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Introduction

Neutrino Conception

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

Wolfgang Pauli

Dear Radioactive Ladies and Gentlemen,

.......... , | 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 | 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, | cannot appear in Tubingen personally since | 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

st rant - Pl e of Tec 0373
J Abgobrie/ 15,1288
Offaser Briat an die runpe der Radtoskiiven bol dar
Gonvereins-Tasns . Toings
Aachrise
Pstattagios Toatitat
dar Eidg. Toohnischen Hochschile
Hrson
s Tttt vt

dar Uabarbring 11,
..-.mﬁ-. bitte, Ihnen des niheren suseinandersetan wird, bin ioh
amaatonte der Salachen” Stattotik dar B und L4o6 K, sarte

Terfidle un don Nocheclaata® (1) b sm.utu( i den Brorgiegats

N 2 dio
Neutronen wirken. ahracheinlichste Modell fir das Letron scbetzt
riachen ebarbringer

o
Glolt gronser datn Jamm, sl Cia sines gugge-Sirabls und darf cam
i work nien, grisser setn als o+ OO )

Ioh trae mich vorlfutis sber nicht, ebims e tless Lioe
vertrauensvoll

in.- Jit vielen Gelsmen an Roch, sovie an Herm Bask, huer
untertinigster Diwer

o, W Pamld
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DUVE  The Theory of Weak Interactions

Delving Deep

with DUNE > 1933: Fermi builds his theory of weak interactions and beta decay

Mary Bishai . ] Neutral current
National Lab Charged current interactions interactions
_— Neutrino interacts n or p interacts with
ntroduction Decay of neutron with neutron neutrino or antineutrinc

e v
e— norp vorv
p P
W W
v vorv
n n n V norp
n—»p+e—+V n+v- p+e—
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Discovery of Neutrinos

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

National Lab underground.

Introduction
The detection sequence was as follows:

Ue+p—n+tet

e +eT =y
n +% Cd =1 Cdx —!%° Cd + v (7 = 5us).

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

PRVl 1962: Leon Lederman, Melvin Schwartz and Jack
LS Steinberger use a proton beam from BNL'’s Alternating
MRAEEN  Gradient Synchrotron (AGS) to produce a beam of

Nati B8 neutrinos using the decay m — pvy, = two neutrino

experiment
Introduction
pbrg;?n“ target proton accelerator Y ‘_,.,-'
LR o pa==T

detector —
steel shield spark chamber




DUVE  The Two-Neutrino Experiment

" I 1 . Classitication of “Events’
Delving Deep ) = s:‘u :‘r:rv)(i o
with DUNE

P, < 300 bov/e™

Mary Bishai v, > 300
Brookhaven H \ N = > 200
National Lab | T | X >:::
> 700

Introduction il - ] 3 ] Tosal “singie Muon Events" :

Yertex Brents
Visible Energy Released < 1 BeV
Visible Encregy Roloased > 1 3oV

Total vertex events

“Showar" fvente

Enexgy of > 00 = 100 Mev
220
240
280

Total “skower events"”

Thasa ara not includad in tha "evaent count.
The two shower events vhich are =o located that thelr potea-
tial energy release 1o Uhe chamber corresponds Lo muons of

leos than 300 MeV/c are rot-included here.

Result: 40 neutrino interactions recorded in the detector, 6 of the resultant particles where
identified as background and 34 identified as p = v = v,

The first successful accelerator neutrino experiment was at Brookhaven Lab. 1998 NOBEL PRIZE
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I7UVE  Number of Neutrino Flavors: Particle Colliders

De_';:"ggﬁ? 1980's - 90’s: The number of neutrino types is precisely determined from studies of Z°
wi - - —_— .
boson properties produced in e"e™ colliders.

The LEP e"e™ collider at CERN, Switzerland

ALEPH
35
Hadrons =2
v 3-flavor model 30 _
% 1990 pp—

PR B TY a
e
£ 2
S

15

10

,ﬁ

5 /5—9"‘

oLt )
& 105 - &#
{s 1 % 8 & R 9
£ pé I

0% ¢ Il 1 L L 1 L L
[::3 80 91 92 93 94 95
build the Large Hadron Collider Energy (GeV)
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Neutrinos in the Standard Model

Delving Deep
with DUNE Quarks
1968:SLAC [

v 3l el
down quark strange quark bottom quark
2012 CERN

Leptons | H

Higgs boson

Forces

Higgs field
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7UVE  Neutrino Oscillations

Delving Deep 1957,1967: B. Pontecorvo proposes that neutrinos of a particular flavor are a mix of
il (212 quantum states with different masses:

(2)=(=%) =@) ()
va(t) = cos(@)ri(t) + sin(@)va(t)

P(va = 1) | < wlwa(t) >
sin?(8) cos(0)|e ™" — e T2

v 3-flavor model

P( ) = sin® 20 sin® M where

Am3; = (m3 — m3?) in eV?, L (km) and E (GeV).

At the 1st maximum of appearance Am®> = Z ;= (%)maXI

Observation of oscillations implies non-zero mass states

PROBABILITY

1000 2000 3000 000"
L/E (km/GeV)
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DUVE  The Homestake Experiment

Delving Deep
W\@ DUNF 1967: Ray Davis from BNL installs a large detector, containing 615 tons
SESR  of tetrachloroethylene (cleaning fluid), 1.5km underground (4850 ft) in
ALCIEEEN  Homestake mine, SD.

v +3 CL — e~ +% Ar, 7(*Ar) = 35 days.

Number of Ar atoms = number of v."" interactions.

Results: 1969 - 1993 Measured 2.5 + 0.2 SNU (1 SNU
= 1 neutrino interaction per second for 10*° target
atoms) while theory predicts 8 SNU. This is a

v'" deficit of 69% .

=> first experimental hint of oscillations

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

Delving Deep Super-K, atmospheric v,, disappearance KamLAND, reactor . disappearance
with DUNE E T T T —
Ma e O 1.6F — Oscillation ] [ e« Data-BG-GeoV,
B o han e 8 T gecoherence 1 [ — Expectation based on osci. parameters
ook, = 14 — Decay E 1r determined by KamLAND
at Lab =1 ] - L
= 1.2 = a +
c 1 E o8
K] kS N
o S T o8 & o6 +
B 06F E r —
S - - —
% 0.4 E E 0'4: +
oz, ]
0 L il 1 1 1 ] -
1 10 102 103 104 0' 1 1 1 1 1 1 I 1 1
L/E (km/GeV) 20 30 40 50 60 70 80 90 100
LyE, (km/MeV)
Global fit 2020 (JHEP 09 (2020) 178): Global fit 2020:
2 _ —5 _\/2
AmZ i = 2.54 £ 0.03 x 1073 eV? Aoy = 741 £ 0.21 X 1077 eV
sin2 I 0.5714:%.0012% sin” Ogolar(12) = 0.303 £ 0.012

max1
Atmospheric (L/E)maxl ~ 500 km/GeV Solar (L/E) ~ 15,000 km/GeV

14/72



SUVE 2015 Nobel Prize

Delving Deep
with DUNE

v 3-flavor model

Takaaki Kajita (SuperKamiokande) Arthur B. MacDonald (SNO)
University of Tokyo, Japan 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’

’
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The 3™ Mixing Angle: Daya Bay Reactor 7, Disappearance
Experiment

DUME

m Antineutrino Detector

Delving Deep FAR 80t
with DUNE O:e.rb.u;den 355m | 1.00
!.\:n ishai —— Best-Fit
ST 0.98 —— W/O oscillations
5 TR = + EH
¥ Sfvor model \ ¢ = Overban 112m . 12096 T En2
) T ¢ EH3
e
% 0.94
0.92
0.90

0 100 200 300 400 500 600 700 800 900
Ler / Ey (M/MeV)

First to discover non-zero 6:3 (2012) - latest most precise result (2020):
sin® 2613 = 0.0856 = 0.003
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DUME

Neutrino Mixing: 3 flavors, 3 amplitudes, 2 mass scales

Delving Deep 2 Vel V/.l Vi
with DUNE Z / i
Mary B - J
: 5 5= R 5=
Brookl 54 sinly cos 6y singy
National Lab s 51 p— 5 1
3 ) -1 2 -1
ﬁ sin” 63 Amgy 1
2 Amly, | ‘_1
v 3-flavor model = N ) sinf3
g sin” 6y sinfh3 N
E e - ~— A
3 Amyy 71 sin’ 63 1
“ | . | |
- . 1
sinf3 ’
NORMAL sin"6hs INVERTED
CPT = invariant 6 < —¢

Fractional Flavor Content varying cos &

The “mixing angles” (613, 012, 023) represent the fraction of v, v, in the 3 mass states.
They determine the probability of oscillation from one flavor to the other

P2 ~ cin2 in2 ~ sin?
sSin 012 ~ SIn 050]31‘1 sin 023 =~ sin eatmospheric
3 quantum states interfering = phase §
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Charge-Parity Symmetry

Delving Desp Charge-parity symmetry: laws of physics are the same
with DUNE if a particle is interchanged with its anti-particle and
Mary Bishai left and right are swapped.

R A violation of CP = matter/anti-matter asymmetry.

CPin v SM




7UVE  CP Violation in PMNS and CKM

NO, IO (w/o SK-atm)
Delving Deep . NO. 10 (with SK-atm) NuFIT 5.2 (2022)
with DUNE B Y L B [ T AN Ly I A
.. . . - \ ! 4k ’ ’ 4
Mary Bi In 3-flavor mixing the degree of CP violation F 1k 1
N iE o is determined by the Jarlskog invariant: ok arc ]
atl ab L 4 F 4
“x L inh ]
< L 41 4
puMNs _ 1 . . . . r L a
Jcp = é sin 2912 sin 2913 sin 2923 COSs 913 Sin (scp. r 1t ]
CPin v SM 7 4 F B
Jmax ol N Ly 1 TN L]
CcP 0.03 0.032 0.034 0.036 -0.04 -0.02 0 0.02 0.04
max 2 max _.
JC: = C|2 512 C23 S23 CTS 513 JCP = JCP SInSCP

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

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

PMNS

JEMNS ~ 3 % 102 sin dcp.

For CKM:
JEM ~ 3 x107°,
despite the large value of §&5™ ~ 70°.
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Delving Deep
with DUNE

CPin v SM

Matter Effect on Neutrino Oscillation

P(m,e) at 1300 km
0.06

1978 and 1986: L. Wolfenstein, S. Mikheyev 08
and A. Smirnov propose the scattering of v, 0.04
on electrons in matter acts as a refrective

index => neutrinos in matter have different
effective mass than in vacuum. 0.02
For Posc = P(vp — ve):

L fi L L coe b Ly
o 5 6
E, (GeV)

Brett Viren, 2009/10/02

We can determine the mass ordering (m3 > mi or m; > ms3) of neutrinos using v, — V.
oscillations over long distances in the earth.
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Mary Bishai

Brookhaven
National Lab

CPin v SM

v,, — V. Oscillations

v, — V. oscillations are sensitive to all mixing parameters contributing to the Jarlskog
invariant. With terms up to second order in o = Am%l/Amg1 = 0.03 and sin? 613 = 0.02, (M. Freund. Phys. Rev. D 64, 053003):
P(vy — ve) ¥ P(ve = vp) > Po + Pgns +  Poss  + P3
S~ N~ S—~—

~—~
613  CP violating CP conserving  solar oscillation

for oscillations in vacuum: A = Amj,L/4E

Po = sin’ Basin’ 26013 sin°(A),
Psns = a8l sin3(A),
Pess = @ 8l cot dcp cos Asin’(A),
Ps = a’cos’ Bsin’ 2015 sin’(A),

For ’7;_1. — Ve, Psin5 — _Psin S5y
—_——
CP asymmetry (670)
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Delving Deep
with DUNE

CPin v SM

v,, — V. Oscillations

v, — V. oscillations are sensitive to all mixing parameters contributing to the Jarlskog
invariant. With terms up to second order in o = Am%l/Amg1 = 0.03 and sin? 613 = 0.02, (M. Freund. Phys. Rev. D 64, 053003):
P(vy — ve) ¥ P(ve = vp) > Po + Pgns +  Poss  + P3
S~ N~ S—~—

~—~
613  CP violating CP conserving  solar oscillation

for oscillations in matter with constant density: A = Am3L/4E, A = +/2G:N.2E/Am3,

-2
Po = sin’ 623% sin[(A — 1)A],
8Jcp . . .
Psin5 = am SInASIn(AA) sm[(l — A)A],
Peoss = a% cos A sin(AA) sin[(1 — A)A],
-2
P; = a’cos’ 923% sin’(AA),

For ’7/.1. > Ve, Psinc? > _Psin S5y A— —A
—_——— ———
CP asymmetry (5540) matter asymmetry
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DUMVE v,, — V. Oscillations in the 3-flavor v SM

The v, — v. probability maxima due to the atmospheric oscillation scale occur at

Delving Deep
with DUNE Ly (km) ™ (2n —1) 515 km
7:<7)7Z ~ (2n — 1) X
En(GeV) 2/ 1.27 X Am3,(eV?) GeV
(a) Electron Neutrino Appearance Probabilty vs. L/E
>
1 0.18[—- == \/gcuum oscillations, all terms, écp =0
a i o,
P S 2 016 m— SN 2 0,, term only

0.14[f- ssssssssi Solar oscillation term only

0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.0¢
Neutrino Energy/Baseline (GeV/km)

23/72



DUMVE v,, — V. Oscillations in the 3-flavor v SM

S Brcs The v, — v. probability maxima due to the atmospheric oscillation scale occur at

with DUNE Ly (km) (7\') (2n —1) @ 1 x 515 km
= | — ~ (2n —
En(GeV) 2/ 1.27 X Am3,(eV?) GeV
(b) Impact of CP Phase on Vacuum Oscillations
. 018 E . = \/acuum oscillations, all terms, & op = 0
2 All terms, o, =+ W2
2 016 P
CPin v SM @

1
oW,
O

wsr iy,
i

,
L Yty gy,
e by s by by by by by Ly

0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.0¢
Neutrino Energy/Baseline (GeV/km)
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DUMVE v,, — V. Oscillations in the 3-flavor v SM

The v, — v. probability maxima due to the atmospheric oscillation scale occur at

Delving Deep
with DUNE Ln (km) ] (2n — 1) 515 km
:(7) 5 > =~ (2n — 1) X
Mary = En(GeV) 2/ 1.27 X Amg,(eV?) GeV
Brookhaven
Natic b (c) Impact of Matter Effects on Oscillations (3, = 0)
i 018[- == \/acuum oscillations, all terms, & ,,=0
> o016~ ""e==ssmr Matter effect at 1000km, NH
CPin v SM o

_wnnnnnn - Matter effect at 2000km, NH

wiwninn Matter effect at 3000km, NH

im0 Mattel’_ Ie‘ff'(?Ct at 3000km, IH
. ,

> &
\ ",
‘
\ utirng . x
. B 22737 «
~ ! ey, &
\\\‘ llp”' k4 v,

> tin
S R POLLLLLE PN 'lm,{,,
0

— ""%Z'L#ﬁim

-'I'l-l--l-l-l-.l--I.-l-.l.-l-ﬁl.-l--ll--l.-
0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.0¢
Neutrino Energy/Baseline (GeV/km)
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DUME  Experimental Baselines and v, — v, Event Rates

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

Delving Deep line is gi
with DUNE baseline is given as . 5 o 5
e NP (L) = Nuager [ 0V4 (B 1) X PYE (B, ) X 0 (B )AL
ary I
Brookh ) Assume the neutrino beam source produces a wide coverage that is flat in energy in the oscillation region and approximate the probability
National Lab with the dominant term (no matter effect)
C
OYH(E,,L) =~ 2’ C = number of V‘L/mz/GcV/MW/yr at 1 km
o PYMTYe(E, L) & sin® O sin? 2013 sin*(1.27Am3,L/E,)
Po
0¥ (Ey) = 0.7 x 107 *%m?/GeV/N) X Ey, E, > 1GeV

Nitarget 6.022 X 10%2N/kt

Assuming constant flux: C == 1.2 x 107 uu/m2/GcV/(MW/yr) at 1 km:

x1 sin?(ax)
x3

NP (L) 22 (2 X 10%events /(kt /MW /yr))(km/GeV)* x /
x0
For xg = 100 km/GeV and x; = 2000 km/GeV (1st and 2nd oscillation maxima)

dx, x = L/Ey, a = 1.27Am3;.

NP (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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DUVE  Latest results on ., and MH

Delving Deep 360
with DUNE Fro 1F 1E ]
e = Allowed regions from global fit 2020. el 1k 1k :

\ al Lab . L Jr 1E ]
m Colored regions (black contour curves) & 1s0f- JE JE =

. . . . A w© E N JF J1F \ ]

are obtained without (with) the inclusion E V it it V ]

of the tabulated SK-atm x? data. 90 JF 1k E

CPin v SM L r 1F ]
m The different contours correspond to the Ow mr WAy W
two-dimensional allowed regions at 350:;0“””“ O TR T T T T R T

Lo, 0, 26, 99%, 30 CL (2 dof). . @ @

270 - 4k dF -
m Atmospheric mass splitting Am3; used o
for normal ordering (NO) and Am3, for <10 ERa El E
inverted ordering (10). wh Ela Els E
I. Esteban et. al JHEP 09 (2020), 178 o “‘ ‘L‘
0.02 0022 0.024 0.4 0.5 0.6 24 25 26
sinze‘3 sinze23 |A’"§:m| il 0® eVz]

Results from current v oscillation expts still inconclusive on mass ordering and .,
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with DUNE

Beyond the v 3-flavor “standard model”

Beyond v SM
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DUME

Delving Deep
with DUNE

Beyond v SM

Physics Beyond v 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:

m 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

m 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
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DUVE  Impact of Sterile Neutrinos on Long-Baseline v Oscillations

Delving Deep Neutrino Energy (GeV) Neutrino Energy (GeV)
it BUNE 10 10 1 10" 10° 10 1 10
) ai 1-42""' ! [T LAk LA T AL L L AL W
2N - ! —
National Lab N ND ! FD ]
l_ —
> 0.8~
e 5 F am? =005 ev?
[ - 41
g 0.6: - gzd Osc).(P(E\S))u_,vu)
o - — Vu_’ve X
0.4 — P(v, V)
- — P(vu_,vr)
0.2~ — 1-P(v, -V
Ll arneell__n_n | mi_n_n_nnnoedl__n SR
10 10" 10 10° 10*

1 10
L/E (km/GeV)



DUVE  Impact of Sterile Neutrinos on Long-Baseline v Oscillations

Delving Deep Neutrino Energy (GeV) Neutrino Energy (GeV)
i BUE 10 10 1 10" 107 10 1 10*
) ai 1-42"" T [T [T LA T LA L L AL W
2N - ! —
National Lab N ND ! FD ]
l_ T 71
I~ 1
I~ 1
> 0.8~ :
e 2 | Am2 =050 eV? :
© - 41
g 0'6: — Std. Osc. P(v,-v,) E
a L — P(v,-V.)(x 5) i
0.4 — P(v, V) !
- — P(vu_,vr) !
0.2~ — 1-P(v, -V :
Ll wl : 1 SR T
10 10* 10? 10° 10*

1 10
L/E (km/GeV)



DUVE  Impact of Sterile Neutrinos on Long-Baseline v Oscillations

Delving Deep Neutrino Energy (GeV) Neutrino Energy (GeV)
with DUNE ;I.\OZ 10 1 101 102 10 1 10"
! ai o e L e L s L S LA ey L e U S e U
en - ! N
National Lab N ND ! FD ]
1 T yi

—

Sterile 1/

Am3, = 5.0000 eV?
— Std. Osc. P(v,-v,)

Probability
o
[*2]
III|III|III|III

— Std. Osc. P(v, V) (x
0.4 — P(v, V)

— P, ~vy)
0.2~ — 1-P(v, -V

) R

107 10° 10*

102 101



DUME

Delving Deep
with DUNE

Sterile L/

CP Asymmetry 3-flavor and with a Sterile Neutrino

Amfu ~ 1eV2

The charge-parity (CP) asymmetry is defined as

P(vy — ve) — P(Dp — D)

Acp:

P(vy — ve) + P(Dp — D)

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

Red: 3+0
Blue:3+1

Left panels: all
phases zero
Rt. panels:all

phases running

Solid: Max
intergrated
asymm
Dashed:Min
integrated
asymm

Top : NH
Bottom:IH

w/o phase variation, NH

w phase variation, NH

w/o phase variation, IH

w phase variation, [H

Observation of a CP
asymmetry is not suffi-
cient to determine its ori-
gin.
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I7JVE  Non-Standard Interactions

Delving Deep e Inthe Standard Model,

. Vv
with DUNE v, e v, .
Mary Bishai w z
) d u d d
National tab Lo =@ PV YT 7, B Lye = PV T7,BS)

e With new physics, we could have

Loe =" BY NIV, Ponl ) Lye =07 BY NIV, Paf")
V., /I v, V;l
d—"CCNS| ¢ d—"NCNS[ 4

production, detection propagation
0
H=U < Am3, /2E ) U + Vmsw
Am?3, J2E

m m m
1+ ece €epn  €er

\/ mx* m m
Vmsw = V2Ge Ne e €y €y
ms* mx* m
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DUME

Delving Deep
with DUNE

i
Br N
National Lab
NSI

Non-Standard Interactions

NSI could also impact CPV interpretation in long-baseline
(M. Masud, A. Chatterjee, P. Mehta arXiv:1510.08261):

1.5

r € €ec| € [0:0.1]; &, dey, der = [-11: 7] (NSI

e Lol lexcl € 103011 8,0y, dr = bl (NSD i
1k T
0.5-—

| RIS B |

E [GeV]

E [GeV]
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DUME

Delving Deep
with DUNE

M

n
National Lab

The Deep Underground Neutrino Experiment (DUNE) at
the Long Baseline Neutrino Facility (LBNF)

DUNE
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UVE  The Deep Underground Neutrino Experiment

Delving Deep
with DUNE

The DUNE xeriment: A Neutrino Interferometer

Mary Bishai
Bro en
National Lab

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

m A highly capable near detector facility at Fermilab.

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

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

Delving Deep R . . R .
with DUNE A long-baseline neutrino oscillation experiment:

National Lab \\\ m precision measurements of the parameters that

P govern v, — U, oscillations; this includes
precision measurement of the third mixing angle
613, measurement of the charge-parity (CP)
violating phase dcp, and determination of the
neutrino mass ordering (the sign of

Am3; = m? — m%), the so-called mass hierarchy

Introduction

m precision measurements of the mixing angle 6,3,
including the determination of the octant in
which this angle lies.

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

DUVIEISE A proton decay experiment:

with DUNE m complemantary searches for proton decay in

several important candidate decay modes, e.g.,
p — K"v as well as other baryon number
violating signals.

m 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

A neutrino telescope:

Introduction

m 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

A fixed target experiment:
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73UVE  The DUNE Scientific Collaboration

Delving Deep
with DUNE

As of Oct 2023
m 1508 members

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

m 37 active countries including
s CERN

m 209 active institutions
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73UVE  The DUNE Scientific Collaboration

gl DUNE Coll. Meet. at CERN, Jan 2023
e = —

Total participants : 581 In person: 354 (largest on record) Zoom:227



UME  The LBNF and DUNE Project Realization Plan

Delving Deep LBNF and DUNE were reconstituted in 2015 (CD1R) from the LBNE experiment as a

with DUNE staged program with the goal to reach CP violation sensitivity with a precision of 3o for
[Bk” i “ 75% of 6cp values as specified by the 2014 P5 (Particle Physics Project Prioritization Panel)
e LBNF/DUNE-US Project Scope Far Site
The LBNF Phase |
p’ < facility provides all
LBNF/DUNE-US Project Scope o infrastructure
= DOE Pro]Scope Phase Il Requirements needed for fU/l
(meets 2014 P5 minimum to proceed — Phase 1) (meets 2014 P5 goal) DUNE scope

Conventional * Constructed to support 2.4MW primary and neutrino ‘NONE
Facilities beamline
Introduct * Constructed to support underground Ph | & Il Near Detectol .
: . : ry—— Project schedule:
Neutrino * Wide-band output neutrino beam, 1.2MW initially, designed \ * 2.4MW capable target and new horns

Near Site

i .4 i H
Beamline to be upgradeable to 2.4MW. New decay pipe window Start of phyS|cs

Some additional cooling and instrumentation
US contribution to more capable Near Detector (Ph 1) with far detector
"NONE 1: 2029

+ For 2 detector modules  (Non-US contribution) Beamline comes
+ 1x nitrogen unit; 35 kton liquid argon for detector modules online: 2031

Near Detector+ Us contribution to the DUNE Near Detector (Ph )

Conventional * Surface and underground facilities & infrastructure for 4
Facilities detector modules

Cryostats * For 2 detector modules (CERN)

ar Site

Cryogenics * 3 x nitrogen units; 35 kton liquid argon for detector mod

¢ Detector « US contributions to 2 x DUNE LAr TPC module * US contributions to 2 x DUNE LAr TPC modules
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UVE  The LBNF and DUNE Project Realization Plan

Delving Deep LBNF and DUNE were reconstituted in 2015 (CD1R) from the LBNE experiment as a
il (212 staged program with the goal to reach CP violation sensitivity with a precision of 3o for
A 75% of 6cp values as specified by the 2014 P5 (Particle Physics Project Prioritization Panel)

National Lab DUNE Phase | detectors
=E DUNE CPV Sensitivity

m 2 FD modules: FD1 “horizontal drift” and FD 2 455 Al Systematios
“vertical drift” LArTPCs 4 Normsl Ordering

5_75% of §¢p values
m ND LArTPC detector+ muon spectrometer + Prase ll+ ACE
off-axis system

Phase |

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

Phase | FDs are currently under construction and
contributions detailed in DUNE multilateral MOU (signed

by DOE, UK, France, lItaly, Brazil and CERN on Nov 17, -,‘ LT T T
2023) 0 2 4 6 8 10 12 14 16 1\'aear§u
ND LAr, TMS and SAND straw-tube tracker prototyping

Accelerator Complex Evolution (ACE): 2023 FNAL

plan to deliver 1.7-2.1 MW by start of Phase |
43/72
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UVE  The LBNF and DUNE Project Realization Plan

Delving Deep LBNF and DUNE were reconstituted in 2015 (CD1R) from the LBNE experiment as a
il (212 staged program with the goal to reach CP violation sensitivity with a precision of 3o for
A 75% of 6cp values as specified by the 2014 P5 (Particle Physics Project Prioritization Panel)

ACEREEl DUNE Phase Il detectors

m Baseline is two additional “vertical drift”

F DUNE CPV Sensitivity
4.5F All Systematics

LArTPCs which meets all physics goals. R&D o Normsl Ordering
E 7 values

ongoing on options to enhance DUNE physics asz_fs's:,,,'m

capabilities. Non LArTPC options for FD4 could f e phasel

be considered if performance and timeline
requirements of DUNE are met.

Introduction

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

searches. P T T P O PO T PO T T
0 2 4 6 8 10 12 14 16 18 20
US presented plans for LBNF/DUNE Phase Il to 2023 P5 Years
planning effort - report to be presented publicly on Dec Accelerator Complex Evolution (ACE): 2023 FNAL
7-8, 2023 plan to deliver 1.7-2.1 MW by start of Phase |

44 /72



DUME

Delving Deep
with DUNE

Facility Status

Status of the LBNF Far Site Excavation

Excavation Subproject Status - Reached 86% on 13 November 2023

4850-71:

DUNE/LBNF Caverns at Sanford Lab

4850-72

wsol Jiwa th
R ?/M Jﬁfmf{rwi/w =5
w—;—‘\\ ‘05009-\. — 1 \L

3 ’—4850'15

Benching
4850L to 4910L
[ Bench C
I BenchD
BenchE e mjipqaei i
[ BenchF
I Bench G

48501 Excavation Completed

Excavation and Ground Support complete & accepted

Concrete Complete

Je H
o Fermilab 13 16Nov2023  C.JMossey | LBNF Status
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U VE  Status of the LBNF Far Site Excavation

Delving Deep
S B North Detector
Cavern

Mary Bishai
Brookhaven

National Lab

Facility Status
Worker, for scale

North Cavern — midpoint looking west

Performing geological survey
16 Nov 2023 C J Mossey | LBNF Status



IF7UVE  Overview of the LBNF Beamline

Delving Deep

with DUNE LBNF/DUNE
Beamline

&

° ]\ — Dune 12mw)
x — MINERVA

g 3 — NOVA ]
> —

s BNB (SBND)

& 2r 4
s Flux at near

< detectors
> x

0 e 6 8 _ 10
eoctons DUNE osc ma; il‘sand minima E, (GeV)

m Primary proton beam 60-120 GeV with initial 1.2 MW beam power (Phase 1),
upgradable to 2.4 MW (Phase I1). Embankement allows target complex to be at grade
(BNL concept)

m 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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DUVE  The LBNF Beamline Target Challenges 1<

CH Comparison with T2K T e,
* Higher beam power but lower current Beam Power (MW) 12 051
and smaller beam spot = lower proton Proton Energy (GeV) 120 30
fluence and thermal shock than T2K Beam Current (A) 10 17
Beam Sigma (mm) 2.7 4
* Longer target will require optimised Radiation Damage Severity (p/cmA2) 256421 3.1E421
deSign of cantilever support Thermal Shock Severity (p/cmA2/pulse) 1.7E+14 2.6E+14

Graphite Neutrino Targets Exploratory Map

NuMI-MINOS

NuMI-NOVA Target TA-01
(survived)

5.0E414 ‘NYOA
*

NTos@  NT-03®
NT-06 A

o
NT01® @_LONF2aMW
o

.'.M t target
‘5 | 1.2mw (7

5.06413 This Design
1 year operation

LBNF 2.4MW (ideal)

T2K 2nd Target
Still running (2020)
2.9%10' accumulated protons,
2.48x10' ppp, o=4mm

Thermal Shock Severity
(p/cm?/pulse)

’ #failedinservice & Completed Service Life A LBNF studies

1enE
Critical target material irradiation studies at BLIP
10£+20 10E+21 108422 106423

' To scale. Core length = 0.9m T2K, 1.5m LBNF Radiation Damage Severity (damage equivalent fluence, p/c?) ,
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The DUNE Far Detectors: Liquid-Argon Time-Projection

P' )
DUME Chambers

H " H H ” . .
SRV Single Phase “horizontal drift” LArTPC with 3 anode wire 1
with DUNE planes -
Sense Wires
/ B 2 v V wire plane waveforms
okh iquid Argon 2 .
)| Lab s 7
y
// 7 //
Vihaannt
14 s
Cathode / /
Plane ; 7/ |
Y / i‘-
/; Ll
Far Det: rs
\
A ——— The DUNE anode wireplane
assembly

DUNE “horizontal drift” TPC design by Bo Yu (BNL)
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The DUNE Far Detectors: Liquid-Argon Time-Projection

Chambers

The DUNE Phase | LArTPCs

Delving Deep
with DUNE

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

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

m FD2 is a “vertical drift” detector that uses 3 layers of
strips on PCBs as the charge plane readout.

starts in 2024

« cryostat installation MR
ssm\ \ \ \
\ \

Far Detectors

FD2
(vertical drift)

CRP

Charge Readout Planes

APA
Anode Plane Assemblies -
50 /72



The DUNE Far Detectors: Liquid-Argon Time-Projection

Chambers

Delving Deep DUNE Far Detectors are built by international partners contributing 50% of the detector
LS components. CERN contributes 2 cryostats to LBNF in addition to significant contrubtions
to cryo infrastructure from Brazil and Poland

High Voltage
FD1, FD2

(vertical drift)
Photon Detection Charge Readout
FD1, FD2 Planes - FD2
Anode Plane = ec 0 I I _'.— Dati DA;q;[i)szition . l =
Assemblies - FD1 Electronics — ' ==
Si== B FD1, FD2-B I l | = = —
(P S E—— - = =
Far Detectors
~ I
3 = || @51
FglAL,%z k = — Electronics
=mmm | Brookhaven — FD2-T
@ & National Laboratory Argonne o I I
— _ NATIONAL LABORATORY
= % -
— “9 “L‘gi ‘A‘Igmgg BERKELEY LAB
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DUME

Delving Deep [

with DUNE

Mary Bishai
Brookhaven
National Lab

Far Detectors

DUNE Prototypes @ CERN Neutrino Platform

NPO02: FD2 vertical \\E\\\
drift protoype @

''''''

PO4: D= |1
izontal drift ;'. i |
protoype

\ThevProtoDUNE@ le 0)
¥ severalfgll@ 'ij:}lef

uFD/ " rthers and CERN. P rfosmance caHb)
tést beams at CERN NP. )




I7UVE  Neutrino Interactions in DUNE Far Detectors

Delving Deep DUNE FD1-HD DUNE FD1-HD
el -simulated 3.0 GeV v, |l simulated 2.5 GeV'v, -
b i
National Lab

Far Detectors

proton
ProtoDUNE DATA

200 300
Wire Number

)
~
o
c
c
IS
<
S
L
<
S
=
)
o
—
IS
c
O




DUNE Near Detectors - Phase |

ND-LA: liquid argon TPC near detector
TMS: The Muon Spectrometer

N ~ SAND: System for On-Axis v Detection
PRISM: off-axis movement system

i BUNE DUNE Near Detector (Phase |)
Mary Bishai » Two components of the DUNE  PRISM

[%’Unih Lab near detector:
- ND-LAr + TMS (moveable)
- SAND (stationary)
<«
‘ ND that is
functionally
identical
to the FD
Near s (moveable off-axis)
TMS

neutrino
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7UVE DUNE Near Detectors - Phase |

Delving Deep

ND-LA: liquid argon TPC near detector
with DUNE DUNE Near Detector (Phase |) il égﬁs%@w:ﬂjpgﬁffxmaﬂeémm
ISM: off-axis movement system
» Just as with the FD, there are PRISM
multiple national and international
partners contributing to the ND : :
. b o 0
* Our partners — 7 o S
have been S W, ‘& 27 d — A
prototypes & Par : ST 4 BERKELEY LAB
sending , . > 5
detector ‘ A #~ NATIONAL
Z — —= ACCELERATOR
components W Dota Acquisition | e B " WN\as# L ABORATORY
Near Detectors . |n the US, major

ND
“I'A’
L

=

Argonne &

NATIONAL LABORATORY

contributions from
LBNL (pixels!), SLAC,
ANL, FNAL, & Universities
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7UVE DUNE Near Detectors - Phase |

Pl DUNE Near Detector Status (Phase |)

» We are also building prototypes of the near detector
«  2x2 Demonstrator in NuMI beam at Fermilab
Full Scale Demonstrator (FSD) of ND-LAr

 Important to test pixelated, modular design

. - . 6001~ \\\

* Like with the protoDUNEs, we will be N
getting physics out of ND prototypes 7

L AN 1R, |

* ND-LAr 2x2 Demonstrator is being | E L |

installed in the NuMI beam ——— - .

Vo maaes ot r |

Rt - this will be the first v data from DUNE kg |
. : fully inst ted A7 7 :

« Also, KLOE magnet is currently being e b Y

disassembled in Frascati for shipment  ND-LAr module operating ~ +,2 \L=—,

7 250

tO Fe rmllab fOF SAND INFN National Insttute for Nuclear Physics atu Bern, Switzerland

250

UNIVERSITAT BERN

S,

A
f(reeeer U

BERKELEY LAB
ol A

P I\
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Mary Bishai
Bro en
National Lab

DUNE Phase Il R&D

Phase Il R&D
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DUVE  LArTPC R&D Approaches

Delving Deep —
with DUNE |Energy Deposits in LAITPC|

B
kh
Na | Lab

Observables — - T —
lonisation electrons | Primary scintillation light

in drift volume

Detected Signal

Carriers

Wires (FD1)
Phase Il R&D ) _ X-ARAPUCAs (FD1/2, FD3/47?)
Readout Options Strips (FD2, FD3/4?) EMCCDs (FD3/47?) .
Bare SiPMs (FD3/47)
Pixels (FD3/47?)
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Increasing light collection (x10)

APEX system: light collectors deployed on field cage: FD3/4

Delving Deep
with DUNE
3D Model: View to the
inside with-PD
instrumented Field Cage
n
cryostat membrane walls § - Z
- behind the field cage Z
Using FD2 technological Thim stretched out =
breakthroughs like power-over-fiber Arapuca light collectors
and signal-over fiber to increase #==mounted on field cage
Phase I Re:D light collection by instrumenting the using POF and SOF to
operate in high fields

field cage.

50% of energy deposited in LAr is in light = improved calorimetery and energy resolution
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DUME

Delving Deep
with DUNE

Phase Il R&D

Water Based Liquid Scintillator FD4 - “Theia”

New
~1 technologies
make this
possible

70m

18m

THEIA25

Hybrid signals allow broad extension of DUNE physics
+ CP violation with comparable sensitivity to 1 DUNE module

* Low-Z target allows cross check with Hyper-K

« Requires changes to ND suite
+ Precision low-energy solar neutrinos (CNO, pep, 8B MSW transition)
+ Diffuse supernova background neutrinos
* Literally complementary supernova burst signal: anti-v, vs. v,
+ Eventual OvBp experiment with sensitivity beyond inverted ordering

Novel light sensors: LAPPDs,
dichroicons

Broad international community interest, with
opportunity for new funding sources
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DUNE Near Detector Phase |l

SN DUNE Phase Il ND Workshop, ICL, JUNE 2023
Mary Bishai ND-GAR AND ITS REQUIREMENTS: . Upgrade ideas for ND-LAr

Brookhaven No-M2 feiean m"; Aim is to suggest additional potential modifications to ND:
National Lab LAr that might enhance its capabilities

ND-C3.2 ND-GAr shall detect protons with KE >10 (5 MeV goal) + Upgrades without touching the

ND-C3.3 ND-GAr shall detect charged pions with KE >20 (S MeV goal) nner detector hardware or emptying LAY

+ Xenon doping

ND-C34 ND-GAr tcharged tra + Upgrade of the Off.detectorelectronics

ND-C3.5 ND-GAr shallidentify charged particle types with better than 3 Ba i i 2 pa

ND-C36 ND-GAr shall identify and reconstruct photons with energygr  + Some hardware modifications (empty LAr)

than tbd and energy resolution better than T * By berading optics evectors (L class)
ND-C3.7 ND-GAr’s calorimeter shall measure the timing for at least one + Replace charge tles of a module with smaller pixels and lower thresholds
neutrino interactions with TBD timing resolution + Photosensiive dopa

+ Use Radio-Pure Undereround Ar

significant Mol

v HNL - Future Sensitivities

Requirements were motivated by.

® 0.5 Tesla superconducting solenoid with “partial yolk” e  Studies showing the inability to fully characterize 0
+ 10Bighpamen saaene T AT o i -
smox Takeaways
O(1ton ~ 02
Refurbi P |
o CALICE-ins| econstruction |
IR - oo Dot
o Instrumente 10t
o5 S
LBNF/Di o
10 T,"L
s
z - T0("Ge)
Phase Il R&D = 102y
00
" -
© DUNE-ND (especially with Phase II) will P 10 o T - : L
redefine our understanding of dark sector T g e Bolton, FFD, Dev  Direct search limits: (Gev]
searches. Let's take advantage of it! = [Moriond 2022 my [Ge

Frank Deppisch | Probing the Nature of HNLS | 21/06/2023
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DUNE Physics

Highlights
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UVE DUNE Long-Baseline Oscillation Measurements

De_'tVyi‘"gL?ﬁEP DUNE Phase | - determines the mass ordering
Wi
Varying 6, Varying MO and sin’0
;s cp ying and sin‘d,,
Mary Bishai Data PO‘PtSZShOW NO, % f e —NO 8, =2 3 100 oomeros, RO
Brookhaven 8., =0, sin0,, = 0.5 A e NO de= w2 & ooty — o
National Lab g "F b NO 5, =0 $ *F T Nounie-080
g
5 el i
Neutrino mode - =
a0
20—
Phase I T 3
Reconstructed E, (GeV) , (GeV)
3 BWERD . NO O, = -2 z
g WELITIY NO = w2 ¢
T wf } NO 35 =0 T'"-:
e <
- > owf
Antineutrino mode
b
10 10
DUNE Physics ; 5 5 L ; ; ; ; ; ;
Highlights Reconstructed E, (GeV) Reconstructed E, (GeV)

Rich spectral information = unmatched sensitivity to osc. parameters
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with DUNE

DUNE Physics
Highlights

Data points show NO,
8., =0,sin’0,, =0.5

Neutrino mode

Phase IT

Antineutrino mode

V47, per 0.5 GeV

V4, per 0.5 GeV

DUNE Phase Il - measures ., 63 octant

Varying &,
whEL o=z
aoof- sopets — NO §gp = 72
oo } NO 35 =0
600
500
400
300
200
100

) s \ | h
1 2 3 4 5
Reconstructed E, (GeV)
hmmsey = O bp=or2
0 Sinees  — NO 8¢, = W2
300f- t NO 3,,=0
250
200
150
100
sof-
, \ \ , ,
1 2 3

Reconstructed E, (GeV)

4+, per 0.5 GeV

V47, per 0.5 GeV

DUNE Long-Baseline Oscillation Measurements

Varying MO and sin’0,,

DUNE FD +,
Stat orrors only
i)

DUNEFD v,
350 staterrors only
By =0

Reconstructed E, (GeV)

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

Delving Deep
with DUNE

Brookhaven
National Lab

DUNE Physics
Highlights

CP Violation Sensitivity Mass Ordering Sensitivity

12 — 35 —

| DUNE Sensitivity (Staged) — 0, = -2 DUNE Sensitivity (Staged) - 5, =2

| All Systematics 50% of ., values All Systematics mm 100% of 5., values

: 75% of &, values : M L

I Normal Ordering Nominal Analysis 30 Normal Ordering —— Nominal Analysis
10}~ sin26,, = 0.088 +0.003 + 8,5 unconstrained sin’26,, = 0.088 +0.003 s @5 UNCONStrained

| sin®0,; = 0.580 unconstrained

sin%6,; = 0.580 unconstrained

c....I....I..-.I....I....I.-..I...-

0 2 4 6 8 10 12 14 0 1 2 3 4 5 6 7
Years Years

DUNE will determine MH unambigously and CPV to 50 (50% of d.,)

65 /72



DuUVE BSM Searches with DUNE

Delving Deep Sterile v Searches Inelastic Dark Matter Scattering
with DUNE
) p—scat: DUNE—-40 kt-yr, 0 BGs and HK-380 kt-yr, 0 BGs
Mary Bishai 10? T T T T a
B h | F § E
National Lab C ] 1073
10 3
1 DUNE | \ ERRE
& FE Simulation 3 S
o C S ]
L oL —DUNEND.D SN GL i
T E — DUNE FD-Only 90% C.L. 2 DUNE (My, M. 8M) = (2000, 50, 10) McV
(\é = < === DUNE (Mg, M. M) = 2000, 50, 30) MeV
5 £ !Kopoelal. (2013) 3 —— DUNE (My, My, 0M) = (6, 0.4, 0.5) GeV
[ [Z}Gariazzo et al. (2016) - J s e HK  (My, My, OM) = (6, 0.4, 0.5) GeV
102 & [Jsnpsos CL =
E — MiniBooNE 90% C.L E 001 0.02 005 01 02 05
[ —NOMAD90% CL. ] My [GeV]
1073 | - KARMEN290% C.L. \ -
E — MINOS and Daya Bay/Bugey-3 90% C.L 3
DUNE Physics [ = SBND + MicroBooNE + T600 90% C.L. ]
Highlights

10—4 PRI R ATTT IERTTTT IR ETTIT AR ETITY MR ETTT B W AT M
10° 107 10° 10° 10 10° 102 107
2 2
sin’28,¢ = 4IU,,F1U |

—_
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Mar ai

DUNE Physics
Highlights

Supernova Burst Neutrinos in DUNE

m DUNE has unique sensitivity to the v.
flux

m Studies using v. electron scattering
indicate 5% pointing resolution

Likelihood map o o
- true supernova direction

—— 1> .

058 0.50 o0
Confidence lovel

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

m Phase II: Reach extends beyond Milky
Way. Enhancements to LArTPC design
in Phase Il could signficantly improve
low-energy physics.

L (10% ergsls)

10 kpc supernova burst !

Cooling 1

Infall Neutronization Accretion
—Vs
10 J\\ s 3:
1
0.1
10?2 107 1 Time (seconds)
. DUNE v
: a_—t—j:—f*:’::l—t—fj
S
0‘1 0. ‘15 02 0. I25
Time (seconds)
Ve V, Vy
DUNE 89% 4% 7%
SK' 10% 87% 3%
JUNO? 1% 72% 27%

1Super-Kamiokande, Astropart. Phys. 81 39-48 (2016)
2Lu, Li, and Zhou, Phys Rev. D 94 023006 (2016)
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DUNE Physics
Highlights

Preliminary Physics Results from ProtoDUNE Data

1 GeV/c pion data
L e e R o RS NARAaRanas nase-
900 - -
BOOE Preliminary E
3 (Stat. only) E
700 by -
600~ th =
500 - 3
400 . : 3
£ m-Ar total inelastic E
300 - ——— Geant4 v4.10.6 =
200F ~—— simulation 3
100 —— Observed 3
fo) =S N DU RN P PR SR P P .
0 100 200 300 400 500 600 700 800 900 1000

DUNE:ProtoDUNE-SP

Kinetic energy of pion (MeV)

0Inelas. (mb)

1000 2t

ProtoDUNE-SP
T

1 GeV/c proton data
T T

I e e AARASRasasnassseaass nuass EESSS:
900F- 3
E Preliminary E
S0°F (Stat.only)
700 —
600 —=
soof M t —f
400 : : 3
p-Ar total inelastic E

300 —— Geantd v4.10.6 E
200 ——— Simulation 3
100 —— Observed _E
Y T I I DTS PR R R N P .
o 100 150 200 250 300 350 400 450

Kinetic energy of proton (MeV)
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DUNE Physics
Highlights

DUNE Publications and Conference Proceedings 2023

Muon energy reconstruction for applications in neutrino astronomy in the DUNE far detector
JINST 18 (2023) 10, C10026

The SAND detector at the DUNE near site Nuovo Cim.C 46 (2023) 4, 101

Production and testing of the large-area photon detector ArCLight JINST 18 (2023) 06, C06008
Scintillation light detection performance for the DUNE ND-LAr 2 x 2 modules JINST 18 (2023) 04, C04004
Impact of cross-section uncertainties on supernova neutrino spectral parameter fitting in the Deep
Underground Neutrino Experiment Phys.Rev.D 107 (2023)

Slicing with deep learning models at ProtoDUNE-SP J.Phys.Conf.Ser. 2438 (2023)

Sparse Convolutional Neural Networks for particle classification in ProtoDUNE-SP events
J.Phys.Conf.Ser. 2438 (2023

The role of protoDUNE-SP in future oscillation physics PoS NOW2022 (2023) 029, PoS 029 (2022)
Sensitivity of DUNE to low energy physics searches PoS ICHEP2022 (2022) 621

. Highly-parallelized simulation of a pixelated LArTPC on a GPU JINST 18 (2023) 04, P04034
. Detection efficiency measurement and operational tests of the X-Arapuca for the first module of DUNE far

detector JINST 18 (2023) 02, C02064

. Light detection with power and signal transmission over fiber JINST 18 (2023) 02, C02029
. Identification and reconstruction of low-energy electrons in the ProtoDUNE-SP detector

Phys.Rev.D 107 (2023) 9, 092012

. Reconstruction of interactions in the ProtoDUNE-SP detector with Pandora Eur.Phys.J.C 83 (2023) 7, 618
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DUVE  Summary

Delving Deep Neutrino long-baseline oscillations offer a unique opportunity to search for CP violation, unravel

il (212 the mass ordering of neutrinos, and search for physics beyond the Standard Model.

i : = LBNF/DUNE are “best-in-class” facilities/experiment for precision measurements of

National Lab neutrino oscillations with unique sensitivity to Supernova burst astrophysics and
beyond the Standard Model searches in both near and far detectors

m 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.

m 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

m 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.

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