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The Deep Underground Neutrino Experiment (DUNE):

A beam of neutrinos that travel 800 miles through the Earth from
lllinois to South Dakota

A detector cavern nearly a mile underground with a volume of more
than 2 Empire State buildings

70,000 tons of liquified argon gas, cooled to a temperature of -300° F

Over 1000 scientists from |60 institutions in 30 countries
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The Standard Model of particle physics
describes all* the particles that make up
the universe, and how they interact with
each other**

Neutrinos are matter particles, neutral
leptons

Each charged lepton (electron, muon, and
tau) has a neutrino “partner”

Leptons

They only interact through the weak force.
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There are A LOT of neutrinos in the universe - about 300 in every cubic
centimeter of the universe
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The sun is a prodigious source of neutrinos - about 65 billion per second per
square cm hit the Earth
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There are A LOT of neutrinos in the universe - about 300 in every cubic
centimeter of the universe

Only photons are more abundant - about 1000 per cc

The sun is a prodigious source of neutrinos - about 65 billion per second per
square cm hit the Earth

Only about | of these will interact with an atom in your body in your lifetime

Photons produced near the core of the sun can take 10,000 to 100,000 years to
escape the sun (then 8 minutes to reach the Earth). Neutrinos take only 3.2
seconds to escape the sun

In certain supernova (core collapse), neutrinos carry 99% of the energy released
by the supernova

https://www.particlezoo.net/
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(CP violation)

We know this happens for quarks, but at a very small level

James Cronin and Val Fitch first discovered in neutral
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Why is the universe dominated by matter today, with very
little anti-matter?
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Implies that matter and anti-matter behave slightly differently \

(CP violation)

We know this happens for quarks, but at a very small level

James Cronin and Val Fitch first discovered in neutral
1980 IKKaons Phys. Rev. Lett. 13, 138 (1964).

It is possible that the amount is much larger for neutrinos
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S Astrophys. |. 496, 505 (1998).

Ray Davis, searching for solar (electron) neutrinos found a | B S
significant deficit ,

Sudbury Neutrino Observatory later found that if you
count ALL neutrino flavors (electron, muon, and tau),
there is no solar deficit
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NEUTRINO MIXING

[l Astrophys. |. 496,505 (1998).

Ray Davis, searching for solar (electron) neutrinos found a
significant deficit

Sudbury Neutrino Observatory later found that if you
count ALL neutrino flavors (electron, muon, and tau),
there is no solar deficit

Similar evidence with atmospheric neutrinos with the
Super-Kamiokande experiment

Neutrinos produced as one type (e.g. electron neutrinos
in the sun) can be detected as neutrinos of other types

(muon, tau)

Neutrino oscillations

Corollary - neutrinos must have mass!
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Much of the experimental effort in the last 20
years has been to measure the neutrino mixing
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Much of the experimental effort in the last 20
years has been to measure the neutrino mixing
barameters

The neutrino gauge (interaction) eigenstates
are different from the mass (propagation)
eigenstates
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Much of the experimental effort in the last 20

years has been to measure the neutrino mixing
barameters

The neutrino gauge (interaction) eigenstates
are different from the mass (propagation)
eigenstates

Parameters can be summarized in a 3x3 PMNS
matrix (Pontecorvo-Maki-Nakagawa-Sakata).
Size of entry corresponds to amount of mixing
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Much of the experimental effort in the last 20
years has been to measure the neutrino mixing

barameters
The neutrino gauge (interaction) eigenstates PMNS
are different from the mass (propagation) |
eigenstates Ve "- m - B
Parameters can be summarized in a 3x3 PMNS vi @ 0
matrix (Pontecorvo-Maki-Nakagawa-Sakata). HEE B
Size of entry corresponds to amount of mixing v v v v
1 2 3

Matrix typically parametrized with three
mixing angles and one CP-violating phase
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https://inspirehep.net/record/1499876/plots

Much of the experimental effort in the last 20

The PMNS unitary operator represented in matrix form

1 0 0 C13 0 81362_7:5CP C19 s12 0
Uaj — 0 C923 S923 0 1 0 —S12 C12 0
0 —8923 cCa3 —8136i5(3p 0 C13 0 0 1

e 3 mixing angles: 0;; where 7,7 =1,2,3and 7 # j

e 1 dirac CP-violation phase: dcp

Matrix typically parametrized with three
mixing angles and one CP-violating phase
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Oscillation probability depends on U, mass differences, and L/E
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INEUTRING OSCILEAFKONS

Mixing Angles

e 015 is sensitive to high L/E ~ 1010

o Long-baseline reactor experiments—solar
e 013 is sensitive to medium L/E ~ 10% — 10°

a Short-baseline reactor experiments

e 053 is sensitive to low L/E ~ 10!

M. Eads, NIU

m C micadd )

o Long-baseline accelerator experiments—atmospheric & DUNE
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We know neutrinos have mass, but we don’t

know what their mass is
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We know neutrinos have mass, but we don’t

know what their mass is

We do know that they must be very light

Maybe this is important?

Measuring neutrino oscillation actually tells you

mass differences

We don’t even know what order of the mass

states is!
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NUFIT 5.3 (2024)
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NuFit v5.3, from March 2024, http://www.nu-fit.org/?q=node/278

o

E£|B Center for Secondary Science e
@ and Mathematics Education k I“‘-Al'l'l )



http://www.nu-fit.org/?q=node/278

DUNE PHYSICS GOALS —=AXVE

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

Primary goals
Improved measurement of neutrino mixing angles (mostly 6,3, but also sensitivity to others)
Determine mass ordering (normal vs. inverted hierarchy)

World-leading measurement (or limit) on Ocp

Secondary goals Technical Design Report: https://arxiv.org/abs/2002.03005
Low Exposure Physics Reach: https://arxiv.org/abs/2109.01304

. Snowmass Summary Report: https://arxiv.org/abs/2203.06 100
Neutrinos from core-collapse supernova Supernova paper: https://arxiv.org/abs/2008.06647

BSM paper: https://arxiv.org/abs/2008.12769

Search for proton decay
Sterile neutrinos, non-standard interactions, other BSM

Tau neutrinos

o
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FIG. 2. Two-dimensional 90% C.L. regions in the sin® 20,3-dcp (left) and sin® f3-Am3, (right) plane, for
three different levels of exposure, with equal running in neutrino and antineutrino mode, with the Phase II
near detector. The 90% C.L. region for the NuFIT global fit is shown in yellow for comparison. The true
values of the oscillation parameters are assumed to be the central values of the NuFit global fit and the

oscillation parameters governing long-baseline oscillation are unconstrained. 12

o
M. Eads, NIU @ (mcadd ) C2-the-P2 meeting, 22 August 2023




MASS ORDERING AND
CRVIOLATIGN (P AOE | e e

[ DUNE MO Sensitivity F DUNE CPV Sensitivity
10} All Systematics All Systematics
Normal Ordering 3.5[" Normal Ordering

A e -
25
o~
%
T L Ay = 2
©

Phase |

- Phase |: 100% of 5, values — Start at 1.2 MW

— Startat 1.2 MW 0.5 w4 yoar ramp to 1.2 MW

—— 4 yoor ramp to 1.2 MW

7 o 1 2 3 4 5 6 17
Years Years

FIG. 5. Sensitivity to the neutrino mass ordering (left) and CP violation for cp = —m/2 (right) in Phase I.
The cyan bands show the sensitivity if dcp = —7/2 and the green band in the left plot shows the sensitivity
for 100% of dcp values. The width of the bands shows the impact of potential beam power ramp up; the
solid upper curve is the sensitivity if data collection begins with 1.2 MW beam power and the lower dashed

13
curve shows a conservative beam ramp scenario where the full power is achieved after 4 years.
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Experiment Stage  Physics Milestone Exposure

¥

=

| FRagy

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

Years

(kt-MW-years) (Staged)

Phase | 50 MO (6cp = —7/2) 16 1-2
56 MO (100% of écp values) 66 3-5
30 CPV (dcp = —7/2) 100 4-6
Phase 50 CPV (écp = —7/2) 334 7-8
dcp resolution of 10 degrees (6cp = 0) 400 8-9
50 CPV (50% of dcp values) 646 11
30 CPV (75% of dcp values) 936 14
sin226, 5 resolution of 0.004 1079 16

TABLE II. Exposure, in kt-MW-years, and time, in calendar years, required to reach selected physics

milestones. The time in years assumes that Phase I is complete at Year 0 and that the Phase II staging

scenario described in the text is realized. The range of time in years covers the effect of the beam ramp,

with the lower bound corresponding to full 1.2 MW proton beam power at Year 0 and the higher bound

corresponding to a scenario where the full power is achieved after 4 years. When no range is provided, the

difference between these scenarios is less than one yvear. Time in vears is rounded to the nearest whole year. |4
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DUNE

Send a beam of muons 800 miles from Fermilab to Lead, South Dakota

Sanford Underground
Research Facility

Fermilab
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DUNE

Send a beam of muons 800 miles from Fermilab to Lead, South Dakota

Beam will be about |km wide by the time it reaches SD

Sanford Underground
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¥ 00 miles "T_ ---------------
e - ometers ‘

(‘\300 kil Sl v

v

o
M. Eads, NIU ﬂ (mcadd ) C2-the-P2 meeting, 22 August 2023




LA(VE

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

DUNE

Send a beam of muons 800 miles from Fermilab to Lead, South Dakota
Beam will be about |km wide by the time it reaches SD

Will also be a near detector to measure the composition of the initial
neutrino beam

Sanford Underground
Research Facility

- Fermilab
¥ 00 miles "T_ ---------------
e - ometers ‘

(‘\300 kil Sl v

v
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Homestake Mine, former
gold mine and deepest in
North America
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NEUTRINO EXPERIMENT

Homestake Mine, former
ine and deepest in
orth America

Will require new
cavern excavation
(over two Empire
State Buildings worth
of rock)
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NEUTRINO
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Four caverns, each about 60ft by 60ft by 230ft long, 16
each holding ovek I'5tons of liquid-argon
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(TO DAY) DEEP UNDERGROUND

NEUTRINO EXPERIMENT

Far site excavation completed in February 2024!
800,000 tons of rock removed

Cavern finishing ongoing, cryostat installation in 2025
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UNDERGROUND IN SD
(TODAY)

NEUTRINO

(4L
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LBNF/DUNE Summary Schedule

Category FYis FYie FY20 a1 Fr22 FY2s Fraa FY25 FY 26 Fr27 FY2s FY29 FY30 FY31 FY32
Q3 02 Q1 Q203 04 Q1 2 Q30401 Q20304 Q1 Q20304 Q1 Q20504 Q1 Q20304 01 020504 Q10203 Q4010205040100 Q201 Q2030401 0203 Q2401 Q203048 Q1 203 Q4
CD Milestone @ Fscrexccp 2/3 Task Type
@ co1rr %g ;.a::;nooe Task
. FSCFBSI CD 2/3 Milestone
FRCFBXC I R Govern & it Ecovation
@ AUP: North and South Cavern
FSCFBsI [ suilding & Site Infrastructure
FOC Far Detector Components VD - Design and Fabrication
, : | Far Detector HD Components - Design and Fabrication
4@ south cavern handoff from BSI to FDC
Cryostat VD Set-up and Installation
Detector InstallvD| |
Install and commission LAr Pumps VD [l
Purge, Cooldown and Fill Cryostat VD ([N
Commission Detector VD| |
Start of Sdence.
Central utility cavern handoff from BSI to FOC 4
ryogenics nsta cuc [N
North cavern handoff from BSI to FOC 4
Cryostat HDi Set-up and Installation[ """" ]
Detector Install HD| H
Purge, Cooldown and Fill Cryostat HD to 30% - KPP met [N
NSCF+B e 7} Beamline Design

N M Power Sy -Desg Pt/ A
4@ CF Preliminary & Final Design Complete
NS Conventional Facilties - Funding Start Constraint @
Hom Prototype Testing/ Horn A, B, C Fab/Assembie [Ny
Near Detector Hall Constmcﬁon_

Target Complex:
Primary Beam & Extraction Enclosure Construction and

Procure, Fab

Procure,
-

Absorber Complex and Decay Pipe Construction and Beam Instail N —

"o MO Mo spectromete Design

Consructon & s nson [N
eam nstall (nct ong Shrcowr) I

Beam Checkout [
Beam Checkout Complete (NS KPPs Met) €

and Assembly of Common Cryo Threshold [
Procure, Fab, Testing and Deliver PRISM —
Fab, Testing and Deliver - Muon Spectrometer_

Prism, Detector and Cryo Threshold Installation and Checkout (Threshold Scope) [N
a Near Detector Objective Scope Complete (KPPs Met) 4
TBNF-DUNE Summary - April 2028 rislzx Snapshat Date 5/1/2024
DL RN AR AR NS ST RN L R B LN SR LU T 1TV RN RO TS s ESRP D T NSNS ol S G S ISR NG T NIRRT N Sl X
w NORTHERN ILLINOIS UNIVERSITY o
Center for Secondary Science ( e I I )
M. Eads, NIU ~f] and Mathematics Education NICaAUd

AP R T AT

DEEP UNDERGROUND

NEUTRINO EXPERIMENT
Excavation in SD over half
complete

Civil construction at
Fermilab has begun

Cryostat installation begins
2025

First detector module
complete 2029

First beam arrives in 203 |

18
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Plan for DUNE computing [ Achie

Center

is similar to LHC model, but
less strict with the “tiers” (o) Com

Details are in the

. . Data/Co t
computing CDR (arXiv: Conter e]/
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DUNE DATA RATES

Beam event 41 /day 3.8 GB 30 TB/year
Cosmic rays 4,500/day 3.8 GB 6.2 PB/year
Supernova trigger 1/month 140 TB 1.7 PB/year
Solar neutrinos 10,000/year <3.8 GB 35 TB/year
Calibrations 2 /year 750 TB 1.5 PB/year
Total 9.4 PB/year

Recently published DUNE Computing CDR - https:/arxiv.org/abs/2210.15665

Data rates for beam neutrinos are actually quite modest

THE challenge is supernova neutrinos. Radioactive backgrounds
make this a big challenge.

20
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DEEP UNDERGROUND
NEUTRINO EXPERIMENT

ST

DUNE is a huge project, and is well underway

It will make world-leading measurements of neutrino oscillation
parameters, and has the potential to fundamentally change our
understanding of the universe

There are a large number of computing challenges to overcome

Stay tuned!

21
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BEAM

https://www.youtube.com/watch?v=U_xWDWKq|CM

23

M. Eads, NIU & NG lllC:l'l‘l J C2-the-P2 meeting, 22 August 2023




VIO MAKE ACINEL BRIPNC)
BEAM

https://www.youtube.com/watch?v=U_xWDWKq|CM

23

M. Eads, NIU & NG lllC:l'l‘l J C2-the-P2 meeting, 22 August 2023




DUNE VIDEO

24

NORTHERN ILLINOIS UNIVERSITY

[E£l8 Center for Secondary Science

M. Eads, NIU [w and Mathematics Education '\, I.I‘::.‘I‘I J STEMcafe, 17 October 2017




DUNE VIDEO

24

NORTHERN ILLINOIS UNIVERSITY

[E£l8 Center for Secondary Science

M. Eads, NIU [w and Mathematics Education '\, I.I‘::.‘I‘I J STEMcafe, 17 October 2017




e AU FEVEL

https://www.youtube.com/watch?v=7a3|9E8I|FA
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https://www.youtube.com/watch?v=nv | 3DswlIKr8
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High precision, three dimensional tracking and
particle identification

Run 3493 Event 41075, October 23*%, 2015
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High precision, three dimensional tracking and
particle identification

Any noble gas would work, but Argon is
relatively cheap
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LIQUID ARGON TIME
PROIEC HON CHAMBER

High precision, three dimensional tracking and
particle identification

Any noble gas would work, but Argon is
relatively cheap

A very cost effective way to instrument a very
large active volume

Run 3493 Event 41075, October 23*%, 2015
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High precision, three dimensional tracking and
particle identification

0 Stainless steel primary membrane

O Plywood board

Any noble gas would work, but Argon is

relatively cheap
9 Reinforced polyurethane foam

{ 2 0 Secondary barrier
A very cost effective way to instrument a very

2 9 Reinforced polyurethane foam
large active volume

@ Plywood board

e 9 Bearing mastic
Membrane cryostat (also used for LNG @ Steel structure with moisture barrier

transportation)

Figure 1. Membrane cryostat layout.
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Figure 1. Membrane cryostat layout.

700 tons, about 25ft by 25ft by 25ft

Run 3493 Event 41075, October 23*%, 2015
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CP Violation Sensitivity
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PAeS PHERARE HY
SENSITIVITY

NEUTRINO

Mass Hierarchy Sensitivity Mass Hierarchy Sensitivity
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OSCILLATION PARAMETER FRIVE
RES O LUT‘ O N DEEP UNDERGROUND

NEUTRINO EXPERIMENT
sin®0,, Resolution Am3, Resolution
0.04 3
DUNE Sensitivity DUNE Sensitivity

Normal Ordering
sin’20,, = 0.085 + 0.003
0,,: NuFit 2016 (90% C.L. range)

Normal Ordering
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0,,: NuFit 2016 (90% C.L. range)
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