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Pontecorvo—-Maki—Nakagawa—Sakata Matrix

Ve 1

Vy | =Upmns | 12

Vr Vs
C12 s12 O C13 0 Slge_i(S 1 0 0
Upvns = | —S12 ¢z O o 1 0 0  co3  So3
0 0 1 —81367’5 0 C13 0 —S23 (€23

Cij = COS Qij; Sij = sin Gij

613: mixes Ve with V3
0. complex phase

. . ° . H H ”
- mixes v, with v, and v, 92_3. atmos_pherlc mixing angle
* mixes v, with v,

* 04,: “solar mixing angle”
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Pontecorvo—-Maki—-Nakagawa-Sakata Matrix

solar “reactor” atmospheric
C12 S19 0 C13 0 8136_i(S 1 0 0
Upmns = | —S12 ¢ci2 0 0 1 0 0 co3  Sa93
0 0 1 —81367'5 0 C13 0 —S8923 (€23
b1z — 33447078 ij = cosbij; sij = sinby
Oy3 = 49.002:}12 A Normal
/)’3 I ]
“Small” angle 8,3 mixes v, with v; é
o > NH Am32, = 2.4 x 1073 eV?
Look for v, mixing driven by Am?;, =
O
()
Reactor: anti-v, disappearance S
e PP £ v I Am§1 — 78 % 1072 eV?
Accelerator: v, appearance in v, beam v I
- sensitive to 8,3 and § (and MO). H BN
V, V.

Ve u T
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The PMNS Matrix and CP violation

complex CP phase

Uet Uer Ugs I 0 O ci3 0 si3e™Y( c2 s12 0
Upmns =| Ut U Uz [ =10 c23 523 O 1 0 —s12 ¢12 0
U U U 0 —s23 c23 )\ —s513¢° 0 cy3 0 01

s;; =sinb;;; cj; = cosb;;
0 # {0, n} N Vo N

CP Violation involving neutrinos might provide support for Leptogenesis
as mechanism to generate the Universe’s matter-antimatter asymmetry.
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Neutrino flavour oscillations

Am3,[eV?] L[km] )
E|GeV]

P(v, — vg) = sin”(260) sin” (1.27

Rate driven by mass splitting Am?
UV, component

A
A Vg component
Amplitude driven by
mixing angle sin%(20)
v
1000 2000 3000

4000

1.0

o o o
— =) oo

Probability

=
)

=S
o

L/E (km /GeV)
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Baseline, energy, and frequency

neutrino energy

maximum sensitivity to Am2= 10eV?  1eV? 0.1eVZ 1072eV?
B emulsion r neutrino factogy’” >
2 -/
~ plastic scintillator OPERA.ICARUS
2/ 0% en?
10GeV— M water . * MINOS+.* 745 5
y 4%
M liquid argon e 7
: . o
~ liquid scintillator MINGS ¢ A
. s @ ~DUNE
magnetised iron % - - A f
NOVA.-* =
1GeV — SBND . chroBooNE, B ) - 107" eV
) _ @O-ICARUS .- ' 7
SciBooN niBooNE .*° 2
SciBooh L ND7‘10 Mi nrmut". -'.’l
. 3 / . .
) Hyper-Kamiokande .z
. . o & 4
2 A F 5 -5 a\2
100 MeV : / 4 4107 eV
3 / ol .
~KARMEN . S 4 !
0» . LSND " &% 7
SRR < / B v
JSNS- / S
2 / Y A A
7 R, accelerator
10 MeV — / o " neutrinos
/ < K i ol Vet S
/ 4 reactor
5 - . . A .‘/ neutrinos
PROSPELT DANSS D@lmlv (}(()(u -
solid §P 6 NEOS Daya Bay.- ’O e-"KamLAND
1 MeV - Neu}r’m(] 4 S'L'_R[_O RFN(J ’ JJ[\O '.'
; : : 5 :
1 I I r 1 1 T T
im 10m 100m 1km  10km 100km 10°km 10*km

oscillation distance

CERN Courier, 2020

Am?L
45
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Optimizing detectors for neutrino oscillations

L/E(1%t max) = 500 km/GeV
L/E (2" max) = 1700 km/GeV

L =300 km

* no matter effects.

* use narrow width neutrino beam (off axis) with E < 1 GeV
* observe first oscillation maximum

* “counting experiment”

Water Cherenkov (HK)

L =1300 km

matter effects

use broad-band neutrino beam (on axis).

observe first and second oscillation maximum.

unfold CP and MO effects through energy dependence

Liquid argon (DUNE)
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Off-axis vs on-axis beams

T2K at 2.5 degrees

DUNE on-axis beam

1 I
Py
o _
> —
.2 _ _
T: 5 sin“20,, = l.O _]
R Am§7 =24x107eV? v, CC spectrum at 1300 km, A m3, =2.4e-03 eV’
- ] s 500¢ L, 01 »
| ;‘ = sin®26,,=0,8 = n/a =
[ | =
_ = 4505 §in*26,,=0.1,5 =72 E
= e <]
4005 . 0.08 &
HH OA 0.0° s - A 820, -015,-0 " &
%4 0A2 0° i z 350 §in220,,= 0.1, /2 %
-~ /\OAZ.S" | S 300- I 0.06
- N - 3 o500-| | S
< 1 Q H ] 7 <
- | ©, 200 ._‘\ 0.04
£ h, > | ]
“ _ 150
N _= |
‘]’ef i 100 0.02
i 50
- 0 0
! 10 E_(GeV)
2 3
E, (GeV)
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Vv, appearance gives access to &

sin?(Asz; — al)

2 2 2
P(v,, — v,) = sin” 63 sin” 20 A
w e 23 13 31
(Agl — CLL)2
_ : , sin(As; — al) sin(aL)
+sin 26053810 26013 sin 2601 Aszq
(Agl — CLL) alL
) sin(alL
+ cos? Oo3 sin? 2912¥A%1
al
v, CC spectrum at 1300 km, Am?, = 2.4e-03 eV ?
L 500 0.1
;‘ = sin®20,,-0,8 - n/a g
s 0 8in?26,,=0.1,5, =72 s
ot - o
g 400E sin®20,, - 0.15 -0 0.08 &
S 350 - 3
z = §in220,,=0.1,8 /2 =
% 3000 006 5
P - —| [}
3 250 | g
Q s i s
oi 200% ¢ 0.04 °
> -
150/
100 —.02
50

0

1 10

E,(GeV)

. GrN,
Aoy cos(Aszp —9) \/52
A= AmijL
+ 4F

V. appearance amplitude
depends simultaneously on
015, 853, 8¢cp, and matter
effects —

Measurements of all four
possible in a single
experiment.
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Vv, appearance gives access to &

sin?(Asz; — al)

. .2 2
P(v, — v.) ~sin” a3 sin” 20 A
“w e 23 13 31
(Agl — CLL)2
; , , sin(As; — al) sin(aL)
~+8in 2653 sin 2013 sin 2601 Asq
(Agl — CLL) alL
) sin(alL
+lcos? o3 sin? 2912¥A%1
al
v, CC spectrum at 1300 km, Am?, = 2.4e-03 eV ?
£ 500 0.1
;‘ = sin®20,,-0,8 - n/a g
s 0 8in?26,,=0.1,5, =72 s
ot - o
g 400E sin®20,, - 0.15 -0 0.08 &
= e )
> 350 $in?20,,- 01,5 /2 e
S H <
€ 3007 0.06
P - —| [}
3 250 | g
Q s i s
oi 200% ¢ 0.04 °
> -
150/
100 —.02
50

0

1 10

E,(GeV)

. GrN,
Aoy cos(Aszp —9) \/52
A= AmijL
+ 4F

V. appearance amplitude
depends simultaneously on
, 053, Ocp, and matter

effects —

Measurements of all four
possible in a single
experiment.
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Vv, appearance gives access to &

sin?(Asz; — al)

P(v,, — v,) & sin® fy3 sin” 2615 A2
B = ve) (B )~ _GeN.
) ) ) sin(Asz; —alL sin(aL -
+8in 2653 sin 2043 sin 2645 (A1 ) Az D) Aoy cos(Aszp —9) V2
(Agl — CLL) alL Amij
, sin(aL N = —2—
+ cos? Oo3 sin? 2912¥A%1 *J 4F
al
v, CC spectrum at 1300 km, Am?, = 2.4e-03 eV ?
é‘ 500; sin®20,,-0,8 - n/a o1 g .
s P sn20,-015,-2 & ° Ve appearance amplitude
= = o .
g 4% Sin?20,,=0.180,:0 & depends simultaneously on
> 3501 sin?20,,-0.1,6 12 2
S 3007 ’ o.os% » 623, 6CP' and
g 250? ! . g -
A 2oo?gV » 00a *» Measurements of all four
1501 i possible in a single
100 —lo.02

o experiment.

0

1 10

E,(GeV)
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Vv, appearance gives access to &

sin?(Asz; — al)

.2 .2 2
P(v, — v.) =~ sin” 03 sin“ 2013 A
1
( M ) (A?,l . aL)2 3
_ , , sin(As; — al) sin(aL)
+sin 2693 sin 2643 sin 2649 Asq
(Agl — CI,L) al
) sin(alL
+ cos? Oo3 sin? 2912¥A§1
al
v, CC spectrum at 1300 km, Am?, = 2.4e-03 eV ?
L 5001 0.1
;‘ B sin®20,,-0,8 - n/a g
S 05 $in?20,,= 01,5 =72 s
= e o
g 400 sin20,,=0.1,5,-0 %8 &
= = )
z 3905 $in220,,=0.1,8 12 £
S 3007 006 &5
& H I . . o
> A Q.
il g
©, 200E\l 0.04 .
> -
150/
100 —0.02
50
[ ]

0

1 10

E,(GeV)

. GrN,
Aoy cos(Asy —0) \/52
A= Am; L
K 4F

V. appearance amplitude
depends simultaneously on

’ 623, 6CPi and
Measurements of all four
possible in a single
experiment.
Need to resolve degeneracies
(e.g., MO vs. CP).
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Vv, appearance gives access to &

Sinz(Agl — CLL)
(Agl — CLL)2
sin(Ag; —al)

. GrN,
. . . sin(aL —
+sin 2053 sin 26043 sin 2642 (Do1 — al) Asy ch ) Aoy cos(Aszy . \/5

Py, — ve) ~ sin? O3 sin? 2015

2
A?)l

in(al) A Am,?j L

. sin(a R
+ cos? fa3 sin? 2615 7A%1 K 4FE
alL
0145 Neutrinos Bsg, =-w2 0.14-  Antineutrinos Ws., =2
1285 km _ 1285 km
0.12f  Normal Ordering Mo =0 0.12-  Normal Ordering [oe=0
s =n2

Bep =12

)
7 1 0.08
3. =
> >
a & 0.06

2 3 4 5678

2 3 45678
Neutrino Energy (GeV) Neutrino Energy (GeV)
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How to measure LBL neutrino oscillations

» Measure flavour change as a function of energy over a long distance.

e Starting with a muon-neutrino beam, we observe muon-neutrino

disappearance and electron-neutrino appearance.
* Measure event rates and not the flux directly.

* Measurement is a convolution of the oscillation probabilities P, the
neutrino flux @, the cross sections o, and the detector response T.

FD
NE

ND
NN

(E ) — f (I)E,P(EV) : PI/,u_H/i (EV) ) O-éir . CFVP;D(EV’/7 Erec) dEV
rec) — f (I)IV\LD (Ez/) . 0-1}}“ . TSLD (E,/, Erec) dEv
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DUNE in a Nutshell

SANFORD UNDERGROUND

Minnesota

RESEARCH FACILITY

Sanford
Underground
Research
Facility

Fermilab

s

,,,,,,,,

=227

A high-power, wide-band neutrino beam (~ GeV energy range).
A = 70 kt liquid-argon Far Detector in South Dakota, located
1478 m underground in a former gold mine.

3. A Near Detector located approximately 575 m from the neutrino
source at Fermilab close to Chicago.

N —
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Making a neutrino beam

Pion decay at rest:

U =T

m2 —m2

2m .

Ef = = P = 29.8 MeV

Fy
Boost into lab system:

*

L

E. —prcosb
E*

_ v

(1 — Brcos0)

E.=9GeVat0=0:

VY = 04.5 — EV = 3.8 GeV

B D x
(=] o [«]

v, CCevents / kt/ 1E21 POT /0.2 GeV
e}
=)

Medium Energy Tune

L. on-alxis ] I
— 7 mrad off-axis

— 14 mrad off-axis

— 21 mrad off-axis

4 6
E, (GeV)

10

16 DUNE LA/UK 6 September 2022

MANCHESTER
1824



Making a neutrino beam

120 GeV/c
p's from MI

< >4 <
15 m 30 m 675 m

e As neutrinos are neutral, they cannot be focused, and a
magnetic horn is thus used to focus the pions.

* Invented by Simon van der Meer at CERN.
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Proton Improvement Plan (PIP-Il)

PIP-ll Superconducting RF CW Linac, 800 MeV s
Consists of Five Types of Cryomodules =] | =

B L = I I Elliptical
- II*&%"El Elliptical st
- - Cryoplant — == LBG‘EO n 225%ar\\f1|'1_|§s

Single Spoke

Single Spoke SSR2 X 7 335%a“\;|i}t_iies
1363(?1 ’t< 2 35 Cavities z 7
avities 325 MHz -
cDS HWR 325 MHz .
8 Cavities TaP . .
162.5 MHz * Sy & sl

/

H-lon
source /
\ RFQ ) e
e PIP-II Linac is technically complex, state of
Temperature the art superconducting RF accelerator
Room 1€
18 DUNE LA/UK 6 September 2022 MANCHESTER




Proton Improvement Plan (PIP-Il)

19
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Deep Underground Neutrino Experiment

Sanford

Underground

Research

Facili kilometers
ty 1300

Fermilab

Incoming beam:
100% muon neutrinos

1600 1400 1200 1000 800

Probability of detecting electron, muon and tau neutrinos
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* Experimental facilities at
1478 m (about 1 mile)
 Two vertical access shaft

‘!
l,

Davis Campus:
LUX

Majorana new excavation for DUNE

LZ

MANCHESTER
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£

4850L Facilities

Maintenance Shop

Ross Brow

#6 Winze Dump

Generator Room\ , /

Expanded Drift

\

Concrete Supply Chamber

1,200’ Raise Bore

Vent Shaft \

Spray Chamber

2 x Detector Caverns:
475'Lx 65'W x 92’ H
145m L x 20m x 28m

1 x Central Utility Cavern (CUC):
624'Lx 64'W x 37'H
180mLx20mW x 11mH

22
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12 Feb 2022
Central Utility Cavern Pilot Drift Breakthrough
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Nigel Lockyer
@Nigel_Lockyer

Cavern is being constructed

Look carefully, the
F = construction worker says he
B has just started excavating
% this cavern. The final
¥ enormous size is hard to
comprehend. All for
' neutrinos.

2:27 pm - 2 Jul 2022 - Twitter for iPhone
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Deep Underground Neutrino Experiment

Sanford

Underground

Research

Facili kilometers
ty 1300

Fermilab

Incoming beam:
100% muon neutrinos

1600 1400 1200 1000 800

Probability of detecting electron, muon and tau neutrinos
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Horizontal Drift Detector (FD Module 1)

ANODE CATHODE ANODE CATHODE ANODE
X
/
-
\\. ’
\\ \
S8 ...'I|. 55
— A
DUNE LA/UK 6 September 2022 MANCHESTER
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Module 1: Horizontal Drift ProtoDUNE at CERN

UK scientists build core components of
global neutrino experiment

Related content

©> About ProtoDUNE

Subscribe to UKRI emails

Sign up for news, views, events a
funding alerts.

« 150 Anode Plane Assemblies (APA)
« 130 in UK and 20 in US
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Sample No

3,800+

3,600

3,400

3,200

Vertical Drift Detector (FD Module 2)

Run 455 Event 205 11.11.2021, 09:33:18 GMT + 400000000 ns

150

100

Field cage

Perforated Anode

29

cryostat

6.5m
drift

6.5m
drift

Unit=3mx3m

Cathode +PD
(300KV)

anode
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Module 2: Vertical Drift

Successful tests at CERN,
leading to design of ProtoDUNE
Module-0 for Vertical Drift.

Run 455 Event 205 11.11.2021, 09:33:18 GMT + 400000000 ns

4 150
3,800
1 100
3,600
2 . 50
is,qoo— " §
5 =
]
3900 F-s0
] -100
3,000 -
-150
e T R R L
12¢ 130 140 150 160 170
¢ Channel No 1
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A ProtoDUNE-HD Data Event

DUNE:ProtoDUNE-SP Run 5779 Event 12360

10.0

I X

5000 1.5 TC)
C

(VR - .. 5.0 &
U = |
4500 25
cosmic fuon  stopping proton %

/ 0.0 o

4000 S "cm ProtoDUNE DATA ©

0 100 200 300 400 —2.50

Wire Number

Reconstruction of events performed by PANDORA framework
with the use of Grid computing resources, both areas UK-led.
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We expect to replace

DU N E Phase I Near Detector TMS by a gas-argon TPC

for Phase-ll.

TMS measures muons
not captured by ND-LAr
\

TMS/LAr sideways movement
(PRISM) probes different neutrino
energies

SAND provides on-
axis monitoring of
time-stability of beam | \-—_

Far Detector

i

ND-LAr measures neutrino
_| interactions on argon using TPC
= | technology (equivalent to FD).

o = o |
N T

Systematics

—T'ﬁ -]'iT—] i
1 Ir'.ll!l I—TIiJ ‘:q‘

’lzif—l‘t'ijj'm—]"ﬁ
g l—h ([ "'h!

L | iﬁ_i'ﬂi_l'm_iiﬂ
i i —ln 1"1.1 I—]IJ l""h

11’”1 m'Ij

oce Mook
Near Detector Fal Detex l

* Near Detectors constrain systematic uncertainties for long-baseline oscillation analysis
Neutrino flux & cross-section, and detector systematics

+ In addition, >100 million interactions will also enable a rich non-oscillation physics programme (e.g. BSM).
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Pred. Event Rate per 1 GeV

DUNE

@ [em~2 per POT per GeV]

ND Flux
7N . i —— 00m
A A / R 5.0 m
[ X/ \ 10.0 m
\ : 15.0m

20.0 m

\ 25.0 m

E, [GeV]

48 KT-MW-Years Exposure, A m?, = 2.52 x 10° eV?, sin’(8,,) = 0.5

PRISM

1000

800—
600—

400

DUNE-PRISM v, Disappearance

—e— FDv, Data

[[777] ND Data Linear Comb.

[ ND Linear Comb. Error
(v, + V) CC

EEE ;- V) oC
[ FDv,CCCorr.

8
Reco E; (GeV)

Coefficients
%10-8 10-15 FD Oscillated Flux

o V= Wy
e n

5 3 [\
g3, I \
= \

0 —_—> 2 [
g2 [\
g ‘1 \
T N\

—54 81 ﬁ! l “ \\
N \ 2
IR 7 .
JH A\ S i
0 10 20 30 0 2 4 6 8 10
Doy [m] By ||

* FD flux # ND flux — uncertainties in energy extrapolation

* ND flux changes with angle due to pion decay kinematics

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

* Robust analysis approach with very minimal x

* dependence on interaction modeling
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ND Flux

x10-8

B [ i
o 1d 10d wd ,_wo| ¢

DUNE PRISM

0

E, [GeV]

4
3]
®

o,
i
7
it
-
®
Z
<
>
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v Flux

v-Ar Interactions

Far Detector

g 314
8 R =t §1
P md §
E J—'J \ |
s av‘/ﬁ-\“ S * 'i‘o
% Neutrino Mode §°‘8
iy o 0.4
= go
J N D S SO B S A s
1 2 [ 1% ] P a 9 1 bl

v Energy (GeV)

Near Detector

Final Sensitivity

CP Vistatios Sermitisity

DUNE Sensitivity

All Systematics
10[—Normal Ordering

sin26,, = 0.088 +0.003

0.4 <sin%0,,< 0.6

7 years (staged)

/bin

Events

s
Reco.

Statistical Test‘

g1 -0.8-06-04-02 0 0.2 04 06 08 1

Cl

VA Y

LBNF_FHC/ v, CC other

=y l040060)
= [0.60,1.00]

o
E, (GeV)

/,

4

Near Doloztor

Far Declor

Event0.25 GeV

. e

Oscillations

1300 km
Normal MH

|-

[ [
g2

— 8, = 0 {solar tarmy|

1
Neutrino Energy (GeV)

ND and FD Spectra *

'F’ K

DUNE v, appearanca
3.5 years (staged)

120 Normal MH, 5, =0

00l — Signel (v +v,) CC
~— Beam (T,rv,| CC
—NO

fof- e [For) CC
— (@) 0C

[

ALl

Reconstructed Fnerav (GeV)

Systematics

r ‘ y
WZFW E ﬁ:
==

Tt o
M- Desscror sn Dutecior
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Events per 0.25 GeV

DUNE v, disappearance & v, appearance

> DUNE v, Appearance
O 160 Normal Ordering
] 59,2: o, s(i]n;(;‘a =0.088
o sin’ =0.
5 140 35 ygars (staged)
o —— Signal (v, +V,) CC
g 120 @ Beam (v, +V,) CC
800 s —
DU::)E v, Disappearance w 100 - g:':;:')) gg
sin’0,, = 0.580
700 AmZ, = 2.451 x 10° V2 80
3.5 years (staged)
600 —— Signal v, CC V 60 V
@ v, cc p. e
500 [ NC 40
@ (v. +Ve) CC
(v.+V)CC
400 20
= 350 - o
300 3 DUNE v, Disappearance 1 2 3 4 5 6 7 > —
b sin%,, = 0.580 Reconstructed Energy (Ge & 7o DUNE v, Appearance
& 300 A = 2.451 x 10° eV? Normal Ordering
200 = e = 2491 X e R 8¢p = 0, sin20,, = 0.088
5 3.5 years (staged) =] 60 sin®0,, = 0.580
Q —— Signal v, CC S 3.5 years (staged)
o 250 : 2 )
100 2 . v, cc Q —— Signal (v, +V,) CC
s I NC £ 5 @ Beam (v, +v,) CC
0 & 200 . (v. + V) CC [ @ Ne
1 2 3 4 5 6 7 8 v+ v) CC @ -, O

Reconstructed Energy (GeV)

(v.+Vv)CC

anti-v,

antl-vu

3 4 5 6 7 8
Reconstructed Energy (GeV)

3 4 5 6 7 8
Reconstructed Energy (GeV)
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Events per 0.25 GeV

Events per 0.25 GeV

DUNE v, Appearance
8cp =0, sin’20,, = 0.088
sin%,, = 0.580

3.5 years (staged)

— Normal Ordering

-
D
[=]

........ Inverted Ordering

ey
Y
(=]

—— Signal (v, + V,) CC
@ Beam (v, +V,) CC
NC

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

=y
N
(=]

100

80

60

DUNE v, Appearance
160 ) Normal Ordering
v sin?20,, = 0.088
» sin%,, = 0.580
140 e i 3.5 years (staged)

—— Signal (v, + V) CC

@8 Beam (v, +V,) CC
NC

. (v, +v,) CC

(v.+V) CC

=y
N
(=]

100

80|

60

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

Events per 0.25 GeV

Events per 0.25 GeV

DUNE v, Appearance
8cp =0, sin®20,, = 0.088
sin%6,, = 0.580

3.5 years (staged)

70 — Normal Ordering
-------- Inverted Ordering

60

H —— Signal (v, + V) CC
50 H 8 Beam (v, +V,) CC
| (v, +v)CC

40 (v.+v) CC

DUNE v, Appearance
70 Normal Ordering
- sin20,, = 0.088
v sin,, = 0.580
60 ll 3.5 years (staged)
—— Signal (v, + V) CC
@ Beam (v, +V,) CC
50 NC
. (v, +V,) CC
40 (v.+Vv)CC
30
20
10H

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

/ years

variation with
mass ordering

DUNE FDI1-HD
simulation
2.5GeVv,—epmn

variation with 6 -p
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DUNE: Sensitivity to CP Violation

CP Violation Sensitivity
et DUNE Sensitivity BN 336 kt-MW-years
All Systematics 624 ki-MW-years L DUNE Sensitivity 336 kt-MW-years
40 Normal Ordering 1104 KEMW-yoars 12| All Systematics 624 kt-MW-years
. = Nominal Analysis - Normal Orderin Median of Throws
sm22613 =OQESL0M0  wew 8,5 unconstrained " cin2 . 1c: Variations of

35| sin’,, = 0.580 unconstrained | sin’260,, = 0.088 +0.003 0\ .
fa 1 o _0.4 < sinzeza < 0.6 statistics, systematics,
Q | and oscillation parameters
% 30 -
) 8
= 25 N L
5 5
- o
° © - f
prd /
&) L

5 ) Ve
2=
0 )
0 , -1 -08-06-04-02 0 02 04 06 08 1
-1 08060402 0 02 04 06 08 1 dep/n

dcp/m
50 discovery potential for CP violation over >50% of d.p values
7-16° resolution to dp, Without reliance on other experiments
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DUNE: Sensitivity to Mass Ordering

40

35

Mass Ordering Sensitivity

" DUNE Sensitivity

[ All Systematics
—Normal Ordering

- sin20,, = 0.088 +0.003
- 0.4 <5sin,,<0.6

336 kt-MW-years

624 kt-MW-years

= Median of Throws

1o: Variations of
statistics, systematics,
and oscillation parameters

40

35

30

Mass Ordering Sensitivity

[ DUNE Sensitivity

" All Systematics
—Inverted Ordering

- sin?20,, = 0.088 +0.003
- 0.4 <sin’),,<0.6

336 kt-MW-years

624 kt-MW-years

= Median of Throws

1o: Variations of
statistics, systematics,
and oscillation parameters
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Regardless of the values of other parameters, and without dependence on other experiments,
DUNE has unprecedented and unrivaled ability to definitively resolve the mass ordering
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DUNE: Unitarity tests

28 DUNE Sensitivi ——— 336 kt-MW. 10 0.03
e Systg;s.ﬂ:;y ::i kt-Mw-z:::: DUNE Sensitivity Median of Throws "I DUNE Sensitivity s By UNCONStrained
-MW-; All Systemati 3 N
L Normal Ordering 1104 kt-MW-years 9 Non:; :::e::g 1o: Variations of 3 ﬁ" Syslt;m:tui:s
I sin’20,, = 0.088 unconstrained ) statistics, systematics, - Normal Ordering
2.55/—90% C.L. (2 d.ot) HuFiF 4.090% C.L. 8 sin?20,, = 0.088 + 0.003 o 0.025 — sin’20,, = 0.088 unconstrained
i » True Value 10 years (smged) and oscillation parameters = slnzem =0.580 unconstrained
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N
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in2,
Sin“6,,

. World-leading precision on Am?,, and 8.5, including octant, and novel
PRISM technique that is less sensitive to systematic effects

. Ultimate reach does not depend on external 6,; measurements, and
comparison with reactor data directly tests PMNS unitarity
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HyperKamiokande in a Nutshell

£\
L

Solar neutrinos s«

8.4 times larger fiducial mass (190 kiloton) than SK with double-sensitivity PMTs
New (IWCD) and upgraded (@280m) Near Detectors to control systematic uncertainties.
J-PARC neutrino beam to be upgraded from 0.5 to 1.3 MW

41
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HK Access Tunnel Commissioning 2026

Far Detector operation in 2026

1000 m ' Mt. lkeno-yama

T

"
N P Mt. Nijyugo-yama
>

Access tunnel
S (=2km) -

S Wasabo |

Access tunnel (1873 m) completed
iIn February 2022 and work on
approach tunnel has started.
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HK: Sensitivity to CP Violation

HK 10 years (2.70E22 POT 1:3 viV)

— 18
N r ————— Beam (Known MH)
< 16 Beam (UnknownMH) 7
-~ 14 ——— Atmospherics (UnknownMH) .
= - ———— Combined (Known MH)
-% 12 eevemeneenes Combined (UnknownMH) ==
3 10F
S
o

sin(dp)
() N B~ O

Hyper-K preliminary
True normal hierarchy, v./V, xsec. error 2.7%
sin%(8,,)=0.0218 sin%(8,,)=0.528 IAmZ,|=2.509 x 10~ eV?/c*

Due to short baseline

HK cannot resolve
MO/CP degeneracy.

If MO unknown, beam
analysis less sensitive
for some values of 6.

Joint atmospheric and
beam analysis
Increases sensitivity.
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Other mass hierarchy measurements

Events per 1 MeV

. JUNO: Snowmass2021 JUNO LOI Super-K: PTEP Vol. 2019, Iss. 5 (2019)
120 2000 days of data taking —— No oscillations ol P B e Data
B ~=- Only solar term 02 —— Normal Hierarchy
[ —— Normal hierarchy -2F e lesdienr T )
100 5 = e e e SR ---- Inverted Hierarchy
t —— Inverted hierarch —
I \ 2 SK-IV 3118.5 days
80 3 '0-21: 1 (FiTQun analysis)
[ :;;_ -0.4[-Multi-GeV e-like v, L Multi-GeV e-like 7,
60 . = T i .
[ SlIl2 20, g 0.4[ T b
[ .9 a 0.2 1 1 1
F 02 s B 1
401 o l sin” 2615 s = 1{ —————————————— i + ]
N T
| .
b et TSN ! et
Ams; Amsz, e
21 32 _o_4_MuIl|-Rlng e-like v, 1 Multi-Ring e-like 7; 1 Multi-Ring Other
L L 1 1 L 1 1 1 . :
%1 2 3 4 s 6 7 8 o9 10* 10* 10*
E5, (MeV) Energy [MeV]

JUNO can determine mass ordering by differentiating rapid wiggle with
unprecedented energy resolution.

Large water Cherenkov detectors can model v /v, flux and cross sections and
look for a small differences in the up/down asymmetry
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Significance (o)

CP Violation Phase

NOVA FD 13.6x10%° POT equiv v + 12.5x10°° POT ¥ T2K Run 1-10 Preliminary
T T T T | T T T T | T T T T | T T T T o _| T T T T I T T T T I T T T T I T T T T I T T T T | T T T T I_
N ---NH Lower octant ] (Z) F 25 ]
:_ UL R — NH Upper octant _: §> C Normal ordering :
- R . ---IH Lower octant 1 g 20 :_ Inverted ordering _:
[ — IH Upper octant - ® C oL ]
n 135 T R ]
: FERNRE = :
‘12 N ]
< 10— -
5 -
1 ] 1 1 L L L L 1 L L L 0: 1 AN II R0 T I T S AN S SO S T AN SO SO S |_
g n 3n 2n -3 -2 -1 0 1 2 3
SCP 2 6CP
Sensitivity to combination of CP phase and MO * Using 6,5 from reactor experiments
Normal ordering slightly preferred (10) * CP conversation (0,7) excluded at 90%
Exclude 10, 6 =m/2 at > 30 confidence level
Disfavour NO, 6 = 3it/2 at ~20 * Normal ordering preferred
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NOVA and T2K

« NOVA does not see strong
neutrino/antineutrino asymmetry in
electron neutrino appearance.

« T2K observes more electron
neutrino appearance than electron
antineutrino appearance.

 Current data are inconclusive —
expect some improvements with

further running.

* Need next-generation experiments
to discover CPV and resolve mass

ordering.

Normal Ordering
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DUNE Phases

DUNE Phase I:

« Ramp up to 1.2 MW beam intensity

 Two 17kt LAr TPC FD modules

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

DUNE Phase II:

« Fermilab proton beam upgrade to 2.4 MW

* Four 17kt LAr TPC FD modules

* Near detector: ND-LAr + ND-GAr (movable) + SAND

Phase Il — full DUNE
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DUNE Phase |

.. DUNE MO Sensitivity
10} All Systematics
| Normal Ordering

DUNE CPV Sensitivity
All Systematics
Normal Ordering

8cp = -1/2

3 -
8 g
>
>
25 pr-
N

=

|°'>< 6 |<1 9
< ---------------------------- II
©

1.5

4
...... Phase I: 5, = -n/2 1 5 Phase |
7
y
[ Prase 1:100% of 5., values . y Start at 1.2 MW
y
Startat 1.2 MW 0.5 =— = 4year ramp to 1.2 MW
- 4 year ramp to 1.2 MW
TS PN 0

paliag
3 4 5 6 7
Years

Years

* Only experiment with 50 mass ordering capability regardless of true parameters
» Discovery of CPV at 3o if CP violation is large
« World-leading precision on Am?2s,, and other oscillation measurements
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DUNE Phase Il

DUNE needs full Phase Il scope to
achieve precision physics goals

7
- DUNE CPV Sensitivity [l phase ears . .
- All Systematics -::ase:lbvﬁy d@ﬁned IN PS report
6—Normal Ordering — . .. . .
[ 50% of opvalues  __ o Timescale for precision physics is
5:_ .......................................................................................... driven by achieving full scope on
I3 i aggressive timescale, early ramp-up
T is not as relevant
=T | E Y /R
: A second phase of DUNE (Modules
4 3 and 4) can also extend physics
1F capabilities, e.g. solar neutrinos or
' A neutrinoless DBD.
2 4 6 8 10 12
Years
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DUNE Phase Il

DUNE needs full Phase Il scope to
achieve precision physics goals

7
- DUNE CPV Sensitivity [l phase ears . .
- All Systematics -::ase:lbvﬁy d@ﬁned IN PS report
6—Normal Ordering — . .. . .
[ 50% of opvalues  __ o Timescale for precision physics is
5:_ .......................................................................................... driven by achieving full scope on
I3 i aggressive timescale, early ramp-up
T is not as relevant
=T | E Y /R
: A second phase of DUNE (Modules
4 3 and 4) can also extend physics
1F capabilities, e.g. solar neutrinos or
' A neutrinoless DBD.
2 4 6 8 10 12
Years
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DUNE Phase Il

1 X - phese g B Prase
6 6 6
C ‘ Phase II: no FD upgrade C Phase II: no beam upgrade X ‘ Phase II: no ND upgrade
aF . 8 0 e
C < C " il |%< C
C oo ' i % X
3_ o 3_ //j © 3_ 2
F - _ ; A
2__ _ad 2__ 2:—
C y 5 C
:E // 50% of 5., values 1E // 50% of 5, values 1 /// 50% of 5.. values
- e - y = A o cp
T - //’ -
0’.1. | Pl EPEETE BT 0',’.| .- 1 . 1 0/./..I...I...I...I...I...I.
0 2 4 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Years Years Years
« To achieve the precision physics goals, including CPV sensitivity for a broad range of 6CP
values, all three upgrades are required
» Plots show the effect of removing one of them, resulting in a significant loss of sensitivity
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Neutrino Observatories

 Rich non-accelerator physics programme studying
neutrinos from a supernova, solar, atmospheric neutrinos..

« Measurement at early times tests mass ordering and
supernova burst model.

« HKand DUNE are complementary in their sensitivity.
» Detector requirements different from beam physics.
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Supernova 1987A

in the Large I\/Iagellanlc Cloud (55 kpc away)

For comparison: the Milky Way is about 34 kpc across




SN1987A, about 24 neutrinos

S u pe rn Ova 1 987A observed, 3 hours before photons.
in the Large Magellanic Cloud (55 kpc away)

s TE: - _

p+e —n+r,
e IMB
o Kamiokande II

For comparison: the Milky Way is about 34 kpc across




vy + Ar — vx + Ar® NG, 10 MeV

450

420

v

Supernova neutrinos in DUNE
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Supernova signal in DUNE

40 kton argon, 10 kpc

E 80 —|_nfall; Neutronization § Accretion E Cooling
Infall _Neutronization Accretion Cooling 'S E E i i
—_ : — Ve 8_ 70:_ E —+— No oscillations
(4 -V [2] E o —+4— Normal orderin
?,, 10= N d i :;/i GC) €0 E E —+— Inverted orderi:g
5 ) b S0 i
e a0f-
301 { :\\ E i |
T , e — i
1E 20 | | I
3 B 10E- i I I
s 12= E :
7;— Eﬁﬂﬁ;.l.i..l....l....l.i..
W 105 0.05 0.1 0.15 0.2 0.25
82: Time (seconds)
i  Neutrinos arrive before the light and can
= trigger observation by optical telescopes.
4.
5 4  Potentially a signal of 1000s of neutrinos in
<3-3 DUNE.
2 ; + Signal will teach us both about neutrinos
107 107 1 Time (seconds) and about the supernova mechanism.

56 DUNE LA/UK 6 September 2022



Number of interactions

Supernova signal in DUNE

Ga%axv Edge LIMC Andromeda

| 40 kton

E
10° -
102 k= ~1 event for
= Andromeda
10 =1 “Worst” (or best!) case: total
- | ~5x10°events @ 1 kpc
11 or ~5x 107 events @ 0.1 kpc
107 |-
10—2— 1 1 lllllll 1 1 lllllll 1 1 L1 1 1L 1.1
1 10 10? 10°
Distance to supernova (kpc)
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Complementarity

Two models (11.2 and 27.0 solar masses, NH/IH for former) Kate Scholberg
c Cooling
2 103 o ww.\
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3 !
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Summary

« DUNE Phase | (start operation in 2029):

- Two modules (HD/VD)

- Beam (1.2 MW) in 2030

- Near Detector (SAND, TMS+NDLAr, PRISM) in 2031
 DUNE Phase |l (needed to reach physics goals)

- Modules 3 and 4 (ongoing R&D)

- Beam upgraded to 2.4 MW

- Upgrade to Near Detector (ND-GAr)
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