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Neutrino Conception

Before 1930’s: beta decay spectrum continuous - is this energy non-conservation?
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Neutrino Conception

Dec 1930: Wolfgang
Pauli’s letter to
physicists at a
workshop in Tubingen:

Wolfgang Pauli
Dear Radioactive Ladies and Gentlemen,

.........., I have hit upon a desparate remedy to save the ”exchange
theorem” of statistics and the law of conservation of energy. Namely,
the possibility that there could exist in the nuclei electrically neutral
particles, that I wish to call neutrons.... The mass of the neutrons
should be of the same order of magnitude as the electron mass and
in any event not larger than 0.01 proton masses. The continuous
beta spectrum would then become understandable by the assumption
that in beta decay a neutron is emitted in addition to the electron
such that the sum of the energies of the neutron and the electron is
constant..........
Unfortunately, I cannot appear in Tubingen personally since I am
indispensable here in Zurich because of a ball on the night of 6/7
December. With my best regards to you, and also to Mr Back.
Your humble servant

. W. Pauli
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The Theory of Weak Interactions

≥ 1933: Fermi builds his theory of weak interactions and beta decay

Charged current interactions
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Discovery of Neutrinos

1950’s: Fred Reines at Los Alamos and Clyde Cowan use the Hanford nuclear reactor (1953)
and the new Savannah River nuclear reactor (1955) to find neutrinos. A detector filled with
water with CdCl2 in solution was located 11 meters from the reactor center and 12 meters
underground.

The detection sequence was as follows:

1 ν̄e + p→ n + e+

2 e+ + e− → γγ

3 n +108 Cd→109 Cd∗ →109 Cd + γ (τ = 5µs).

Neutrinos first detected using a nuclear reactor!

Reines shared 1995 Nobel for work on neutrino physics.
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Producing Neutrinos from an Accelerator: Two Neutrino
Experiment

1962: Leon Lederman, Melvin Schwartz and Jack
Steinberger use a proton beam from BNL’s Alternating
Gradient Synchrotron (AGS) to produce a beam of
neutrinos using the decay π → µνx ⇒ two neutrino
experiment
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The Two-Neutrino Experiment

Result: 40 neutrino interactions recorded in the detector, 6 of the resultant particles where
identified as background and 34 identified as µ ⇒ νx = νµ

The first successful accelerator neutrino experiment was at Brookhaven Lab. 1998 NOBEL PRIZE
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Number of Neutrino Flavors: Particle Colliders

1980’s - 90’s: The number of neutrino types is precisely determined from studies of Z0

boson properties produced in e+e− colliders.

The LEP e+e− collider at CERN, Switzerland

The 27km LEP ring was reused to

build the Large Hadron Collider
Nν = 2.984± 0.008
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Neutrinos in the Standard Model

Quarks

Leptons

Forces

2012: CERN

H
Higgs boson

Higgs field

u
1968: SLAC

up quark

c
1974: Brookhaven & SLAC

charm quark

d
1968: SLAC

down quark

s
1947: Manchester University

strange quark

b
1977: Fermilab

bottom quark

t
1995: Fermilab

top quark

eν
1956: Savannah River Plant

electron neutrino

e
1897: Cavendish Laboratory

electron

μ
1937 : Caltech and Harvard

muon

τ
1976: SLAC

tau

ν
1962: Brookhaven

muon neutrino

μ ν
2000: Fermilab

tau neutrino

τ

W
1983: CERN

W boson

g
1979: DESY

gluon

1983: CERN

Z boson

Z

1923: Washington University

γ
photon
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Neutrino Oscillations

1957,1967: B. Pontecorvo proposes that neutrinos of a particular flavor are a mix of
quantum states with different masses:(

νa

νb

)
=

(
cos(θ) sin(θ)
− sin(θ) cos(θ)

)(
ν1

ν2

)
νa(t) = cos(θ)ν1(t) + sin(θ)ν2(t)

P(νa → νb) = | < νb|νa(t) > |2

= sin2(θ) cos2(θ)|e−iE2t − e−iE1t|2

P(νa → νb) = sin2 2θ sin2 1.27∆m2
21L

E
where

∆m2
21 = (m2

2 − m2
1) in eV2, L (km) and E (GeV).

At the 1st maximum of appearance ∆m2 = π
2

1
1.27

(
E
L

)max1

Observation of oscillations implies non-zero mass states
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The Homestake Experiment

1967: Ray Davis from BNL installs a large detector, containing 615 tons
of tetrachloroethylene (cleaning fluid), 1.5km underground (4850 ft) in
Homestake mine, SD.

1 νsun
e +37 CL→ e− +37 Ar, τ (37Ar) = 35 days.

2 Number of Ar atoms ≈ number of νsun
e interactions.

Ray Davis
Results: 1969 - 1993 Measured 2.5± 0.2 SNU (1 SNU
= 1 neutrino interaction per second for 1036 target
atoms) while theory predicts 8 SNU. This is a

νsun
e deficit of 69% .

⇒ first experimental hint of oscillations

Ray Davis shares 2012 Nobel Prize
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More Disappearing Neutrinos⇒ Two Different Mass Scales!

Super-K, atmospheric νµ disappearance KamLAND, reactor ν̄e disappearance

Global fit 2020 (JHEP 09 (2020) 178):

∆m2
atm(31) = 2.54± 0.03× 10−3 eV2

sin2 θatm(23) = 0.571+0.018
−0.023

Atmospheric (L/E)max1 ∼ 500 km/GeV

Global fit 2020:
∆m2

solar(21) = 7.41± 0.21× 10−5 eV2

sin2 θsolar(12) = 0.303± 0.012

Solar (L/E)max1 ∼ 15,000 km/GeV
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2015 Nobel Prize

Takaaki Kajita (SuperKamiokande)
University of Tokyo, Japan

Arthur B. MacDonald (SNO)
Queens University, Canada

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki Kajita and Arthur B.
McDonald ”for the discovery of neutrino oscillations, which shows that neutrinos have mass”

15 / 72



Delving Deep
with DUNE

Mary Bishai
Brookhaven
National Lab

Introduction

ν 3-flavor model

CP in ν SM

Beyond ν SM

Sterile ν

NSI

DUNE

Introduction

Facility Status

Beamline

Far Detectors

Near Detectors

Phase II R&D

DUNE Physics
Highlights

Summary

The 3rd Mixing Angle: Daya Bay Reactor ν̄e Disappearance
Experiment

9
0
0
m

Entrance

Construction
tunnel

cores

 cores

Antineutrino Detector

Experimental hall
Tunnel

465m

Daya Bay Cores

Ling Ao

Ling Ao II

1km

450m

Overburden 355m

DYB near 40t

Overbdn 98m

LA near 40t

8
1
0
m

Overbdn 112m

FAR 80t

First to discover non-zero θ13 (2012) - latest most precise result (2020):
sin2 2θ13 = 0.0856± 0.003
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Neutrino Mixing: 3 flavors, 3 amplitudes, 2 mass scales

The “mixing angles” (θ13, θ12, θ23) represent the fraction of νe, νµ in the 3 mass states.
They determine the probability of oscillation from one flavor to the other

sin2 θ12 ≈ sin2 θsolar, sin2 θ23 ≈ sin2 θatmospheric

3 quantum states interfering ⇒ phase δ
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Charge-Parity Symmetry

Charge-parity symmetry: laws of physics are the same
if a particle is interchanged with its anti-particle and
left and right are swapped.
A violation of CP ⇒ matter/anti-matter asymmetry.

γ → e+e−
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CP Violation in PMNS and CKM

In 3-flavor mixing the degree of CP violation
is determined by the Jarlskog invariant:

JPMNS
CP ≡ 1

8
sin 2θ12 sin 2θ13 sin 2θ23 cos θ13︸ ︷︷ ︸

Jmax
CP

sin δCP.

0.03 0.032 0.034 0.036

J
CP

max
 = c

12
 s

12
 c

23
 s

23
 c

2

13
 s

13

0

5

10

15

∆
χ

2

-0.04 -0.02 0 0.02 0.04

J
CP

 = J
CP

max
 sinδ

CP

NO, IO (w/o SK-atm)
NO, IO (with SK-atm)

NuFIT 5.2 (2022)

(JHEP 09 (2020) 178, arXiv:2007.14792)

Given the current best-fit values of the ν mixing angles :

JPMNS
CP ≈ 3× 10−2 sin δCP.

For CKM:
JCKM

CP ≈ 3× 10−5,

despite the large value of δCKM
CP ≈ 70◦.
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Matter Effect on Neutrino Oscillation

1978 and 1986: L. Wolfenstein, S. Mikheyev
and A. Smirnov propose the scattering of νe

on electrons in matter acts as a refrective
index ⇒ neutrinos in matter have different
effective mass than in vacuum.
For Posc = P(νµ → νe):

 (GeV)νE
1 2 3 4 5 6

0

0.01

0.02

0.03

0.04

0.05

0.06

,e) at 1300 kmµP(

 > 02 m∆

 < 02 m∆

Vaccum

Brett Viren, 2009/10/02

,e) at 1300 kmµP(

We can determine the mass ordering (m3 > m1 or m1 > m3) of neutrinos using νµ → νe

oscillations over long distances in the earth.

20 / 72



Delving Deep
with DUNE

Mary Bishai
Brookhaven
National Lab

Introduction

ν 3-flavor model

CP in ν SM

Beyond ν SM

Sterile ν

NSI

DUNE

Introduction

Facility Status

Beamline

Far Detectors

Near Detectors

Phase II R&D

DUNE Physics
Highlights

Summary

νµ → νe Oscillations

νµ → νe oscillations are sensitive to all mixing parameters contributing to the Jarlskog
invariant. With terms up to second order in α ≡ ∆m2

21/∆m2
31 = 0.03 and sin2 θ13 = 0.02, (M. Freund. Phys. Rev. D 64, 053003):

P(νµ → νe) ∼= P(νe → νµ) ∼= P0︸︷︷︸
θ13

+ Psin δ︸ ︷︷ ︸
CP violating

+ Pcos δ︸ ︷︷ ︸
CP conserving

+ P3︸︷︷︸
solar oscillation

for oscillations in vacuum: ∆ = ∆m2
31L/4E

P0 = sin2 θ23sin2 2θ13 sin2(∆),
sin2(2θ13)

(A− 1)2

Psin δ = α 8Jcp sin3(∆),
8Jcp

A(1− A)

Pcos δ = α 8Jcp cot δCP cos ∆ sin2(∆),
8Jcp cot δCP
A(1− A)

xx

P3 = α2cos2 θ23sin2 2θ12 sin2(∆),
sin2(2θ12)

A2

For ν̄µ → ν̄e, Psin δ → −Psin δ︸ ︷︷ ︸
CP asymmetry (δ 6=0)

,
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νµ → νe Oscillations

νµ → νe oscillations are sensitive to all mixing parameters contributing to the Jarlskog
invariant. With terms up to second order in α ≡ ∆m2

21/∆m2
31 = 0.03 and sin2 θ13 = 0.02, (M. Freund. Phys. Rev. D 64, 053003):

P(νµ → νe) ∼= P(νe → νµ) ∼= P0︸︷︷︸
θ13

+ Psin δ︸ ︷︷ ︸
CP violating

+ Pcos δ︸ ︷︷ ︸
CP conserving

+ P3︸︷︷︸
solar oscillation

for oscillations in matter with constant density: ∆ = ∆m2
31L/4E, A =

√
2GFNe2E/∆m2

31

P0 = sin2 θ23
sin2 2θ13

(A− 1)2
sin2[(A− 1)∆],

Psin δ = α
8Jcp

A(1− A)
sin ∆ sin(A∆) sin[(1− A)∆],

Pcos δ = α
8Jcp cot δCP
A(1− A)

cos ∆ sin(A∆) sin[(1− A)∆],

P3 = α2cos2 θ23
sin2 2θ12

A2
sin2(A∆),

For ν̄µ → ν̄e, Psin δ → −Psin δ︸ ︷︷ ︸
CP asymmetry (δ 6=0)

, A→ −A︸ ︷︷ ︸
matter asymmetry
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νµ → νe Oscillations in the 3-flavor ν SM

The νµ → νe probability maxima due to the atmospheric oscillation scale occur at

Ln (km)

En(GeV)
=

(
π

2

)
(2n− 1)

1.27× ∆m2
31(eV2)

≈ (2n− 1)×
515 km

GeV

Neutrino Energy/Baseline (GeV/km)
0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005

)
e ν 

→ µ ν
P

(

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2(a) Electron Neutrino Appearance Probabilty vs. L/E

 = 0cp δVacuum oscillations, all terms, 

 term only13θ 2 2sin 

Solar oscillation term only
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νµ → νe Oscillations in the 3-flavor ν SM

The νµ → νe probability maxima due to the atmospheric oscillation scale occur at

Ln (km)

En(GeV)
=

(
π

2

)
(2n− 1)

1.27× ∆m2
31(eV2)

≈ (2n− 1)×
515 km

GeV

Neutrino Energy/Baseline (GeV/km)
0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005

)
e ν 

→ µ ν
P

(

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2(b) Impact of CP Phase on Vacuum Oscillations

 = 0cp δVacuum oscillations, all terms, 
/2π = + cpδAll terms, 
/2π = - cpδAll terms, 

π = cpδAll terms, 
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νµ → νe Oscillations in the 3-flavor ν SM

The νµ → νe probability maxima due to the atmospheric oscillation scale occur at

Ln (km)

En(GeV)
=

(
π

2

)
(2n− 1)

1.27× ∆m2
31(eV2)

≈ (2n− 1)×
515 km

GeV

Neutrino Energy/Baseline (GeV/km)
0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005

)
e ν 

→ µ ν
P

(

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2  = 0)cpδ(c) Impact of Matter Effects on Oscillations  (

 = 0cp δVacuum oscillations, all terms, 
Matter effect at 1000km, NH
Matter effect at 2000km, NH
Matter effect at 3000km, NH

Matter effect at 3000km, IH
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Experimental Baselines and νµ → νe Event Rates

The total number of electron neutrino appearance events expected for a given exposure from a muon neutrino source as a function of
baseline is given as

Nappear
νe

(L) = Ntarget

∫
Φνµ (Eν , L)× Pνµ→νe (Eν , L)× σνe (Eν )dEν

Assume the neutrino beam source produces a wide coverage that is flat in energy in the oscillation region and approximate the probability
with the dominant term (no matter effect)

Φνµ (Eν , L) ≈
C

L2
, C = number of νµ/m

2
/GeV/MW/yr at 1 km

Pνµ→νe (Eν , L) ≈ sin2
θ23 sin2 2θ13 sin2(1.27∆m2

31L/Eν )︸ ︷︷ ︸
P0

σ
νe (Eν ) = 0.7× 10−42(m2

/GeV/N)× Eν , Eν > 1 GeV

Ntarget = 6.022× 1032N/kt

Assuming constant flux: C ≈ 1.2× 1017 νµ/m
2/GeV/(MW/yr) at 1 km:

Nappear
νe

(L) ≈ (2× 106
events/(kt/MW/yr))(km/GeV)2 ×

∫ x1

x0

sin2(ax)

x3
dx, x ≡ L/Eν , a ≡ 1.27∆m2

31.

For x0 = 100 km/GeV and x1 = 2000 km/GeV (1st and 2nd oscillation maxima)

Nappear
νe

(L) ∼ O(20) events/(kt/MW/yr) independent of baseline
Need massive detectors ∼ O(100) kt deep underground and MW beams to study oscillations
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Latest results on δcp and MH

Allowed regions from global fit 2020.

Colored regions (black contour curves)
are obtained without (with) the inclusion
of the tabulated SK-atm χ2 data.

The different contours correspond to the
two-dimensional allowed regions at
1σ, 90%, 2σ, 99%, 3σ CL (2 dof).

Atmospheric mass splitting ∆m2
31 used

for normal ordering (NO) and ∆m2
32 for

inverted ordering (IO).

I. Esteban et. al JHEP 09 (2020), 178
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Results from current ν oscillation expts still inconclusive on mass ordering and δcp
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Beyond the ν 3-flavor “standard model”
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Physics Beyond ν SM

Due to the very small masses and large mixing of neutrinos, their oscillations over a
long distance act as an exquisitely precise interferometer with high sensitivity to very small
perturbations (W. Marciano, BNL) caused by new physics phenomena, such as:

sterile neutrino states that mix with the three known active neutrino states

nonstandard interactions in matter that manifest in long-baseline oscillations as
deviations from the three-flavor mixing model

new long-distance potentials arising from discrete symmetries that manifest as small
perturbations on neutrino and antineutrino oscillations over a long baseline

large compactified extra dimensions from String Theory models that manifest
through mixing between the Kaluza-Klein states and the three active neutrino states

We need more guidance from theory

29 / 72



Delving Deep
with DUNE

Mary Bishai
Brookhaven
National Lab

Introduction

ν 3-flavor model

CP in ν SM

Beyond ν SM

Sterile ν

NSI

DUNE

Introduction

Facility Status

Beamline

Far Detectors

Near Detectors

Phase II R&D

DUNE Physics
Highlights

Summary

Impact of Sterile Neutrinos on Long-Baseline ν Oscillations
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Impact of Sterile Neutrinos on Long-Baseline ν Oscillations
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Impact of Sterile Neutrinos on Long-Baseline ν Oscillations
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CP Asymmetry 3-flavor and with a Sterile Neutrino
∆m2

41 ∼ 1 eV2

The charge-parity (CP) asymmetry is defined as

Acp =
P(νµ → νe)− P(ν̄µ → ν̄e)

P(νµ → νe) + P(ν̄µ → ν̄e)

The integrated CP asymmetry at a baseline of 1300km (D. Dutta et al. JHEP 1511 (2015) 039):

Observation of a CP
asymmetry is not suffi-
cient to determine its ori-
gin.
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Non-Standard Interactions
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Non-Standard Interactions

NSI could also impact CPV interpretation in long-baseline
(M. Masud, A. Chatterjee, P. Mehta arXiv:1510.08261):
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The Deep Underground Neutrino Experiment (DUNE) at
the Long Baseline Neutrino Facility (LBNF)
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The Deep Underground Neutrino Experiment

A very long baseline experiment: 1300km from Fermilab in Batavia, IL to the Sanford
Underground Research Facility (former Homestake Mine) in Lead, SD.

A highly capable near detector facility at Fermilab.

Very deep (1 mile underground) far detectors: 4 × 10-kiloton fiducial (17 kt total)
Liquid-Argon Time-Projection-Chambers with state-of-the-art instrumentation.

High intensity tunable wide-band neutrino beam produced from 120 GeV Main Injector
proton accelerator at Fermilab upgraded to 2MW.
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Scientific Objectives of DUNE (4 experiments-in-one)

A long-baseline neutrino oscillation experiment:

precision measurements of the parameters that
govern νµ → νe oscillations; this includes
precision measurement of the third mixing angle
θ13, measurement of the charge-parity (CP)
violating phase δCP, and determination of the
neutrino mass ordering (the sign of
∆m2

31 = m2
3 − m2

1), the so-called mass hierarchy

precision measurements of the mixing angle θ23,
including the determination of the octant in
which this angle lies.

Searches for physics beyond the 3 flavor model
using neutrino oscillations
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Scientific Objectives of DUNE (4 experiments-in-one)

A proton decay experiment:

A neutrino telescope:

A fixed target experiment:

complemantary searches for proton decay in
several important candidate decay modes, e.g.,
p→ K+ν as well as other baryon number
violating signals.

detection and measurement of the neutrino flux,
spectrum and time evolution from a core-collapse
supernova within our galaxy, should one occur
during the lifetime of DUNE

Unique searches for heavy neutral leptons, dark
matter scattering, precision electroweak
measurements, nuclear form factors and other
measurements made possible by the high power
proton beam and neutrino scattering in the near
detector
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The DUNE Scientific Collaboration

As of Oct 2023

1508 members

1419 active collaborators (657
US + 762 non-US)

37 active countries including
CERN

209 active institutions
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The DUNE Scientific Collaboration
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The LBNF and DUNE Project Realization Plan

LBNF and DUNE were reconstituted in 2015 (CD1R) from the LBNE experiment as a
staged program with the goal to reach CP violation sensitivity with a precision of 3σ for
75% of δcp values as specified by the 2014 P5 (Particle Physics Project Prioritization Panel)

The LBNF Phase I
facility provides all
infrastructure
needed for full
DUNE scope

Project schedule:
Start of physics
with far detector
1: 2029
Beamline comes
online: 2031
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The LBNF and DUNE Project Realization Plan

LBNF and DUNE were reconstituted in 2015 (CD1R) from the LBNE experiment as a
staged program with the goal to reach CP violation sensitivity with a precision of 3σ for
75% of δcp values as specified by the 2014 P5 (Particle Physics Project Prioritization Panel)

DUNE Phase I detectors

2 FD modules: FD1 “horizontal drift” and FD 2
“vertical drift” LArTPCs

ND LArTPC detector+ muon spectrometer +
off-axis system

SAND magnetized low density tracker on-axis
near detector for neutrino flux measurements

Phase I FDs are currently under construction and
contributions detailed in DUNE multilateral MOU (signed
by DOE, UK, France, Italy, Brazil and CERN on Nov 17,
2023).
ND LAr, TMS and SAND straw-tube tracker prototyping
underway

Accelerator Complex Evolution (ACE): 2023 FNAL

plan to deliver 1.7-2.1 MW by start of Phase I
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The LBNF and DUNE Project Realization Plan

LBNF and DUNE were reconstituted in 2015 (CD1R) from the LBNE experiment as a
staged program with the goal to reach CP violation sensitivity with a precision of 3σ for
75% of δcp values as specified by the 2014 P5 (Particle Physics Project Prioritization Panel)

DUNE Phase II detectors

Baseline is two additional “vertical drift”
LArTPCs which meets all physics goals. R&D
ongoing on options to enhance DUNE physics
capabilities. Non LArTPC options for FD4 could
be considered if performance and timeline
requirements of DUNE are met.

More Capable Near Detector (MCND) to ensure
completion of the DUNE physics program and
open up opportunities for new BSM physics
searches.

US presented plans for LBNF/DUNE Phase II to 2023 P5
planning effort - report to be presented publicly on Dec
7-8, 2023

Accelerator Complex Evolution (ACE): 2023 FNAL

plan to deliver 1.7-2.1 MW by start of Phase I
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Status of the LBNF Far Site Excavation
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Status of the LBNF Far Site Excavation
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Overview of the LBNF Beamline

Primary proton beam 60-120 GeV with initial 1.2 MW beam power (Phase I),
upgradable to 2.4 MW (Phase II). Embankement allows target complex to be at grade
(BNL concept)

Wide-band beam (on-axis) optimized for CP violation sensitivity - uses 3 focusing
horns to select neutrino beam with a decay pipe 194m long x 4m diameter, He filled
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The LBNF Beamline Target Challenges

Critical target material irradiation studies at BLIP
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The DUNE Far Detectors: Liquid-Argon Time-Projection
Chambers

Single Phase “horizontal drift” LArTPC with 3 anode wire
planes

DUNE “horizontal drift” TPC design by Bo Yu (BNL)

The DUNE anode wireplane
assembly
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The DUNE Far Detectors: Liquid-Argon Time-Projection
Chambers

The DUNE Phase I LArTPCs

Both FD1 and FD2 are LArTPCs using highly modularized
TPC design comprising O(100) identical TPC modules

FD1 is a “horizontal drift” detector using 3 layers of wire
planes vertical and ±36◦ - goes in the NE cavern

FD2 is a “vertical drift” detector that uses 3 layers of
strips on PCBs as the charge plane readout.
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The DUNE Far Detectors: Liquid-Argon Time-Projection
Chambers

DUNE Far Detectors are built by international partners contributing 50% of the detector
components. CERN contributes 2 cryostats to LBNF in addition to significant contrubtions
to cryo infrastructure from Brazil and Poland
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DUNE Prototypes @ CERN Neutrino Platform
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Neutrino Interactions in DUNE Far Detectors
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DUNE Near Detectors - Phase I
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DUNE Near Detectors - Phase I
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DUNE Near Detectors - Phase I
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DUNE Phase II R&D
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LArTPC R&D Approaches
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Increasing light collection (x10)

50% of energy deposited in LAr is in light = improved calorimetery and energy resolution
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Water Based Liquid Scintillator for FD4 - “Theia”
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DUNE Near Detector Phase II
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DUNE Physics Highlights
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DUNE Long-Baseline Oscillation Measurements

DUNE Phase I - determines the mass ordering

Rich spectral information = unmatched sensitivity to osc. parameters
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DUNE Long-Baseline Oscillation Measurements

DUNE Phase II - measures δcp, θ23 octant

Rich spectral information = unmatched sensitivity to osc. parameters
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DUNE Sensitivities to ν 3-flavor Oscillations (TDR staging)

DUNE will determine MH unambigously and CPV to 5σ (50% of δcp)
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BSM Searches with DUNE

Sterile ν Searches Inelastic Dark Matter Scattering
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Supernova Burst Neutrinos in DUNE

DUNE has unique sensitivity to the νe

flux

Studies using νe electron scattering
indicate 5% pointing resolution

Phase I: O(100)s events per FD module
for galactic SNB

Phase II: Reach extends beyond Milky
Way. Enhancements to LArTPC design
in Phase II could signficantly improve
low-energy physics.
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Preliminary Physics Results from ProtoDUNE Data
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DUNE Publications and Conference Proceedings 2023
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Summary

Neutrino long-baseline oscillations offer a unique opportunity to search for CP violation, unravel
the mass ordering of neutrinos, and search for physics beyond the Standard Model.

LBNF/DUNE are “best-in-class” facilities/experiment for precision measurements of
neutrino oscillations with unique sensitivity to Supernova burst astrophysics and
beyond the Standard Model searches in both near and far detectors

The LBNF far site excavation is near completion (expected early 2024), the DUNE far
detector cryostats are under fabrication (CERN contract) and the detector components
for FD1 and 2 are under construction. Near detectors are in final prototyping phase.

DUNE collaboration now comprises ∼ 1400 active collaborators and 37 countries.

DUNE experiment is highly internationalized with non-US contributions to the
detectors exceeding 50%. The first large scale multi-lateral MOU between DOE and
multiple international partners was signed on Nov 17,2023

DUNE physics output continues to grow with real data analysis from prototypes as well
as advances in simulation and reconstruction and pursuing new physics ideas.

DUNE Phase II R&D effort is growing with large international and US effort already
underway. US Phase II plans were presented to P5 - expecting report Dec 6-7,2023.
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