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DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT

Sanford Underground
Research Facility

Fermilab

* Long-baseline neutrino oscillations, including discovery sensitivity to CP
violation and neutrino mass ordering

* MeV-scale neutrino physics, including supernova burst astrophysics and
solar neutrinos

* Broad program of physics searches beyond the Standard Model, including
baryon number violation, non-standard oscillations, dark matter
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DUNE can address major open

questions in neutrino oscillations
( Ve ) ) ( U Uez U ) ( 4 ) o Are the v,-rich mass states v,

v Un Upn U, 1% . )
v S S B and v, heavier or lighter than
i T v,? (Is the mass ordering
2 : 2 .
e ” . t™  normal or inverted?)
Amgo .
" * Is CP symmetry violated by
B . .
Am?. neutrinos? (Is sindq, # 07?)
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A " e Is |[Up3|=|Ut3|? (Is sin20,; =
e Uy —— 0.57?) If not, which is larger?
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DUNE will make precision

measurements of v oscillations
( Ve ) ) ( Vet Uer Uy ) ( Vi ) e What is the magnitude and

)\ o)\ sign of Amz,;?
e 2 * What is the value of §,?
e  What are the values of 6,
g o and 0,,?
v * Is this three-flavor vSM
% o — picture correct?
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Open guestions are connected to
theoretical questions

* What is the origin of neutrino
mixing? Is there an underlying

flavor symmetry, and how is it
broken?

* What is the origin of the neutrino

masses? Why are the neutrinos so of :
light? i | A
* Is leptogenesis a viable . 3
. .
explanation of the baryon e, o
asymmetry of the Universe? LR N g
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DUNE measures neutrino
oscillations vs. energy directly

0.14- Neutrinos W5, = w2 0.14  Antineutrinos Wo,=-m2 @ © DUNE will measure neutrino
1285 km 1285 k . . .
042l Normal Ordering %> =0 012F NormalOrdering % =0 oscillations with unprecedented

|j§cp=“,2

Dscp=7d2

statistics as a function of neutrino
energy

P(v, — Ve)

* Long baseline — resolves degeneracy
between CP phase and mass ordering
effects

e Wideband beam - cover a full

9 2 3 4 5678 . . .
Neutrino Energy (GeV) Neutrino Energy (GeV) oscillation period
Neutrinos Wo,=n2  0ME Antineutrinos Bo-a2 | Enables measurement of 6,;, 0,5,

1285 km

Inverted Ordering .8""=° 0.12§- 1 IScP=° A1‘11232’ 6CP in d Single experiment

- Inverted Ordering
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g A * Physics requirements:
|
_\\

e Very high statistics

P(v, — Ve)

* Excellent flavor and energy resolution

* Low backgrounds

* Control of systematics at the level of the

1 2 3 4 567¢ 50 2 3 4 5678 statistical uncertainty
Neutrino Energy (GeV) Neutrino Energy (GeV)
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LBNF: world-class neutrino beam
and underground facilities

* Most intense neutrino beam in the world will provide up to 1.2
MW intensity, designed to allow for future upgrade to 2.4 MW

* Deep underground cavern at SURF to accommodate four 17-
kiloton LArTPC Far Detector modules, and underground near site

Exizsting Protan Beam

: Ia :----- LBNF Neutrino Beam
PIP-ll Proton Beam
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Two FD LArTPC designs:

horizontal and vertical drift

e DUNE FD modules will
have at least 10kt fiducial

* First module will use
horizontal drift technology
JINST 15 T08010 (2020)

* Second module will use
vertical drift technology,
Incorporating many
features from the dual
phase prototype

* TDR expected in early 2023

FD2-VD
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https://iopscience.iop.org/article/10.1088/1748-0221/15/08/T08010

LArTPC provides excellent flavor
and energy reconstruction

* Exquisite imaging of LArTPC enables very clean
separation of muons and electrons

* Ability to directly measure hadron energies with very
low thresholds — excellent neutrino energy resolution

DUNE FD1-HD

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

e -simulated 3.0 GeV v,
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Events per 0.25 GeV

Oscillations affect FD E __ spectra

FHC = neutrinos

800y .
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Oscillations affect FD E __ spectra

RHC = antineutrinos
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Near Detector at Fermilab
constrains critical systematics

* ND-LAr uses the same ?—'\5
technology as the FD - N
measure v-Ar interactions \
in the same way

e TMS measures muons that
exit ND-LAT

e SAND measures neutrino
Interactions on various
targets and monitors the
neutrino beam stability

12 2022 Fermilab Users' Meeting
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@ [em~? per POT per GeV]

Pred. Event Rate per 1 GeV
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PRISM plays a critical role in
enabling DUNE'’s precision

ND Flux
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b
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FD flux # ND flux — uncertainties in energy

extrapolation

ND flux changes with angle due to pion decay

kinematics

Take ND data in different fluxes — build linear
combination to match FD oscillated spectra

Robust analysis approach with very minimal
dependence on interaction modeling
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DUNE will be built in two phases:
Phase |

DUNE construction is phased

DUNE Phase I:

* Ramp up to 1.2 MW beam intensity
* Two 17kt LAr TPC FD modules

e Near detector: ND-LAr + TMS
(movable) + SAND

First physics results in this decade,
with FD turning on in ~2028

Beamline and ND by 2031 to
complete DUNE Phase I

ugzm
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DUNE will be built in two phases:
Phase i

* DUNE construction is phased

e DUNE Phase II:

* Fermilab proton beam upgrade to 2.4 MW |
* Four 17kt FD modules

e Near detector;: ND-LAr + MCND
(movable) + SAND

* Beam upgrade and 40kt FD mass are
needed to reach required statistics

* TMS - ND-GAr replacement is driven
by enhanced physics capability of ND-
GAr, reducing systematics to required
level

ugzm
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DUNE Phase I: world-leading MO,
sensitivity to maximal CPV

. DUNE MO Sensitivity
10} All Systematics
| Normal Ordering

- Phase I: 100% of 3, values

Startat 1.2 MW

== 4 year ramp to 1.2 MW

DUNE CPV Sensitivity
All Systematics
3.5 Normal Ordering

| Phasel

= Start at 1.2 MW

depends on
beam ramp-up

=— —: 4 year ramp to 1.2 MW

* Phase I will do world-class long-baseline neutrino oscillation physics:

* Only experiment with 50 mass ordering capability regardless of true parameters

* Discovery of CPV at 30 if CP violation is large

o World-leading precision on Amz2,,, and other oscillation measurements

16
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DUNE'’s long-term goals require full
scope (Phase Il)

17

DUNE CPV Sensitivity [} Phase Il by 6 years

All Systematics B rhase |
Normal Ordering
50% of 5, values

= Start at 1.2 MW

=== 4 year ramp to 1.2 MW

1 l 1
2 4 6 8 10 12
Years

2022 Fermilab Users' Meeting

DUNE needs full Phase
II scope to achieve
precision physics goals
defined in P5 report

CPV sensitivity for 50%
of 0. values shown,

precision measurements
are similarly affected

Timescale for precision
physics is driven by
achieving full scope on
aggressive timescale

::_\ll\:wﬂ’"f;‘ UNIVERSITY of g ,y ‘%x
BB ROCHESTER  TRUNV

=185




DUNE has world-leading oscillation
physics sensitivity

40

DUNE Sensitivity — 336 kt-MW-years DUNE Sensitivity I 336 kt-MW-years
All Systematics 624 kt-MW-years 40 All Systematics o $12;4ktk-tmnmye::s
: : -MW-y
35-Normal Ordering Median of Throws Normal Ordering = Nominal Analysis
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sin’26,, = 0.088 + 0.003 Toe¥Anamomn ol sin’20,,=0.088£0.003 8,5 unconstrained
0.4 < sin®0,,< 0.6 slatistics, systematics, _ 35 sin%,, = 0.580 unconstrained
30 and oscillation parameters 8
£ 30
25 2 6, resolution
o <z 25
o
o
= 20
o
(7]
]
o
S
o

10

R . R 1 0 "
MO significance =
> 5
07 08060402 0 02 04 06 08 1 01 208060402 0 0204 0608 1
Scp/m Scp/n

* Mass ordering significance is unmatched, >50 in first few years

e Ocp resolution of ~7° at CP-conserving values — discovery sensitivity to
CPV over a broad range of possible values of 6.p
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Physics potential: precision
measurements non unltarlty tests

2.6
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L. Normal Order g 1104 kt-MW- yea 9_ mal Ordering 10: Variations of A" Sy stematic
sin?20,, = 0.088 £ 0.003 - . _ statistics, systematics, - Normal Orderin 9
2.55-90% CL. (2 d.oit) . :m':':;::o/ bEL af_\\ o £.003 s e 0.025|- : ge oosggs ststr?inzd
B C raine
: (S e |
A - : X S 0.02f
‘O_ 2.5_ 6_— \‘\ 2 :
X - | >3 o X g =
L - ek B \ ................. [ =
> w oF y & 0.015]
) - \ / - e
F 2.451- 4 \ g [
T T B I | C— - E ootk
24r : \ e 0.005[
. | : | | | obiloaclisolo, | SORNOOPT , ), 1,00, G:' DayaBayunc,
2.:1? """""""""""" 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 0 200 400 600 800 1000 1200 1 400
.35 0.4 0.45 0.5 0.55 0.6 0.65 sin%
sin2923 23 Exposure (kt-MW-years)

e World-leading precision on Amz2;, and 0,;, including octant,

and unique PRISM measurement technique that is less
sensitive to systematic effects

e Ultimate reach does not depend on external 0,; measurements,
and comparison with reactor data tests PMNS unitarity

UNIVERSITY of Pl 14 )
A/
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MeV-scale physics: unique
opportunltles with v s

DUNE Prellmlnary

Infall Neulronlzallon Accretion Cooling
1 = =

) 0 T T T T T T ' -
& —Ve lst co
. E 33 o Bhep v, CC
: : R § 10° .Neutron Capture
3 ' ’ > 222

= - 5 " 2p

= P :10 kpc supernova burst £ 4 WA ,
& e : — ; ' = solar neutrinos
3 gg; : + < 10°
E- 50%_ : + | | | Q 102 -h

= : -A: : : R o o c
£ s AR Y LA YR I -
G 20= ;o h 4-+++~4r+-+“ it IS

10—;r_n Ad 1..—1-1"‘:‘-5*- + A ; * * L _+-_‘_ |
T 10? 11’.)1'1 1 Time (seconds) 107~ 5 10 15 20 % 30

Reconstructed E, (MeV)

Supernova neutronization produces v, burst - DUNE is uniquely sensitive to this

flux compared to water-based experiments, and measure O(1000s) of events for a
galactic SNB

* Much recent work on solar neutrinos, sensitivity to 8B and hep fluxes, and
capability to measure solar mixing parameters 0,, and Amz2,,

* Several proposals for FD-4 would enhance the low-energy program, possibly to
include Ov[3[3 capability
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Beyond the 3-flavor SM picture:
steriles and NSI

102§|||||I'IT| |.|\|I'I'IT| |||HI'IT| T T 1T HII|T|| §| n'|'| %
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i | 04f - 0.4 —90%
10 E i i1
0.3t ns gy — 0.3} —95%
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: : D Lo Ltef 1 G I H i :. mt 1 i I
9 101 b —DUNENDFD SR CL ] -3-2-1 0123 -10-05 0 05 10
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Nér - Ml Kopp et al. (2013) S ee E"l” 6"_61111
< 102 - [11Gariazzo et al. (2016) J 10 10 10
£~ []LSND 90% C.L. . = — . Ao ol|| = . | = sl 113
E — MiniBooNE 90% C.L. <& 3 8 0.5F(% § E 0.5¢ § E 0.5F =
[ NomAD 90% C L. . o EV G = e of | =& oL
1073 | ---KARMEN2 90% C.L. - E 0 7 s — s = %,
E — MINOS and Daya Bay/Bugey-3 80% G.0> 3 = _05F|¢ 5 & -0.5¢ 5 2 -05F
- —SBND + MicroBooNE + T600 90% C.L. : e 1.0k e, ) O < 0L sl el O < 1 0t i ;
_4 1 |||||||| 1 |\|||||| | ||H|H| 1 |||||||| Il \||||||| 1 \||||||| | ||||||| 111118 : D 0_1 0_2 0_3 ’ 0 0!2 0'4 0!6 . 0 011 0.2
1090 107 10° 10° 107 10° 102 107 1 . | 5 |
: 2
sin°26,, = 4|U,,F1U,,| Cen = "

* FD spectra not consistent with 3-flavor model could be due to non-standard
interactions (NSI)

e Additional oscillation effects due to sterile neutrinos can be seen at either the ND
or FD, depending on mass scale

* If inconsistency is observed, having multiple experiments at different baselines
but the same L/E will be important for understanding the origin
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Not just neutrinos:
| FWI?g{[MKWm‘atter at DUNE ND & FD

Fermionic DM y, ap = 0.5, M, = 20 MeV
N el PRISM — 24 m
—— LDMX — Phasel

My = 0.4 GeV, M(‘, =5 MeV, 6M = 10 MeV My 2 GeV, M.T = 50 MeV, 6M = 10 MeV
103 | 103 —‘
—9)
-:""'-. 4
:;I‘I‘" 10
Zw 10
a
< =
(]
[} |
Il i
-~ —— e-scat: DUNE-40 ktyr,0BGs § | | | | —— e-sct: : DUNE—40 kt-yr, O BGs
——  p-seat: DUNE-40 kiyr. 0 BGs 10-s —— p-scat: DUNE-40 ktyr, 0 BGs
DM @ ND Cem o wes o1 ez os w02 oes o1 02 os
My [GeV] My [GeV]
p—scat: DUNE—40 kt-yr, 0 BGs, My = 0.4 GeV
lll"' 1 IlII\II 1 L III\III 111 | I | [l L 1 ¥
104 102 1wt 11w 10~ 1
M, [GeV] My [C‘M

 ND-LAr is sensitive to DM
produced in beamline, off-axis data
helps to control SM backgrounds

p-scat: DUNE—40 kt-yr, 0 BGs and HK-380 kt-yr, 0 BG:

104

10-%

e ED is sensitive to inelastic dark

——  DUME (My, My, 6M) = (2000, 50, 10} MeV
My OM) = (5.10) MeV

matter of cosmic origin -
(Not pictured) ND-GAr is sensitive =~ == s TR
to HNL decays with very low

V*E"* PSS
backgrounds due to low density

’ ,"’J
e*fp e fp T
22
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Successful ProtoDUNE run
demonstrates DUNE technology

* Large-scale DUNE prototypes operated at CERN
Neutrino Platform with low noise, stable HV, high purity

* Stable operation of ProtoDUNE shows that the
technology will work, and is scalable to full DUNE

DUNE:ProtoDUNE-SP Run 5779 Event 12360

10.0 v

=

| I7.5 o

=

_ =

5.0 &

<

bR 25

s e stopping )
e proton %l @
50'cm ProtoDUNE DATA | R Sg

0 100 200 300

Wire Number

400

i550 UNIVERSITY of
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Science results from ProtoDUNE:
Two new papers, more to come!

* Separation of track- and shower-like energy deposits in ProtoDUNE-SP using a
Convolutional Neural Network arXiv:2203.17053

* Scintillation light detection in the 6m drift-length ProtoDUNE Dual Phase liquid
argon TPC arXiv:2203.16134

* Many more in the pipeline, covering event reconstruction, Michel electrons, pion,
proton, kaon, neutron inclusive and exclusive cross sections

DUNE:ProtoDUNE-SP Run 5815 Event 962
- Ptu ,U . ~:S : ; 2 AU .96 - - 1.0 DUNE: ProtoDUNE-DP PMT data
400 |- 1 '- s % 905_ = 180
I Y ' 5§ so—
. i RS \ —o7 ok 190
2300 [ \ _ \ | los © - 140
£ N N T 3 =
= [ o 'l A N . R P Al 50— 100
E ) R Y (RN (/A SR (R S
= [ AN \ S, & : o0
RS VS o \ 20_ 50
100 i g a s P L TN ' E
,' . M:-":,,._.,.r-r"’ s r,:':’:-r""":&f N . N oo o \., . 02 201 = - == _acEe 40
« '/j. "-'r"’imlﬁ\ﬁ‘a - o L 1 10 S g . 20
0 —_ D - 0.0 = | - I
0 1000 2000 3000 4000 5000 6000 50 300 350 400 450 500 550 600 650 700
Time Tick Track-PMT distance (cm)
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https://arxiv.org/abs/2203.17053
https://arxiv.org/abs/2203.16134

Far site excavation is well
underway at "

* Excavation is 27% complete by
total rock volume

* Yellow shows complete
excavation, including first cut of
north detector cavern

»=
) |/
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| | e I | !
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Access Drifts North Cavern

Concrete Complete

25 2022 Fermilab Users' Meeting e

ROCHESTER \




Beamline and Near Detector site
design is 100% complete

 Conventional facilities for
the neutrino beamline and
the Near Detector
underground site have
completed their designs

e

SAND Detector
Muon

Spectrometer
NDLAr P

Target
it . Detector
Primary ND Complex
/Beamline
|||I|||nnm e e —

il .-.-_.;,.-..:|||||1|Tl||r|mif-m,.
RN |

- Existing Main
Pipe Injector

3 ||'T|| T 1|1 :._

| -! "! -"_"‘_"‘1—-—"—- oL
|| " ] ||| A
T ‘
URAATE R RN "I'l-' -'.'!

Beamline Complex: Upstream end view of Primary Beamline, Target Hall, Decay Pipe, and Absorber

"--u;.m,._‘_'.
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Preparations for APA production

are well underway

e “Module-0” APA was tested in
CERN cold box

* Plan to install in ProtoDUNE
cryostat for a second run in 2022

* APA production at Daresbury
(UK) to begin this summer
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Near detector prototyping efforts

e KIOE!

* ND-LAr 2x2 prototype Module-1 operated
successfully at Bern, preparation for neutrino
beam test at FNAL underway

* Dismounting of KLOE for
SAND is underway

B ROCHESTER A(VE
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Summary

* DUNE is a best-in-class long-baseline neutrino
oscillation experiment, neutrino observatory, and new
physics search machine

e We are on track to deliver Phase I:
* ProtoDUNE has demonstrated the technology

* Far site civil construction is progressing well, and near site
and beamline is fully designed

* Additional FD and ND prototyping is going well, with
initial FD construction set to begin soon

* This is an exciting time for DUNE!

ROCHESTER [AUVE
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Thank You

DUNE Collaboration, May 2022, Fermilab
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