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The Deep Underground Neutrino Experiment (DUNE)

South Dakota  sanford Fermilab

Underground

ResearCh “32?_35 _________________ ~
Facility i =

A new generation Long Baseline — 1300 km — neutrino oscillation experiment based on
® a wide band high intensity (1.2 MW upgradable to 2.4 MW) v/v neutrino beam produced at Fermilab

® alarge total mass (~70 kton) Far Detector at the Sanford Underground Neutrino Facility (SURF) 1.5 km
underground exploiting the Liquid Argon Time Projection Chamber (LArTPC) technology

® a Near Detector complex (ND) at Fermilab providing control of systematic uncertainties

enabling a rich physics program
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DUNE: Key Features and Physics Program

@ Long- baseline wide-band neutrino beam

@ @ — Measurement of CP violation phase and determination of the neutrino
mass ordering in a single experiment using spectral information
\ / @ Underground location = access to astrophysical neutrinos

— Supernova neutrino burst detection - sensitive to the v, component
— Atmospheric neutrino — capability of v, identification
— Solar neutrinos - potential for detection of hep flux

@ Massive detectors with excellent tracking and calorimetric information

— Search for baryon number violating processes —p —» v K*, nn
@® Long baseline + higher energy neutrino beam

— v, appearance, NSl searches

@ Capable Near Detector Complex

— Precise neutrino physics (cross sections, nuclear effects)
— BSM searches

arXiv 1807.10334
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Neutrino oscillations in the 3-neutrino framework

PMNS Matrix

Ve appearance :
mass ordering,
Scp , octant of 0,5

v, disappearance:
2 . 2
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arXiv:2212.00809

Impressive progress since 1998
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... Not a complete clear picture yet
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ref. A. Gugliemi ‘s talk on

The «anomalies»

ICARUS
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Open Questions and Unknowns

A
Normal Ordering Inverted Ordering * What is the neutrino mass ordering? (Is
v 7 v 7] Ame Am3, positive or negative?)
.Ve . . .
BV, A - * |s there leptonic CP violation?
32 o o .
|V * Is 8,3 mixing maximal?
Vo o — 5 e |s the PMNS matrix Unitary?
? P L R ——
¢ S = Can neutrinos explain the matter-
antimatter asymmetry in the Universe?
0w O B 6 CKM PMNS = What is the neutrino absolute mass
Leptons | ~45° 85° 34° 7 d s b oo scale?
Quarks | 2.4° 0.20° 13° 69° u m v . . . .
; L = Are neutrinos Majorana particles?
¢ m w i
Is the 0,3 mixing maximal?
03 = 45° - |U,a| = |Ua| g - & v 1

8 Jul14, 2023 L. Patrizii Science and Status of the DUNE Experiment INFN mj(\

I



The Long Baseline Neutrino Facility (LBNF) and DUNE

DUNE experiment is enabled by LBNF which provides LBNF (\
« a high intensity wide-band neutrino beam

Facility Experiment

* adeep underground lab in South Dakota and Near Detector infrastructures

Sanford Underground

Research Facility
b e
P 5

Sanford Underground
Research Facility,
South Dakota

.:u.r
L“*z—r’ 1]} L /- H ’ H’J 1- .'u““ - — ; : ol ———
TTTTTIT = T
Absorber Dﬁcav Existing Main o |“ ” ” | ” “ || ||||' | | | i
Pipe Injector |

[ Beamline Complex: Upstream end view of Primary Beamline, Target Hall, Decay Pipe, and Absorber ‘
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Sanford Underground Research Facilities

Previously known as the Homestake (gold)
Mine in the Black Hills
: ST neutrinos

. from Fermilab

Ross Shaft | ﬂ ‘

5km to surface
Expanded Drift

Maintenance Shop

1.5km

2 x Detector Caverns:
475'Lx65'W x92'H
145m Lx20m x 28m

4850 ft level of Sanford % .“Y\b& T . cuc
Underground Research Facility Vo™ s oy i

(SURF) 180m Lx 20m W x 11m H

R.J Davis

I
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Excavations at SURF 70% complete July 2023)

North Cavern — adjusting

ventilation Blow piping central utility cavern

Central utility cavern corner
trench drain

North Cavern —midpoint connection drift

11 Jul14, 2023 . Patrizii Science and Status of the DUNE Experiment INFN (\



The LBNF beamline at FNAL

LBNF will use protons from the

Main Injector

« Ml will start at 1.2 MW and be
upgradeable to 2.4 MW

Proton Improvement Plan (PIP ll):
upgrade of LINAC to reach 1.2 MW
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P 11 ————— ——
The LBNF beam 5 g DUNE Simulation
Primary Beam Enclosure n‘ - v“ - V“ i
Apex of Embankment ~ 60 ~ 10
MI-10 Point of Extraction C\‘O 1 0
Kirk S':::i:eo gt:if;‘i’l:g s:::si:::?i::iai:g Targe(t::ll;-cz‘:)';‘plex S::ivr::aerzzleja X
road ey Absorber Hall (LNF-BO) i) ’ : 109 FHC
> F (v-mode)
O 108 e,
-(g 107 E:' —t T PR ... ST,
0 2 4 6 8 10
Neutrino energy (GeV)
. : o p1011 L L L R |
* Neutrino beamline at a slope of 5.8 O DUNE Simulation :
~Vu ~Vu i
« High intensity primary proton beam (60-120 GeV ) on a graphite g'll e Vg ¥y
target (1.1 — 1.9)x102" pot/yr = RHC
* Horns/beam line designed to maximize CP violation sensitivity - 10° (v-mode)

* Pulse duration: 10 us >

Expected neutrino fluxes : S 10°k

e Forward Horn Current (FHC) neutrino-enhanced, E |

« Reverse Horn Current (RHC) antineutrino-enhanced, K 10703- e e 10
« Wide band beam Neutrino energy (GeV)

Eur. Phys. J. C 80 10, 978 (2020)

Al
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Neutrino Oscillations in DUNE

T T LA ]’ L4 v T I T T Ld I v LA v ]' B g L T ]'
un-oscillated

(7] V.spectrum

an— lsg — 0’, NH

Deep Underground Neutrino Experiment 015

I [

Sanford Fermilab
Underground

Research 00 miles —
Facility kilometers

[Ra— L\(F-OJ,IH

0.10 - — Ocp=90° NH

— Ocp=270°,NH

Pl g - ve)

probabilities)

(v, oscillation .
0.05 -

0.00

E, (GeV)

Incoming beam:
100% muon neutrinos

beam spectrum covers the full
neutrino oscillation curve

Probability of detecting electron, muon and tau neutrinos

not simply a counting experiment
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DUNE Far Detectors — 2 x 17 kt modules (Phase |)

Ae TRC FD1-HD «Horizontal drift» FD2-VD «Vertical drifts
r o
ANODE CATHODE ANODE CATHODE ANODE Top CRPs Al =

Charged
particle —

Neutrino

bl

! APA Unit

N
\ «

£ v 4
y 4 y & V4
2

Interaction
with argon
nucleus

]

EIectTrons , * Charge Readout Planes : perforated PCB'’s with
segmented electrodes (strips)
* 150 Anode Plane Assemblies (APAs) * CRPs at the top and bottom
o . « 384,000 readout wires * Cathode (-300 kV) in the middle
Liquid Argon TPC (C. Rubbia, * Anode-Cathode 3.5 m drift; « two 6.5 m drift chambers 450 V/cm field

1977) is the technique with the

best particle imaging capability « 500 V/cm field: cathode at -180 kV: * X-Arapuca modules integrated on cathode and

t kt le: . on cryostat walls
e * 6000 photon detection system (PDS) ch. + -decoupling from HV by optical fibres for signal

PDS X-Arapuca modules embedded in APA and power transmission
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2.316 m

SISIIIIIIIIISIIass:

Construction of APAs

INFN
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4 vessels already constructed (protoDUNE,

SBND,..)

4 modules of 17 kt mass
e FD-l and FD-Il LAr TPC
« FD-3TBD (by 2027),

* FD-4: «module of
opportunity»: decision

secondary

membran
3 ~composite
* laminated)
$S1.2 . 1

primary

Insulation : reinforced
~ polyurethane foam

Membrane cryostat with passive
insulation (CERN/GTT design)
internal volume : ~28’500 m3
~17°500 tons of LAr

17




ProtoDUNE’s @ the CERN Neutrino Platform

Two 750 t prototypes ~8 x 8 x 8 m3 7 ProtoDUNE-DP/SP-VD

Design validation of all FD components at
full scale

ProtoDUNE Single-Phase Horizontal Drift:
- Charged particle beam + cosmic rays
runs (2018-2020)
- Event reconstruction, full analysis
- Excellent performance

- SP-HP Module-0 :final validation of

- Components production
- Assembly procedures

- Detector performance and
stability

ProtoDUNE Dual-Phase evolved to Single
Phase Vertical Drift late 2020

« SP-VD charged beams + CRs in 2024
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ProtoDUNE SP-HD Performance

DUNE:ProtoDUNE-SP Run 5779 Event 12360 DUNE:ProtoDUNE-SP Run 5826 Event 83959

g 0.5 GeV/c elect .
¥ .5 GeV/c electron
nw'n-mn =
5000 P v 75 @ 7.5
/ . My ~ =
~~~~~ Sage " us o : |
3 VAR B - 05 % N
= 4500 3 A -' 28 © T 2.5
cosmic/ . t.'opping F .
/ Q
mumll/ proton 0.0 2 0.0
S 50/cm ProtoDUNE DATA 5 52
0 100 200 300 400 i 75 100 125 150 =&
Wire Number Wire Number
15 DUNE:ProtoDUNE-SP Data
'ErRSasLONN BRI TR TG LY RS It
DUNE:ProtoDUNE-SP Run 5770 Event 59001 . o Bererl Tal - = W
g Ty B - : =5 -..- . oM UL R
: 6 GeV/c electron - = s Proton Expectation 140
9 ?é-' 10 i 5 —— Muon Expectation -
50 8 > > p 100
& =3
25 & 5 5
% % 5 60
(o)}
0.0 = 40
g 6 20
200 300 B BT o TP R P
Wire Number 0 20 40 6 80 100 120

Residual Range [cm]

Charge/tick/channel (ke)

Rich test-beam data with
charged particles (charged
pions, kaons, protons, muons
and electrons) with different
momenta

Excellent imaging capabilities for
neutrino flavor ID and energy
reconstruction.

Multiple papers on calibration,
detector physics measurements
and reconstruction

JINST, P12004 (2020)
Eur. Phys. J. C82, 903 (2022)
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Near Detector Facility

Fermilab Site

Primary Beam Enclosure

Near Detector

[ o
Complex Target MI-10 Point of Extraction e ; B
Absorber SO Primary Beam — o
Complex Service Building .

(LBNF-5) 5 4

Y

LW

Ny

S

- ' B L

« Hall location : 574 m from LBNF target; 60 m underground
« Beneficial Occupancy: 2028
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Measure the neutrino beam rate and spectrum

The Near DEteCtor Complex to predict un-oscillated event rates in the far
(Phase I) detector

« Constrain systematic uncertainties (flux, cross
sections, detector response) for oscillation
measurements

ND-LAr+TMS shown in
far off-axis position

« Afacility for neutrino physics

- ND-LAr: 7 x 5 array of modular 1x1x3 ms3
LArTPCs with pixel readout

- TMS: Magnetized steel range stack for
measuring muon momentum/sign from Uy CC
interactions in ND-LAr

ND-LAr . DUNE-PRISM: ND-LAr + TMS move up to
28.5 m off-axis

. SAND:
AN S . | )  eutino - On-axis magnetized neutrino detector with
- PRISM beam LAr target (GRAIN), tracking (STT), and
movement system *"** calorimeter (ECAL)

I

L
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The System for on Axis Neutrino Detection

SAND: the only component of the ND that will be permanently located on-axis

Superconducting magnet
Electromagnetic Calorimeter (ECAL) from KLOE
Straw-Tube-Tracker and CH,, C target

1-ton LAr Active target (GRAIN)

On axis v spectrum monitor : detect changes in the beam on a weekly basis

Perform independent in situ measurements of v, , v, , v, , v, fluxes and
energy spectra

Constrain systematics from nuclear effects by measuring v and v cross
sections on nuclei other than argon (carbon and hydrocarbons)

Exploit high statistics to perform physics program besides oscillations

i

o
-

ND-GAr

ND-LAr

22




GRAIN in SAND e

A LAr imaging detector

Tracker

> 1ton LAr (~1X,) inside the magnetic field. (STT)

> study v-Ar interactions with downstream
tracker/calorimeter

> LAr scintillation light collected with arrays of SiPMs
for timing and calorimetry

GRAIN

Inner vessel /A

» perform imaging of the event with scintillation light
(R&D in progress)

Y

Two camera technologies:
coded aperture masks and
lenses.

Jul14, 2023 L. Patrizii Science and Status of the DUNE Experiment



V. , V, 0Scillation shapes

Neutrinos Antineutrinos > o=
P(Xu_) Ve) VS P(Iyu_) Ve)
0.14- Neutrinos Ws., = -w2 0.14-  Antineutrinos Ws., = -w2
0.12 :‘l?rfnl:lnmdering Mac, =0 0.12 :\liarnt:InOrdering Hac, =0
B Mo =2 Wy =2 Mass ordering and CP violation induce
E E"m different shapes in v, , v, oscillation
Z.. .";'o.os prObabiIitieS

Normal Ordering

, DUNE’s unique capability: with a wide
2 3 4 5676 2 s 45678 pand beam measures these shapes over

Neutrino Energy (GeV) Neutrino Energy (GeV)

more than a full period, resolving

Neutrinos . Bep = -T2 Antineutrinos . Bep = -T2 .
o) B I1|12vse5rt':::;0rdering Mo, =0 0.12 I1r|2vse5rt'::0rdering Ha, =0 deQeneraCleS and measure
c .80P=1V2 .scp=“/2 =
= o - mass ordering
o > . .
'E 1 0.0 1 0.08 ﬁ - CP VlOIatlon
O & 006 - 0,3 octant
9
o
> . . .
£ with a single experiment

2 3 4 5678 % 1 2 3 4 5678
Neutrino Energy (GeV) Neutrino Energy (GeV)
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DUNE FD Data

0.14- Neutrinos 0 8op =12
1285 km
Normal Ordering Msc, =0
. 8ep =12

2 3 4 5678
Neutrino Energy (GeV)
Antineutrinos Bs,, = -2
1285 km
0.12 Mae, =0

Normal Ordering
[5gp = w2

2 3
Neutrino Energy (GeV)

4 5678

Events per 0.25 GeV

Events per 0.25 GeV

DUNE v, Appearance
Normal Ordering
sin’20,, = 0.088

sin6,, = 0.580

3.5 years (staged)

—4— Signal (v, + V,) CC

160

140

120 @ Beam (v, + v,) CC
[ NC
100 |l (v, +v,)cC

(v. + V) CC
80

60
4f.. .

20fd

8
Reconstructed Energy (GeV)

DUNE ¥, Appearance

Normal Ordering

sin®20,, = 0.088

sin%0,, = 0.580

3.5 years (staged)

—4— Signal (v, + V) CC

@ Beam (v, + v,) CC

NC

. (v, + v cc
(v.+Vv,)CC

3

g
5
i,

cP
cP
cP

Reconstructed Energy (GeV)

Events per 0.25 GeV

Events per 0.25 GeV

800¢
DUNE v, Disappearance
sin’0,, = 0.580

700 S a2
am3, = 2.451 x 10° eV
3.5 years (staged)

600 —— Signal v, CC
V. cC
~ NC

500 -+ %) CC

(v, + ¥, CC
400

12 3 4 6 7 8
Reconstructed Energy (GeV)

350
DUNE v, Disappearance
sin,, = 0.580

300 Am2, = 2.451 x 10° eV?
3.5 years (staged)
—— Signal v, CC

a0 mmv.cC
I NC

200 - (Vn + V) CC

(v.+ v,) CC

T e

4 5 6 7 8

Reconstructed Energy (GeV)
EPJC (2020) 10, 978

Convolution of oscillation
probabilities with neutrino beam
flux and cross sections and
detector response

Oscillation sensitivities:
simultaneous fit over four
components of FD data
(disappearance and appearance
spectra ) with ND constraints
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DUNE sensitivities - Phase |

20
18
16

DUNE will unambigously resolve the neutrino mass
ordering at 3o (50) level with a 66 (100) kt-MW-yr
exposure

14
12

|§10

Normal Ordering

DUNE can measure CPV at 3o level with a
100 kt-MW-yr exposure for the maximally CP-
violating values 6cp = % n/2

20
18
16
14
12

\;2%10

Inverted Ordering

0—1 -08-06-04-02 0 0.2 04 0.6 0.8

Phys. Rev D 105 (2022) 072006

6
ar
oF
0

Mass Ordering

DUNE Sensitivity — 66 kt-MW-CY

All Systematics 100 kt-MW-CY

Normal Ordering = Median of Throws

sIn’Ze,_., =0.088 £0.003 1o Variationsof

0.4 < sin%0,, < 0.6 statistics, systematics,
and oscillation parameters

NERE NN NN ENENE AETE RN AN ARNE FANE NN
-1 -08-06-04-02 0 0.2 04 0.6 0.8
Scp/T

DUNE Sensitivity — 66 kt-MW-CY

All Systematics 100 kt-MW-CY

Inverted Ordering = Median of Throws

sin%20,,=0.088 +0.003 '~ 1o:Variationsof

0.4 < sin®6,, < 0.6 Statisics, systomatics,
and oscillation parameters

Sep/m

Ao

AXCZPV

CPV

6
- DUNE Sensitivity 66 kt-MW-CY
[ All Systematics 100 kt-MW-CY
- Normal Ordering Median of Throws
5 _—sinzzem =0.088 +0.003 [ 1o: Variations of
L 0.4 <sin%,,<0.6 statistics, systomatics,
- and oscillation parameters
&
e S MR

0—1 -08-06-04-02 0 0.2 04 0.6 0.8
Sep/m
6
- DUNE Sensitivity 66 kt-MW-CY
[ All Systematics 100 kt-MW-CY

L Inverted Ordering

L 0.4 <sin%,,<0.6

0—1 -08-06-04-02 0 0.2 04 0.6 0.8

Median of Throws

5 [~sin’26,, = 0.088 + 0.003 o: Veriations of
B statistics, systematics,
and oscillation parameters

Bee/n
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DUNE sensitivities at higher exposures (Phase ll)

Beam upgrade to > 2 MW, additional FD mass to 40 kt, near detector upgrade
CPV significance (Phase T) CPV significance (Phase 1)

DUNE CPV Sensitivity DUNE CPV Sensitivity

All Systematics g[—All Systematics
Normal Ordering

Normal Ordering

7Phase | 7Phase Il + ACE
........ BCP =-/2 — SCP =2

6 + 50% of 5., values 6 50% of 5, values
-------- 75% of &, values e 75% 0f ., Values

2 2 Booster Replacement
1 1 -
o -; ] c L1 1 L1l L1 1 L1l I L1 1l I L1l l L1 1l I L1l l Ll l:
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Years Years

Phase II: If §cp = £90° 30 CPV in 3.5 years, 50 in 7 years

_ 1an° L .
If &cp = £90°, CP violation at 30 in Phase | For 50% of 8¢p values 50 CPV in 12 years
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DUNE resolution

Am%,, 6CP , 623 and 613
measured with high precision

Wi

th a single experiment

2
Amj,
0.05¢
- DUNE Sensitivity - B,, unconstrained
- All Systematics
0.045: Normal Ordering
0.04 F_sin®26,, = 0.088 unconstrained
e,: """ sin®0,, = 0.580 unconstrained
% 0-035 ;—
% oo Current Wprld Average
- -
20.025F
2 =
@ 0.02F
o C
o« C
‘.,5*;0.01 S5
0.01F
0.005
c:lllllllllllllllllllllllllllllllllllllll
0 100 200 300 400 500 600 700 800
Exposure (kt-MW-years)
28

d.p Resolution (degrees)

DUNE Sensitivity I 336 kt-MW-years
All Systematics [ 624 kt-MW-years
Normal Ordering 1104 kt-MW-years

= Nominal Analysis
sin20,,=0.088+0.003 ., 6,5 unconstrained

sin%,, = 0.580 unconstrained

91 -0.8-06-04-02 0 02 04 06 08 1

5
0 23
0.02 —
[ DUNE Sensitivity —— Nominal Analysis s
0.018F All Systematics
"7k Normal Ordering ws @, unconstrained
0.016F- 5in720:; = 0.088.+:0.003
Pk sin’9,, = 0.580 unconstrained
50.0144- c 1
g i S 0.02-
50.012 % E
§ Current World Average ? P
g K
i E
S X
€ 001}
b §
0.005
00 100 200 300 400 500 600 700 800 c0

&¢p resolution 6° +16°

013

- DUNE Sensitivity
- All Systematics
- Normal Ordering
0.025[ sin?26,, = 0.088 unconstrained
L sin’,, = 0.580 unconstrained

- NOvA

EDAYa BaAY . il

wene @14 UNCONstrained

Exposure (kt-MW-years)

200 400 600 800 1000 1200 1400

Exposure (kt-MW-years) —
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Events per bin

SN burst neutrinos

L (10 ergs/s)

Infall ronization Accretion Cooling

Eur. Phys. J. C (2021) 81

N

—¥

-V

1o N x0T b
1
0.1

DUNE is sensitive to v, CC events by
Ve +%0Ar - e” + 40 K* (exploiting the Ar
target) and to v ES on electrons (thanks to its

; R T e L LT T huge mass)
(%) LT Yo%
=
A
L
v
-4 02
.k 10 V.
: o =
1I Time (seconds) 3 10 5
o “Vy @
PO S
40 kton argon, 10 kpc 2 10" . ;’ w::
80 Hinfall | Neutronization E Accretion g Cooling § -
70 ;_ E —4— No oscillations §10-2
60 f_ E —4— Normal ordering = 3
C —+— Inverted ordering ©10
50— .
E E 10-‘ B d i iacapessesesassesensRuLmeRnieanaRREE I
40— : ||  F o E B fesesseneseeneeement
[E= ' s SL .
30 ! #f:__é——-g 10
201 | = i | | 10°
10:_E = | I I 10-7II A lIlllIIlIllIlllllllllllIlllllllllllllllll
= ﬂ. H 10 20 30 40 50 60 70 80 90 100
I AN E - Em— 025 Neutrino Energy (MeV)
Time (seconds)
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Solar neutrinos

DUNE is sensitive to

Vg A g o TR

Vet Te - Veur +e,

This feature gives its best with solar neutrinos where we have an observable only sensitive to electron

flavor and another observable sensitive to all flavors.

(*) F. Capozzi et al PRL 123 (2019) 13

Events / 400 kton-years

DUNE Preliminary
T T T T 1 T T T T I T 1 T I
B’ v cc
Bhep v, CC
[l Neutron Capture
ZZZRn

.42Ar

1
h,

10 15 20 25 30
Reconstructed E, (MeV)
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10°

10*

10°

10
1

10~

DUNE has not been optimized for low energy (<10 MeV)
physics in neither granularity nor radiopurity. Still the
mass and background rejection capability may provide
the first evidence of neutrinos from He-p fusion (“hep”)
even using the technology of the “Phase I” modules.
And “Phase II”” may provide an enhanced opportunity.
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BSM Physics

Baryon number violation, dark matter searches, sterile neutrinos, etc.

p K o=
T e

Proton decay event Atmos VM“CCQE"backg?ound

Example: proton decay

b
]
12
£
&
£
&
&

EE E E
AL AL LA |
©
B~
[ 1
418 mli

* Underground location
e Large fiducial mass
* Imaging capabilities

p—>Kv
(dominant SUSY GUT model)
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|dentify kaon by dE/dx and decay products
Main background: atmospheric neutrinos

wire
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Conclusions

LBNF/DUNE: the ultimate neutrino facility/observatory
DUNE will enable very rich physics program in the next decades (LifeCycle 20 years):
— Neutrino oscillations
— Studies of MeV-scale neutrinos
— Several BSM searches
LBNF and DUNE making rapid progress on facility construction, detector design, and
physics analysis

| I . I

2029 2031 2037-2038
Start Data Taking Start of Phase | Start of Phase Il
@Far Detector
atmospheric v, oscillation physics full physics scope
astrophysics atmospheric v, astrophysics
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Thank You!

DUNE'’s attracting the world ©

® 1440 collaborators

¢ 37 countries

¢ 208 institutions
including CERN

Mary Bishai Sergio Bertolucci

i d : DUNE’s spokespersons

DUNE Collaboration Meeting, Fermilab, May 2023
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DUNE’s Phased Approach

Phase |

- Far detector : 2 modules , 17 kt LAr each Determine mass ordering

Establish CP violation at
- Beam : 1.2 MW 30 if nearly maximal in

- Near Detector Complex in its full configuration (SAND, ND-LAr, TMS) S years running

Phase " Precision Long Baseline
* Modules 1, 2 & 3 LAr-TPCs Physics
* FD mass: 17 kt x 4 modules
* Module 4: “Module of Opportunity” (e.g. resolutionin §¢p
« Beam upgrade to >2 MW ~ 10° depending on true
value)

« More Capable Near Detector Complex (SAND, ND-LAr, ND-Gar)

5
I
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Excavation Progress — Reached 68% on 30 June 2023

| —4850-90
B0 4850-72 /i//_4850_90A 4850-02
4850-43 850-01| y /! West Access Drift
\ j | 4|/ 850-73 485074 4850-02 /“‘85‘*75
—h - & DA e L - S -4850-02A _ -
4850-03——— 48 l ' = ’ = =
See 850-11 o DiifE - 485042
4850-31 4850-84 : : | 4850-18
4 A -\
4850'04:’/4850.05—/ 850-10
4850-83~" 1550.82 850-09 485076
e B = & 850-85 _ _ _y— 7
oyt 0 | 4850-12 | |
48i50-81—// 4850-16 fent2th |___—4850-18
4850-13 4:850-21
Benching 4850-22
4850Lto4910L | 485047 |
B Bench C 4850-8 ) | 850-77
Bl BenchD | ol N4910-01 485020
B BenchE | _ | o X = =5 e - . EEE R
B Bench F 4850-13 | 50-40
B Bench G | | | 4850-17 4850-78
4850-14 — 2 Chami
4850L Excavation Completed S ‘
Excavation and Ground Support complete & accepted '. 850|-20
Concrete Complete I : 850I-20A
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DUNE Far Detector: Phased Construction

Four 17-kton modules

* Modules 1, 2 & 3 LAr-TPCs _
Expand physics scope

* Module 4: *"Module of Opportunity”  msssssss) Several technologies being considered

« Optimized VD for FD#3,4: optimized r/o CE

USSR rndRaclien. sy RN (digital) & SoF (large bandwidth) for higher ch

count
« SlLoMo : A SURF Low Background Module
* SoLAr : novel pixelated charge readout
« Xe-doped LArTPC : Ovp decay concept
« Theia : A hybrid Cherenkov/scintillation detector

Spray Chamber
Expanded Drift

/4
4
PR,
=

2 x Detector Caverns: I
i~ < 475'Lx65'W x 92'H d
; \ o R R 5% & 145m L x 20m x 28m mo uie
‘9‘ .. . \(\06"6
#6 Winze Dump = : S 1 x Central Utility Cavern (CUC): H H . H H H H
\ o G20 Lx 64 W X 37 H « LiquidO : Opaque Liquid Scintillator
Concrete Supply Chamber 180m L x 20m W x 11m H
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Path to above 2MW beam power for LBNF/DUNE

ACE

Year

£ 30— POTs - PIPMand ACE| -/

T L e e s sl I [ . | ACE: Accelerator Complex Evolution

% N ___________ ___________ ___________ ___________ _________ /] * Main Injector Cycle time shortening

z e Target System upgrade

é : """"""" """""" """"""" """"" ~ | - enable delivery of more POTs

§° T 50 I R - accelerate the achievement of DUNE science
% N 2 """"" 1 goals with respect to the present PIP-Il plan

2024-2031 program

« PIP-II Project replaces Linac Ongoing Projects )
* Modernization/upgrades of complex and Operations | PIP_" & reduced MI cyCIe time:
N 1.2 sec — 0.9 sec — 0.7 sec
* Reliability upgrades
* Main Injector capabilities (cycle time) New program 1'2 MW = 1'6 MW —2 2'1 MW
2024-2031

» Target Systems capability improvements )
* Booster rep|acement ProjeCt to bUIld Booster upg rades for 2-4 MW
« New physics capabilities new machine (beyond 203 1)

5/26/23 Valishev | Fermilab ACE # Fermllab
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2 per POT per GeV]

PRISM Concept

PRISM (Precision Reaction-Independent Spectrum Measurement)

ND-LAr + TMS (ND-Gar) will move as far as 30 m transversally
to the beam to collect data at different off-axis positions:

Build a linear combination of ND fluxes measured at different off-

axis positions to predict oscillated neutrino event spectra at FD with
reduced dependence on neutrino-argon interaction model

SAND ND-GAr ND-LAr

Neutrino beam

L
O
D . ( ) - FD & .
®P(E ,x) C(x D (Ev) & On axis
10-% ND Flux —6 x1 0_15 ¥
x10 S 47 Q . , i ;
— —— 00m % M (0] - ¢)Vu =2 q)Vu ’é : -
, —som | o] AR RC RN — PRISM Z
/ = :r N . ; ’1L 1 . ‘H h : %
| (1Y \Tma| oo B &
/ 25.0 m 8 [ I= > :] é é 4
/ IR 5
1 / - PR R R ‘J‘ 1 — O
20 10 o g N, e
0 Off Axi iti ,},Q' ° . . 4 Qo
xis Position (m) c N
13 E, (GeV) Ny i
e>

) 1 2 3 4
%
Far off axis

1 2 3 4 5 30
Neutrino Energy (GeV)
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The Near Detector Complex — Phase i
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A new ASIC for GRAIN

« We plan to implement imaging of tracks in LAr by
means of cameras based on a 32x32 matrix of
SiPMs where all 1024 channels are readout
individually

 Tens of cameras will cover the whole volume for a
total of about 50k channels

GDML:

* We need a cryogenic ASIC that fits our
requirements

 The INFN group from Torino agreed to produce a
new ASIC with 1024 channels

* Much less output lines and simpler feedthrough

GRAIN readout ASIC

Draft requirements

May 19, 2023

1 Introduction

GRAIN (GRamular Argon for Interaction of Neutrinos) is a novel liquid argon detector based on
imaging of scintillation light. GRAIN imaging elements, or cameras, will be equipped with a focal
plane made from a matrix of Silicon Photomultipliers. The optical system will form an image on the
focal plane from which one can extract the track parameters through appropriate algorithms. Accurate
tracking requires a reasonably accurate measurement of the amount of light detected by each pixel.
The smount of interactions expected by GRAIN further requires the ability to distinguish light coming
from separate events in a short period of time. The number and density of channels for each camera
makes it prohibitive to extract the analog signal of each SiPM from the GRAIN cryostat. Reading
ont thes sors therefore requires the development of an ASIC that can operate inside the eryogenic
bath (= 80K).

2 ASIC Requirements

The following sections outline the key requirements that an ASIC must satisfy in order to be effective
in reading out GRAIN. Additional, less stringent parameters are also listed. It is assumed that the
ASICs will be mounted in close proximity to the sensors, most likely on the oppaosite side of the same
PCB. Sensors matrices are expected to be grouped into camerss of 1024 channels each, therefore an
ASIC with 1024 channels appears to be optimal.

The exact number of camerss that will be required is not yet known, but an estimate of 50 + 20
is realistic. The requirements on power consumption and data throughput consider 50k channels. It
is important to note that the Beam structure is characterized by an extremely low duty cyele (10 s
spill, nearly 1 s interspill). While one may want to also collect data off-beam, a duty cycle imitation

can be accepted if it is necessary to meet the other requirements related to power consumption and
data throughput
2.1 Requirements imposed by Sensors

GRAIN will use SiPM matrices with pixel sizes ranging from 1x1 to 4x4 mm?, with a cell size of 30
to 50 um. Properties of representative SiPMs from Hamamatsu are shown in the table below.

Paramoter Winimum | Macmum

Terminal Capacitance | 40 pF 900 pF
Gain 1-10° 7-108
Bias RiAY 60 V

Warm Dark Current - 33 uA

ASIC analog front-end must be able to adapt to all capacitance values in the range shown
f possible with some margin towards higher values. If adjustable values of internal parameters
are necessary to accommadate the different SiPMs, it is sufficient to have a single, chip-wide, setting.
The ASIC must be able to function at both eryogenic and room temperature, considering both its own
operating parameters and the increase in SiPM current. It is possible to rely on externally controlled
parameters to ensure this versatility. A consistent behaviour of the analog front end over the entire

temperature range is desirable.

40
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Signal energies and expected rates in LAr

Proton decay

Energy range

Expected Signal
Rate per kton of LAr

(yr! kton)

neutrinos

~ GeV <0.06

Atmospheric
neutrinos SLALYE2Y ~120
Supernova burst ~100 @ 10 kpc
neutrinos el over ~30 secs
Solar neutrinos few-15 MeV 1300
Supernova relic

20-50 MeV <0.06
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Sterile Neutrinos

Sterile Neutrino Sensitivity

(ve CC appearance at ND)
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DUNE v, , v, spectra can distinguish Mass Ordering in Phase |
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DUNE v, , v, spectra can measure 9.p, 0,5 octant in Phase Il
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The DUNE Photon Detection System

In the course of the construction of ProtoDUNE-SP, a new technology has
emerged for the observation of the VUV (128 nm) scintillation light of liquid argon

icl®
afged paft
ch liquid argon
scintillation

4 \ light

127 nm
PTP
350 nm \ Dichroic Filter
N\ W
3| (0TS wis piate The X-ARAPUCA
LAr A.A. Machado, E. Segreto, JINST 11
Reflective surface (2016) 02, C02004

Not to scale.

Compactness, low number of active detectors (SiPM),
high efficiency (2-3%). A major effort to bring this
technology at production level: the system was installed
in ProtoDUNE-HD in Sep 2022
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?,. 2000 ——40kt, 2.4 MW Why 2.4 MW beam?
E 1800F ——40kt, 1.2 MW Precision physics of
£ 1600F ——20kt, 1.2MW DUNE requires O(1000)

kt-MW-yr beam exposure

e \We want to achieve this in ~1 decade
e 46 years in Phase |

e 23 years with 40 kt but still 1.2 MW

e 11.5 years with 40 kt and 2.4 MW

1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 l 1 1 1 I 1 1 I 1 1 1 l 1 1 1
0 2 4 6 8 10 12 14 16 18 20
Years
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PIP-ll and LBNF accelerator milestones

Mav-22 FY2026 FY2027 FY2028 FY2029 FY2030 FY2031 FY2032
Y Q2Q3Q04Q1Q2Q0304Q1Q2Q3Q04Q1Q2Q304Q1Q2Q3Q4Q1Q2Q3Q04Q1Q2Q3a4Q1
. s CY2026 CY2027 CY2028 CY2029 CY2030 CY2031 CY2032
Project/Division Category
Q1 Q2 QSQ Q1Q2 Q3Q4 Q1Q2 Q3Q4 Q1 Q2 Q3 Q4{Q1 Q2 Q3 Q4|Q1 Q2 03 Q4]Q1 Q2 Q3 Q4
SY120 - SpinQUEST > P o - B ’ L ’
Accelerator | nova :
Complex SBN
ICARUS
Mu2e
Early CD4

Booster Shutdown START

Booster Shutdown END

Linac Complex construction

Booster Connection CF Ph1 (12m)
Booster Connection CF Ph2 (6m)

Booster beam line connection

WFE and Linac commissioning

BTL Commissioning

Booster commissioning

MI Shutdown START

MI Shutdown END

Beamline beam checkout END
LBNF/DUNE NSCF Construction other than Extraction
Beamline Installation other than Extraction
Extraction Enclosure Construction
Extraction Enclosure Installation

PIP-II
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Table 4. APA design parameters.

Paramater Value

Active Height 5.984m
Active Width 2.300m

Wire Pitch (U,V) 4.669 mm
Wire Pitch (X,G) 4.790 mm
Wire Position Tolerance 0.5 mm

Wire Plane Spacing 4.75 mm

Wire Angle (w.r.t. vertical) (U,V) 35.7°

Wire Angle (w.r.t. vertical) (X,G) 0°

Number Wires / APA 960 (X), 960 (G), 800 (U), 800 (V)
Number Electronic Channels / APA 2560

Wire Tension 5.0N

Wire Material Beryllium Copper
Wire Diameter 150 pm

Wire Resistivity 7.68 pQ-cm @ 20° C
Wire Resistance/m 44 Qm @ 20°C
Frame Planarity 5mm

Photon Detector Slots 10

Table 5. Bias voltages for APA wire planes and mesh.

APA layer

Bias voltage

Grid (G)
Induction (U)
Induction (V)

Collection (X)

Mesh (M)

-665V
-370V
ov
820V
ov
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FD1 prototyping activities : Module-0

All components in pre-production mode, with final technology (incl. cold electronics)
All 4 APAs tested in cryogenic conditions prior installation in the NP0O4 cold box

APA1 and APA2 (beam right) installed and connected in cryostat mid of Oct. ‘22

PDs and APAs successfully integrated in the DAQ

Beam right drift closed on the 11™ of November ‘22

Beam plug successfully installed at the beginning of November ‘22

APA3 and APA4 (beam left) installed and connected in cryostat mid Nov. ‘22
Successful integration in the DAQ followed

Beam left drift closed on the 22" of November

Plan to close the TCO (cryostat access window) in Summer ’23

Fill before end of the year ‘23 if Liquid Argon is finally available l SogmyLett
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FD2 prototyping activities : Module-0

All components in pre-series mode, with final technology (incl. electronics)

All 4 CRPs tested in cryogenic conditions prior installation in the NP0O2 cold box

All x-Arapuca tested in cryogenics conditions prior installation in the NP0O2 cold box
PDs readout capability at HV on the cathode demonstrated ‘23

Successful integration in the DAQ

Installation in NPO2 started in Jan ‘23 and will finish by end May 23

Plan to close the TCO (cryostat access window) in Fall 23

Fill before mid of the year ’24, possibility to decide to swap filling of NPO4 and NPO2
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DUNE and Hyper-K: different
strategies, different detectors

e DUNE:

Very long baseline — large matter effect —
unambiguous mass ordering and CPV

Broadband neutrino beam — high statistics over full
oscillation period

Reconstruct E, over broad range — imaging +
calorimetry — LArTPC technology

e Highly-capable near detector to constrain systematic
uncertainties

* Hyper-K:
e Shorter baseline — small matter effect

 Off-axis location & narrowband beam - very, very
high statistics at oscillation maximum, less feed-down

* Lower energy and mostly CCQE - very large water

Cherenkov detector C. Marshall

» Highly-capable near detector to constrain systematic @P5Town Hall 2023
uncertainties

1

52 Jul14, 2023 L. Patrizii Science and Status of the DUNE Experiment INFN F‘a m(\ s

) P

E"L
li



