galactic SNB. :
£ 102
Measurement of the time and energy ™
distribution informs supernova modelling. 1
10° Galactic Center
-~ I

Distance to supernova (kpc)



Beam dump

Target

Long-Livead
Mediator
Scattering

Hidden particles
displaced decay

Prompt Production in Mediator
Production hadron decays decays to DM

DM scattering
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Heavy heutral leptons

Heavy right-handed singlets predicted in
many extensions of the SM may be
produced by the LBNF beam.

Depending on their properties, the HNLs
could reach the DUNE ND, where they
would be detected via their decay
products.
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Heavy heutral leptons

Muon coupling dominance: UZ: Ui:Uf =0:1:0
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Grand unified theories extending the SM predict low-energy
observables such as nucleon decay, including the decay of the

proton into a kaon.

The DUNE FD has the unique ability to track and identify the

kaons produced in those decays.

A lower limit on the proton lifetime of 1.3x1034 years is

expected if no signal is observed in 10 years.
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Summary

DUNE Is gearing up:
e Successful prototyping effort at CERN underway.

e The construction of the FD-1 and FD-2 has already started and is proceeding fast.

A lot of exciting physics lies ahead:

o« DUNE will resolve the neutrino mass ordering, and measure 6cp with CP violation
sensitivity over a broad range of parameter space.

o« DUNE will precisely measure long-baseline oscillations to test the 3-flavour paradigm.
« DUNE has unigue sensitivity to low-energy neutrinos from a galactic supernova burst.

« DUNE has competitive sensitivity to a wide range of physics beyond the Standard
Model.



