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What’s so Special with Neutrinos?

meV eV keV MeV GeV TeV
C \l‘ IM' LU 1 | | I' 1 | wﬂ' 11 | 'I<IT‘] I TH\ITI LU SRR | T" IILRAI W 110 \l 1AL
-% v u C t
6 3 B A [ A ]
c
()]
(@)}
Vs d S b
2 - n [ | —
Vv, e i T
1 | v v ] ~
. © de Gouvéa
1 ll‘ ll‘lJ' L 11 il 11 Ii L l MJ' 11 1: ‘llUJ | lmlll 11— | I‘L 1 ll' L1l ll L1t ‘l L
5 -4 3 2 - 2 3 4 5 6 7 8 9 10 _ 11 _12
10 10 10 10 10 i 10 10 10 10 10 10 10 10 10 10 10 10
mass (eV)

v they’re super light!

v they might be Majorana particles

v neutrinos are massive: the SM is incomplete!

v the neutrino mass spectrum is not hierarchical
v the flavour states are not even close to be mass eigenstates

v large flavour mixing angles can potentially lead to large CP violation

1995 Reines
-1 2000 Davis, Koshiba
2015 Kajita McDonald

v the origin of neutrino masses might be different from that of quarks and
leptons (still involving the Higgs field or not)
v they might be related to the mechanism of baryogenesis

v etc.



Neutrino Sources Neutrinos can been seen as

flavour states: Ve, Vy, Vr

Neutrino sources (and Ve, Vy, Vq)

e natural: Sun, Earth, cosmic
rays, SN, ...
e artificial: reactors, accelerators

Super K
solar Minos
reactor lceCube...
Homestake
KamLand Borexino atmoSpheriC | m—————
== Double-Chooz ) gﬁ%a’ Gallex
— Daya Bay Solar neutrinos (ve) g Cosmi
Reno. .. uper K... osmic
rays
o
e = Flux Shower
- ! e‘ \ Far Dotecmr
Accelerator \ ; T L. = Atmospheric
LBL - . 'l_\ neutrinos
ar Detecto
ed or (v“' ve)
S Decay Tunnel B Di
B Proton Accelérator \ V) Peam UIVETges
! X La Far Detector Minos, NOVA
Target Magnetic Horns Opera. -
Near Detector,

Detection: 1 kilo-ton
of water — one solar
neutrino per day 3

One hundred billion solar
neutrinos per cm?2 per sec



Decades of Neutrino
Oscillation Experiments

2] 912 = e@ ~ 34°
?? 923 = eatm = 45°
013 = 8°

| Daya Bay 9! w,ww _4_ 2.5103eV2Z Am2 = Amzatm

E Cl 95% all solar 95% ,'
= |~ | ) —f<emiaNDie— 7.3 105 eV2 Om?2 = AmZ,
5 ¥ “’___"‘J‘ R
A 2
(© ™ \ £
-6 v\ _
.E S 10 \ Super-K
b W \95% |
@ | e Neutrino flavour oscillations (SK/SNO 1998)
o Vv ‘ 1 prove that neutrinos have non-zero distinct
(7)) V &V o . .
109 e u N masses and establish the paradigm with
Ve = = three neutrinos v1, vz, v3 (mass states)
..... —_ Ve<—)V
All limits are at 90%CL
_unless otherwise noted
Nommnal ordering assumed
1 O_ 12 whene:/er relevant 1 |
107 1072 . 10° 107
< tan”® > favoured 95% CL : solid regions
flavour mixing angle excluded 90% CL : open regions

© Murayama
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100 B W § N 0
—‘:"';-- — ‘\._:':‘1-‘:'»'-: T ._..._-;-::'»‘-'-""::'.‘:_.f — _ (o) 23
‘ 7? 623 = eatm = 45 H e
i =2 613 ~ 80
3| «| NH
«— 2.510-3eV2 Am?2 M
4 107 il 015
*| IH
Cl 95% T DU T N T ed
«— 7.310-5eV2 Omz2 0 10 20 30 40 50 60
0;[°]

1076

Super-K
\95%
N Borexino

Am? (eV?)

5%
V4

squared-mass splitting
<

[W—
<
o
|
|
<
L

All limits are at 90%CL
_unless otherwise noted

Nommal ordering assumed

whenever relevant
12 ! !

104 107 , 10° 10
< tan"0 > favoured 95% CL : solid regions
flavour mixing angle excluded 90% CL : open regions

10~

© Murayama



3-Neutrino Paradigm Flavour Structure

@ PMNS flavour mixing matrix
(Pontecorvo, Maki-Nakagawa-Sakata)

flavour
-_— flavour PMNS mass
e H T
3 I Vo) Z i)
> o =c, U, T
% Am?
§, Vi V2 V3
. v Ve . . m
/( 1 I :I:(sz Ums= Vel @ B B

Vt ...



3-Neutrino Paradigm Flavour Structure

|U1'3| = |Up3| ?

|Ue3| = O T . . . 9
(“maximal p-t mixing”)

(recently discovered)
e H T
3T
A

|Ut2| = |U|J2| = |Uez|?

Ve = 68% of v, 30% of vz, 2% of vs3

The flavour structure is the leptonic sector

is radically different than in the quark sector:

@ PMNS flavour mixing matrix
(Pontecorvo, Maki-Nakagawa-Sakata)

flavour PMNS mass
3
Vo) = Z Ugi Vi)
1=1 @ — €, :LLa T
Vi V2 V3
Ve . . O
Ums= Vel 1 T B
Vr H B .



3-Neutrino Paradigm Flavour Structure

@ PMNS flavour mixing matrix
(Pontecorvo, Maki-Nakagawa-Sakata)

|Ue3| =0 |Us| = [Up3] ?

(recently discovered)
e H T

(“maximal p-t mixing”)

3T
A

|Ut2| = |U|J2| = |Uez|?

Ve = 68% of v, 30% of vz, 2% of vs3

What flavour symmetry can produce

this pattern of flavour mixing?

e if yes, how is that symmetry
broken?

e more broadly, is there a dynamical
origin to the mixing and masses of
neutrinos?

2 05
|U- 0.6

0.7,/
08,
0.9,

flavour

2%

Upmns =

0 01 0.2 0:3 0.4 0.‘5 06 0.7 0.:8 09 1

electron

|Ue,|?

PMNS mass
Z i [vi)
=€, [, T
Vi V2 V3
Ve . . O
wim HE
Vr H B .
(o

e.g., tribimaximal

Vi V2 V3
Ve | VB VAR o
Vi § B RS B

VT B \1/6+/1/3/1/2



PMNS Parameterisation

@ PMNS flavour mixing matrix
(Pontecorvo, Maki-Nakagawa-Sakata)

flavour PMNS mass
& U T
3 A I |V0é E : ‘V’L
@ =¢e WU T
Am?2
Neutrino oscillations depend on
, v e 2 squared-mass differences:
T 0
1 I $6m2 Am2;1 and Am23;
« 3 mixing angles: 012, 613, and 023
Usual parameterisation of the PMNS mixing matrix: * 1 phase: Ocp
flavour PMNS mass
Ve 1 0 0 C13 0 8136_7’50]? c12 S1o2 O 1
Vn — 0 Co23 S23 0 1 0 —S12 C12 0 V9
U+ 0 —S23 (23 —81367’5013 0 C13 0 0 1 V3
atmospheric accelerator/reactor solar
(oscillations do not depend on 2 possible Majorana phases ai and az) Cij = c0s 0

Sij — sin ez'j



Ordering or Hierarchy?

Normal Ordering (NO) | M1=My=ms

Inverted Ordering (lO)

mi=mz=ms3

,— ,_,1 LI N B | | L ,F ‘LI T T T T T I T T T rrrra
’ RS e - x
> ' : . : > ' : . :
10 b v 4 Tk /|
o A SHE R E mp s &
- YAmg} © | | © at . Amp © | O )
e [Mm 2 R 5.1 € [m 2 2 5 !
3 Q! : S S : Q! : S
= g i3 A g i3 D !
1072k 3. = a9 107 AR 8\
F My g ! 3 &S : 31 ]
B m1 =1 :g) = m3 5" |g) =1
B: 13 5 B! 13 %!
cC, g C =S -
Normal Hierarchy 2! = = | Inverted Hierarchy?.- : = =
10-3 vl vl il ) 10—3 vl vl PR | )
10°° 107 107 1 10°° 1072 107 1
Lightestmass: my; [eV] Lightest mass: m3 [eV]
2 _ 2 2 2 2 2 _ 2 2 2 2
m; = m; + Amy; = m; + Amg miy = m3 — Am3; = m3 + Amjy
2 _ 2 2 __ .2 2 2 _ 2 2 L 2 2
m3; = m; +Amz; = m; + Amjy m5; = my + Am5; ~ m3 + Amjy

m quasi degenerate for Mightest >

JAmZ = 50 meV

best limits from cosmology (Planck + BAO)

C. Giunti, Moscow 2019

see lecture by
Ch. Yeche
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Neutrinoless Double Beta Decay

mi=mz=ms3

Excluded at 90% confidence level ]

SIS L

Combination (CUORE, EXO-200, GERDA, KamLAND-Zen, NEMO- :
( A

10
% Planck
L -2 anc
=" w > 95% limi
-
10°V e
4% | | |
10 - | | | | I | - | - | | | | I | - | | | | I |
10" 10° 10° 10" 1
m, (eV)
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2-Neutrino Transition Probabilities

2

Events /0.1 GeV
i

S

-
—
-
-
-
—
-
-
-
—
-
-
-
—
-
-
-

=== Prediction
=== NO 0Sscillation-

.

Oscillation/No oscillation
o
o

= -*-Ratio
08— | -
™ —
06— —— —
Ed —— —
: L 2 —— N
02— ® —— —
™ > o B
C ] Sor ’.l ] ]
00 1 2 3 4 5

Reconstructed Neutrino Energy (GeV)

2-Neutrino Transition probability

Am?L
4F
Survival probability

Pl/a—>Va — lvg—=vg — 1 — Pl/a—>VB

to be integrated over energy and
distance, and convoluted with cross
section, resolution, efficiency, etc.

An example: disappearance at NOvA

Am?3, L
P, s, ~1- sin? 2053 sin? ( 32 )

1K

12



Transition Probabilities

to be integrated over energy and
distance, and convoluted with cross
section, resolution, efficiency, etc.

T 8 T

T T T o Transition probability 5
80 === NO Oscillation- . 92 . 92 Am L
: P, v, = Py, = sin® 20 sin o
gso 1 Survival probability
é i . Pl/a—>Va — vVg—Vg — ]- T Pl/a—>V5
w40 -
T | i
]
> 4
w -
;h-l-l—-

s oA o

§ ook, Rat g frequency

: ot R Am2, L
S — " . . 2

% 04— X s . P’/u_”/u ~ 1 — SlIl2 2(923 SlIl2 4;

g 02f- _ ++ —:

Reconstructed Neutrino Energy (GeV)



Transition Probabilities

to be integrated over energy and
distance, and convoluted with cross
section, resolution, efficiency, etc.

T 8 T

T T T o Transition probability 5
80 === NO Oscillation- . 92 . 92 Am L
: P, v, = Py, = sin® 20 sin o
gso 1 Survival probability
é i . Pl/a—>Va — vVg—Vg — ]- T Pl/a—>V5
w40 -
T | i
]
> 4
w -
;h-l-l—-

s o 000 . -

o 0.8_— —— ] .

3 F e amplitude 5

e T E Amsz, L
> —_—r : . . 2

g ol . : P, sy, =1— sin? 26055 sin? 5

g b * ++ _: 4E

Reconstructed Neutrino Energy (GeV)



Neutrino Flavour Transition in Vacuum

Transition probability:

(=) (=) ) L
P(voy — vg) = 0ap —4Z§R 2iUsiU, Uﬁj)sm <AmjZ 4E>

1<
J CP conserving

T QZ\S 2iUsiUq;Uz;) sin (Amﬂ 2E>

a, = e, s T 1<J
2 _ . 2 2 iolatin :
Am3; = m7 —m; CP violating time dependence on

e mass squared differences

e L(=baseline)/E(=energy) ratio
Jarlskog rephasing invariant:

JCP — Z\S U/Sz UE]') = +.J

1<79

: 2 :
W]th J — 612812623823013813 S111 5CP

15



CP Violation in Vacuum

ACE — P(Va — Vﬁ) — P(?a %75)

L L L
— —16Jgp sin (Am%l E) sin <Am§1 E) sin (Am§2 E)

Necessary conditions for study of CP violation
 sensitivity to all three mixing angles
e sensitivity to atmospheric and solar oscillations

Q
=
|

Jarlskog rephasing invariant:

Jop = — Z\S‘ U/%U UEj) = =xJ all CP violation

i<j effects are
5 proportional to J

W]th J — 612812623823013813 SlIl 5CP

Despite the large value of the phase, y = (71 + 5)°,

CP violation effects are small in CKM
max L
J = 0.033 = 0.001 due to small mixing angles

In the neutrino sector, CP
to be compared with the Jarlskog CKM —5 violating effects can be much
invariant of the CKM matrix J (3 0= 0'2) x 10 larger, depending on Ocp 16




From 2- to 3-Neutrino Effects

P(ve—vy)

om?2 012

1 reactor
%
=
s B @ - T
£
a ¢
02—
[ — 3-v best-fit oscillation ~ —e— Data - BG - Geo ¥,
OZI()‘ 3I0 40506I() 7I08‘() 9I0 I l(I)O
Ly/E; (km/MeV)
KamLand
e —>e omz2 B12
ask- solar
oa?— pp Pop
arf-
o.ef 'Be 4
o,sf + g
0.4;—
a
C.l:
10° 10° 1¢*
. Energy (keV)
Borexino

Number of Events

disappearance and...

H—H Am?2 023

atmospheric
a00l + | 1000}
200 4 500f
Multi-GeV e-like Multi-GeV p-like + PC
2653 5485
0-1 0 1 0-1 0
cos(zenith) cos(zenith)
Super K

M— M Am?2 B23

— Prediction

NOVA 8 05 10™ POT-equw
T 1-osyst range
" Max. mix. pred A
15
---Backgrounds CC
e == ol | LBL
$
- »
w 1
0
8 w15
eg
o=
Ar—bl Ovs
i
0 1 3 . e
Reconstructed neutrino energy (GeV)
NOvVA

AmZ2 013 623

1.00
- Best-Fit
0.98 —— W/O oscillations
} EH1
By f EH2
Tw0.96 S
B
% 0.94
0.92
i reactor |
0.905160 200 300 400 500 600 700 800 900
Letr / E, (M/MeV)
Daya Bay
—> 204360
M—e Am?2 643023
lO T
wdpe T2K dutn
- Best fit specin
é 8 ACC 5] Bakg n:nd componsnl
: [ LBL
a ﬁ
Z 2
. IRTES Y i WD | o lo - Ao -
“ll() I[)()()
Reconstructed neutrino energy (MeV)
T2K
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Present Knowledge of PMNS

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

4_1| Wl T T —'IHIIUI““I”_ T HIIHIIIWI

;| UL W - SRy A s I N W S = Z ------------------

2 ——-—-—-—-x - —-—-—-—-—gy——_-————— h— ——-————_—_ === g———— - b ———_——————_——f——-—-———— b Ay ‘__.{ ‘,’*- ”_ :\“‘"‘L"X:&* «:1 #‘1-;\-——& #?;J,.:,:(
— = — - — - ‘““""""' n “""‘H'l”"’{"‘;
- - - - - - (\}tt'(u'()ld ml,‘tz’@ o ]»...m.(s

; | I SR S —— ] o N ] I __ S ]

oo oo M v b T Coon b Lo M v Lo 0 NEEEENEEEE EEA' /.

0
65 70 75 80 85 22 23 24 25 26 27 00 05 10 15 20

om? [10™ eV?] AM2[10° eV?] &/
4 B I I 1 I L I 1 | | LI I LI | _I L I 1 I LI LI I_
m \/ . N I‘\/ —NO . n .
3--\-- - 1 Y=o b M =
- WS A — B Mt = ] =
R S A 4 e I N -
0 : | I | I I | | I I | | L1 1 : : L1 1 1 I UI L1 1 | | I I | : :I 11 I | I | I | 1w | I L1 1 I:
0.25 0.30 0.35 0.01 0.02 0.03 004 03 04 05 06 0.7
Sin“e,, Sin“e, , Sin“e,,,

o the Normal Ordering (NO) hypothesis is favoured (at the 3o level)
» the CP conservation hypothesis is disfavoured (at the more then 20 level)
« the data are compatible with maximal CP violation (Ocp = -11/2)
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Mass Ordering

2-neutrino oscillations do not depend on
the absolute mass scale:
Mmin = M1 (NO) or ms (10)

, H T m the sign of Am2 is not known
A
Am?2 Inverted Ordering (10)
v € H ¢

e T ]
2 ] om?2 %
(— .
A

Normal Ordering (NO) Am2 u
@ .

3 _V
The Mass Ordering comes into play in several ways:
e matter effects (NSW) in the Earth
m SK/HK, IceCube/PINGU, KM3NET/ORCA
« 3-vinterference effects due to the small difference (3%) in Am243 and AmZ3;

m JUNO
e matter effects in long baseline experiments

J dm?2




Mass Hierarchy with Atmospheric vs

Hyper-Kamiokande Normal Hierarchy case

Mantle
Quter Core
Inner Core \ X%

scillation Resonance
by Earth’s Matter

N\
1
I
1
1
I
I
I
I
i
1
I

10 102 10 102

v energy (GeV) v energy (GeV)

Mass hierarchy accessible through MSW effect in
upward-going multi-GeV ve sample

« Normal Ordering : enhancement of vy = ve
e Inverted Ordering : enhancement of vy —= Ve

Potential to determine mass ordering (> 30) by 2030

sin” 26013
sin” 26,5 + (cos 26013 + v/ QGFNe/Amgl)

(mostly) v/v mass ordering

. 290M _
sin” 20,5 =




JUNO

Reactor experiment in China

e 50 km baseline (2 reactors)

20 kt liquid scintillator detector
e 3% energy resolution @ 1 MeV

] s — Non oscillation

E‘ — 0, oscillation

= 05 Normal hierarchy
5 Inverted hierarchy

/sin2012

© ~2021

PMT coverage
> 75%

S Rles RS Pa >V T
/3 \/T/ \‘\1 N\

P(We — Vo) = 1 — ci45in” 20,5 sin* (AmglL/élE)

— 75 8in° 2015 sin” (Am3, L/4AE)

— 574 sin* 20,5 sin” (Am%zL/ZLE)

« MO at 40 in 6 years

e percent level measurements of
sin2012, dm? and Am?
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Matter Effects in LBL Experiments

Ve Apparition Probability

4 Neutrinos, NO, =0, w/o matter effects
~10 — B = ' H 0.1
: = 0.09
— . =
) - == 0.08
= -—
§ - 0.07
(3] =
m =

0.06
0.05
0.04
0.03
0.02
0.01

9DUBUOSY dlJ4aydsounyy

10™" 1 10
Neutrino Energy Ey (GeV)

Neutrinos and antineutrinos travel through

matter not antimatter

 electron density in matter causes an
asymmetry via CC coherent forward elastic
scattering

Ve e Ve e

W

e Vg € Ve

« this effectively modifies the flavour mixing
angles (larger effect between vi and v3)

tan 207% =

tan 2013 /(1 — 2EVoco/Am?; cos 2013)

where potential due to
coherent forward

VCC — \/iGFNe scattering
e this depends on the electron density Ne
and on the Mass Ordering (sign of AmZ243)

e for antineutrinos Ve = -V
22



Matter Effects in LBL Experiments

Ve Apparition Probability

Neutrinos, NO, 0=0, with matter effects

: 0.1
: 0.09
+0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

)
—
2

Baseline L (km

9dUBUOSAY dlJaydsounyy

10™ 1 10
Neutrino Energy Ey (GeV)

| 27Am2 [eV?] L[km]
4E ' E[GeV]

A MSW resonance situation occurs for
e neutrinos in Normal Ordering
 antineutrinos in Inverse Ordering

1 Effective Mixing Angle

- VNO
08~ v 10

sin2 20m

\_

o' 1 10 102
E (GeV)

Eres = |Am2,| cos 2015/2v/2Gr Ne

For Earth mantle density p = 2.6 g/cm3,

Eres = 10 GeV
w for a given L/E, matter effects are larger
for longer baselines
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CP Violation vs Matter Effects

0.08
. 0.06 90
1> %
T 004 N
a
>
Q. 502
O— L | ' [ B L
0 0.02 0.04 0.06
P( vy = Ve)
E = 660 MeV

P(Vy = Ve ) VS P( vy — Ve )

T2K/HK L =295 km

0.08
— 0.06
Q
|>
T 004
a
|>
EOOZ 270
: NO
O_l 1 1 | 1 1 | 1 1 | 1 1
0 0.02 0.04 0.06
P( vy = Ve)
E=1.8 GeV

NoVA L =800 km

sin2023 = 0.5
sin20+3 = 0.022

0.08

DUNE L =1 300 km

Fixed L/E = 450 km/GeV

0.08
: IO 20
006
(b}
1> ’
T 0.04- :,.."TZ‘:,’
= 0
|>
N 180
Q. 0.02- -
: NO
0—1 1 1 | 1 1 | 1 1 | 1 1 1
0 0.02 0.04 0.06 0.08
P( vy = Ve)
E=2.9GeV

At given L/E, larger baseline

means higher energy,

hence bigger matter effect,
hence more fake CP violation
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CP Violation vs Matter Effects

0.08

P(Vy = Ve ) VS P( vy — Ve )

T2K/HK L =295 km

1 I 1 1 1 [ 1 1 1 [ 1 1 1
0.02 0.04 0.06

P( vy = Ve)
E = 660 MeV

0.08

NoVA L =800 km

1 1 I 1 1 1 I 1 1 1 I 1 1 |
0.02 0.04 0.06

P( vy = Ve)
E=1.8 GeV

sin2023 = 0.5
sin203 = 0.022

0.08

Fixed L/E = 450 km/GeV

DUNE L =1 300 km

1 1 I 1 1 1 I 1 1 1 I 1 1
0.02 0.04 0.06

P( vy = Ve)
E=2.9GeV

0.08



CP Violation vs Matter Effects

0.08

P(Vy = Ve ) VS P( vy — Ve )

T2K/HK L =295 km

1 1 I 1 1 1 [ 1 1 1 [ 1 1 1
0.02 0.04 0.06

P( vy = Ve)
E = 660 MeV

0.08

NoVA L =800 km

1 1 I 1 1 1 I 1 1 1 I 1 1 |
0.02 0.04 0.06

P( vy = Ve)
E=1.8 GeV

sin2023 = 0.5
sin20+3 = 0.024

0.08

Fixed L/E = 450 km/GeV

DUNE L =1 300 km

1 1 I 1 1 1 I 1 1 1 I 1 1
0.02 0.04 0.06

P( vy = Ve)
E=2.9GeV

0.08



CP Violation vs Matter Effects

0.08

P(Vy = Ve ) VS P( vy — Ve )

T2K/HK L =295 km

1 I 1 1 1 [ 1 1 1 [ 1 1 1
0.02 0.04 0.06

P( vy = Ve)
E = 660 MeV

0.08

NoVA L =800 km

1 1 I 1 1 1 I 1 1 1 I 1 1 |
0.02 0.04 0.06

P( vy = Ve)
E=1.8 GeV

sin2023 = 0.5
sin203 = 0.022

0.08

Fixed L/E = 450 km/GeV

DUNE L =1 300 km

1 1 I 1 1 1 I 1 1 1 I 1 1
0.02 0.04 0.06

P( vy = Ve)
E=2.9GeV
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CP Violation vs Matter Effects

0.08

P(Vy = Ve ) VS P( vy — Ve )

T2K/HK L =295 km

1 1 I 1 1 1 [ 1 1 1 [ 1 1 1
0.02 0.04 0.06

P( vy = Ve)
E = 660 MeV

0.08

NoVA L =800 km

1 1 I 1 1 1 I 1 1 1 I 1 1 |
0.02 0.04 0.06

P( vy = Ve)
E=1.8 GeV

sin20623 = 0.5
sin2013 = 0.020

0.08

Fixed L/E = 450 km/GeV
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1 1 I 1 1 1 I 1 1 1 I 1 1
0.02 0.04 0.06

P( vy = Ve)
E=2.9GeV
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CP Violation vs Matter Effects

0.08

P(Vy = Ve ) VS P( vy — Ve )

T2K/HK L =295 km

1 1 I 1 1 1 [ 1 1 1 [ 1 1 1
0.02 0.04 0.06

P( vy = Ve)
E = 660 MeV

0.08

NoVA L =800 km

1 1 I 1 1 1 I 1 1 1 I 1 1 |
0.02 0.04 0.06

P( vy = Ve)
E=1.8 GeV

sin2023 = 0.575
sin20+3 = 0.022

0.08

Fixed L/E = 450 km/GeV

DUNE L =1 300 km

1 1 I 1 1 1 I 1 1 1 I 1 1
0.02 0.04 0.06

P( vy = Ve)
E=2.9GeV
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CP Violation vs Matter Effects

0.08

P(Vy = Ve ) VS P( vy — Ve )
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CP Violation vs Matter Effects

0.08

P(Vy = Ve ) VS P( vy — Ve )
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NoVA L =800 km
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ACP( Vp/Vp — Ve/Ve ) [%]

CP Asymmetries

ACP( Vp/Vp — Ve/Ve ) [%]

T2K/HK L =295 km

50—— NO

1 1 1 1 1 1 I 1 1 1

i 1 1 1 1 I 1
-1 205 0
Ocp/T

E = 660 MeV

0.5 1

ACP( Vp/vlJ — Ve/Ve ) [%]

Fixed L/E = 450 km/GeV

. NO

NoVA L =800 km

DUNE L =1 300 km

sin2023 = 0.425-0.5-0.575
sinZ043 = 0.022
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Number of Events

Number of Events

T2K: Far Detector Sample

vy CCQE ve CCQE
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T2K CP Analysis

d.p (Radians)
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JPARC/T2HK

J-PARC

Accelerator Complex

—

180 kt Water Cherenkov 0.16 1 : - r e LBL = 295 km
0.14 | M iy (A'lf') o off-axis (2.5°)
NH, 8cp=0 '
012 | IH, 5op=0 ======- e narrow beam
- e <E\> = 600 MeV
' e first maximum
0.08 | L=295 km of oscillations
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05 1 15 2 25 3 35
Il TaAY a2



From JPARC to SuperK

4 Decay Near detectors
+
pi%fj:s Target :” --------------- 2.5°
from & Horns M Muon monitor Beam cc;:nter Super-K
(
J-PARC MR ! | } ? |
_ 0 120m 280m 295kmj
o e -
S— Paw- ==
T
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HK Sensitivities

signal BG
Total
v, —=v. 7,—-7. |v,CC 7,CC p, CC 7,CC NC | BG Total
Events 1643 15 7 0 248 11 134 400 2058
v mode
Eff.(%)| 63.6 47.3 0.1 00 245 126 14 1.6 —
Events | 206 1183 2 2 101 216 196 517 1906
7 mode
Eff. (%)| 45.0 70.8 0.03 002 135 308 16 1.6 —
10— ,
- Normal mass hierarchy HK 1tank 10years -
e sin%28,5=0.1 -
> ~ Sin2623=0.5 7
I 8 —
© T ]
6 -
4 .
2 -
0_ 1 | | 1 | 1 1 | | 1 1 | I | | | 1 | | | | 1 1 | | | 1 1 1
-150 -100 -50 0 50 100 150
Ocp [degree]
w Schedule
e 1.3 MW x 186 kton for 10 yr » 60% of phase space with >50 sensitivity
m V/V running = 1:3 in 10yr

- Operations up-time as SK e 50 sensitivity in 2 yrs for maximal CPV



LBNF/DUNE

Sanford Underground
Research Facility

4 x 10 kt Liquid Argon

-
o -
- i

|

-l

L=1300 km~-

LBL = 1 300 km
on-axis

wide beam
<Ev> = 3 GeV
first maximum
of oscillations
also second
maximum
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DUNE Far Detector Samples

Events per 0.25 GeV

Events per 0.25 GeV
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DUNE Far Detector Samples

Events per 0.25 GeV

Events per 0.25 GeV
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DUNE Sensitivities

CP Violation Mass Ordering

40
. DUNE Sensitivity 7 years (staged) " DUNE Sensitivity 7 years (staged)
- All Systematics 10 years (staged) - All Systematics 10 years (staged)
10—Normal Ordering == Median of Throws 35 —Normal Ordering Median of Throws
- sinZzew =0.088 + 0.003 1c6: Variations of L sin22913 =0.088 + 0.003 16: Variations of
- 0 4< sinze < 0 6 statistics, systematics, : 0 4< sinze < 0 6 statistics, systematics,
- ) . ’ and oscillation parameters 30_— ’ 3 ) and oscillation parameters
8 X
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w Staged schedule

e 1.2 MW x 20 kton at start

e 1.2 MW x 30 kton after 1 yr simultaneous fit of ND and FD data
e 1.2 MW x 40 kton after 3 yr

e 2.4 MW x 40 kton after 6 yr

w equal v/V running

w 56% operations up-time



DUNE Sensitivities with Time

CP Violation
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mass ordering at 5¢ in at most 2 years

43



DUNE Summary of Expected Performance
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Proton Decay and GUT
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Number of events

Number of events

Proton Decay in HK
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Longer Term: ESSnuSB?

0.207
m- ESSNUSB (European Spallation Source ’

Neutrino Super Beam)

Excellent coverage of

e ESS neutron source under construction in the second maximum

Lund (Sweden)

« far mega-ton class water Cherenkov
detector?

» two candidate sites: Garpenberg (L = 540
km) and Zinkgruven (L = 360 km)

20
0 )
9%I10% sySt' (2"d generation neutrino Super Beam)
———t— L=360km
15F
L =t L=540km
=
B
<
10} e ESFRI
UJ RING
;@§D UPERBEAM g 2025- Constructlo tak 1ng
?EDEE . Izozz- I2026 i
2024:

sk SN Izozl Preconstr facility and
.................................... 2018: End of Preparato uctlon detectors,
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5op(®) 2012: 2019: gof De51gn i 0,14 rnatlo comm1ssm
inception 0cginnin ESSVSB  Stud \ |
of il puBiall Design C ”“d
Phedbdthys. BEEST Sty m
. (2014) 127 Action (]%Urodaeans
e more sensitivity on Ocp I%BJQNNQI)L
 less influence from systematic uncertainties Re‘?’“’“e"“"m After the CDR go to a Technical
Design phase (TDR) 47
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