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OVERALL PLAN OF THE 5 LECTURES

Neutrinos in the Standard Model.
Neutrino interactions, detectors. Solar and atmospheric neutrino problems.
Neutrino oscillations in 2 tlavors. SNO and SK.
Neutrino oscillations 1n 3 flavors. Future experiments.
Theory and search for neutrino masses. Neutrinoless double-beta decay. Neutrinos in
Cosmology and Astrophysics.

Theory and experiment will be strongly mingled.
Every lecture will have some of both.
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PLAN FOR LECTURE 4

Finding evidence for oscillations
with atmospheric neutrinos: Super-Kamiokande
... and early confirmations with terrestrial sources: K2KK, MINOS
Three-tlavor neutrino mixing
Neutrino mass ordering
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix and three-flavor oscillations
CP violation and matter effects

Current experimental status
Future experiments
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SUPER-KAMIOKANDE



Kamiokande Super-Kamiokande Hyper-Kamiokande

1983~1996 1996~Present Aiming to start observation in 2027
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(680~1040 ton) Fiducial mass (22500 ton) (190000 ton)

50 cm diameter / 948 PMTs 50cm diameter / 11146 50cm diameter / about 40000
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Recently published: complete analysis of SK phases I - IV: over 20 years of datall

Significant improvements in energy reconstruction and uncertaities

Since 2020: SK-V (prep tor GGd), SK-VI (0.01% 03% Gd)
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SUPER-KAMIOKANDE
SOLAR

Following slides from my recent talk at Neutrino 2024
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3.5 MeV threshold
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SK OSCILLATIONS GLOBAL FIT

in’(0,,)=0.316"33%  Am3,=(7.54'%13) 10®eV? sin*(®,,)=0.0218+0.0007

S(O.-0600TS amy=6.10%) 10V Solar best-fit value updated to:
Ams; = 6.101)3 X 107eV?

~1.5 0 away trom KamILAND

10 -
0.4 05 2468

. 2 2
sin (912) Ay

SK ﬁt, fixed 013
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SUPER-KAMIOKANDE
ATMOSPHERIC



SK ATMOSPHERIC NEUTRINOS

NEUTRINOS FROM SUPER-
COSMIC RADIATION KAMIOKANDE
KAMIOKA, JAPAN

COSMIC
RADIATION

PROTECTING
ROCK

Muon-neutrinos 50 OOO tons

give signals in

the water tank.

SUPER- \ water

KAMIOKANDE

Muon-neutrinos
arriving directly
rom the
atmosphere

Light detectors
MUON- measuring Cherenkov
NEUTRINO radiation

Muon-neutrinos

that have travelled
through the Earth
ll qO —_
||\ /o'

13 000 PMTs  CHEREnkov

RADIATION

J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 13



Range in detector strongly _—
correlated to energy
Fully Contained

— Upward stopping W
Upward through/going WL

1000 -
i . FC i . 160 V.21 Upward stopping u
2. 800 [ ve — = 140 | Upward through-going u
-8 - — Yy E g 120 ;—
S 600 |- Z21 PC 1 S 100g
< : - ] % 80F
2 400 [~ . 1 £ 60F
- l— - : :
V - 5 - > 40
Lﬁ 200 :_|‘I _ —: = 20 E'_
S P ﬂfﬁzm"d NPT T 0 E
0 &= B
100 1 10 10 10°  10¢ ~ :
E, (GeV)
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FULLY CONTAINED

no signal in outer detector

Super-Kamiokande

Run 3013 Event 143004
96-10-24:19:39:51

Inner: 1763 hits, 4003 pE
Outer: 3 hits., 5 pE (in-time]

Super-Kamiokande

Run 3062 Ewvent 475360
96-11-08:12:07:30

Inner: 2305 hits, 7763 pE
Trigger ID: 0x03 Outer: 5 hits, 4 pE (in-time)
D wall: 897.4 cm Trigger ID: 0x03

FC e-like, p = 463.8 MeV-cC D wall: 601.2 cm
FC mu-like, p = 1088.0 MeV.-cC

Time(ng)

o < 958 Time(ns)

® < 971

1003-1008 . : -
1008-1013 ;-8 1 % -3,:3.7%'g T 1025-1031

[ ) ° . ]
1013-1018 0‘;&' 1 1031-1037

1018-1023 L., ®.: R R o 2 ¢ 1037-1043
1023-1028 L e d.te 'S 1043-1049

1028 : S A RS RN 1049-1055
1055

500 1000 1500 2000
500 1000 1500 2000

Times (ns)

Times (ns)

electron-like muon-like
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PARTIALLY CONTAINED

Super-Kamiokande

Run 8205 Ewvent 38394074
99-12-16:08:14:45

Inner: 4771 hits. 15758 pE
Outer: -1 hits. 0 pE (in-time)
Trigger ID: 0xO0f

ap wvel:

Fullv-Contained

Time(neg)
o < 9282

1080-1102
1102-1114
1114-1126
1126-1138
1138-1150

one cluster 1n outer detector
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500 1000

Times (ns)

Super-Kamiokande

Run &060 Event V678869
99-10-29:14:09:48

Inner: 9144 hits, 853718 pE
Quter:; -1 hits. 0 pE (in-time)
Trigger ID: 0x0f

ap velr.

Fullv-Contained

Time(ns)
. < 991

!g.;;gr
i.“ t".

e K
4

l081-1091
1081-1101
1101-1111
1111-1121
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>1131 |.- .
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THE “SMOKING GUN” PLOTS

Expected, no oscillations

Neutrino “disappearance” depends on
energy and direction (path length)

multi-GeV e-like multi-GeV u-like + PC

Discovery of neutrino oscillations!

-08-04 0 04 08 -08-04 0O 04 08
Ccos® cos®
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Sub-GeV e-like 1-dey e 1000 [ Sub-GeV e-like0-dey e] 400 [ Sub-GeV p-like O-dey €] 1000 Forcev wlike 1-dey el _ Upstop u
B 1 ‘"’ - - - - -—ﬁ\i—

._+_ g [~ - s - [
200 - SR - - e 200 j

[ Sub-GeV ,'I'O-lil\‘.t.‘ 1-R | 100 | Multi-GeV e-like ve
200 '
-

100 |

PC stop ] - Nonshowering u

200

. : 5():

- Sub-GeV p-like 2-dey e - Multining e-like v | Multiring e-like ¥¢ | PC thru 200 Showering u

100f  BH 4 | 4007

100 k sSul l _1 100 ‘ . [ f\ii,
| — 50 LoHF %ﬁt P TR 1 200 s _
0 1
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i
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-1 -0.5 0

_ & _

cos 0 cos 0

S TS 4m_,r
| Sub-GeV aU-like M-R | | Multi-GeV p-like

500 4 y ﬂ—i

Ny

200

i All consistent with
-1 b . oscillations

o q o 1 1

500 1000 -1 0 1 -1 0 1

Lepton momentum cos 0 cos 0
(MeV)

+

: HlﬂtS Of V1 1

: Tau-like

L 1 1 1 l L 1 L L l 1 1 L 1 l L 1 1 1

-1 -0.5 0 0.5 1
cos (0)
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A : RINC

Am?2 much larger than for solar. Partly vy — Vvi. Therefore

these have to be different oscillations from what explains
solat.

o.o'-n-‘l.-..l...lu.
Logo[L/E (km/GeV)]
2.00 | | |

Super-Kamiokande |-V (6511 days) ~ Super-Kamiokande |-V
1.75 ¢ Data, high-res. u-like ‘> M Zenith (Phys. Rev. D 109, 072014)

e Best_flt two_ﬂavor 0SC. N L/E+ Low-res. I.l'||ke + Up'l.l (ThlS Work)
- == Best-fit decay . — 90% -= 68% + Best fits

0.8

1.50
1.25 |

1.00 } LA

)
-
O
-+
O
Q
2
O
O
Z
O
-—
9
-+
(T
oC

0.50

0.25

0.00
10°

L/Epec. (KM/GeV)
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EARLY CONFIRMATION



K2K - FROM KEK TO KAMIOKA 5l

front g decay pi HORN(target)  12GeV-PS - -
detector ;"’%‘”"e\" » == First long baseline accelerator
SO— LT . .
N (=l e PR neutrino experiment!
IR - [ '/
[ 18
Use ND data
250km 300m 200m 16 .
1 to predict

non-oscillated
FD spectrum

————— — - —— — —— - ———

—

>
@
O
~N
=)
S—
%)
D
c
@
>
@

Super Kamiokande

CKanl oka cho)

synchrotron

4\“" frn i

o //’/ ('-- :

P Spectral distortion

emmasscammc Detect or

ST compatible with
atmospheric oscillation

\\_ _,,-/

arameters
Far detector (FD) event Near detector (ND) event P
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Long-baseline experiment at Soudan with Fermilab beam (735 km)
W/r K2K, beam is more intense and higher energy (~same L./E)
Magnetized iron and plastic scintillator detector: better energy resolution

Confirms SK and K2K with better precision on Am?

Madison
A o

—4— MINOS, MINOS+ Far Detector Data
—— Prediction, No Oscillations

—— Prediction, Am*=2.37x10° eV?
Uncertainty (oscillated)

® MINOS Best Fit
— MINOS 90% C.L.
MINOS 68% C.L.

W 10.71 x10%* POT v,-mode MINOS
3.36 x10%° POT v,-mode MINOS

1.68 x10* POT v,-mode MINOS+

&
o

N
o

ﬂ/'\
>
: K
G >
— ()]
p) ~—
S =
b -

<

— SK 90% C.L.
— SK (L/E) 90% C.L.

N
=

—
m

5 10 15 20 30 50
Reconstructed v, Energy (GeV)
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OSCILLATIONS WITH
3 FLAVORS



NEUTRINO MASS ORDERING

With 3 neutrinos, have 2 independent mass splittings [t

But that’s OK, since
|Am?2 | ~ |AmZ o | ~ |AmZ,| ~ 7.5 X 107°eV?

sol

|Am?Z, | ~ |Am?. o | ~ |Ami,| ~ 2.4 X 107%eV?

arm

MSW ettect in the Sun: we know Am221 > 0. Stull, 2 possible orderings:

Normal Inverted

2

solar: 7. 5%10™ eV

2~ 2 B : :
AVCTERSEAUES s 2 common approximation

but it’s of course not true!

atmospheric: How to determine the ordet?

2.4x107> eV? I .. ¢ )
make a precision measurement of |Amy |

atmospheric:

measure sign of Ams, as well, with
matter effects

J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 24



3 FLAVOR NEUTRINO MIXING

d - d - d - a +
U Q_Q € U Q_Q € _I_ U % € _|_ 1 Q—Q €
8 8} 8 8
) Ve Uei TZ V1 Ue2 % V> Ue3 % V3

Simple extension of the two-neutrino mechanism Ve Uet Uez Ues

; V = |\ U,y Uyp U
U elements are complex, in the general case vﬂ ul Yu2 Yu3
T

Mixing matrix has to be unitary to preserve probability

X X X
el Yul Yrl Ve
*

Inverse matrix 2 Y2 YU
e3 ~“u3 ~13

Uet Uep Ups

Unitarity constraints Uut Upz U3
18 -=> 9 d.o.f Uz Ury Uzs

~ J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 25



SURVIVAL PROBABILITY

expressing vy, Uy, U3 as a function of

U, Uy, Uy and re-arranging the terms

+ 2|Ue \2\Uez|29?{[e"’<¢“¢2> 1]}
+ 2|Uet |*|Ues|*R{[e 917 %) — 1]} making use of unitarity relations

T 2‘U62‘2‘U63|29{{[€_i(¢2_¢3) _ 1]}

~ J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 26



SURVIVAL PROBABILITY

cos(¢— @) — 1
5in? (¢2 — 0
2

i ( (m3 — m%)L)

4E

2 2 2
Amzl = m5 — m;

P(V, — V,) = 1 —4|U,1|*|U.2|? sin® Aay — 4|U,1 |?|U,3|* sin® Az; — 4|U.» |*|U.z|* sin® Azo

Let’s examine this. Survival (or disappearance) probability:
Depends only on module of U elements, not on phases

Depends on As only via sin2, so does not depend on sign of any Am?.

~ J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 27



GENERAL EXPRESSION

dl
P

General expression for both survival and oscillation: ) A(Zﬁ = UxUp U, Ux

< 2L> l ﬁl aj ﬂ]
—I\ 72E
P (1/ e I/ﬁ) ‘ <I/ﬁ‘1/ (L)> ‘ l]>I< Uﬂl Amg — mi2 . mjz
) AmAL ) AmAL
= — 4 ) ReAY sin? i +2 Y SmAY sin !
ap ; af AF ; ap 'F

Let’s examine this as well. If o[, oscillation (or appearance) probability:
Depends also on phases

Depends on As also via a sin term, so it does depend on sign of Am?

But not if U i1s real, since in that case FmA ;ﬁ =0

~ J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 28



TIME REVERSAL

2

R
P (Dﬁ —> I/a) — ‘ <I/a ‘ Vﬂ(L)) ‘ — UaiU;;e ’

l

. AmzL AmAL
— — 4 Re(AY Yrsin? + 2 sSm A *SIn J
af Z ( aﬁ) ( AF ) Z ( ) ( 2F )

> 1>]

It the U matrix i1s not real, then

P(I/a — I/ﬁ) #P(l/ﬁ — va)

Not time-symmetric!

~ J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 29



CP AND CPT IN WEAK INTERACTIONS

In addition to parity, two other discrete symmetries

Charge Conjugation

Appears

imnvariant. ..

I J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 30



CP IN NEUTRINO OSCILLATIONS

Efttect of discrete symmetries in neutrino oscillations:

Therefore

So, if the PMNS matrix 1s not real, CP 1s violated 1n neutrino oscillations!

IMPORTANT IMPLICATIONS ON THE MATTER/ANTIMATTER ASYMMETRY IN THE UNIVERSE!

I J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 31



PMNS MATRIX PARAMETRIZATION

PMNS matrix degrees of freedom?
3x3 complex numbers, so 18 real numbers. Minus 9 unitarity constraints = 9 d.o.t
3 real angles and 6 complex phases, but the charged leptons are Dirac particles, their
fields can be phase rotated. Sii = Sin Hl-j
So 3 angles - 0,5, 0,5, 0,5 - and 3 phases (0-p, a, f) C;; = €Os 0,

Uel Ue2 UeB
U‘cl U*cz UrB

Atmospheric Solar

~ J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 32



o : ¢ \

We can now write the oscillation probability as a function of
the angles and phase 14} Neutrinos

i 0.12 Norma'InOrdering
P(Ve —vy) = [vulw(L))
\UQIU*le_i‘P' T Uer*ze_i(p2 T U83U“*3e_i¢3 |2

()
o

== o
)
o
| || n
ST
N

9]
a-)

| | GEN, |
(o ). . D . D ¢
P(v(l)’; —> (1.)(,), = S1n- 923 S1NN 2913 ad == ﬁ
.9, _ |
sin“(Az1 —al) , B RTEAEL
_ 31 Neutrino Energy (GeV)
(A31 — al)?
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BEST STRATEGY FOR EACH ANGLE?

Since the mass splittings are quite ditferent, the best experiment to measure each
mixing angle 1s different

VACUUM OSCILLATION E ~3 MEV E ~1 GEV
LENGTH (REACTORS  (ATM, ACC)
[Amz,| ~ 7.5 X 10™eV? 50 kv sy LS00 KN
21 . (TOO BIG!)
S(I)BL=
\Amé\ ~ \Am223\ ~24x107%eV4 1.5 KM (SBL) 515 KM (LBL) Short (Long)
Baseline
REACTOR SBL, SOLAR (MSW),
ACCLBL ACC LBL REACTOR LBL

c12 s12 0

X | —s12 ¢12 0
O 0 1
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CURRENT STATUS,
REACTOR AND ACCELERATOR
EXPERIMENTS




DAYA BAY AND THETA 13

D. Bay& RENO&D.C.

Next: how to measure 6,5° 2 4 el AND
2 . y . ||_|___ ——-— T — P
Coupled to Amj,. At reactor neutrino energies, o £ "#”T | *
oscillation length ~ 1 km. Previous exp. too closcl a mio
Also, 1t 6,5 1s small, amplitude also small. = o
The key experiment was Daya Bay in China . 0
. (“huxv | KamlL AND
Two sets of near detectors, one of far detectors
All identical, so systematic el

. far detector

uncertainties cancel

-
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sin’20,,= 1.0
Am2,=24x10"eV?

! Il ! ! ! | Il
T T I T 1 T T

it OA0.0°
220A20°
==0A25°

1

JPARC (515 kW)

Baseline 295 km, off-axis

Peak
Energy@FD

Far detector

0.6 GeV
SK, WCD (50 kt)

WIFTR G0 d on-axis (INGRID),
off-axis (ND280)

Fermilab

Super-Kamiokande

1 Mt. [keno
1,360 m

Karriioka

"
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|

(700 kW)

810 km, off-axis

2 GeV

segmented LS

(14 kt)
functionally

identical (300 t)

‘ Near detector Vu

|

......
------

NuMI, FNAL

v, CCevents / kt/ 1E21 POT /0.2 GeV

Medium Energy Tune

B * ONn-axis

llllllll

7 mrad off-axis

— |4 mrad off-axis
[ — 21 mrad off-axis

lllllllllll

E, (GeV)

Far detector:
Ash River, MN




Events in bin

04 o0 o 1 1Figconst:u.c‘;tted neli?ino en<1a.rgy [GeV]z. . . | . . ObS@fVﬂthﬂ Chaﬂﬂels,
sensitive to many
oscillation parameters

IIII|IIII|IIII|IIII|IIII|I

o

in

Events in bin
(D
Eventsinb
=
o

S

............... ............... yﬂ..._l.s_%pp?a.mﬂc

1 1 l 1 1 1 l 1 L L l 1 1 1 i 1 1 L | |
1.2 1.4 1.6 1.8 2 0 _ . ) 0.8 1.2
Reconstructed neutrino energy [GeV] Reconstructed neutrino energy [GeV]
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Posterior
probability

065

06

055

sin“8,,
o
")

045

Am, [x107eV?]

(&

o

15708

11416

Latest results from T2K T2

Parameter dep [rad.] sin @3 sin“f;3 | Ami, [x107? eV?]
2D Best Fit Value -2.01 0.48 0.024 2.51
68% (1o) C.L range |  [-2.83-0.75] | [0.47,0.55] | [0.021,0.030] | [-2.59,-2.51] U [2.44,2.57]
95.4 (20) C.I. | [-7,0.25] U [2.51,7] | [0.45,0.58] | [0.018,0.036] | [-2.65,-2.45] U [2.39,2.62]

1/ Favor CP violation

2/ Mildly favor 6xin lower octant

O 4 outol total 6 parameters constrained by T2K data only

ttttttt

O T2K measurement of @, 5 is consistent but less stringent than

constraint from reactor-based v experiments,

a sin? gr$3ClOr = 00220 + 0.0007

BE 182 23 369 313 356 45 04 045 03 055 06 085 24 245 25 25 26 2w 0w ae O "This reactor constraint is used as external constraint or prior

19

sin’6) ; [x10°] SIn‘6, Am3, [x10°eV?] Scr to enhance sensitivity to other parameters.

S. CAO, PASCOS, JULY 2024
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Events
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Reconstructed Neutrino Energy (GeV)

Mild preterence tor:

Normal ordering
sin“0,, > 0.5

CP violation

0.02

v-beam NOVA Pre“minary vV-beam NOVA Preliminary
Fr T 1+ [+ 1 1~ Frr 1 11
: + FD data 1 + FD data E
= — 2024 Best-fit Pred— (5[ — 2024 Best-fit Pred. ]
i 1-csyst.range ] [ 1-0 syst. range |
i Background 110 Background -
— Bl Wrong Sign: v,CCH{ | Bl Wrong Sign: v,CC -
- Cosmic bkgd. 1 8} + Cosmic bkgd.
—1 1

Reconstructed Neutrino Energy (GeV)
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- LowPID |  High PID . Low PID High PID l
I FDData | _ poern 1t :
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. WS bkg., i -

i ; 1-o syst. 4 F - W brg 1-o syst. .
- > BE am | Lorange — 1 Beam range -
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- O ' . — | [ a N
i — | i
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u | 1 5 -9 -*- —
- I . :
- g 1 Fale L %_-:= ;

05115
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Reconstructed v, energy (GeV)
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02 3 4 1 2 3 4
Reconstructed v, energy (GeV)

cons. for NO, viol. for 10
tension with T2K

2
Sin“6,,

0.6

0.4 |

NOVA Preliminary

- 68% Cl

| Bayesian Créd, Int,

! Maréinélizéd ‘sep'arételly
over orderings, Normal MO -

-y

a1
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- NOVA 2024 — — NOVA+T2K (2020)
- ——NOVA2020 - T2K 2022
_ T2K (2020) + SK (IV)
- 1 I 1 I 1 l 1
0 z - Sn
2
Ocp

f:ylllllll

. 2
SIN 923

0.6

05

04

NOvVA Prelimina

ry

0.06

0.04

——

" Bayesian Cred, Int,
" With 2D Daya Bay constraint™

-_ D?o
: D3G

]
g
| I I 1

1

A

Inverted | ’l“\ Not
Ordering Orde
¥ L D‘G

mal

26 25 2.4 23 23 2.4
AmZ, x107 eV?

N.O. preference:

87% (Bayes factor: 6.

Daya Bay (sin?20:3, Ams>?)

25 286

8)

Frequentist significance*: 1.60

NOVA Preliminary

| Bayesian Cred, Int,

' Marginalized Separately

- 68% Cl over orderings, Inverted MO+
— =mmm NOVA 2024 — - NOvA+T2K (2020) B
— NOVA 2020 ----- T2K 2022
T2K (2020) + SK (IV)
l 1 l 1 1 1 1 l 1
3 n 3n
2 2
6CP




GLOBAL FITS



GLOBAL OSCILLATION FITS

Consistent results favoring the 3-tlavor neutrino 222 NOIO with SKCaimy
oscillation framework

Best precision for the parameters comes from
combination of all available solar, reactor,

atmospheric and accelerator data HTTP://WWW.NU-FIT.OR
Tension may point to new physics... or the need for
more data...

5

\ / 1
/ 1
. / I
FTN e < ii

04 045 05 055 06 065 -26 -25 24 24 25 26

THERE YET... sin” 0, Am, [10° eV am;

g1= %018 X
sin’(©,,)=0.3060.013 Amj,=(6.10%3) 10%eV’
sin%(0,,)=0.30740.012  AmZ,=(7.50*¢13) 10%eV?

i
X |,J /,’
i1 f .
i .
L - faats

I
i |
',1.
Al
i ]
if'
i 1]
il
\

KAMLAND

: I 24 3G
05246%
Ay,

12)

\
0
0.018 0.02 0022 0.024 0.026 0 90 180 270 360

. 2
Sin 913 60p
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GLOBAL FITS RESULTS

parameter best fit i lo 30 range
| ‘ 6.98-8.19

2.43-2.98
2.34-2.49

3.04%0.16  2.57-3.55

5.647957  4.23-6.04
5.641012  4.27-6.03

2.201000 2.03-2.38
2.20T0 08 2.04-2.38
1.127015  0.76-2.00
1.50701%  1.11-1.87

HTTPS://GLOBALFIT.ASTROPARTICLES.ES/
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PMNS VS. CKM

0.8 0.5 0.1
0.5 0.6 0.7
0.3 0.6 0.7

Upmn ixi i :
S Mixing __Neutrinos uarks almost dla on al _
0,,  (33.6+08)0°  (13.04 = 0.05) 3

63 (45 £ 3)° (2.38 + 0.06)° all angles small
0,3 (80 &= 0. 15]° (0.201 £+ 0.011)°

dcp  (907?)° (67£5)° : lUCKMI L 0.2 0.004 | EECNEERFSS
: | |"’"rc K M‘ ~

far from diagonal -

two large angles Ocp = 7

02 1 004
0.008 0.04 1

— max . N

= Jop SINOoCp

—— NO, IO (w/o SK-atm) NuFIT 5.3 (2024)

JITIE].\ ==z=z=: NO, IO (with SK-atm)

— c0s 619 sin Oy cos g sin fy3 cos? B3 sin Oy 3

CP violation etfects proportional to Jarlskog
invariant, depends on angles too
With neutrinos can be 3 orders of magnitude

laroer than with rks! - - — |
4 ge all W qua ]l]la\ — 00329 -4 OOOO 0.03 Jmai)asz 0.034  0.036

=C S12C23 8230 S

CP

J. Maneira (LIP) Neutrino Science 4 - Susi 2024 - Sudbury 45



FUTURE EXPERIMENTS



JUNO REACTOR EXPERIMENT il

Follow-up ot Daya Bay
Biggest liquid scintillator (I.S) detector ever
17612 20-inch PMTs, 25600 3-inch PMTs

50 km baseline to powertul reactors
Starting 2025

s SR - TR Vo (e

Acrylic Sphere

s _ --'. \ -\
7/

7

/3-120 KTON LS [ P™m

IN &N C , 41, VETO PMTs
v, VA

Connecting Bars

ORI S IS < AN SS Structure

7 ACRYLIC Supporting Legs

|#235.4 M DIAMETER

73 ” ¥
T A T s ' IR
(17— A AN TAYY AN
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solar: 7.5%107> eV?

JUNO PHYSICS _2_

atmospheric:

By detinition aomospheric: ..
We know that Am221 > 0 (MSW solar) ; e — 0 ey
How to determine the mass ordering?
Normal: |Ams,| = |Ams,| + Ams,
Inverted: |Am3,| = |Ams,| — Am;, _
But the difference is small, since o
Am3, = 3% X |Am3)| — Normal ordering

— |nverted ordering

Requires distinguishing small details in
oscillation pattern

Expected energy resolution: 2.95% (@1MeV
Expected 30 sensitivity (@ ~6 yrs*26.6 GWth

Events per 1 MeV
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HYPER-KAMIOKANDE

2060 kton (188 kt fiducial)
* upgrade of the T2K beam and near detectors
© 2.5 deg oft-axis

Mt. Ikeno

PSS © upgraded PMTs with better QE and timing

Kan‘iioka

° cavity in contruction
° expect start of data in 2027
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HK PROJECTED SENSITIVITY &l

v,(V,) appearance in v,(v,) beam
Energy <1 GeV: mostly QE

Short distance: small matter
eftects

Very high statistics -> CP
05 0 1 1 violation discovery (50) 1n 60%b

v Reconstructed Energy (GeV)

ot the values 1n 10yrs

Statistics only
Improved syst. (v /v, xsec. emor 2.7%)

—e——— Statistics only
T2K 2020 syst. (v /V, xsec. error 4.9%)

-==-=-e----=- |Mproved syst. (v /V, xsec. error 2.7%)
Improved syst. (ve/Ve Xsec. error 4.9%)
T2K 2020 syst. (ve/ve xsec. error 4.9%)

N N
S O

Hyper-K preliminary
True normal ordering (known),

HK 10 Years

(2.7x10% POT 1:3 v¥)
sin‘8,,=0.0218+0.0007,
sin’6,,=0.528

AmZ,=2.509x10 e V?/c*

—
o O

O VAlues excluding sin =0
1o erroron g, (degrees)
o

10
1

Hyper-K pxelifimary HK years (2.7x10*' POT/year 1:3 v¥)

Trug41Ormal ordering (known)

2in"8,,=0.0218+0.0007, 8in8.,=0.528, Am2,=2.509x10 eV"/c"

(-

100 150
Scp (degrees)
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

DUNE overview

Fermilab makes intense v, and U, beams

Near Detector characterizes beam and cross-sections
Beams reach Sanford lab, 1285 km away, 1.5 km
underground

70 kt Far Detector, divided 1n 4 modules, at least 3 of
which use LArTPC technology (see lecture 2)

Sanford
Undsrground
Regearch
Facillity

—_—
B
- -

Y- - o v_-r = NEUTR'NO
I SR Vet LR A PAATICLE PRODUCTION
e T e DETEGTOR

EXISTING PROTON —I
AGCCELERATOR

I— UNDERGROUND
PARTICLE

L FxieTive  DETEGTOR
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DUNE DETECTOR TECHNOLOGIES

Liquid Argon Time Projection Chambers Simulated
Horizontal Dritt (Far Detector 1) 2.5 GeV .
Vertical Drift (Far Detector 2, possibly 3) electron ‘ e
Precision tracking (5 mm wire pitch) neutrino vy ;
Detects all charges -> full calorimetry -7
Full event (v ID and energy) reconstruction ;. };
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U Vs

FHC 20kt 2.8E21 POT + . . . .« .
10Kt 6.6E21 POT Wide-band beam: two oscillation minima (p.33)

sy N0 S If Ocp ~ -1t/2, DUNE will measure an enhancement

b NO 0¢p =0 in v, appearance, and a reduction in 7, appearance

Fn2
1t

+———
+

v +V, per 0.5 GeV

L I L L L L I L L L L I L L 'l L
3 4 5

RHC 20kt 2.2E21 POT +
40kt 6.6E21 POT

oRERD Y, NO Jp = -T/2

Stat errors only

sin’,, = 0.5 —— NO SCP = T/2
t NO 60P =0

lllllllllllllllllllllllllllllllllllllll -lllllllllllllllllll]lllllll]l

DUNE Simulation —— CPV Sensitivity DUNE Simulation —— 6cp =0

All Systematics Ocp= —90°
Normal Ordering

Ocp = — /2

|

—

O

o
o0
S

— All Systematics
Normal Ordering

v +V, per 0.5 GeV
D
o

>
0
S

Illlllllllllllllllllll
lllllllllllllllllllllll

3.0 |-

+

Ocp Resolution (degrees)

NS
o

CP Violation Sensitivity (0)

Illl

1.5

| | | | | | | I | | | I | | | l | | |
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FD3
—
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1 'rl
DUNE EXPECTED SPECTRA =16
T e EI" Long baseline gives DUNE sensitivity to mass
& 0 suleni ol 0355 ordering (MO) through matter etfects
5 LT If the mass ordering is normal, DUNE will measure a
: much larger enhancement in v, appearance, and a

reduction in 7, appearance

MO, Ocp, and 023 all affect spectra with different

shapes — additional handle on resolving degeneracies
RHC 20kt 2.2E21 POT +
40kt 6.6E21 POT

DUNE FD v NO sin 8 =0.44
ors o |y —— NO sm 8 = 0.56

10 sin 0 =0.44

10 sin 0 = 0.56

DUNE Simulation —— MO Sensitivity

All Systematics
Normal Ordering

100% of &¢p values

$ NO sin?6,. = 0.50

v +V, per 0.5 GeV
N © O
o) o o)

5
=
=
=
7
-
O
0p)
o))
£
-
O
©
—
O
0
7%
©
=

6
Reconstructed E, (GeV)
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DUNE AND PROTODUNE STATUS

- ProtoDUNEs @ CERN

* HD detector taking data with beam, cosmics and
calibration systems
* VD detector starting in the fall

* Far Detector

* Excavation complete, installation 1n 2026-27
* Physics 1n 2028 or early 2029
* Beam physms with Near Detector 2031

’-"J

\ \\\\\\\\\\\\!!!
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