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DUNE mission and concept

What is the origin of the matter-antimatter asymmetry in the universe?
. What are the fundamental underlying symmetries of the universe?
. Is there a Grand Unified Theory of the universe?
. How do supernovae explode? New physics from a neutrino burst?

1300 km
< >

South Dakota

Sanford

Underground : %
Research z iy . - - SN X
Facility iles ~ =223

Chicago

Fermilab

+ New and very bright neutrino beam from Fermilab (LBNF)

» A highly capable Near Detector at Fermilab to measure the unoscillated neutrino
(spectrum, flux and cross-sections constraints)

+ Alarge LArTPC deep underground at SURF (Lead (SD) 1300 km baseline) to
measure oscillations and non-beam physics

v EXxposure of ~7 years to v/ v modes (50% / 50%)
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1129 collaborators from 188 institutions in 34 countries

DEEP UNDERGROUND
NEUTRINO EXPERIMENT
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Far Detectors technologies

Single phase

uvzx V wire plore waveforme.
Liquad Argon TPC 4 (; y

.
'

X wire plane marselooss

* Horizontal drift, 3.6 m drift distance
» Anode wires immersed in LAr

» Vertical Anode and Cathode Planes
Assembles (APA, CPA)

* 1 collection + induction planes, rotated at ~37
degrees + 5 mm wire pitch

* Photon detectors: light guides + SiPMs in
APAs — fast triggering light + calibration

L~ 4

Dual phase

-G AN
* Large ~12m vertical drift

» lonisation extracted and further amplified in
Gas

* LEM electron amplifier

* 1 collection + induction planes, rotated at
calibration

* Possible better resolution but more
detector off challenges

 Bottom PMTs for prompt light collection

e Liquid Argon

~—PMT
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Readout

FE === = = Large
- 2F . _'.—li-—‘ff;'*L-w " Electron

P = ===

R = = , W o Multiplier

P 7 = = | \ O
v / / | \ \
& R L1 AL N ™y Extraction

<\ Grid
3
.
l E

Cathode




S A )= DEEP UNDERGROUND
/m= NEUTRINO EXPERIMENT

Free-Standing Steel Cryostat Design

External (Internal) Dimensions

0 Stainless steel primary membrane
0 Plywood board

9 Reinforced polyurethane foam
0 Secondary barrier

9 Reinforced polyurethane foam
@ Plywood board

0 Bearing mastic

9 Steel structure with moisture barrier

Membrane cryostat

(62.0m) L

19.1m (15.1m) W x 18.0m (14.0m) H x 66.0m
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DUNE: Far Detector - Single phase LArTPC

Photon detectors integrated in

APA
/’,/
‘ /
! N\ YV
4957
12m ~ A
\ 405 /
. /
N //
N Wil T - -
TH- 'l g —
I .ﬂ
Ar Cathode planes Anode planes Cathode planes Anode planes A single unit of Anode Plane
node planes Assembly (APA) composed of 2560
14 m
7

wires for charge readout
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DUNE: ND at Fermilab

e DUNE ND design concept is an
integrated system composed of four
main components working together:

1)  ArgonCube (LArTPC)

2) MPD (Multi Purpose Detector)

3) SAND (Beam Monitor)
4) DUNE-Prism (ArgonCube+MPD off-axis)

Kirk

e Primary purpose is to constrain
systematic uncertainty for

long-baseline oscillation analysis
o Constrain flux, cross-section,
and detector uncertainties

LAr Detector )

( MPD Detector \

300 t High Purity Liquid Argon S percongéngllngal:/;i?:;:e(ro D:07Y) <
Pixelated Readout Electronics _
emovable Detector Segments

Pressurized Argon Gas TPC

( SAND Detector )

Superconducting Magnet (0.6 T)
100 t Calorimeter

3DST, TPC or Straw Tubes
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DUNE: ND at Fermilab

x10°°

e DUNE-PRISM: % I R :
o ArgonCube and MPD move of > wf s"l l | N At 3

. o -3 P y ——— y-mode 33m Off-axis

axis to sample flux § oF A i

m 30m off axis proposed % ;

. > 20 3

motion & 5

m Allows to deconvolve flux “t _ S 3
and Cross SeCtion 00,0 0b 1.0 15 20 ‘ 2j5 3.0 35 4.0 4..5 5-.0

Energy v, (GeV)

e SAND does not move
o Beam monitor for stability

Beam axis

MPD / Beam axis
ArgonCube
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DUNE: v oscillation physics
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V’s oscillations

Neutrino mixing:

Flavor eingenstates (interaction) don't coincide with mass

eigenstates (propagation)

flavor (a = e, y, 1) © linear combinations & mass (i =1, 2, 3)

Va)

=20

|Vz

Uel
= | Uy
E UTl

—_

< D
Ue2 Ue3 ]
U 2 U w3
U. T2 U. T3

Vi) = EUai Vo)

_

Y ,
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
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V’s oscillations

Mixing angles = (0,,,0,,,0.,) ,  0.pis the CP-violation phase
1 0 0 C13 0 6i6(i3p813 ci1o  S12 0
Upvns = | 0 co3  So3 0 1 0 —S12 Cc12 0
0 —S893 (o3 —ei&"‘p813 0 C13 0 0 1
1 1 11
atmospheric reactor solar
where: C_, = COS GGB : S, = Sin GGB

Nonzero BCP ———> neutrinos and antineutrinos oscillate different
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V’s oscillations

e Standard Model:
o allows CP-violation in weak interactions.
o CPT are invariant.
e Under CPT: neutrino and antineutrino oscillations are
equivalent
o P(v, —v) = P(anti-v, — anti-v)) where | = e, p, 7.
e CPT invariance was tested:
o measurements of v. — v _and anti-v. — anti-v
, " u M u
survival probabilities,

no evidence for CPT violation was found.
MINQOS Collaboration , Phys.Rev. D84 (2011) 071103

e Asymmetries in neutrino versus antineutrino
oscillations arising from CP violation:
o can only be accessed in appearance experiments!
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V’s oscillations: 8CP via disappearance

Plv,—v.) 2P, —>v,) 2P+ Pansg +Poss+ PBs
CP violating

Py, = sin? 023‘(8212_—2?; sin’[(A — 1)A],

P; = a?®cos®fy3 sinié@lz sin?(AA),
ﬁ:a(r_\fe;sn:i_?‘:: " e Pans = « y (8fp 7y sin Asin(AA) sin[(1 — A)A],
CPconserving —» Pross = aSch’ fit jl(;P cos Asin(AA) sin[(1 — A)A],

where:

1
JEINS (= 3 sin 201 sin 20,3 sin 2053 cos 13 sindep.  « A = Am3 L/AE, . A =+/3GpN,2E JAm3,. -
’ ’ ’

a= |Am§1|/|Am§1|
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V’s oscillations

What we do know:

Ua|® > |Ue2|? > |Ues|?
| |

Am?2, = Am?2, ~ 7.5 x 107° eV?
Am?2,. = |Am3,| ~ 2.5 x 1072 eV?

atm —

sin? 6y, ~ 0.31
sin® fys ~ 0.45-0.55
sin2 013 ~ (.02
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V’s oscillations ——

What needs to be determined.: e M B

> Normal :’C' Inverted
“\'3—0 e

-

v
e Mass hierarchy / splitting:
o sign of Am, 2
s Am,, >Am, (NH) ? .,
s Am,, <Am, (IH)?

X. Qian & P. Vogel, arXiv:1505.01891

AMin

EiA"‘z ———

sol

e 0, octant:
o dominant flavor in v,?
if 6,,=45° - symmetry,
which constrains quark-lepton universality
e CP-violation?
o Baryon Asymmetry @GUT scale can be related to low
energy CP-violation in leptons.
—observable in v oscillations
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DUNE oscillation physics

V —>V
M e

1300 km
Normal MH

s =2
3 0.12F L p=imi2

— 0,, = 0 (solar term)

Neutrino Energy (GeV)

10

1300 km
Normal MH

s =2
.-
L 3 =+m2

— 0, = 0 (solar term)

107 1
Neutrino Energy (GeV)

10

17 E. Kemp | Neutrinos in DUNE: long-baseline oscillations and non-beam physics

O sune

UNICAVIP



DUNE sensitivity: disappearance spectra

Reconstructed v, energy (CC-like events)

~
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Reconstructed Energy (GeV)

DUNE v, Disappearance
sin’0,, = 0.580
AmZ, = 2.451 x 10° eV?

—— Signal v, CC

v, CcC

W NC

B (V. + V) CC
(v.+Vv)CC

5 6 7 8
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N
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3 4

DUNE v, Disappearance
sin’0,, = 0.580
AmZ, = 2.451 x 10° eV?

—— Signal v, CC

@ v, CC

S NC

B (v + v,) CC
(v.+ V) CC

5 6 7 8

Reconstructed Energy (GeV)

e DUNE Monte Carlo sim & reco chain
e exposure: 3.5 year
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DUNE sensitivity: appearance spectra

Reconstructed v_energy (CC-like events)

DUNE v, Appearance
Normal Ordering
sin°20,, = 0.088
sin®0,, = 0.580

DUNE v, Appearance
Inverted Ordering

3¢p = 0, sin’20,, = 0.088
sin®0,, = 0.580

-
[*2]
o

........

-y
(*2]
o

—— Signal (v, + V) CC

Events per 0.25 GeV
S
(=}
Events per 0.25 GeV
S
[=)

—— Signal (v, + V) CC
120 1: [ Beam (v, + v,) CC 120 B Beam (v, + v,) CC
|, L = NC e 200 NC
E o (V + V, ) Vv, CC
100 o vice 100 = e
80
e §p = =T0/2
60 i

ceer Bgp = +T/2

.....

H NH

i 2 3 4 5 6 7 8 1 2

3 4 5 6 7 8
Reconstructed Energy (GeV)

Reconstructed Energy (GeV)

e DUNE Monte Carlo sim & reco chain
e exposure: 3.5 year
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DUNE sensitivity: appearance spectra

Reconstructed v_energy (CC-like events)

70

60

50

Events per 0.25 GeV

DUNE v, Appearance
Normal Ordering
sin22e13 = 0.088
sin?0,, = 0.580

—— Signal (v, + V) CC

@ Beam (v, + V,) CC

I NC

e (v, +v,)CC
(v; + v;) CC

8

Reconstructed Energy (GeV)

Events per 0.25 GeV

70

60

50

40

30

20

10

DUNE v, Appearance
Inverted Ordering

Scp = 0, sin20,, = 0.088
sin®0,, = 0.580

—— Signal (v, + V) CC
R Beam (v, + V) CC
S NC

B (v, +v,)CC

(v. + v;) CC

2 3 4 5 6 7 8
Reconstructed Energy (GeV)

e DUNE Monte Carlo sim & reco chain
e exposure: 3.5 year
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DUNE sensitivity: analysis strategy

Events per 0.25 GeV

DUNE simulation

DUNE v, Appearance
160, Ve e Normal Ordering
sin®2,, = 0.088
sin®0,, = 0.580
40 3.5 years (staged)
—— Signal (v, + v,) CC
120| [ Beam (v, + v,) CC
~NC
. (v, + v,) CC
100 B (v, + v) CC
80
60
40 P

Rl 5 6 7

3 8
Reconstructed Energy (GeV)

Events per 0.25 GeV
&
=)

DUNE v, Appearance
Normal Ordering
sin'26,, = 0.088

sin'f),, = 0.580

3.5 years (staged)
—4— Signal (v, + v,) CC
B Beam (v, + v,) CC
N NC

B (v, + v,)CC

B (v, + V) CC

e g = ~XI2
—{cp = o
ons g = 402

ND Constrains |

e
b

§ 6 7 8
Reconstructed Energy (GeV)

Oscillation Parameter

3 800 DUNE v, Disappearance 3 %0 DUNE v, Disappearance
© 700 sin’,, = 0.580 P sin’,, = 0.580
| V# Ami, = 2.451 < 10° oV? q 300 Am2, = 2.451 < 10° oV
= 3.5 years (staged) x 3.5 years (staged)
& 600 —4— Signal v, CC 3.250 —4— Signal v, CC
: = . =5
@ 500 ) e vy ¢ ¥,
@ PP @ 200 e v)0e
400
150
300
200 100
100, 50
T2 1t T 3T 3 % &t 6§ € 73
Reconstructed Energy (GeV) Reconstructed Energy (GeV)
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DUNE sensitivity: Mass Hierarchy

a2

Mass Ordering Sensitivity Mass Ordering Sensitivity Mass Ordering Sensitivity
35 40, - 40,
- DUNE Sensitivity (Staged) W 3, = /2 DUNE Sensitivity —— 7 years (staged) DUNE Sensitivity —— 7years (staged)
[ All Systematics B 100% of 3, values All Systematics === 10 years (staged) All Systematics “ 10 years (staged)
30 [ Normal Ordering —— Nominal Analysis 35—Normal Ordering = Median of Throws 35 Inverted Ordering = Median of Throws
[ sin?20,,=0.088£0.003 .. 6,, unconstrained sIn2291 ,=0.088 +0.003 1o: Variations of s|n22913 =0.088 +0.003 1o Variations of
[ sinze,3 =0.580 unconstrained 0.4< sin’ﬁ,s <06 statistics, systematics, 0.4< sin2923 <06 statistics, systematics,
and oscillation parameters 30 and oscillation parameters

25

NH IH

520
15
10f
J FENERENIENETERENENEEE FEEE T AT I AT c-lllIIIIIIIIIIIIIIIlIIIIIIlI'IIIIIIIlIIl
0 1 2 3 4 5 6 7 -1 -08-06-04-02 0 0.2 04 06 08 1 -1 08-06-04-02 0 02 04 06 08 1
Years Sep/m 8

e DUNE will be able to establish the neutrino mass
ordering in 2-3 year on 100% o, values from the
start of the data-taking
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DUNE sensitivity: CP violation

CP Violation Sensitivity CP Violation Sensitivity CP Violation Sensitivity
12 =
| DUNE Sensitivity (Staged) 5= ‘72 - DUNE Sensitivity ——— 7 years (staged) - DUNE Sensitivity = 7 years (staged)
. All Systematics o edids gg; e 12~ Al Systematics 10 years (staged) 12}~ All Systematics 10 years (staged)
. F ;‘i‘:lz’;‘e" 0':::;‘2 i —— Nominal Analysis " Normal Ordering —— Median of Throws " Inverted Ordering = Median of Throws
— 3= 0.088 £ 0. L S 6, unconstrained B i 220 =0.088 +0.003 1o: Variations of B 2 =0. +0. 1o: Variations of
- sin’,, = 0.580 unconstrained P e 2 850 statistics, systematics, - ol 2913 2 0,590,003 statistics, systematics,
| 10f-0.4 <sin“6,;<0.6 10}-0.4 <sin°0,; < 0.6
B and oscillation parameters B and oscillation parameters
- 8
5 o e
: 5|
. g
. | _ i
0o 2 4 6 8 10 12 14 -1 -08-06-04-02 0 02 04 06 08 1 91 0.8-06-04-02 0 02 04 06 08 1
Years Ocp/n Sep/m

e 5 sigma sensitivity is an ultimate goal for definitive
discovery
e FD + ND detectors systematics
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DUNE sensitivity: 0,,, octant

10¢ 0.75

DUNE Sensitivity 10 years (staged) " DUNE Sensitivity —— 7 years (staged)

9 All Systematics [ 15 years (staged) - Normal Ordering ——— 10 years (staged)
Normal Ordering ——— Median of Throws 0.7 — sin?20,, = 0.088 unconstrained ~——— 15 years (staged)

. 1c: Variations of B

sin?20,, = 0.088 + 0.003 [ 90% C.L.(2d.0.f.)

8 L statistics, systematics, NuFIT 4.0 90% C.L.

and oscillation parameters o 65 ¥ "True" Value

7 -
8 W mon -
¥ <O =
] E
O B
4 e
3 -
= € 3 & ol
2 :
1 3
0IIIIIIIIIIlllllllIl'lIlllI|l|||l||| 035:lIIIIIllIIIIlIlIIIIIIIIIIIIIIIIIIIIIIII
0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 21 08-06-04-02 0 02 04 06 0.8 1
sin?e,, Scp/m

e Non maximal mixing — Larger significance
e Longer exposure — degeneracy removal
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DUNE: SN vs detection

50PERG:HNT :égu‘m%
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SN explosion™ in one slide

Within a massive, evolved star * Type-Il from gravitational collapse

(a) the onion-layered shells of
elements undergo fusion,
forming an iron core

(b) that reaches
Chandrasekhar mass and
starts to collapse.

(c) The inner part of the core is
compressed into neutrons

(d) causing infalling material to
bounce

(e) and form an outward
propagating shock front (red).
The shock starts to stall,

(f) but it is re-invigorated by

neutrino interaction. The
surrounding material is blasted
away leaving only a degenerate
remnant.
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3 phases of SN v emmission

Luminosity [10°" erg/s]

Average Energy [MeV]

slide from

Amanda Weinstein

Ve Burst Accretion Cooling
T I T 14 T ] L]

explosion

88353833

Garching model (25 Mo)

% 0 2 40 600 02 904 08 08 0 2 4 6 8
Time [ms] Time [s] Time [s]
Neutronization burst Accretion phase Cooling phase
* Shock breakout * Shock stalls ~150 km » Cooling on
* De-leptonization of » Neutrinos powered by neutrino diffusion
outer core layers infalling matter time scale
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|. Tamborra et al.,

SN V SpeCtral featur'es arXiv:1211.3920v2

v, N

X
T quasi-thermal distribution

vV, 261ms
X

fu(E) x E e (a+1)E/Eav

| E_,: average energy

N (B )= B < (B

(v-sphere temperature)

| |
.5 L [
Vy 1991ms

& 1
VX,1991ms . .
a : pinching parameter

(deviations from thermal

spectrum)

: i la falelelak
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 50 60
E (MeV) E (MeV) E (MeV)

f, (s
S S
|||.|'I v|-|.|'|-|.|‘1“ RETTT ERRTTTTT B il
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DUNE: SN v signal slide from

Ines Gil-Botella

w

Cross-sections: v,Ar

vy
o

g e * Elastic scattering (ES) on electrons
. w i e XTAYNG
% 10° it ] Ve s v+e
g  Charged-current (CC) interactions on Ar
2 10°
=]
5 AT — 0K* + @ Eves 4.0 MeV
103 Ve + 40Ar — 490C]* + e+ Eve>7.48 MeV
” * Neutral current (NC) interactions on Ar
/' v + 490Ar — v + 40Ar* | Ev>146MeV
0 10 20 30 40 50 60 70 80 90 100
Neutrino energy (MeV)
Possibility to separate the different channels by a classification of the associated
photons from the K, Cl or Ar de-excitation (specific spectral lines for CC and
NC) or by the absence of photons (ES)
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DUNE:

SN v rates and spectrum

* Other experiments rely on'v_
capture via inverse (3-decay

o complementarity
* DUNE will be able to

observe the v_ flux through

capture on Ar40
* Unique sensitivity to the

electron flavor component

of the flux

* Provides information on
time, energy and flavor
structure

E 40;_ 40
g 35 -Ve 40AI'
g v Ar
) 30
S .. F
@ 25F
20 .
<l time
integrated

10 15 20 25 30 35 40
Observed energy (MeV)
..g Infall !leutronizatior! Accretion ) Cooling I
@ 70 .| : — 40
W sigial evolution ~ HV. Ar
= : Bv. Ar
o 60 ' e
@
50

B
o

w
o

N
o

=
o

102 107

1rime (seconds)
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DUNE: Supernova Detection

* Requires an efficient
non-beam trigger

 Rates depend on core
collapse model, v
oscillation models,
and distance.

 Expect > 3000 events

from a supernova at
10 kpc

Galalaxy Edge L'MC

Amiromeda

Number of interactions
5 B
N w

=
(=]

=

10"

| 40 kton

10 kton

=
=
N

= ||||||||l lllllml llllrml lllll|T1 T TTIT

10

2

1 3
Distan?:e to supernova (kp(J:')0
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Supernova v oscillation effects

e Different oscillation physics in ____Neutrino Antineutrino
neutrinos propagation from the --- v, initial ==+ ¥, initial
stellar core to Earth 5 | A8 il — o

- Collective effects: P42 — VeSS A, — VRS

1 b \
r <200 km 91, &
- MSW effects : = ey
r> 200 km A ..
A. Dighe, A. Smirnov S N
Phys.Rev. D62 (2000) 033007 i
- Vacuum oscillations: s
from SN to Earth labs | ks
© | [
e Flavor-specific burst evolution S| S : W
carries information about mass £\ N
ordering and SN processes o N\ -‘ N
e Key requirements: E (MeV) E (MeV)
o Energy resolution <10% Duan & Friedland, Phys. Rev. Lett. 106 (2011) 091101
o Energy threshold ~ 5 MeV _ S
Collective effects imprints
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DUNE: Baryon Number violation

slide from

_ . Ryan Patterson
Many avenues for searches DUNE simulation
63 MeV K* .
* Baryon number violation P S
General feature of GUTs. Rich model space. "
Many search modes being explored in DUNE. il
. -~ . . .l..-’l+
Updated simulation/reconstruction/analysis: ¥
More details and more channels in TDR .
K s

DUNE simulation

n- n 0Sc. Spherical spray of hadrons with E=2M, and

>5510¥s (90% C.L.)

Tfrl'__q_:nsc



DUNE: multi-topic physics list

Intense and wide beam + complex detectors +
different baselines (off-axis) + large exposure +
deep underground lab

U

Rich physics program, including non-beam physics

Baryon number violation

o Nucleon decay

o nn oscillations

Light dark-matter

Sterile neutrinos

Non-standard interactions, non-unitary mixing
CPT violation (?) in oscillations
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DUNE: timeline

L
2018 —=en June-2018
ProtoDUNE-SP
ProtoDUNEs at CERN installation completed
Aug-2018
2019 ProtoDUNE-SP
Technical Design Report LAr filling
Sep-Nov 2018
2019 ProtoDUNE-SP
Far Site Primary test beam
Excavation Begins
Fall 2019
2022 ProtoDUNE-DP
First Module installation completed
Installation Begins
e Physics data as soon 1st module complete
Atmospherics,SNB and solar neutrinos,
Neutrino Beam Available Baryon number violation, Detector

calibration

am .
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Conclusions

e DUNE will have: MW neutrino beam, 40kt LArTPC deep
underground, flux and beam contamination uncertainties
under control (highly-capable fine-grained ND).

e Aim to solve neutrino mass hierarchy and CP-violating
phase via oscillation measurement.

e High capability for neutrino physics and SN astrophysics
studies

e Rich non-beam physics topics: supernova astrophysics,
v interactions physics, baryon number violation, and
more

Future is promising !!
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Why Neutrinos? ... some interesting facts

e Neutrinos are super abundant.
o Neutrinos are the second most abundant particle in the universe.

m THE MOST ABUNDANT FERMION.
o |If we were to take a snapshot, we’d see that every cubic centimeter has

approximately 1,000 photons and 300 neutrinos.
o The nuclear fusion reactions in the Sun sends 65 billion neutrinos per
second per square centimeter to Earth, they are crossing us all the time.

THEY ARE NUMEROUS AND UBIQUITIOUS
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Why Neutrinos? ... some interesting facts

e Neutrinos are almost massless.
o The three types of neutrinos in the standard model are the
lightest particles with a non-zero mass ever discovered.
The upper limit on the mass of the heaviest neutrino is still more
than 4 million times lighter than the electron, the next lightest
particle.

Neutrinos x Quarks mass scale: new symmetries ??
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Why Neutrinos? ... some interesting facts

e Neutrinos may have altered the course of the universe. Why

we have predominance of matter over antimatter?
o Cosmologists think that at the start of the universe there were
equal parts of matter and antimatter.
Neutrino interactions may have tipped this delicate balance,
enabling the formation of galaxies, stars and planets like our own

Earth.
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Why Neutrinos? ... some interesting facts

e Neutrinos are the key particle in the heavy-element

forges of the universe.

o Neutrinos dissipate more than 99 percent of a supernova’s energy.
Supernovae eject heavy elements to the cosmos in a recycling matter
mechanism.

o “Core collapse” supernovae end as either a black hole or a neutron star.
Neutrinos are key particles to understand how supernovae explode and
tell us more about other astronomical objects like active galactic nuclei.
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V’s oscillations

Mixing angles = (0,,,0,,,0.,) ,  0.pis the CP-violation phase
1 0 0 C13 0 6i6(i3p813 ci1o  S12 0
Upvns = | 0 co3  So3 0 1 0 —S12 Cc12 0
0 —S893 (o3 —ei&"‘p813 0 C13 0 0 1
1 1 11
atmospheric reactor solar
where: C_, = COS GGB : S, = Sin GGB

The relationship between the three mixing angles 6_,, 6,,, and 6., and the mixing
between the neutrino flavor and mass states can be described as follows :

fraction of v, in vy

tan® 65 . :
fraction of v, in 14

tan® e : ratio of v, to vy in v

sin® @5 : fraction of v, in 13

Nonzero BCP ———> neutrinos and antineutrinos oscillate different
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DUNE oscillation physics

slide from
Alexander Izmaylov

. Neutrmo and antmeutrlno appearance and disappearance studies
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mass ordering
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DUNE sensitivity: metrics

Axsinr = Xim — Xwg (true normal hierarchy),

AXari X~g — Xig (true inverted hierarchy),
AXcpy Min[Ax¢p(3¢s = 0), Axép(9cp' = )], where

2 2 2
Axcp = Xstest — Xetrue-
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DUNE oscillation physics

DUNE simulation
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DUNE oscillation physics

DUNE simulation
DUNE v, Appearance
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SN: the end point of stellar evolution

e Thermonuclear Evolution:

Sequential fuel burning producing heavier elements
H—- He > C — O (Ne) > Si— Fe

T=2x10"K
2
p =10 g/cm3

Carbon

ton

Oxygen

Center of
the Star

Toax10°K ) LI
p=10"g/em?

Center of 25 Sclar Mass Star Late in its Life
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DUNE sensitivity: disappearance spectra

. Expected Events (3.5 years staged)
v mode
v, Signal 6200
v,, CC background 389
NC background 200
v, + v, CC background 46
Ve + U, CC background 8
v mode
v, Signal 2303
v,, CC background 1129
NC background 101
v, + v, CC background 27
2

ve + U, CC background
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DUNE sensitivity: appearance spectra

v mode

ve Signal NO (10) 1092 (497)
v, Signal NO (10) 18 (31)
Total Signal NO (10) 1110 (528)
Beam v, + v, CC background 190
neutral current (NC) background 81
v, + v, CC background 32
vy + v, CC background 14
Total background 317
v mode

v Signal NO (I0) 76 (36)
v Signal NO (10) 224 (470)
Total Signal NO (10) 300 (506)
Beam v, + v, CC background i 7
NC background 38
v, + v, CC background 20
v, + v, CC background 5
Total background 180
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DUNE: SN v event rates
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