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DUNE @ NuFact:

Jessie Micallef Machine Learning
Reconstruction for DUNE’s Near Detector
Prototype

Wei Shi Tagging Neutron Capture on Argon for
Enerqy Calibration and MeV Physics

Sindhujha Kumaran The Near Detector Liquid
Argon (ND-LAr) 2x2 prototype of DUNE

Jose Soto ProtoDUNE Photon Detection System

Praveen Kumar Energy reconstruction and
calibration techniques of the DUNE
LArTPC

Ciaran Hasnip DUNE-PRISM

Alejandro Yankelevich The ICEBERG
Test Stand for DUNE Cold Electronics
Development

Andrew Cudd The DUNE 2x2 Demonstrator
physics prospects and plans with neutrino
data

Stephen Dolan Modeling neutrino-nucleus
interaction uncertainties for DUNE long-baseline
sensitivity studies

Liban Warsame DUNE long-baseline oscillation
physics sensitivity

Wei Shi Photon Detection System for DUNE Phase
Il FD: Physics Prospects and Prototyping Status

Diana Leon Silverio R&D of Power Over Fiber in
harsh environments and its novel application for
the DUNE FD-VD Photon Detection System
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Three flavor neutrino oscillations:

Ve PMNS "L
Vp | = ‘ )
matrix
Vr V3
Flavor Mass
(Interaction) (Propagation)
[l B 07 e 0 spge e | T ¢ s;2 0]
PMNS . 13 . 1 12 c; = cosB;
matrix | |V Ce 2 o 1 0 —s12 ¢z 0 s; = sin6,
-0 —S23 (€23 -_313625013 0 €13 1L 0 0 ]._

e Mass splitting (Amijz) — frequency of oscillation

Am%L L : traveled distance
s 2 : D J E - - . _
P(v, = vp) ~ sin“(20)sin : energy e Mixing angles (8,,, 8., 8,,) — magnitude of oscillation
Adii2 = 1 2
m; = m — m; o |
4 1 J e J.— Ameasure of CP violation in neutrinos
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Goals for next-generation experiments:

Determine the neutrino mass ordering More matter in the universe - why?

4 Normal Ordering Inverted Ordering

I s v2 I

’ Am3,
o Vl
» 2
g Am32
é B Ve .
Am31
By,
2
V2
Am? . . .
21 8 y v Measure 0., and determine if CP is
B s TN CP

violated
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Goals for next-generation experiments:

Determine the octant of 923

Current Measured Value : @23 ~ 45°

Precision : sin2 6s5 ~ 5%

Is the 3-flavor model complete?

0145 Neutrinos W5, = w2 014 Antineutrinos Ws.. =2
1285 km ) 1285 km
0127 Normal Ordering W, =0 012~  Normal Ordering Mg, =0
g =n2 \ | Sgp =2
0.1

P(v, — V)
P(v, — V)

530" 1 2 3 45678 A TH =2 3 45678
Neutrino Energy (GeV) Neutrino Energy (GeV)

Measure neutrino and antineutrino oscillation as a
function of L/E

Does the 3-flavor model describe the data?

o

measure mixing angles, mass

a= characterize new physics
splittings, and CP phase
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Core-collapse

Broader Physics Scopes: *

burst

Large, sensitive underground detectors are excellent to:

e Observe supernova burst neutrinos

e Measure solar and atmospheric neutrinos

e Search for new physics (nucleon decays, cosmogenic dark Reco solar v, spectrum in DUNE
matter) " Particle

B Neutrons
B hep
5B

Intense beams with capable near detectors are excellent to: L
\Z
)

10k

e Search for new physics produced in the beamline

1k

Counts 400 kT-year

hep

100

10
4 6 8 10 12 14 16 18 20

Neutrino Energy (MeV)
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Credit: Elena Gramellini &
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Deep Underground Neutrino Expériment (DUNE)

Next-generation international neutrino experiment hosted in the US
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DUNE:

Wideband (anti)neutrino
beamline with >2MW intensity

Sanford
Underground Fermilab
Research Facility

NEUTRINO
PRODUCTION

/l: UNDERGROUND PARTICLE
PARTICLE DETECTOR DETECTOR
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D U N E: Movable LArTPC Near Detector, muon

spectrometer and separate on-axis
detector

Wideband (anti)neutrino
beamline with >2MW intensity

Sanford
Underground Fermilab
Research Facility

NEUTRINO
PRODUCTION

/l: UNDERGROUND PARTICLE
PARTICLE DETECTOR DETECTOR
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D U N E: Movable LArTPC Near Detector, muon

spectrometer and separate on-axis
detector

Wideband (anti)neutrino
Underground, modular LArTPC Far beamline with >2MW intensity

Detector, 240 kt fiducial mass

Sanford
Underground Fermilab
Research Facility

NEUTRINO
PRODUCTION

/l: UNDERGROUND PARTICLE
PARTICLE DETECTOR DETECTOR

11 Meghna Bhattacharya | DUNE Status | NuFact 2024 # Fermilab y (\ ‘



LBNF beamline: world-leading intensity

0.14F- Neutrinos s = -2
1285 km

T T T T 7T T T T 0.12fr  Normal Ordering
) — DUNE (1.2 MW) -

! —— MINERVA ] 3

°L —— NOVA 1 L

) — BNB (SBND) o

Flux at ND

v, /cm?/GeV/year (x 10'?)

530" 1 2 3 45678
Neutrino Energy (GeV)

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

e \Very high flux between oscillation minimum and maximum, with coverage of second maximum

e Proton Improvement Plan-II (PIP-Il) is ongoing - 1.2 MW

e ACE-MIRT upgrade enables >2MW beam by ~doubling frequency of spills
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https://epjc.epj.org/articles/epjc/abs/2020/10/10052_2020_Article_8456/10052_2020_Article_8456.html

LArTPCs:

DUNE Horizontal Drift
simulated 2.5 GeV v

DUNE Horizontal Drift
simulated 3.0 GeV v _

e Excellent imaging for neutrino flavor ID and energy reconstruction with high resolution

e Low thresholds for charged particles enable precise reconstruction of lepton and hadronic energy over a broad
energy range
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Far Detector:

JINST 15 T08010 (2020)

CATHODE

ANQDE

ANODE CATHODE

arxiv.org/abs/2312.03130(2023)

ANODE

HV ¢

Field cage

4

Horizontal drift using wire readout planes, four drift regions (3.5m)
[ ]

Vertical drift (VD, right) using two 6.25m drift regions and central cathode

O

Simpler to install — first DUNE FD module will use vertical drift
o VD is baseline design for modules 3 and 4

14

SURF caverns completed
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https://iopscience.iop.org/article/10.1088/1748-0221/15/08/T08010
http://arxiv.org/abs/2312.03130

Near Detector: SAND TS Magnetees.

(System for On-Axis trackers
Neutrino Detection) pr

A suite of near detectors designed to robustly constrain
systematics and achieve required sensitivities

Enables prediction of Far Detector reconstructed spectra

Off-axis data in different neutrino fluxes constrains energy
dependence of neutrino cross sections

(Array of modular

. LArTPCs)
— System for moving the LArTPC and v beam
ea? tracker up to 30m transverse to the
& beam
,o;“ e S
oo, W . ND hall: 574 m
& 1 Z 3 4 5
$ —— Neutrino Energy (GeV) downstream from target
9
Far off axis
30
Neutrino Energy (GeV) Ciaran Hasnip DUNE-PRISM ~60 interactions / 1.2 MW spill
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Neutrino energy spectra at the Far Detector

E 900;— s.[:’:f:::&, —NO 80" = -1/2
e Sensitivity to §_, 0 goof swo,zos  —— NO §gp = m/2
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Q E
o If 8, ~-T/2, enhancement in electron % *’F X
neutrino appearance, and a reduction in = ,,E + V
electron antineutrino appearance 300F- €
200f
oof
I S S S—
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Neutrino energy spectra at the Far Detector

C > = V. | pomamaws sin =
o § owf ooy NO O =2 |§ Wb il T Fog,?;“eg“ o3
e Sensitivity to ©  goof- simo,=05 —NO §p =12 |2 so0f Pw- 7 o sino - 056
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e MO, o, and 6,, all affect spectra with
different shape — additional handle on
resolving degeneracies

Reconstructed E, (GeV) Reconstructed E, (GeV)
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DUNE Sensitivity: Eur. Phys. J. C 80, 978 (2020)
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DUNE Sensitivity:

* O

= -11/2

o >50 mass ordering sensitivity in 1

year

o >30 CPV sensitivity in 3.5 years

e All possible 6, values

o >50 mass ordering sensitivity in 3

years

long term

o DUNE can establish CPV over
75% of 6CP

values at >30

Eur. Phys. J. C 80, 978 (2020)
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DUNE: precise measurements ot Py 1. G 50, 976 (20201
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e Ultimate precision 6-16° in o,

e World-leading precision (for long-baseline experiment) in 6., and Am? — comparisons with reactor
measurements are sensitive to new physics

It : = u
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Beyond three flavors

Eur. Phys. J.

C 81, 322 (2021
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e Broad range of L/E at ND and FD — search for non-SM oscillations

e High statistics neutrino and antineutrino measurements — search for CPT violation

e \ery large matter effect — unique sensitivity to some non-standard neutrino interactions (NSI)
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DUNE FD: Neutrinos from beyond

Ar Event Rate (events per kt-yr)

e Atmospheric, solar, and supernova neutrinos
e Unique sensitivity to MeV electron neutrinos:
o v +Ar—e +40K* (E > 1.5 MeV)

o v_+Ar— e’ +40CI* (E >7.5MeV)

© v te —v te

e Highly complementary to Hyper-K, JUNO that
predominantly see v_ via IBD

10° -
10°
10¢ -~ Solar
Neutrinos
10° - m——— . _
Atmospheric Neutrinos
102 St e s e s S |
10
gupernova Neutrinos
1E- Duty factor: ~10°
107" ! ! Nucleon Decay
Rt s s
10-2E- Relic Supernova ‘ | Pulsed Source
. Neutriqos | | Continuous Source
10— 1 N B W 1 O ol W L 11 11111 1 { TN
107 1072 10" 1 10 10° 10°
Event Energy (GeV)
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DUNE FD: Neutrinos core-collapse supernovae

L (10° ergs/s)

<E> (MeV)

e DUNE will observe ~thousands of neutrino
interactions from a galactic supernova burst

e Time and energy spectra are sensitive to core
collapse mechanism and stellar evolution

Supernova @10 kpc .
from Earth

i Time (seconds)

Je : = u
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DUNE FD: Neutrinos core-collapse supernovae

w
g e DUNE will observe ~thousands of neutrino
R interactions from a galactic supernova burst
‘©
< : "
- e Time and energy spectra are sensitive to core
collapse mechanism and stellar evolution
A
= 40 kton argon, 10 kpc
A _CE) 80 :ﬁfalli Neutronization Accretion Cooling
i =  ; :
¥ g 70 —— No oscillations
Supernova @10 kpc 2 60 = —+— Normal ordering
from Earth S S —}— Inverted ordering
: : , o S0F !
107" 1 Time (seconds) =
0
S [ (R
“FE | D T
e Neutronization burst measurements — mass 20 ), T L — |
. — ' | —
ordering measurement 10E" !i: _
B Y | . | - | R 1
Eur. Phys. J. C (2021) 81: 423 Time (seconds)
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DUNE FD Neutrlnos core- collapse supernovae

o ? ‘T’ —

gé =, ) e CC:v_+Ar— e +40K* (~ 3k events @10 kpc)
2 o % | i — : e ES:v_t+e —v_ _+e (~0.3kevents @10 kpc)
T ESY CC -

Y
W
LA L L L

|

b
DO 0
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O

UNE FD: Neutrinos core-collapse supernovae

162 164 166 168 170

ggssiais

Wb L

e CC:v_+Ar— e +40K* (~ 3k events @10 kpc)

3

E L EEEEGCEEE

TR TR

£ = | 1o ES:v_+e —wv_+e (~0.3kevents @10 kpc)

1900

AN 0 1850

-150°-120° -90° -60° -30° 0° 30° 60° 90° 120° 150°

F 7‘1‘ N S 1800

1750

Channel tagging v+e — v+e enables ~5°
pointing resolution (40 kt, 10 kpc)

Negative Log-likelihood

1700

1650

< I >

0.68 0.90 0.99
Confidence level  aryjy 2407.10339
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https://arxiv.org/pdf/2407.10339

DUNE FD: Neutrinos from the sun

le—4 ;
Particle o
.« DUNE Prellmlnary article ] DUNE Prellmlnary Legend |
== ® hep ® (JUNO) 30 3
. 100k °B 8e-5
% §7e—5 2
o 10k %
g E 6e-5
b 1
g 1k 5e-5
]
100 - 0
.. 400 kt-yrs
0.15 020 0.25 0.'30 0.35 0.:10 0.45
104 6 8 10 12 14 16 18 20 sin?612
Neutrino Energy (MeV)
e Excellent sensitivity to ®B solar neutrinos above ~10 MeV
e Discovery sensitivity to the hep solar flux oAY p
e
o °He+p— *He +e’+v_(hep)
NIGHT
e |Improvement upon existing solar oscillation measurements -

o Day-night asymmetry induced by matter effects — comparison with JUNO
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DUNE Phase I:

e DUNE Phase |

o Full near + far site facility and infrastructure 20|26 20|29 20|31

| | | >

o Two 17 kt LArTPC modules Physics w/ Far Detector
Detector installation Natural neutrino sources

Beam + Near Detector

o Upgradeable 1.2 MW neutrino beamline

o Movable LArTPC near detector with muon catcher

Recommendation 1: As the highest priority independent of the budget scenarios, complete construction
projects and support operations of ongoing experiments and research to enable maximum science.

b. The first phase of DUNE and PIP-Il to open an era of precision neutrino
measurements that include the determination of the mass ordering among neutrinos.
Knowledge of this fundamental property is a crucial input to cosmology and nuclear
science (elucidate the mysteries of neutrinos, section 3.1)
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DUNE Phase lI:

e Two additional FD modules (240 kt fiducial in total)
e Beamline upgrade to >2 MW (ACE-MIRT)
e More capable Near Detector (ND-GAr)

e P5 report endorses FD3, ACE-MIRT, and MCND in the next decade, and R&D toward FD4

Recommendation 2: Construct a portfolio of major projects that collectively study nearly all fundamental
constituents of our universe and their interactions, as well as how those interactions determine both the
cosmic past and future.

A re-envisioned second phase of DUNE with an early implementation of an enhanced
2.1 MW beam—ACE-MIRT— a third far detector, and an upgraded near-detector
complex as the definitive long-baseline neutrino oscillation experiment of its kind

(section 3.1).

Conduct R&D efforts to define and enable new projects in the next decade, including
detectors for an e+e— Higgs factory and 10 TeV pCM collider, Spec-S5, DUNE FD4,
MuZ2e-llI, Advanced Muon Facility, and line intensity mapping
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DUNE: Construction Schedule

Building & Site _
Infrastructure work Far detector Physics w/ Fa_r Detector
until mid-2025 installation Natural neutrino sources
2024 2025 2025-26 2026-27 2028 2029 2031
| | | | | | |
| | | | | | —>
Far site Cryostat warm structure on . Beam + Near Detector
excavation its way to US from CERN to Purge and fill

be installed

with argon

Transport to A Coruna harbour: April

Loaded on vessel ~mid May
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DUNE: Construction Schedule

Building & Site
Infrastructure work Far detector Physics w/ Fa_lr Detector
until mid-2025 installation Natural neutrino sources
2025 2025-26 2026-27 2028 2029 2031
| | | | | |
| | | | | —>
Cryostat warm structure on . Beam + Near Detector
its way to US from CERN to Pl_"ge and fill
be installed with argon

Transport to A Coruna harbour: April

Loaded on vessel ~mid May
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DUNE Phase || Detector R&DD: o o e e e e e

the DUNE FD-VD Photon Detection System

lmproved light ccllectlon for FD3 (APEX)

e \ertical Drift module is the baseline design for Phase Il
FD modules

e Pursuing low-hanging improvements to light collection for
FD3, including Aluminum Profiles with Embedded
X-ARAPUCA (APEX)

e Phased construction program allows the development of
the technology to expand the DUNE physics scope (solar,
supernova neutrinos, 0vp[3, dark matter...)

e FD4: “Module of Opportunity”

o more ambitious designs are being considered,
including pixel readout, integrated charge-light
readout, low background modules, and nonLAr
technologies

Wei Shi Photon Detection System for DUNE Phase
Il FD: Physics Prospects and Prototyping Status

32 Meghna Bhattacharya | DUNE Status | NuFact 2024 # Fermilab ME


https://indico.fnal.gov/event/63406/contributions/297928/attachments/181885/249590/DUNEP2FD3_NuFact24_SHI.pdf
https://indico.fnal.gov/event/63406/contributions/297928/attachments/181885/249590/DUNEP2FD3_NuFact24_SHI.pdf
https://indico.fnal.gov/event/63406/contributions/297927/attachments/181922/249648/NuFact2024_Meeting_Sep20_DianaLeon.pdf
https://indico.fnal.gov/event/63406/contributions/297927/attachments/181922/249648/NuFact2024_Meeting_Sep20_DianaLeon.pdf
https://indico.fnal.gov/event/63406/contributions/297927/attachments/181922/249648/NuFact2024_Meeting_Sep20_DianaLeon.pdf

ProtoDUNE:

e Successful prototype of horizontal drift at CERN

Neutrino Platform in 2018 (0.77-kt LAr)

e ProtoDUNE-HD: completed filling 30th April,

currently taking data

e ProtoDUNE-VD: LAr will be transferred in October

for running starting in early 2025

First week of beam : 19th-26th June, > 3M events
E‘ ?xliﬁfﬁ.Hﬁ)é! 308

—  —

DUNE:ProtoDUNE-SP Run 5779 Event 12360 10.0
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ND-LAr 2x2 prototype:

o “2x2”is a four LArTPC modules (at ~ 60% scale) integration test
in the Fermilab NuMI beam

e Modules built and operated in LAr in Bern with a total of ~330k =5
pixel channels

e Re-purposed MINERVA scintillator and calorimeter planes mimic :
the role of TMS in the DUNE ND \ § | S

12 MINERVA 2x2 Cryostat 32 MINERVA

e Goals: Demonstrate reconstruction with natively 3D readoutin a Modules and 4 TPCs Modules
neutrino beam with similar event rate to DUNE MR 71 ~

Jessie Micallef Machine Learning
Reconstruction for DUNE’s Near Detector
Prototype
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https://indico.fnal.gov/event/63406/contributions/297837/
https://indico.fnal.gov/event/63406/contributions/297837/
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ND-LAr 2x2 prototype:

Operating since July 8

First DUNE Near Detector 2x2

Demonstrator neutrino events (July
2024) Event 20, ID 20 - 2024-07-08 00:20:14 UTC

Monitored with 24- hour shifts since
early June

10,000 events/day!

600 1
400 -
S 200 1
3
2 0 2 X o
| . ¥
—200" A
" ?E%\ »
s *.; _
—4007 : Ve
—6001

500

Andrew Cudd The DUNE 2x2

0
=500
Demonstrator physics prospects

\
-500 *““m

Sindhujha Kumaran The Near Detector
and plans with neutrino data Liquid Argon (ND-LAr) 2x2 prototype of
DUNE
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https://indico.fnal.gov/event/63406/contributions/297555/
https://indico.fnal.gov/event/63406/contributions/297555/
https://indico.fnal.gov/event/63406/contributions/297832/
https://indico.fnal.gov/event/63406/contributions/297832/
https://indico.fnal.gov/event/63406/contributions/297832/

Summary :

e DUNE will deliver groundbreaking results
o Unambiguous determination of the neutrino mass ordering
o Test of leptonic CP violation
e Sensitivity to supernovae neutrinos, potential to discover hep solar flux

e Rich and broad BSM program including search for oscillations beyond 3 flavors with large L/E range and
large matter effect

e DUNE construction: excavation complete and components under construction

e DUNE science begins in this decade!

2024 2029 2031
] | |
| | | >
NuFact 2024 @ ANL Physics w/ Far Detector
Natural neutrino sources
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>1400 collaborators
207 institutions at Africa, Asia, Europe, North and South America as of July 2024
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Back-up
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DUNE Physics Sensitivity

e Beam exposure scenario is based on the P5 baseline

_l LI I L I L I L ' LI l L I L l T 11
1400 ~ —— DUNE Exposure: P5 Baseline /|
) E i
< 1200 —
() L 3
> i i
= 10001~ -
E‘ 800 : :
T E
® 600 -~
= i |
7] E 3
8 400 =
P i 3
L L |
200 e FD4 -
B o o o e e e e

00 25 50 75 100 125 150 175 20.0

Years
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Unique challenge for ND: pile-up

e LArTPC charge readout very slow compared to beam microstructure
o ~300us maximum drift, ~10us beam spill

e Leverage scintillation light readout for timing information: must match charge to light — enabled through optical
segmentation

One beam spill at ND-LAr
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Unique challenge for ND: pile-up

e Pixel readout: Natively 3D information in raw data, for resolving activity that would overlap in 2D projections

e Optical modularity: For charge-light matching, to allow association of detached energy (e.g. from neutrons)

One beam spill at ND-LAr
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Fixed component of ND repurposes existing solenoid magnet and ECAL
from KLOE

Plan is to build a collider-like detector in a neutrino beam: low-density
tracker surrounded by calorimetry in magnetic field

Fine-grained, particle-by-particle reconstruction with very low
rescattering, excellent for highly exclusive neutrino-nucleus
measurements

Being taken apart at Frascati for the move to the US
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SAND in detail

GRAIN (GRanular Argon for Interactions of Nu’s)
is an active target:
 ~1ton FV LAr in a magnetized volume
* to study v—Ar interactions with downstream
tracker/calorimeter
* instrumented with sensors (SiPM arrays) for
- collecting UV scintillation light by argon
- performing imaging of the event (vertex location,
event topology reco, time information)

Tracker

A dedicated tracker system inside the magnet for:
 separation of neutrino and anti-neutrino fluxes (charge ID)
* event-by-event detailed reconstruction

* neutron identification (jointly with ECAL)

* subtraction analysis to isolate free proton interactions.

KLOE @ LNF 5278

ECAL

Exellent t and E resolution Electromagnetic Calorimeter,
presently in the dismounting phase at LNF for
refurbishing, tests with cosmic rays and delivery to FNAL
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Event Rates ND:

5 Event Rate

H x].IO 1 I 1 1 1 1 1 1 I 1 1 1 1 1
o= | | | | |
QO —— DUNEND V a
I O I DUNE ND V J
l\. —_— 2%x2 V -
015 4 | 0 F _
S~ -
Q —— NOvVA V i
= | 4 e NOvA V -
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Light Readout System:

Two complementary designs for light traps — Increase coverage with fixed

channel count

ArcLight module [prototype dimensions]

Spatial resolution ~5cm

ArcLight LCM
Efficiency ~0.2% ~0.6%
~10cm

— Large sense area

Notes
— High dynamic range

— Scalable design
— Mechanically robust

28cm

<10ns single hit timing resolution
Common SiPM readout system

Common control and DAQ software

28cm
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FD Site Plan

LBNF/DUNE Summary Schedule

Fris

Fris Fr20 | Frai a2 | FY23 | Fraa | FYas FY26 27 Fras | Fr2s | FY 30 | Fr3i | Fr32
Q3 Qf Q1 Q203 Q4 QL Q2 03 Q4Q1 Q2 Q304 Q1 Q2030401 20504 Q1 Q203 0401 0205 08 Q1 Q203 Q4010203 0401 Q205 Q201 Q2 Q30401 Q205 Q201 Q2004 Q2 Q23

CD Milestone

@ rscrexccp2/3
@ cD-1RR

Task Type

DOE Task
DOE & NonDOE Task

@ rscessico 2/3 Milestone

FSCF EXC

D Ceer—

FSCF BSI

[ suilding & site Infrastructure |
e S5

| Far Detector Components VD - Design and Fabrication

| Far Detector HD Components - Design and Fabrication

South cavern handoff from BSI to FDC

LC:yom VD Set-yf

!DelectorlnsanD | I

Purge, Cooldown and Fill Cryostat VD [N
Commission Detector VD| |
Start of Science

Central utility cavern handoff from BSI to FOC4p

Gryogenics instail cuc [N

North cavern handoff from BSi to FDC €

Cryostat HD Set-up and Installation|

|
I Detector Install HO| I
Purge, Cooldown and Fill Cryostat HD to 30% - kPP met [

NSCF+B

Beamiine Desi

5 ] o Power Supply - Design/ b/ Assemble

@ CF Preliminary & Final Design Comply

NS Conventional Facilities - Funding

Horn Prototype Testing/ Horn

Near De

Target Complex

Primary Beam & Extraction Enclosure Construction and
Absorber Complex and Decay

ND

Procure,

ete

{ Start Constraint €

8, Crab/assemsic I

vector Hall Construction [N

Construction & Beom nst [

Beam Install (incl Long Shutdown) I

Pipe Construction and Beam Install [ —

Beam Checkout []

Beam Checkout Complete (NS KPPs Met) @

T Muen soectromererDesign

Procure, Fab and A bly of C

crvo Threshoid [N
Procure, Fab, Testing and Deliver PRISM [
Fab, Testing and Deliver - Muon Spectrometer [ ]

Prism, Detector and Cryo Threshold Installation and Checkout (Threshold Scope) IR I

Near Detector Objective Scope Complete (KPPs Met) 4

LBNF-DUNE Summery - April 2024 r1 xisx

Snepshot Dete: 5/1/2024

46 Meghna Bhattacharya | DUNE Status | NuFact 2024

2 Fermilab SUVE




VD Production Plan

arXiv.2312.03130

- 2024 2025 2026 2027 2028

Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3
Milestones © PRRs complete
(PRR : production readiness review) Start FD2 installation in cryostat €

FD2 TCO close @

Production T top interface cards

T R anode PCB production
T op composite frame Legend
S op P suspension oerector megnn & mrataon. SN
T ottom composite frame Cryostat [
T top CRP transport box dalisaiiii .4
T bottom interface cards
T Top CRP production
I top CRP cables
T bottom CRP support
Bottom CRP production [
Installation Top CRP installation-
Bottom CRP installation [
close tco-
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Performance - Summary

 ProtoDUNE-SP meets or surpasses the specifications set for the DUNE far detector
e Effectiveness of the single-phase DUNE far detector design
e Execution of the fabrication, assembly, installation, commissioning, and operations phases

Detector parameter ProtoDUNE-SP performance DUNE specification JINST 15 (2020) 12, P1200
Average drift electric field 500 V/cm 250 V/cm (min)
500 V/cm (nominal)
LAr e-lifetime > 20 ms > 3 ms
TPC+CE
Noise (C) 550 e, (I) 650 e ENC (raw) < 1000 e ENC
Signal-to-noise (SNR) (C) 48.7, (I) 21.2 (Ww/CNR)
CE dead channels 0.2% & < 1%
PDS light yield 1.9 photons/MeV > (.5 photons/MeV
(@ 3.3 m distance) (@ cathode distance — 3.6 m)

PDS time resolution 14 ns < 100 ns
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ND Plan

2024 2025 2026 2027 2028
Prelim. Design. Reviews
LBNC,NSG
Director’s Rev.
CD2
IPR ESAAB
ND-LAr Final Design Reviews
FDR
Full FD Report
LBNC, NSG
Director’s Rev
CD3 CD3
IPR ESAAB
PRR, Procurements
procurement plan
ND Hall
AUP
* Thus far:

Conceptual Design Report published in Sep 2021, Conceptual Design Review in July 2020
* Next step is to achieve Preliminary Design

Includes: preliminary Technical Design Report (PDR) and Preliminary Design Reviews of all subsystems by the LBNF/DUNE Review OFfice
» Goal: ready for installation when the Near Detector Hall is ready (second half of 2028)
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DUNE Physics Sensitivity - Proton Decay

« With 30% detection efficiency for p = K+, DUNE Phase-ll expected limitis 1.3 X 10°* years
 Super-K:5.9 x 10* years
e Hyper-K expected limit : 3 X 19 years

Soudan Frejus Kamiokande IMB Super-K
p—etn® j g “ .
" minimal SU(5) i P EEE : m|n|mal SUSY SU(5)
By L s
SUSY SO(10)
non-SUSY S0(10) Gezeo 00 SO10)
b WFKO| i ——
n— pK° ¢uedieeeeena——y . AND
po>vKY & ¢ = T .
minimal SUSY SU(5) ' ’ L '
pend K+ g R : e : non-minimal SUSY SU(5)
predictions : ' : : '
~ SUSY SO(10)
1 1 l;lllll 1 1 llll;ll l 1 il;llll 1 1 L1 11
31 32 33 34 35
10 10 10 10 10
/B (years)
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DUNE Physics Sensitivity -O__:

e Expected number of events

v mode v mode v mode
v, signal NO (10) 1092 (497) 76 (36) v, Signal 6200
v, signal NO (10) 18 (31) 224 (470) 7, cC background 389
Total signal NO (10) 1110 (528) 300 (506) NC|background 200
Beam v, + v, |CC| background 190 117 Vy + l7r background 46
NC|background 81 38 ve + v, |CC background 8
v, + v, |CC| background 32 20 v mode
v, + v, |CC| background 14 5 v, signal 2303
Total background 317 180 v, |CC| background 1129
NC|background 101
vy + 17., background 27
v, + v, |CC| background 2
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Resolution to disappearance
parameters:

e Am?is measured by location of dip in disappearance
spectrum — high rate and on-axis location gives improved
sensitivity relative to current LBL experiments

e Comparison with similar JUNO measurement is sensitive to new
physics

e Resolution to 6,, is complicated; strongly dependent on true
parameter values, and correlated with other parameters
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CP violation and &, resolution: _. ton oe= =i
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Resolving parameter degeneracies with spectral
information:

DUNE resolutions projected into different 2D
spaces, for two different exposures

~8
Degeneracy between 913 and 623 in DUNE datais 52
resolved by reactor 6, , data, which resolves 6,,
octant

For maximal 6, CP conserving values are strongly ¢ ~= o
excluded but resolutlon Is relatively poor

~70.06 008 0.1 0.12 0.14

DUNE only

(No 6, constraint)

sin’0,,= 0.58, 8__,= -1t/2

' YepT

DUNE work-in-progress

Distribution of best-fit values:
100 kt-MW-yrs

—— 1000 kt-MW-yrs

90% of throws:

- 100 Kt-MW-yrs

. 1000 kt-MW-yrs

4+ True values

24 245 25 255 04
2
Amg,
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Resolving parameter degeneracies with spectral

information:

e For non-maximal values of 8CP, an additional

DUNE only
(No 6, constraint)

sin’0,.= 0.58, d_. = -1/4

' Ycp

degeneracy arises because P(v —V,_ )~ sind at
maximum

e DUNE can largely resolve this using its spectral

information

e Combining experiments is challenging — we all need «= 0
to publish this full 4D space!

DUNE work-in-progress
Distribution of best-fit values:

100 kt-MW-yrs

—— 1000 kt-MW-yrs

90% of throws:

. 100 kt-MW-yrs

. 1000 kt-MW-yrs

+ True values

2 2
sin“26,, Ami, sin“6,,

"

~10.06 008 0.1 0.12 0.14 24 245 25 255 04 0.5 0.6

1 05 0 05
Scp
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BSM searches with the Far Detector:

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

1073

e DUNE Far Detector is sensitive to rare processes (nucleon
decay, n-n oscillation, etc.) and new physics of cosmogenic
origin G 4

-
PN P rumur”?

e Key strengths of DUNE:

—— DUNE (My, M), 6M) = (2000, 50, 10) MeV
= == DUNE (My, M, 6M) = 2000, 50, 30) MeV
—— DUNE (My, My, 6M) = (6, 0.4, 0.5) GeV

o Ability to detect low-energy particles (for iBDM, 10-5 covee HK (Mg, My, 0M) = (6,0.4,0.5) GeV
signal s a soft e/p and spatially proximate T S
e+/epa|r) My [GeV]

o Abillity to reconstruct direction including hadrons ’_(_' ,,,,,,,
(i.e. for BDM produced in Sun or Galactic Center) — ..____ X X' ,,.——"’,,-—---e-_—\

s g A - \'
--- 5 g
V* ,’,/ e, ,/
e“/p e/p -7

-
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BSM searches with the Near Detector :

e DUNE Near Detector is sensitive to rare processes in the
beamline (HNL, LDM) and to BSM contributions to neutrino
interactions (v tridents)

e Key strengths of DUNE:
o 120 GeV proton beam and very high intensity
o LAr ND with 50-70t fiducial mass

o Low density ND (SAND) — increased S/B for
decays in ND volume

y !
0.010 0.100

my (GeV)
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Nucleon decay p—K*v:

e Hyper-K can identify p—K*v by timing, and identification of
monoenergetic muon from kaon decay, with sensitivity to 7
= 3x10%* yrs

e DUNE can image all three particles, Phase Il sensitivity
beyond current Super-K limit

e If a signal is observed in Hyper-K it will be valuable to
confirm the detection with a very different detector, different
backgrounds, etc.

Drift distance [cm]

Number of hits

ADC counts
800

150 DUNE preliminary DUNE preliminary
. K

200 ‘
220
240

400 420 440 460 400 420 440 460

Projection 0 [cm] Projection 1 [cm]
50 ' — T T T T 3
45 F E
90 F M Proton decay MC -
35 F E
0 E
25 F Super-K:
20 f :
15 E =
0 F Y
5 F =
0 E_A_m‘h maay | ome y L*.“L‘I‘.I.I.l_lllll T . 3
0 200 400 600
t — TOF (ns)
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Supernova spectral measurements with
DUNE + HK data:

e Supernova spectrum can be parameterized by average neutrino energy and

a
SKw/Gd ~--~-
HK w/out Gd — . -
HK w/ Gd —— e DUNE and HK measure different fluxes — complementary ability to
DUNE —— constrain spectral parameters
HK w/ Gd + DUNE .
HK w/out Gd + DUNE &= . _
SK w/ Gd + DUNE e DUNE Phase Il (40 kt) shown in figure

Supernova neutrino burst flux parameterization
withaand < E, >

dN, E, \¢ E
E)=A(—-% - 1) ——|,
i (50 =4 () oo e 0 gy
T T e NN A @)
<E,> [MeV] Alpha — (E,)[(a+1)
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Sensitivity to Heavy Neutral Leptons produced in
beam, decay in ND:

— DUNE
— SBND
— SHiP

Excluded

— NAG2
— MATHUSLA
FASER

\~‘
~
~
.
.

1 1
0.05 0.1

1
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e N — vee, vey, Vuu, vir® | e, pt
e Assumes 22 MW-yrs and zero backgrounds
e Reaching zero background not demonstrated, may

be possible with ND-GAr

Mass ((k’\")] Mass (GeV)
Excluded
J. High Energ. >y
Phys. 2020, .
111 (2020) ot 1 | |2 fnn
£ ~ MATHUSLA
1076 [ FASER
10 8 E’
Type I
“)—ll) " 1 1 1
0.01 0.05 0.1 0.5 1 2
Mass (GeV)
60 Meghna Bhattacharya | DUNE Status | NuFact 2024 2% Fermilab ["'\X\E



Light dark matter in beamline via x-e:

Fermionic DM x, ap = 0.5, My = 3M,

Fermionic DM x, ap = 0.5, M, = 20 MeV

e Ye—Yxe scattering in ND-LAr, from boosted DM
produced in the beamline

— (On — axis
==« PRISM —24m
—— LDMX — Phasel

e Backgrounds from ve—ve have different spectrum

e DM and v have different dispersion, and looking at
offaxis ND-LAr data improves the statistical
separation

e Sensitivity at low mass is potentially world-leading
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Probability

Neutrino Energy (GeV) Neutrino Energy (GeV)

1 107 10 1 107" 107 10 1 10”
- e | ND | | E | | FD | | 7| Fig. 1 Regions of L/E probed by the DUNE detector compared to
i | -1 3-flavor and 3 + 1-flavor neutrino disappearance and appearance proba-
1M_ y ] bilities. The gray-shaded areas show the range of true neutrino ener-
B : | gies probed by the ND and FD. The top axis shows true neutrino
0.8 - —| energy, increasing from right to left. The top plot shows the probabili-
C ) . ; 1] ties assuming mixing with one sterile neutrino with Amézu = 0.05eV?,
0.6 - Amy = 50.00 eV : —| corresponding to the slow oscillations regime. The middle plot assumes
- — Std. Osc. P(v,—v,) 1 mixing with one sterile neutrino with Am%, = 0.5eV?, corresponding
[ — P(Vu—We) : - to the intermediate oscillations regime. The bottom plot includes mix-
04— P(VH—WH) : ing with one sterile neutrino with Amﬁ1 = 50eV?, corresponding to
- — Bl : the rapid oscillations regime. As an example, the slow sterile oscilla-
0.2} — [(ER(VI=SVE) : tions cause visible distortions in the three-flavor v, survival probability
C | (blue curve) for neutrino energies ~ 10 GeV, well above the three-flavor
0 T D L SR W oscillation minimum
107% 10" 1 10
L/E (km/GeV)
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Atmospheric neutrinos: angle reconstruction
including hadrons:

Atmospheric neutrinos will be DUNE’s first data; aim to combine with long-baseline
Including reconstructed hadrons substantially improves angle resolution, especially at lower neutrino energies

Potential to extend to low energies has been studied phenomenologically, see Phys. Rev. Lett. 123, 081801
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