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Pontecorvo—-Maki—Nakagawa—Sakata Matrix

Ve V1

vy | =Upvmns | 12

Vr V3
C12 s12 0 C13 0 <913,6_i(S 1 0 0
Upmns = | —s12 c12 O o 1 0 0 c23  S23
O O 1 —813€uS 0 C13 O — 8593 C23

Cij = coS ;5585 = sinb;;

913: mixes Ve with V3
0. complex phase

* B4, “solar mixing angle”

i i * Oy3: “atmospheric mixing angle”
* mixes ve With vyand vy 23 p g ang

* mixes v, with v;
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Pontecorvo—Maki—Nakagawa—Sakata Matrix

solar “reactor” atmospheric

C12 S12 0O C13 0 813€_i6 1 0 0
Upvmns = | —S12 c1z2 0 0 1 0 0 co3  Sos
0 0 1 —81362(s 0 C13 0 —S23 (23

. Cii = cos8l;::8:: =sinb,;
012 = 33.44° )75 “J Iy *

0y = 49.0° ﬂ}; Normal
3 [
“Small” angle 8,5 mixes v, with v; é
o = NH Am3, = 2.4 x 1072 eV?
Look for v, mixing driven by Am?;, =
©
()
Reactor: anti-v disappearance S, _ .
T ¢ sl Am3, = 7.8 x 107°eV?
Accelerator: v, appearance in v, beam v I
—> sensitive to 8,35 and 6 (and MO). T H E X
Ve VH Vi
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The PMNS Matrix and CP violation

complex CP phase

Uei U Ues 1 0 O ci3 0 si3e\( cin s12 0
Upvmns =| Ut Upp Uz | =10 c23 523 O 1 0 —s12 ¢12 0
U U Ug 0 —s23 23 J\ —513¢° 0 13 0 01

s;; =sinb;;; c;; = cos;;
0 # {0, n} Y Vo Y

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(vy — vg) = sin?(20) sin” (1.27

1.0

Probability
o o =
- (o)) oo

=
o

S
o

Rate driven by mass splitting Am?

I

L/E (km /GeV)

A

\ 4
4000

Vo, cOmponent

vz component

Amplitude driven by
mixing angle sin?(26)
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Baseline, energy, and frequency

neutrino energy

maximum sensitivity to Am2= 10eVZ  1eV? 0. 1 eV2 10 2eV2
M emulsion ; iz wm no factory « o
plastic scintillator . OPERA .ICARUS y,
s : < 1073 eV?
10 GeV— B water . 3 ’\'u.d;, + A A
' ) . . L .. / o)
M liquid argon e ; ’
liquid scintillator % = S ¢ A
K : ey ~DUNE
magnetised iron ut o . S A o
5 NOVA -* -
1GeV SBND _, M'C'0300N5 A .'-' 5 10:5 e\
«O-1CARUS - . A
SciBooNE ,» iniBooNE . . .
00 NO“\O '1 liBool t - ’I
.' o / > "
. & .. Hyper-Kamiokande ./
. - ) s
= . # ' 7 S 5 -5 o\2
100 MeV — : : : e, s 107 eV
. i 5 ‘.' / y '.'I ‘.'
" KARMEN _* - e v .
o oO» .'LSND 7 A @"w . Y / E
B R e IR 7 S0 I
. JSNS* g r i (LM
. z . ! /A Sv .
A £ . e 7 accelerator
10MeV— . . 740 i . neutrinos
7 : : AT R e (bl Lot
. . . : ez - . reactor
- ' 4 i 5t . Lo neutrinos
PROSPEET [)H\m Delble Q(()(J) k.
soLid & 6NEOS /o= 'Daya Bay,. ’O e-"KamLAND
N’?UL'H( 4 SI’RLO P RFNO /|
lMeV— (',” ) K - , ’/ JJI\O :
1 1 T r 1 1 T T
1m 10m 100m 1km 10km 100km 10%km 10%km

oscillation distance

CERN Courier, 2020

Am?L
4F
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Optimizing detectors for neutrino oscillations

L/E(15t 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

e “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

P(v, = vy
]

Am3,=24x107°eV?

sin*20,,= 1.0

o

N

s P,

R

XX
KL

"IIII
%%
R

St
o

%
R
XK

XA
QR
KK
ot
s Y

,._.

.
o

S

(A.U.)

§ To%S i

O
5% %% -
22

295km
]
n
|

Vi

o

|

1L OA 0.0°
4 0A20° -
SSO0A25° -

“

o &
AR RARANAAZ5E

v CC evts/GeV/10KT/MW.yr

DUNE on-axis beam

v, CC spectrum at 1300 km, Am?, = 2.4e-03 eV ?

500 -, 0.1 >
E sin 2613=0,8cp= n/a b=
— L
4505 §in?26,,=0.1,8 =72 s
El []
4002 A sin?20,;=0.13_,-0 008 &
350 §in226,.=0.1,5_-m/2 g
O \ 13~ Y- Dlep g
300 0.06 ©
= — L
50} A g
2 5 I i <
200} 0.04
150
100 0.02

0

10

E,(GeV)
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V., appearance gives access to o

.2
sin®(Asz; — al)
A3,

P(V,u — Ue) ~ Sin2 023 sin2 2913 (A CLL)2 G N
31 — FiVe

, : , sin(Asz; — al sin(alL a =
+sin 2093810 26043 sin 2601 (A1 ) Az (o) Aoy cos(Ag;—0) V2
(Asy —al) al AmZ,L
, sin(aL A = — "
+ cos? fy3 sin? 2615 MA; t 4F
al
v, CC spectrum at 1300 km, AmZ, = 2.4e-03 eV ?
;.* 5005 sin®20,,=0,8 = n/a 0.1 g .
s ¥ snz0,-015-2 3 ° Ve appearance amplitude
= - =} .
g sin20,, - 013,20 *° & depends simultaneously on
> 350 §in?20, =016 2 O
% 30(); \\ n P 70.06% 813, 923, Scp, and matter
& 2s50(] I ‘x g effects —
8 ookl | 1] Topa
S, 200 &, \ [ ooa * Measurements of all four
‘5"5 sRE ) possible in a single
100 0.02 .
i . experiment.

50

f

0 0

10

E,(GeV)
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V., appearance gives access to o

sin®(As; — al)

P .) ~sin® a3 sin® 20 A2
(v — ve) =8I a3 sin” 203 (Agr —al)z - ) GrN.
in(As; —al in(al =~
—|—sin 2923 sin 2913 sin 2912 Sln( 31 a ) A31 Sln(a ) Azl COS(Agl —5) \/§
(Agl — CLL) al Amzsz
in(al L
+[cos? fa3 sin” 26,5 sin(aL) A3, Bij 4F

al

v, CC spectrum at 1300 km, AmZ, = 2.4e-03 eV ?

;.* 5005 sin®20,,=0,8 = n/a : g .
s ¥ snz0,-015-2 3 ° Ve appearance amplitude
= 400F s2on 1008 £ d d . | I
s Sin®20,, - 0.185-0 " & epends simultaneously on
> 350¢ sin?20,,- 0.1,8_-n/2 2
s 250] ‘*. A 1 8 effects —
S, 200 &, \ [ o0a * Measurements of all four
‘505 A ] possible in a single
100 0.02 .
i | experiment.

50

0 0

f

10

E,(GeV)

10
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V., appearance gives access to 0

Sil’lz(Ag,l — aL) A2
(Agl — G,L)2 31 GFNe

P(V,u — Ve) % Sin2 023 sin2 2913

in(As; —al in(alL a =
-|—SiIl 2923 sin 2913 sin 2912 Sln( 31 d )A31 sm(a )Azl COS(Agl —5) \/§
. (As; — @b) al Amij
+ cos? B3 sin? 26014 sm(zL) A3, Bij = 4F
a

v, CC spectrum at 1300 km, AmZ, = 2.4e-03 eV ?

;.* 5005 sin®20,,=0,8 = n/a 0.1 g .
s ¥ snz0,-015-2 3 ° Ve appearance amplitude
2 4001 .2 0.08 .
g Sin"20, = 015,70~ & depends simultaneously on
> 350C §in?20,,=0.1,5_ /2 =
% 300; I \\ A i OOG% ) 623] SCPI and
32 hoae® ;
S, 200 &, \ [ ooa * Measurements of all four
F\ \ . . .

‘5°$ Saun ] possible in a single

100 0.02 .

50§; ﬁ | | experiment.

o® 1 10 0

E,(GeV)
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V., appearance gives access to o

sin®(As; — al)

Py, — )=~ Sin2 023 sin2 2913 A2

Wie = ve) (Agy —aL)> —% GFNe

_ _ , sin(As; — al sin(alL a =
+sin 26093 sin 26013 sin 2015 i 31 7 )A31 (L )A21 cos(Asy +0) V2
- (Asy —al) a A AmZ,L
, sin(a Y
+ cos? B3 sin? 26014 (al) A3, " 4F
al

v, CC spectrum at 1300 km, AmZ, = 2.4e-03 eV ?
;.* 5005 sin®20,,=0,8 = n/a 0.1 g .
s ¥ snz0,-015-2 3 ° Ve appearance amplitude
= = Q .
g sin®20,, - 0.18,-0 " & depends simultaneously on
> 350 §in?20, =016 2 O
3 o2500-| | g -
Q t | | <
° 2005,] \ // \ ooa ¢ Measurements of all four

‘505 A ] possible in a single

100 0.02 .

i | experiment.

50

f

. * Need to resolve degeneracies
E, (GeV) (e.g., MO vs. CP).

0

10

12
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V., appearance gives access to o

sin®(As; — alL)

P(v, — v.) = sin® fa3 sin® 20,3 A2,

(A31 - CLL)2 GFNe
) _ ) sin(As; — alL sin(aL a=
+sin 2093 sin 2643 sin 26015 ( )Agl ( )A21 cos(Aszy V2
(As; —al) alL Am2. L
5 o sin(al) , 5 Ajj = —
+ cos” O3 sin” 2010 ——= A3, 4F
al
0.14F Neutrinos o, = -n2 0.14  Antineutrinos Dlogp = -n2
1285 km Ws. =0 1285 km s =0
0127  Normal Ordering P 0.12-  Normal Ordering cr ™
Dscp=7d2 Dacp=ﬂ‘/2

2 3 45678 2 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.

» 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.

NF,D f (I)FD (El/) ) PI/ — V5 (Ev) ) O-Ar ) TFD(EI/7 Erec) dEV
V; (Erec) _ Vn Iz z Vi Vi
NND [®XD(E,) - 0¥ - TNP(E,, Erec) dE,
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DUNE in a Nutshell

SANFORD UNDERGROUND
RESEARCH FACILITY

Minnesota

Sanford

Underground
Research - :
Facility =2

Fermilab

U

1. A high-power, wide-band neutrino beam (~ GeV energy range).

2. 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.
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Proton Improvement Plan (PIP-II)

PIP-ll Superconducting RF CW Linac, 800 MeV S
Consists of Five Types of Cryomodules = E
L = Elliptical
. Cryoplant R — == Elliptical it
= = Single Spoke theafl <9 650 MHz
Single Spoke SSR2 X 7 36 Cavities
- SSR1 X 2 35 Cavities EREAr

16 Cavities 325 MHz

HWR 325 MHz vl
CDS g Cavities T ol v
162.5 MHz * L

H-lon
source

PIP-Il Linac is technically complex, state of
the art superconducting RF accelerator
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Proton Improvement Plan (PIP-ll)

17
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|
|

Al 1,200’ Raise Bore
4850L Facilities GENCESLOF Resmise. / Vent Shaft \ | /
p ——::?\_\Q\

Spray Chamber

Expanded Drift

Maintenance Shop

Ross Brow

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

#6 Winze Dump \
180m Lx20m W x 11m H

Concrete Supply Chamber
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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
& construction worker says he
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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Module 1: Horizontal Drift

eeeeeeeeee

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

ProtoDUNE at CERN

21 DUNE-UK 4 July 2022
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Module 2: Vertical Drift

Successful tests at CERN,

leading to design of ProtoDUNE
Module-0 for Vertical Drift.

4 150
3,800

. 100
3,600

. 50

22
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A ProtoDUNE-HD Data Event

DUNE:ProtoDUNE-SP Run 5779 Event 12360

10.0 ©

=

5000 | | 1:5 TC)
v i / Y T Y SR 5.0 _rCU
= 4500 fai ko b 8 25 8
cosmic muon stopping proton %

/ 0.0 O

4000 5"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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DUNE Phase | Near Detector

TMS measures muons
not captured by ND-LAr

We expect to replace
TMS by a gas-argon TPC
for Phase-Il.

|

TMS/LAr sideways movement
(PRISM) probes different neutrino

| energies Systematics
. ! T N s
SAND provides on- 3 et j:il“—i:{i%jjrﬁjaﬂ‘
axis monitoring of Ml ( ‘ ;_; ‘_1' _'{J_l =
. - 2> [ &2 i ;
time-stability of beam ~ < ’  ME(E Hﬁ “H FP:
2 W ' g —Ifi'ﬁ_.-l'ﬁi_l'ﬂ’i_i'ﬁé
= R T ' : ; l—lu i"'lﬂ I—Tnl th‘
NP 35 0
/ T\ — WElE rm N [ T
- I ufﬁj “ N Del;( - .VM“; De(e::t -
‘ = a : s ,,:;;.\.*, J
| |~ - .
| ND-LAr measures neutrino
‘1 - WL/ || interactions on argon using TPC
ﬂ/, > /VQ technology (equivalent to FD).
T P =y

0.8
0.6
0.4
0.2

0.2
0.4
0.6
-0.8

» 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 PRISM
Lo-8 ND Flux x107® < 10-15 FD Oscillated Flux

. /2y /,f R —— 0.0m 4 Vp = Uy

> —— 50m = > N

5 3 —— 10.0 m 7] C_J: “\

E \ \‘ — 150m :’-:- 31 ‘ “.\

o2 20.0 m | q 2 [ |

’?é \ 25.0m X‘ ? 52 "*\ | \\

%1 ) I \

il \ =5 1 81 MI \

N i » ,\_,\ g JW || \\\ P

; ; E I ! ! ! 0 MR / i —_
0 1 2 B [Gev] 3 4 " . Doa [111}20 % ' ? 4E,, [GeV] 0 s s
48 KT-MW-Years Exposure, A m3, = 2.52 x 10° eV?, sin(8,,) = 0.5

3 ) 0t rar omo « FD flux # ND flux — uncertainties in energy extrapolation
0oL = (oo » ND flux changes with angle due to pion decay kinematics
soo- T  Take ND data in different fluxes — build linear

e combination to match FD oscillated spectra

o * Robust analysis approach with very minimal x

- « dependence on interaction modeling

0 1 2 3 4 I5I 6 7 8 9 10

Reco E; (GeV)
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DUNE PRISM

ND Flux

x10-8

[A®D 1d 1,04 1od ,

f——— —————

=
‘\ ,

| /

4

\

D

1824

MANCHESTER
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v fludn/GeVI10™ POT at 1300 km

4
— =
WJI(HJ \‘
P T T
10" T "‘\.H_N *
Neutrino Mode
whi s N
2 E) . P ] 7 [] 2 1
v Energy (GeV)

v Flux

Near Detector

Final Sensitivity

CP Visatios Sersitisitv

vorgss gcﬂgl%(w" em?/GeV)

v-Ar Interactions

Far Detector

FY

Py

T

| DUNE Sensitivity

I All Systematics

10} Normal Ordering

I sin®20,, = 0.088 +0.003
[ 0.4 <sin%0,,<0.6

w7 years (staged)
~— 10 years (staged)
——— Median of Throws
1o: Variations of
statistics, systematics,

and oscillation parameters

Oscillations

1300 km
Normal MH

-2

-
By o2

—— 6, =0 {solar torm

Neutrino Energy (GeV)

ND and FD Spectra *

/b
2

Events /bin

0B

2000

1000 B=

qQ
0

Statistical Test'

so00f= = v = [0.20,0.
pe == y = [0.40,0.60]

Event0.25 GeV

DUNE v, appearanca
3.5 years (staged)
Harmal MH, 5, =0

—— Jignel iv,+v,) CC
- Beam (7,+v,| CC
— NC

e (T CC
— (F+r,)CC

wor i
4-_ g : s
Y SN A & i
I <«
( -
0 LD
-1 -08-06-04-02 0 02 04 06 08 1 H

Cl
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[]
[=]
o

~
(=]
(=]

=]
[=]

Events per 0.25 GeV
S

DUNE v, disappearance & v, appearance

% r DUNE v, Appearance
O 160 Normal Ordering
] C Bcp = 0, sin26,, = 0.088
o - sin0,; = 0.580
5 140 3.5 years (staged)
2 r —+— Signal (v, +v,) CC
‘2 120 @ Beam (v, +V,) CC
g C [ NC
DUNE v, Disappearance @ 100F - EX"I ;f)) gg
sin%,, = 0.580 F :
Am?, = 2.451 x 10° eV? 8or-
3.5 years (staged) C
—— Signal v, CC V 60~ V
v, cC l,l r e
W NC a0k
0 -
. (v. + V) CC C
(v.+v) CC C
400, 20
> 350 _ 0
8 C DUNE Vu Disappearance 1 2 3 4 5 6 7 > — _
v r sin%0,, = 0.580 Reconstructed Energy (Ge & 7o zgr":a‘l’tb‘:';zrei:'g’""e
s 300:_ A, = 2.451 x 10° oV* o F 85p = 0, 5In20,, = 0.088
o L 3.5 years (staged) o 60 - sin%,, = 0.580
:' 250 —— Signal v, CC o - 3.5 years (staged)
£ - . v, cC Q. C —— Signal (v, +V,) CC
g C @ NC '2 50 @ Beam (v, +v,) CC
[TRPY | . (v, +V.) CC g - W NG -
1 2 3 4 5 6 7 8 - (v.+v) €C a f -, + )
Reconstructed Energy (GeV) L a0 (v. +V,) CC
150 s
C 30
100 t . s
C - 20—
, : anti-v, =
d nl'I-Vu még— y
0

1 2 3 4 5 6 7 8 0

Reconstructed Energy (GeV) ! 2 : Recgnstruscted Eﬁnergy7(GeV)8
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Events per 0.25 GeV

Events per 0.25 GeV

—— Normal Ordering DUNE v, Agpearance
160 ... ) 8 = 0, 5in20,, = 0.088
Inverted Ordering sinzen = 0.580
140 3.5 years (staged)
—— Signal (v + V) CC
120 @ Beam (v, +V,) CC
NC
. (v, +v)CC
100 (vi‘l +Vv)CC

80

60

40

20 el

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

DUNE v, Appearance
160 o Normal Ordering
v . sin20,, = 0.088
ok sin,, = 0.580
140 : 3.5 years (staged)
—— Signal (v, + V) CC
120 8 Beam (v, + V) CC
NC
. (v, +v,) CC
100 (v, +¥) CC
80
Oep =12
—5.,=0
60 i e
40
20

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

Events per 0.25 GeV

Events per 0.25 GeV

70

60

50

40

30

20

10

70

60

50

40

— Normal Ordering

-------- Inverted Ordering

DUNE v, Appearance
8¢p =0, sin®20,, = 0.088
sin’9,, = 0.580

3.5 years (staged)

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

S (v, +vy)CC
(v.+Vv)CC

7 8

5 6
Reconstructed Energy (GeV)

DUNE v, Appearance

Normal Ordering

sin’20,, = 0.088

sin%9,, = 0.580

3.5 years (staged)

—— Signal (v, +V,) CC

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

@ (v, +v)CC
(v.+Vv)CC

7 8

5 6
Reconstructed Energy (GeV)

/ years

variation with
mass ordering

DUNE FD1-HD
simulation
2.5GeVv,—epn’

variation with 6 op

29

DUNE-UK 4 July 2022

MANCHE’STER
DUNE: Science and SB 1824



DUNE: Sensitivity to CP Violation

CP Violation Sensitivity
E )

:_ DUNE Sensitivity B 336 kt-MW-years
[ All Systematics 624 kt-MW-years L DUNE Sensitivity ——— 336 ki-MW-years
40 [~ Normal Ordering — L?;::;?‘Awn ;‘1;::: 12 All Systematics 624 kt-MW-years

- sin’20,,=0.088+0.003 . o (irbratEE [ Normal Ordering —— Median of Throws
—_ 35 - Si"2923 = 0.580 unconstrained ? B sinzz(-),_s =2 008501000 ::t::::i:::;:natics
8 - 10 __0.4 <sin 923 <06 and oscil;a(ion paramt;ters
w =
> 30F i
8 F 8-
§°F B
= - n el
[-) " o L
7] C
&, e

5 4
S
2
1 lassl 1assl 1 I 1 1 0 '
0||| EEEEENEEEEE RN EEEE AN AR NN NN -1 08-06-04-02 0 0.2 04 0.6 0.8 1
-1 -08-06-04-02 0 0.2 04 06 08 1 dcp/m
dcp/m
50 discovery potential for CP violation over >50% of 3 values
7-16° resolution to 8., without reliance on other experiments
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DUNE: Sensitivity to Mass Ordering

Mass Ordering Sensitivity Mass Ordering Sensitivity
40 40 —
" DUNE Sensitivity 336 kt-MW-years ~ DUNE Sensitivity 336 kt-MW-years
[ All Systematics 624 kt-MW-years ~ All Systematics 624 kt-MW-years
35[—Normal Ordering = Median of Throws 35[—Inverted Ordering = Median of Throws
- sin’26,, = 0.088 + 0.003 e Verlacow of - sin’26,, = 0.088 +0.003 Yo Voriations.of
N ) statistics, systematics, B j ia2 ; statistics, systematics,
30 et 923 SO0 and oscillation parameters 30 g4z 623 08 and oscillation parameters
25 25
o~ o~
@ 20 20

15

10

5

LELELILI IIIIIIIII lllllllllllllll

c AR AT SRR FENE FETE FEEE PR FEEE R E R c AR EENE RN SN SRR NN E NS SN EN NS NN

-1 -08-06-04-02 0 02 04 0.6 08 1 -1 -08-0.6-04-02 0 02 0.4 06 08 1
Sep/n Sep/m

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

26 DUNE Sensitivity ——— 336 kt-MW-years 10¢ DUNE Sensitivi 0.03
B y nsitiv . e .
L All Systematics 624 kt-MW-years C Al sys':msa“c;v Median of Throws - DUNE Sensitivity s @35 uNconstrained
I Normal Ordering —— 1104 kt-MW-years 9 Normal Ordering 10: Variations of § a" Syslt%m:tltlzs
- sin20,, = 0.088 unconstrained NUFIT 4.0 90% C.L. 20, = N statistics, systematics, - Normal Ordering
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. World-leading precision on Am?,, and 6., 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

£\
N
Solar neutrinos s

Supernoya

_.neutrinos. - / g
l. ; . -:.‘;"

« 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
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Commissioning 2026
Far Detector operation in 2026

HK Access Tunnel

1000 m ' Mt. Ikeno-yama

(]
N " Mt. Nijyugo-yama
B .

Access tunnel
B (2km)

S~y »’<;’f" 1 \‘\ :

W
e

o
Kamioka town .5 ... - -

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

Beam (Unknown MH)
Atmospherics (Unknown MH)
Combined (Known MH)
Combined (Unknown MH)

Hyper-K preliminary
True normal hierarchy, v./V, xsec. error 2.7%
sin%(0,,)=0.0218 sin’(0,,)=0.528 |Am3,l=2.509 x 107 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
iIncreases 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)
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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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CP Violation Phase

NOVA FD  13.6x10%° POT equiv v + 12.5x10%° POT ¥

T2K Run 1-10 Preliminary
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N ---NH Lower octant ] e < o5 _
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0p) SsE ]
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SCP 2 8CP
e 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 =3n/2 at ~20 * Normal ordering preferred
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NOvVA 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 |

4
y - DUNE CPV Sensitivity

. DUNE MO Sensitivity
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* Only experiment with 506 mass ordering capability regardless of true parameters
» Discovery of CPV at 3o if CP violation is large
« World-leading precision on Am?,,, and other oscillation measurements
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DUNE Phase Il

 DUNE needs full Phase Il scope to
achieve precision physics goals

7
o DUNE CPV Sensitivity - Phase Il by 6 years

[ All Systematics B o defined in P5 report
6—Normal Ordering art at 1. . o o . .
C 50% of &, values cnatn 2 W  Timescale for precision physics is

=== 4 year ramp to 1.2 MW

driven by achieving full scope on
aggressive timescale, early ramp-up

is not as relevant
A second phase of DUNE (Modules

3 and 4) can also extend physics
capabilities, e.g. solar neutrinos or

neutrinoless DBD.
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DUNE Phase Il

 DUNE needs full Phase Il scope to
achieve precision physics goals

7
o DUNE CPV Sensitivity - Phase Il by 6 years

[ All Systematics B o defined in P5 report
6—Normal Ordering art at 1. . o« . . .
C 50% of &, values cnatn 2 W  Timescale for precision physics is

=== 4 year ramp to 1.2 MW

driven by achieving full scope on
aggressive timescale, early ramp-up

is not as relevant
A second phase of DUNE (Modules

3 and 4) can also extend physics
capabilities, e.g. solar neutrinos or

neutrinoless DBD.
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DUNE Phase Il

C [ Y
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« 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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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 Il (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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