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The Deep Underground Neutrino Experiment

@ A worldwide Collaboration: 1400+ people, 200+ institutions, 37 countries w/ CERN

® Long baseline experiment: 1300 km from Fermilab to SURF, 4300 m water equivalent depth

@ The most intense neutrino beam ever: 1.2 MW, upgradable to 2.4 MW

@ Two detectors, Near/Far, the largest liquid argon neutrino detector in the world (70 kt) - 2 phases
@ Detector prototypes (ProtoDUNE) already operational at CERN

Sanford Fermilab e
«3 Underground 2L
Research 800 M , _ SRS ES |
Facility

PIP-1l PROTON
ACCELERATOR

‘— EXISTING
LABS
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Science goals G
vV
v V Y,

@ Constrain flavor and mass models, search for the origin of matter,
testing the three-flavors paradigm: V

 Precise neutrino oscillation parameters for v,/v, appearance, yﬂ/ v,
disappearance searches, CP violation, mass hierarchy in the v sector

@ Learn about supernovae, neutron stars and black holes
e DUNE alone would detect > 3x as many v as all active detectors did for SN1987A

@ Shed light on Grand Unified Theories (GUT), physics beyond the
Standard Model:

 Proton decay, baryon number violation, sterile neutrinos, non-standard
Interactions and more

[DUNE TDR Vol. 2: https://arxiv.org/pdf/2002.03005.pdf] Image credit: Fermilab
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® Main detection technique

Neutrinotransformed
Into p-imeson

- Invisible neutrino

- collides with proton

Py
_'S- »

B . ¢ Y
- . A - : .
Collision creates
T-Mmeson
First detection of a neutrino event

with a bubble chamber, 1970
Image credit: Argonne National Laboratory
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Liquid Argon Time Projection Chamber (LArTPC)

Sense Wires

u Vv V wire plane waveforms
Liquid Argon TPC Y ® Rapid development over the last two
ITRH decades
' " e |CARUS, WA105, MicroBooNE,
i  Arlat, ArgonCube, SBND,
‘Eé%égéé : ProtoDUNE
- uine
> / / /I
Cathode /// %g????:?%é ® Charge from drifted electrons collected
Plane e | r;é#égéggé : by wires; information on interaction time
jréééﬂ% and triggering from LAr scintillation time
O, 4_” ;}Z’ . . . .
& Méééé t ® Two possible working principles
&5 i Fﬁ e Different e- drift direction and
! ﬂlr ; detection technologies
ﬁ‘[ > Horizontal Drift (HD)
o i — > \ertical Drift (VD)

Y wire plane waveforms [DUNE TDR Vol 1: https://cds.cern.ch/record/2709272/files/pdf.pdf]
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DUNE Imaglng & Reconstruction

" DUNE FD1-HD DUNE FD1-HD
simulated 3.0 GeV A simulated 2.5 GeV v,

® Excellent track reconstruction: mm-resolution Low detection thresholds for charged particles
— precise reconstruction of lepton and hadronic energy

@ Clean separation of v, and ve charged-currents  _, g, reconstruction over broad energy range

3 Mattia Fani | The Deep Underground Neutrino Experiment 30 May 2023
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® DUNE Beam and Detectors
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LBNF/DUNE excavation work AL S e
Photo credit: Fermilab Fo _-rig.«f;_,q;.{,.;;:‘e
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The DUNE beam

@ Proton beam line

* Produce neutrino beam by focusing charged pions and
allowing them to decay

 (Can operate in neutrino and antineutrino modes

@ Proton Improvement Plan-Il (PIP-Il)
* Proton beam: 1.2 MW (phase-1), 2.4 MW (phase-2)
* Accelerated to 60-120 GeV by FNAL accelerator complex
 Bent down at 5.8" to reach Sanford

 Horns/beam line designed to maximize CP violation
sensitivity

@ Expected neutrino fluxes available:
 Neutrino-enhanced, Forward Horn Current (FHC),
* Antineutrino-enhanced, Reverse Horn Current (RHC)
On-axis wide band beam covering main oscillation features

[Eur. Phys. J. C 80 (2020) 10, 978]
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DUNE Near/Far site facmty status

@ Far Detector (FD) site at SURF é} SURF Site rermilab Site
e Deepest laboratory in the US: o D —
1.5 km underground poen MRS F W
e Excavation work: 64.3% of in-situ ‘—z——~
rock volume removed as of 15 ] v :i
May 2023
 Three main caverns: L
* 4 detector halls in 2 caverns 4

e 1 utility cavern

@ Near Detector (ND) site at
Fermilab

e 60 m underground, 574 m away
from the neutrino source

e Near Detector Conceptual Design
Report (CDR) now finalized and
recentl(}g published

[https://arxiv.org/abs/2103.13910]

11

South Dakota Site

Ross Shaft
1.5 km to surface

4850 Level of
Sanford Underground
Research Facility

Long-Baseline Neutrino Facility

Neutrinos from
Fermi National
‘ Accelerator Laboratory
' in lllinois

Facility
and cryogenic
support systems

One of four
detector modules of the
Deep Underground
Neutrino Experiment
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https://arxiv.org/abs/2103.13910

The DUNE Near Detector (ND)

® Independently constrain the cross section, flux,
energy response, detector systematics

B UNDERGROUND CAVERN
S SN / (60 M DEPTH)

UNDERGROUND
VENTILATION SYSTEM

@ Broad physics program

@ Multiple complementary systems: ] | cRYOCENICS
/ ,-,-,—_j_-;.., N < e NIRRT -
_ S 917 5 <4 el O AND UTILITIES
e ND-LAr - Liquid Argon TPC e T3 AR el
e Modular, pixel read-out | N W
SANDRALE
| BEAM PRISM DETECTOR
* ND-GAr - High Pressure Gas TPC MONITORS MOVEMENT SYSTEM

e TMS - The Muon Spectrometer DETECTQR f*

e HP GAr TPC surrounded by ECal+magnet (Phase-2)

| | * PRISM
* SAND - on-axis beam monitor + ND-LAr and ND-GAr move up to 30 m off-axis

* Inner t.racker surrognded by 100 t ECal, SC mégnet (0.6 T) e Beam characterization dependent on the off-axis angle to
e On-axis beam monitor for beam spectrum/stability minimize flux and cross section systematics
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Far Detector underground facility Neutrinos from

Fermi National

/‘ Accelerator Laboratory
The DUNE Far Detector (FD) |
C o Ross Shaft & B )
1.5 km to surface i =
Facility
and cryogenic

support systems

® 4 Detector modules, ~17 kt each

One of four

detector modules of the
Deep Underground
Neutrino Experiment

Cryogenics systems
D 1
- 'i "..-..-'f /
= by ey i

7N
/ N
",

® Single phase (SP) Liguid Argon Time Projection V4
Chambers (LArTPC) - main detector technology

Phase-1 Research Facility

e FD #1: SP LArTPC, Horizontal Drift (HD)

e FD #2: SP LAr-TPC, Vertical Drift (VD) AFar Detector module

Detector electronics

» Cryostat installation starts mid-2020s ﬁ qiiL v\e\,«mo‘—;"“;@d\s
: AT WU e AR s i
» Expected to be operational end of 2020s e
— DUNE SCience begins I e '..".'. v .‘ 1 ‘.._*_'-.:. ........
Phase-2 5 ” AL ) o e tomparisor

e FD #3: SP LAr-TPC enhanced VD concept - TBC

Wl
[ \ .
r Ny
........

e FD #4: Ongoing R&D for Module of Opportunity

Membrane cryostat with passive
insulation (CERN/GTT design)

30 May 2023
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FD#1 - LAr-TPC Horizontal Drift Technology

@ Alternated APA/CPA —
Anode and Cathode Plane X'ARAP.:PEA module — Field Cage
Assemblies —

e Segmented: 4 drift volumes,
Drift distance: 3.6 m

e Electric field = 500 V/cm T ——
(HV —_ '1 80 kV) 1 SuperCell = % PDS module -- SiPM readout ~
High-reflectivity inner surfaces )

® AnOde 150 APAS Wavelength-shifting + dichroic filter for light trapping Wi
4 wire planes each
Grid, 2x Induction, Collectlon APA unit e

e High-resistivity CPAs B

to prevent fast discharge

il

2.316 m

Bottom
Field Cage

@ Photon Detectors: r
X-ARAPUCA light traps L=

[DUNE TDR, B. Abi et al 2020 JINST 15 T08010]
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FD#2 - LAr-TPC Vertical Drift Technology

® Charge readout:

e Drift along vertical direction and cathode plane in the middle 343 m2 pcB Anode 2 %i.5- vertical drift
* Readout on strips etched on PCBs — e |
e Two induction and one collection readout — ™ J P~ e,
e (Cathode at -300 kV, drift field of 450 V/cm - - - -,
_ Interface board ~ #4 & |
® Photon Detection System (PDS) ,
e Based on X-ARAPUCA — “41” reference design J |
e SiPM and electronics partially on Cathode: @ 300 kV
e POF & SoF demonstrated in ProtoDUNE ' J i ]
+ Ontimized VD (o sosmmesiors ol
e X-ARAPUCA bars can be installed inside Field Cage walls-\/\(\"’ - |
e PDS full FC optical coverage i |
-> potentially no need for cathode PDS =, >
o Dual calorimetry (charge @ light): improve energy resolution
e Extend sensitivity for low-energy physics: SNB, solar, BSM

athode

Optimized VD
I

i
=

:
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FD#4 Module of Opportunity

® Detector concepts

e Optimized VD for FD#3,4: optimized r/o CE
(digital) & SoF (large bandwidth) for higher ch count

e SLoMo concept: A SURF Low Background Module
e SoLAr concept: novel pixelated charge readout

o Xe-doped LArTPC neutrinoless double beta decay Far Site Underground Facilities

concept

e Theia concept: A hybrid Cherenkov/scintillation
detector module for DUNE

e LiquidO concept: Opaque Liquid Scintillator for
Neutrino Detection

® Several R&D presented
e Q-Pix, LArPix, and many more

[https://indico.ific.uv.es/event/6722/]

Ross Brow

DUNE Module of Opportunity Workshop

2-4 November 2022
Espacio ADEIT, Valencia (Spain)

Europe/Madrid timezone

Overview

Timetable

Qriantifir Pronramma

1,200’ Raise Bore

Vent Shaft \

Spray Chamber

Expanded Drift

Maintenance Shop

R 77 ' \0 ) @ 2 x Detector Caverns:
s < € 475'Lx 65' W x 92' H
\ - o 145m L x 20m x 28m
N \w Qe‘e’
#6 Winze Dump 0\)'{(‘ 1 x Central Utility Cavern (CUC):
\ e 624' Lx 64' W x 37'H
Concrete Supply Chamber 180m L x 20m W x 11m H

30 May 2023
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® ProtoDUNE at CERN

The ProtoDUNE cryostat
Photo credit: CERN
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Each DUNE-FD module
will be 20 times larger than
one ProtoDUNE detector

the largest LAr-TPC detectors ever built

ProtoDUNE at CERN

@ Two 750 t prototypes 7.2 x 6.1 x 7.0 m

* Design validation of all components,
at full scale

e Single-phase Horizontal Drift (HD)
> Charged particle beam + cosmic rays
> Event reconstruction, full analysis
> Calibration systems, Xe doping, HV tests

 Single-phase Vertical Drift (VD)
~ Different approach to LArTPC principle
~ Significantly simplified implementation

Mattia Fani | The Deep Underground Neutrino Experiment 30 May 2023
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Cosmics Data

DUNE:ProtoDUNE-SP
_—

10 - |

I | G B EGAEEEEE U Plane, Raw ]
ProtoDUNE-SP Performance ool HL iYL :
8 C ERL Y e Collection Plane, Raw ]
% 0.6 —_ U Plane, Noise-filtered 7
o Detector performance validation £l V Plane, Noisefitered :
with cosmic rays, beam charged particles; % 04 | S
photon detector demonstration g | :
0.2 ]
@ Stable operation ; :

0.0 ST e

* >99.5% of HV uptime for cosmic rays and beam data taking 0 = 50 100 | 150
_ _ _ Angle-Corrected Signal-to-Noise Ratio
e High purity, well above requirements

(> 30 ms e-lifetime most runs, > 20 ms all runs) 15 o O

* >99% of TPC channels (wires) active ',_.__.:_ T A = T

[%: -..~ . -1 —— Proton Expectation 1 140

@ Low noise in all readout channels € 10 e:*:_;:gr —— Muon Expectation /i

* S/N > 10 - induction wires E g i

 S/N > 40 - collection wires g
L
©

@ Test of full analysis chain
e Hit clustering, track reconstruction, particle 1D

e Simulation tuning - detailed paper a0 60 80 100 120
[Phys. Rev. D 102, 092003 (2020)] Residual Range [cm]
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® The DUNE physics and performances

A reconstructed test beam Tt
interacting in ProtoDUNE-SP recorded
with a number of cosmic rays

Mattia Fani | The Deep Underground Neutrino Experiment 30 May 2023




Variation with mass ordering, O.p
Neutrino Mode

DUNE Neutrino Oscillations

8 160k - Normal Ordering.
7t | SR SN VT
Plon targen = { o, ® PrOJect_ed results i g el L EmEmEE
for v,/U, appearance, v, /U, g dud =
disappearance, S T R
assuming Normal ordering aof-
20k :
@ Reconstructed spectra of selected Oy g e
Charged Current events oo I
@ Sensitivity assessment includes full % % - m +
FD systematics treatment (flux, cross- 3 £;f | ="
section, and detector) and ND T ewee
constraints T a0 y
e ~1000 v, appearance events f:: W\i
« ~10,000 U, disappearance events e

[EPJC (2020) 80, 978] Reconstructed Energy (GeV)

30 May 2023
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DUNE CP violation and mass ordering

CP violation Mass hlerarchy
- 7 -
® Assumed staged running iSystematcs o[ Al Systematies

6—Normal Ordering . Normal Ordering

- U-beam / v-beam mode  50% of 5 values
 Full PIP-2, Full ND-GAr, FD#3,4 in 4-6 yrs st

Start at 1.2 MW
===+ 4 year ramp to 1.2 MW

® Mass ordering (Phase-1): 15 of
_ 1 " o foii. Al ...
° 1 year |f 5CP —_ 5, 4-

-------------------

- 4 years for all 0-p values

Startat 1.2 MW

w— =+ 4 year ramp to 1.2 MW

® Potential of CP violation discovery:

* Requires Phase-1 + Phase-2

[https://arxiv.org/pdf/2203.06100.pdf]

Mattia Fani | The Deep Underground Neutrino Experiment 30 May 2023


https://arxiv.org/pdf/2203.06100.pdf

DUNE physics Beyond the Standard Mode!

Atmospheric v interactionv, +n — p +p

® Non-standard short-baseline

and long-baseline oscillation phenomena: if p misidentified as a K

o Sterile neutrino mixing, 2900
. . . 2800
e Non-standard neutrino interactions, 2700
PS N t t 2600
on-unitarity o
e CPT violation 2400
2900
® Searches at the FD: -
@)

e Baryon number violation = 2600
2500
e |nelastic boosted dark matter 2400
2300
2900
® Searches atthe ND: . .. ... T
et 2700
* Trident interactions - _ X K™ T 2600
B -l W ot /2500
e Heavy neutral leptons ij.\ b -

/ 2300 =—

e Low-mass dark matter X WLy
[EPJC (2021) 81, 322]

selected in the p = K + U sample

IIII|IlIlllllllllllllllllllllll

IllllIllllIIII||III||IIIIIIII|I

|IllIIIIIIIIIIIIIIII'IIIII

b

P11

IIII|IIIIIIIIIIIIII|IIII|IIII|l-

IIIIIIIII|IIII|IIII|IIIIIIIII|I

500 510 520 530 540
Wire Segment

550 560

800

700
600
500
400
300

200
100

s Primary K
m— F'inal State K"

50 100 150 200 250 300
Kaon Kinetic Energy (MeV)

Arbitrary Units

D Muon

Kaon

D Proton

Arbitrary Units

0.35

0.4 0.45 0.5 0.55 0.6 0.65
BDT response
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» Low-energy events in DUNE

X-ray image of M82 galaxy’'s SN 2014J
as recorded by Chandra on Jan 21, 2014 :
Photo credit: NASA
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Supernova neutrino signal in LAr

@ Elastic scattering on electrons (ES)

. _ < 10°F
Interaction channels in argon S ol v
@ Charged-current (CC) interaction on Ar I
B - § X 40
I/e _|_4O A}/‘ —)40 I{>I< + e Dominant interaction '%101;_ _ze 402:
- 40 40 . n due to LAr sensitivity to v, @ F ) —
v, +7 Ar > Cl* + e 0102 -
o =
O10°F

vV,t+e —v.Te

10-5 S ““‘-- "":::::::::::HHH:HHH:::::::::::::::::::::::::::::::::H::::H::::::::l:H::::H:::::::::::::::
® Neutral current (NC) interactions on Ar 106 Lo —
40 40 >I< -7 | | | | | | [ 1 1 1 | [ 1 1 1 | L 1 1 1 | [ 1 1 1 | | 1 1 1 | I I | [ 1 1 1 | | 1 1 1
Ve T AN v AT ""10 20 30 40 50 60 70 80 90 100

Neutrino Energy (MeV)

» Further separation possible by K*, CI*, Ar* de-excitation, ejected nucleons
* Event-by-event categorization by interaction type is also possible for DUNE's sub-cm spatial resolution

arXiv:2008.06647
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https://arxiv.org/pdf/2008.06647.pdf

SN Event simulation and reconstruction in DUNE

SNv events: _
| v,CCevent LU —|—4O Ar —40 K* 4+ e~ v-eESevent U -|—4O Ar —40 Cl* +e™
* Low deposited energy R S S S P R T

. | | ' | _
e Small e/t stub-like tracks 20 MeV' v = 10 MeV e 0

]
]
]

-
!
]
]

-
]
]
!

i
]
!
]

-
]
]
]

-
]
]
.

-
]
!
)

UL

‘ .. .
s - |5 = 2

T T AT T T T T T T T TR I o
BARRLLEARRRRAIARTN ARERS L0 8 RALLAR FREAA N & LA b W] L L L

| t"[u_S]

0
Os

Reconstructed tracks:
® v,CC: cloud of de-excitation y blips

10 cm

-
—
—
—
—

B
£
g
E
=

—
—
—
-
—

=
-

vvvvvvvvvvvvvvvvvvvvvvvvv

M|

> ¥ (Compton, bremsstrahlung)

> Nucleons (missing reco KE)
 |nelastic scattering on Ar

AL
Charge [C]

—
—
—
—
—
—
—
—
—

® ES: lone e~ pointing away from SN.

» Single scattered e tracks ’

el

Charge [C]

-lllllllllIllllIllllllllllllllIllllllllllllllllllk 'tlllllllllllllllllllllllIllllllllllllllllllllllltg

® NC: e” in de-excitation clouds

Um

LIIlIIIIlIIII|IIII|IIII|Il- 1IIII|IIII|IIII|IIII| III|III|III|III|III|III|III|III|III|
s
f—

o
=
IIIIIlllllllllIIIIIIIIIIIIIIIIIIII|lﬂl|lllllllll

|

1562. 5 .504‘ N .Sm‘ N Asosl N ,5110. N .5112‘ N .5]41 N ASIIOL P
Wire number Wire number

1 | s 1 1 Jeic.y 1
S0 s

-
N =

LY
R
o

» yrays (single or cascade)

'DUNE TDR, B. Abi et al 2020 JINST 15 T08010) Events simulated using MARLEY, Reconstructed in LArSoft
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Distributions of expected observed events

40 kton argon, 10 kpc

80

= ; L z . : .
® EleCtrOn-Capture mOdel _E Einfall: Neutronization Accretion Cooling
© 70 : -
. . o - o : —+— No oscillations
® 40 kton of liquid argon 2 oF —— Normal ordering
L. C = z -
® Statistical error S sl il 1 Inverted ordering
: 40F T
s B ES 2o
u — 40 : ;
- |III‘Ve Ar 20 £ | :
30 - T|Tl : T
> . 10 E T :
= .F - Garching model S - ; :
5 .F + Computed with SNOWGLOBES| =5 =—Goe———5 37— G5~ 02 025
9 0y » Detector response smearing Time (seconds)
> 15
B @ DUNE is most sensitive to ,CC events but will also observe others

@ Unique to DUNE - other detectors largely sensitive to v,

® SN direction can be determined exploiting directionality and Bragg
peak at the stopping end of v—e ES events (See K. Scholberg’s talk)

05 10 15 20 25 30 35 40 45 50

[arXiv:2008.06647] Observed energy (MeV)
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ents

Gal?xy Edge LIMC

Andromeda

DUNE has unique sensitivity to low-energy . | = o
- 104 = 10 kton
v, from a galactic supernova burst s F .
-..% 103 = Number of SN v interactions scales with
g E Jnass and inverse square of distance
. S 102k
* 100s to 1000s from galactic SNB 5
* 10s from LMC, O(1) from Andromeda e F
* Large uncertainty due to SN model e
* 5° resolution on the SN direction 107 Galactic center
10—2 B | NI ER 4 L Ll
1 10 102 3
Sever’al unknown Distance to supernova (kpc) 10
-Neutrlno mass Orderlng Channel Liver- GKVM Garching
more
= Collective oscillations from v-v scattering Vo 140 Ar & o— +40K* | 2648 | 3295 e
= Underlying model Ve +40 Ar — et +40 CI* | 224 155 23
= Physics uncertainties in core collapse vx tem mvx e 4l | 206 142
Total 3213 3656 1047

arXiv:2008.06647

AS
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Conclusions

@ DUNE will measure neutrino oscillations providing insights on matter/antimatter
Imbalance in the Universe and other open questions in physics

@ Unique sensitivity to low-energy v, from a galactic supernova burst

® Prototyping efforts underway at CERN with test beam runs planned in 2024

@ Excellent performance in ProtoDUNE-SP-| with many exciting physics results
coming out

@ First DUNE far detector installation in mid-2020s with beginning of science
program in late 2020s
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Thank you for your attention



