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Overview

Current 3-flavor picture
Example: T2K = SK+T2K joint
Future prospects for 3-flavor

Sterile neutrinos



Neutrino oscillation

* Production / detection of neutrinos, via charged current in

association with charged leptons e, i, 7
— flavor eigenstates

 Mass/phase evolution of neutrinos controlled by « only exists if v is introduced
Complex Yukawa Couplings with nggS (or any other mechanism) (coupling of L and vg)
— diagonalize to get Hamiltonian eigenstates
Flavor Hamiltonian
o o ()= SO0 e
( Vi, V2, V3

Superposition
(Unitary transf.)

* Neutrinos are very light and also barely interact.

- — flavor oscillates in
Coherence preserved over millions of km.
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Neutrinos remain coherent!
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Perfect plate

Slightly deformed
g R L 2
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Typical parametrization

atmospheric B reactor solar
1 0 0 C13 0 313€_Z50P cito  S12 0
U= 0 C23 593 0 1 0 —S12 C19 0
0 —S93 (o3 —813625013 0 C13 0 0 1
Cc;j = cosb;;
normal hierarchy (NH) inverted hierarchy (IH)

A m?

Sij = Sin (97;]'

e TwoO mass scales:
Am221 (solar, reactor) typically 32 km / 1 MeV

Vs

Am322 (atmospheric, accelerator) typically 1000 km / 1 GeV

Credit: JUNO Collaboration / JGU-Mainz

* Three mixing angles:
0,, (solar, long-baseline reactor)

6,5 (atmospheric, accelerator v, =V, disappearance)

0,5 (short-baseline reactor v, — v, accelerator v, = U, appearance)

« One CP-violating phase: 0p (if Majorana two more, but no effect on oscillation)
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Atmospheric neutrinos
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Atmospheric oscillation
parameters

T2K, Super-K, IceCube: Neutrino 2022 Preliminary
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Long-baseline reactor
experiments

KamLAND

Few-MeV U o from [ (

nuclear reactors Ny
(p-chain) ¥y

' v Gando et al. Reactor On-Off Antineutrino Measurement with KamILAND. Phys.
\/ \ Rev. D, 88(3):033001, 2013. doi: 10.1103/PhysRevD.88.033001. arXiv: 1303.4667.

| Hand-drawn text / osc prob are mine.
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Solar neutrinos ..

Qg 0.5
« £~ MeV v, produced in 0.4
nuclear fusion cycles in Sun
0.3
e SuperK, SNO 0.2
Water / Heavy water
* Borexino
Liquid scintillator
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Osc prob
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Short baseline

Reactor neutrinos

3 x 20 tons target Daya Bay: Powerful reactor by mountains

mass at far site : ¢ DOUbIe ChOOZ,
-3 Daya Bay, ...
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e Tunnel is short = most ¢ do not
decay in flight, so very little v,

o “Appearance” ofv, — v,

e “Horns” (toroidal electromagnets)
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( interaction ) ( Prcpagahom)
For neutrinos flavor basis # Hamiltonian basis.

U-OSCI I IatIOn — Flavor (v, |y, | v, )OSCI||ateSOV6rL><Am2/E

amplitude controlled by (PMNS) mixing matrix U:

atmospheric reactor solar
1 0 0 C13 0 5136_2(501D C192 S19 0 ,
Cij = COS ij
U=10 C23 523 0 1 0 912 C12 0 Sij = sinb;;
0 —S923 (€93 —31362501D 0 C13 0 0 1
normal ordering (NO) inverted ordering (10)

A m?

Open questions: / e ——

o value of §cp — if sin ocp # 0, CP violation fo

V3

tMportat
OT Cosmolee

. . (lept
e sign of Am32 (mass ordering) M“MdP otg;"‘;?;k)
€s

e is 63 maximal? octant? (i.e. 6,3 < 5 or 63 > %)

] [ — V3

Ve Vy Vr

Credit: JUNO Collaboration / JGU-Mainz
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The Standard Model
Ilts success...

Standard Model Production Cross Section Measurements

Status: July 2018
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Standard Model Production Cross Section Measurements Status: July 2018
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The Standard Model

Ilts success...
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and problems

e Observation:
- No Graviton string Eheargj?
- Baryon/anti-baryon asymmetry of universe
| SUSY, GUT,
- Dark matter susy wim? axion? leptogenesis?

- Dark energy

e Anomalies:
- Muon g-2 (anomalous magnetic moment)
- Flavor anomalies (B meson decays, ...)
e Theoretical:
. _ SUSY? Technicolor?
- Smallness of Higgs mass (hierarchy problem)
- Small neutrino masses see-saw?

- Charge assignment, many parameters, ...

&UT?
= S’[rong CP problem axion? Flavor- .
svmmahw_s:
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Flavor symmetries?

In SM, the three generations of fermions are exact copies in terms of gauge interactions, and
only differ in the Yukawa couplings with Higgs. Or is there more going on? (c.f. flavor anomalies)

quark mixing lepton mixing
u
l 1
CKM PMNS i ‘

d S b v, \A Vy i

u n IR . ‘ ‘.
sgmme’cr@ sgmmetrg
< B « @
Attempts are made to mtroduce discrete or

L i . continuous symmetry structures into the three

generations (and break them).

These introduce relations among/predictions of

L neutrino mixing parameters such as o~p, MO or
Unification of leptons and quarks 9P CP

— CKM and PMNS matrix are related the 6,5 octant that can be tested by precise
and overall less free parameters measurement of oscillation parameters.

Both figures by S. King.
doi:10.1088/1742-6596/631/1/012005 33



( interaction ) ( Prcpagahom)
For neutrinos flavor basis # Hamiltonian basis.

U-OSCI I IatIOn — Flavor (v, |y, | v, )OSCI||ateSOV6rL><Am2/E

amplitude controlled by (PMNS) mixing matrix U:

atmospheric reactor solar
1 0 0 C13 0 5136_2(501D C192 S19 0 ,
Cij = COS ij
U=10 C23 523 0 1 0 912 C12 0 Sij = sinb;;
0 —S923 (€93 —31362501D 0 C13 0 0 1
normal ordering (NO) inverted ordering (10)

A m?

Open questions: / e ——

o value of §cp — if sin ocp # 0, CP violation fo

V3

tMportat
OT Cosmolee

. . (lept
e sign of Am32 (mass ordering) M“MdP otg;"‘;?;k)
€s

e is 63 maximal? octant? (i.e. 6,3 < 5 or 63 > %)

] [ — V3

Ve Vy Vr

Credit: JUNO Collaboration / JGU-Mainz
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Matter effect

>
(4
G
> b
e Charged current forward

scattering only possible for v,

Ve
e Sumewews | A
Only for d =0 Very small
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Matter effect

e Presence of ¢ picks out v, and acts as effective potential term in Hamiltonian
that flips sign for anti-neutrinos

1 0 0 0 A(t) 0 0
0 0 AmZ 0 0 0

N —————————————— i ————— —

Vacuum Hamitonian Matter potential
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m?/Am

sin®20

Normal ordering

Mass splittings

solar atm. resondnce
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© Mixing angles
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Matter effect

* Matter effect changes effective mass
splittings Amnzl and mixing angles @,
over long distances (e.g. Earth).

* At resonance, dramatic conseguence
— effective mixing sin® 26, in matter
can become maximal = 1 for any
vacuum-value of sin®26 > 0.

* Resonance only appears for
neutrinos or anti-neutrinos

depending on the sign of Am?
— mass ordering sensitivity.

2\ 2 . 2
sin’ 20,,, = (AAm2 ) sin® 20 = (sin26) :
Min (sin20)2 + (COS 20 — 25535)
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e

sin®20

Inverted ordering

Mass splittings

atm.

solar

o |
© Mixing angles
Q

© _ — 012
© —— 023
< — 053
.
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o I I I
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1 2

Anti-neutrino 2EA./am3|  Neutrino

~ E;'.-V\ergv X ‘Demsiﬁv

Matter effect

* Matter effect changes effective mass
splittings Amnzl and mixing angles @,
over long distances (e.g. Earth).

* At resonance, dramatic conseguence
— effective mixing sin® 26, in matter
can become maximal = 1 for any
vacuum-value of sin®26 > 0.

* Resonance only appears for
neutrinos or anti-neutrinos

depending on the sign of Am?
— mass ordering sensitivity.

2\ 2 . 2
sin’ 20,,, = (AAm2 ) sin® 20 = (sin26) :
Mim (sin20)2 + (COS 20 — QAEﬂfL‘QQ)
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Oscillation probability

Oscillation probability
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Oscillation probability

Oscillation probability
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$ CCQE cross section turns on
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T2K

e Little impact from
matter effect

e Little sensitivity to MO

Note: flux peak at 0.6 GeV
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CCQE cross section turns on

Neutrino
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O_ _' R VAAANA NVALV. -~ . S
s ——————— 6400 Kkm
A 1 - Anti-
=> 1 e -
£ L neutrino Eart h
0
©
O — —
e _— VM — VM
g_ —— V> Vg
}*93' — Vo—Vve| ® (Core/mantle resonance
= \ at few-GeV with
CD \
O . NO sensitivity to MO via v/vU
\ ---- 10
| —=- | | | e “Solar” mixing is turned “off” above
50.0 500.0 0.5 GeV, and below creates v/v

asymmetry via solar resonance

E [GeV] (at L = 6400 km, density = 5 g/cm3) 41



Matter effect in Earth

g S
ol 9 ©
> -
¢
C
c .
D e | | I | | 1
@ AL\ Radius [km]
10" 1 10 E\) [GeV]
2 e Resonance in Earth mantle
Zos - and core in few-GeV region
P . e Only for v in normal, and v in
27 N . iInverted ordering
Mantle § % - MO SenSitiVity
_.Core__
o Effect size depends on
8.S(I;”r|(c))r?r:2|rfr}f):r§}r(n:c:olIaboration, at ICTP Advanced 923 octant

Workshop on Physics of Atmospheric Neutrinos 2018 42



5"&" SuperK experiment

atmospheric neutrinos

SK+T2K work in progress
From PRD 97, 072001 (2018)

~~
NEUTRINOS FROM SUPER- I>" 0'6 B ] )
MIC RADIATION KAMIOKANDE © —— Sub-GeV (v, +v ) -
COSMIC RADIATI e g L Multi-GeV (V +V ) - i Multl Gev u |Ike i
}[?;TD)‘I‘AITION % | / o —— Multi-Ring (\/ + W) |
~ ,‘.TI‘AOSmf&?& 7 ok s _,c_U, PC Stop 400 b -
a = 1000m pSEK o - PC Thru E s _¢__¢__¢_—¢-.
e 8 Muon-neutrinos % O 4 | [D:DID gp:u -Sr:::p — o -
! 3 ive signals in . u u o
i ; tghcw:}l rl‘.ank. GJ p b
T \ o | | 200 00
5 .I'\\ _o_
% o Muon-neutrinos \\
i | :s’v ri‘.«inHJ r:ivl‘m’lly \ Iy -°_|_°_
/ Ry = - '\ stf:r:)sp.l"ele e
f t X ?% 4
Light detectors *
MUON- measuring Cherenkov * O
NEUTRINO radiation .
— I 1.3
/ \\ through the Earth _o_ —o—
Q)& Aecashisasttusts
\ / -
‘\\v// 0 |y 0.7 . . . . | . . . .
CHERENKOV
RADIATION _ 3 5 6 -
107 1 10 10° 10° 10* 10° 10 1 0 1
Illustration: ©@ Johan Jarnestad/The Royal Swedish Academy of Sciences E (GeV) COS Ze n Ith
A%

* Neutrinos generated from primary cosmic rays in
atmosphere: p + X — a4 e > u+ uﬁ + e
e Many e/u/z" samples over large energy range

e Zenith angle ~ propagation length L
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SK sample separation

wigh staks, pooT 2 _ 0 decay-e --- 1,/7,CCQE
3 e-like
1 decay-e---- .

Fully Contained ang Sl
NIering 0 decay-e---- v,CCQE
< u-like < 1 decay-e---,/v,CCQE

le resolution

u=u
Sub-GeV 2 decay-e---- ,

Mult < 2x e-like rings = mo-like --- nC1#°
ulti-ring
other (do not use)

v, -like ------ v,
eike < _° _
, : : U -like ---- v,/v,CCQE
\ Single-ring e

p-like
Multi-GeV v,-like ----- v,CCDIS
o e‘like De-like == Ue/De
Multi-ring
other --v,/v,CCDIS,
Low stats, good p-like i-----------namnnn-- v, /D,

zehith angle resolution
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SK sample separation

Partially Contained

Very simple separation by
charge deposition in OD

Stopping ------------- Less energetic
(inside of OD)

/ Through-going ----- More energetic
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SK sample separation

Upward-going /

peak at true E

Stopping ----r--r-ermererer e ~ 10GeV
(inside of SK)

Separation by dE/dx :

Non-showering--- ~ 100 GeV
Through—going < jonization loss

Showering ~ | TeV

V4 radiative loss

Stopping |

Through- + Interaction vertex is outside of SK
going (in rock surrounding SK)
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(n,y) signals
& o))
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N
o

w/avasivie
[ P

SK Gd

Sub-GeV 1-ring e-like

<+ Data
H~ MC: Gdin.y)

MC: p(n,y)
H MC: Michel-e
+ ' MC: Other
+ + x2/ndf=17.2/16
+ ++++ 4+
et

~ O N
VoWV oO

0 100 200 300 400 500

Time from event trigger [us]

Preliminary May 2022
SK-VI, atmospheric

Y. Takeuchi, NOW 2022
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B Reduce BG of v, signal
B Delayed coincidence
B AT~ 30 ps (@0.1% Gd)
B Vertices within ~ 50 cm

Capture efficiencies in water

= 0.01% Gd [Gd,(SO,); 10t] : ~“50%
= 0.03% Gd [Gd,(SO,); 30t] : ~75%
= 0.1% Gd [Gd,(SO,); 100t] : ~90%

Gd concentration
SK-VI: 0.011% (18 Aug. 2020-)
SK-VII: 0.03% (5 Jul. 2022-)




SK Gd

_ n__-©®
e D _- O p \.
Vertex dist. of cosmogenic neutron candidates \ - (2.2MeV)
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an .
% 0 w00 no L pec o - » 0o s e % 2,
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N OTEECLGE L T B Z = 0.1% Gd [Gd,(SO,), 100t] : ~90%

0. m ) e : 1o Gd concentration
0 R2[m?] 250 SK-VI: 0.011% (18 Aug. 2020-)
SK-VII: 0.03% (5 Jul. 2022-)

SK-VII, atmospheric
Y. Takeuchi, NOW 2022
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experiment

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ilkeno-Yama
1,360 m
1,700 m below sea level

Neutrino Beam

295 km

U, I/,u’ V,u I/,u’ I/M, D,M’ Vﬂ’ I/ﬂ, I/,u’ I/M

e Study oscillation of neutrino beam from J-PARC accelerator

e ~500 collaborators from institutions in 14 countries
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For neutrinos Z

v-oscillation oo

amplitude controlled by (PMNS) mixing matrix U-:

atmospheric reactor solar
—is
1 0 0 C13 0 S13€ wor C12 S192 0 ,
Ci; = COSU;;
U=10 cy3 So3 0 1 0 —S19 Cc12 0 3; _ gin 9;
0 —S93 (a3 —81367’50]3 0 C13 0 0 1
Open questions- normal ordering (NO) inverted ordering (10)
. A
. . : 3
e value of ocp — if sin ocp # 0, CP violation W

. ) | Aml, ' |
* sign of Amyj, (mass ordering)

, I |- A
. . . /4 T Am?
e is 0,3 maximal? octant? (i.e. 6,3 < or 63 > )  — ;
v, v, U,
' m

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

For 6cp,MO look for — Yigm |
v/ D difference of

1,700 m below sea level

I/ﬂ — U, appearance Neutrino Beam
\, | |
Neutrino mode
Ue’ yes I/M, UM < I/M, UM, U//l’ I/Iu, I/Iu, Dﬂ’ Uﬂ
7 1/ 7 Anti-neutrino mode " - — — — — —
ye’ //t’ //l < U//t Iu M! //t’ Iuy M, yﬂ o



Neutrino beam = yomi

[ [
e 30 GeV protons produce }

,K In 90 cm graphite target

 Three magnetic horns
selectively focus
o+, K+ or -, K- to produce e | [ b |
v, or Dﬂ beam (decay in-flight). J:j -

e Narrowband beam thanks 1

’ — T
to off-axis teChnlque. L 7 s ar a A
—
\\\\\\\\\\\\\\ ] BT 7777 //
W OA 0.0 — d . . . . . .
-~ %4 OA20 1
D' . i
< |
£ ] —_
i ||‘ ] _ ~
o htvinserd AL i i — l‘, )
RS PHG o n J_‘ . J_,, R
E, (GeV) . Mumon | ZBeam c}ump ] _;___]2‘?992’ y‘olu'me‘:_”_‘,__-, e =5
to SuperK £~ — - ——— ey
________ B )7/ B i arget Station
N il
INGRID
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el

L"
I,

INGRID on-axis detector

e |ron-scintillator
sandwich detectors
monitor neutrino beam
direction and intensity

UA1 Magnet Yoke

Downstream
l ECAL

Solenoid Coil

Barrel ECAL

ND280 off-axis detector

e Active scintillator +
passive water targets

* Tracking with time
projection chambers

e Magnetized for charge and

momentum measurement
56

WAGASCI + BabyMIND

e |atest addition at
intermediate 1.5° off-axis flux

o Water target with
cuboid lattice scintillators
for high angle acceptance

e Compact magnetized iron
muon range detector

* First xsec meas. published:
PTEP, ptab014 (2021)



https://academic.oup.com/ptep/advance-article/doi/10.1093/ptep/ptab014/6156643

41m

il

|
|
'

gl - Outer detector

$ : r:’ Inner detector
]

] ! i L:( E- -
T Phoo
= ' . multipliers

Detector hall Access tunnel

50 kt pure water
~11,000 20 inch PMTs

Now loaded with Gadolinium
for improved neutron tagging!

Photos: “Super Kamiokande refurbishment” ICRR (2018)

Number of events

= Su perK — the tar detector

Adapted from Nature 580, 339-344 (2020)

80~ —e T2KData MM v.,andv.CC -

- v,and v, CC Neutral current A

H++H+++++++ i +:

0 - SENERLA TV L T
-2000 -1000 0 1 000 2000

e/n PID discriminator

Good /e PID from ring shape

Reconstruct neutrino energy from lepton
momentum and angle w.r.t. neutrino beam

Not magnetized, so the beam v/U-modes
are important. ND280 further constrains
the wrong-sign background.
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https://www.nature.com/articles/s41586-020-2177-0
http://www-sk.icrr.u-tokyo.ac.jp/sk/tankopen2018/index-e.html

Dataset

Analyzed
(Neutrino 2022) g

. 3 - ety N e i e

Nature (early 2020) + more extensive

Accumulated POT

analysis published (Phys.Rev.D 103, 112008)

L L

Analyzed: 3.6 X 10! protons on target (POT)

v-mode ;: U-mode ~ 6 : 5

Total Accumulated POT for Physics

v-Mode Accumulated POT for Physics

v-Mode Accumulated POT for Physics

° v-Mode Beam Power 58
° V-Mode Beam Power

2010 2011 2012 2013|2014 2015|2016 2017 2018 20

2021
Year

515 kW operation!

Additional run 11 data taken early 2021
(with Gd at SK), not used in this analysis


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112008

Analysis
strategy

¢ Beam monitors + hadron
production experiments
— neutrino flux

e ND280 measurements
+ Interaction model
+ external constraints

— unoscillated flux x xsec

. ¢ 6 samples at SK
| vy, disappearance +

v, appearance

w
gs.
c
T
By,
Q
S
©
7
L
)
o
>
n P

I 1,700 m below sea level

Neutrino Beam

1% ’U//i’ 1% ,Uﬂ, I/M, l/,u

I/,Z/,I/M



Analysis
strategy

- o Beam monitors + hadron
production experiments
— neutrino flux

60

295 km

Uﬂ, UM, UM’ U,u’ I/ﬂ, U,M

1%



Tuned run1-10b flux at SK

T2K Preliminary

SK: Neutrino Mode, vy

Q B | T | T | T ) | ) T ;5 I_ | T T T T T T T T T T T T T T T ]
QO 10°F T2K Prelimi 3 = - , _
A~ E rehmlnary m 03 mrmm— Hadron Interactions ®xE,, Arb. Norm. B
NE N . V Té B Proton Beam Profile & Off-axis Angle ——=—- Material Modeling |
; s i u _M C [ mmemmmemmees Horn Current & Field Number of Protons -
[} k34 L .
s 10 g [ Hom & Target Alignment  ——— 2022 Total Flux Error v
: £ o %
& [ 0'2!,_,. - == 2020 Total Flux Error 7 |
§ 107 5 i i
o E.—"-"- R" i ]
.—:4 -,l b"-. 1“:.., B _
e i 1, 0.1 —
‘ 100 T - i
E I“‘l__.i ............. : :
| T ; | 0 R

0 2 4 6 8 10 107! 1 10

E, (GeV) E, (GeV)

Hadron production experiments

Hadron interaction uncertainty at high-E reduced
thanks to higher-statistics NA61 measurement that

- includes kaon yields from replica of T2K target.

Beam

monitors Replica target data

Eur. Phys. J. C (2019) 79:100

Thin target data

Mainly Eur. Phys. J. C (2016) 76:84

More realistic modeling
of cooling water in horns
slightly increased
uncertainty at flux peak

Tune each \
interaction
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New NA61 measurements are being
performed for further reduction in the future!
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Analysis
strategy

e ND280 measurements
+ Interaction model
+ external constraints
— unoscillated flux x xsec

63

1,700 m below sea level

295 km

l/,u’ UM, U,u’ UM, I/M, UIM




= (CC Inclusive =~ wwemene NC Inclusive

—— CC Quasi-elastic =~ = CC 2p2h
CC Resonant 1m  —— CC Multi-7 4+ DIS
P X Pole™

—_

©
o

0.5

Eur. Phys. J. Spec. Top.
(2021) 230:4469-4481

Ou0(Ey)/E, 1073%cm? / GeV / Nucleon

e ND2:
+ 1INt
+ exi
— Ul

1

—_
Ot
[\]

E, (GeV)

Good E,
reconstruction

Mis-reconstruction
of E, (~25% of events)

Charged current
quasi-elastic
(CCQE)

CC multi-nucleon

knock-out

(2p2h)

Significant updates to
interaction model

CCQE based on Spectral Function
model tuned to e-A scattering data.

- uncertainty on nucl. shell structure
- |q |>-dependence of removal energy

Replace empirical freedom by
physics-motivated low-0? modeling:
- optical potential

- Pauli blocking

Uncertainties for tagging protons
- 2p2h separation in pp and pn
- nucleon FSI

based on Rein-Sehgal
model with RFG nuclear model.

New tune to bubble chamber data

New uncertainties including effective
binding energy.
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Right-sign Wrong-sign bkg.

n
n a S I S FGDI anti-v, CCOx st Nt FGDI1 v Bkg CCOmin AntiNuMode o o
1 e M e e e L R
z I I I I - Dzllta I -I v C(IjQE I 300 I I I I -+ Da;ta I -I v CCIQE I

n _ ]
o = - E 3
51400 @87 CC2p2h [V CCReslt — S c @@V CC2p2h  [@vCCReslx 3
>1200 C @V CC Coh 1x [J¥V CC Other 7 > 250 @B CCCohlx [JvCCOther
E = [Jv NC modes []v modes = E E [CJv NCmodes []V modes ]
= 1000 — — S 200 —
— C 3 St - .
2 800 — = 2 150 |- 3
g 600 — 3 g = 3
=) = = = 100 — =
7 400 - Z c
C - 50 =
200 = —] =
1-2 — —] 1.2 = —
sl vl12 | s s - £l o 12 —
= ° [ ] = N ! .................. & Fannnan -
ZQ ZE })g Z. ....... '.!!..!. ...... = an (1)g a 3 ;1 4 0] 3 =
0.6 & ] 0.6 & E
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 200(
T2K Runl-10, 2022 Preliminary pu (MeV/ C) 2K Run1-10, 2022 Preliminary pM (MeV/ C)

22 samples

separated b
e ND280 measurements P y

+ interaction model
+ external constraints U,

— unoscillated flux x xsec 2- leptoncharge
— wrong-sign bkg |
v, &
; rong-sign bkg

Right-sign

66



C target C+0 target

|
= —4-Data v CCQE a
>

v CC2p2h @V CCRes In v CC2p2h [V CC Res In
@l CC Coh 1x [Jv CC Other > @B v CC Coh Ix []v CC Other
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strategy
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separated b Acti
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+ Interaction model
+ external constraints
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_ Fit result with correlated flux x xsec
An al S I S propagated to far detector analysis
y via covariance matrix or joint ND+FD fit.
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ND fit p-value: 10.9% (> 5% threshold)
e ND280 measurements

+ Interaction model
+ external constraints
— unoscillated flux x xsec
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Analysis
strategy

e ND280 measurements
+ Interaction model
+ external constraints
— unoscillated flux x xsec

Fit result with correlated flux x xsec
propagated to far detector analysis
via covariance matrix or joint ND+FD fit.
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ND fit p-value: 10.9% (> 5% threshold)
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Analysis
strategy

e ND280 measurements
+ Interaction model
+ external constraints
— unoscillated flux x xsec

Events

Fit result with correlated flux x xsec
propagated to far detector analysis
via covariance matrix or joint ND+FD fit.
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Analysis
strategy

e 6 samples at SK
vy, disappearance +

v, appearance
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Analysis
strategy

e 6 samples at SK
vy, disappearance +

v, appearance
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T2K preliminary
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Analysis
strategy

e 6 samples at SK

— v, disappearance +

v, appearance
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Anti-neutrino mode e-like candidates

Mass ordering

U, Vs. U, appearance

— sin’0,, = 0.45, 0.50, 0.55, 0.60

oy S — Amgz =2.49x107 eV’
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Neutrino mode e-like candidates

Octant
Posterioriprob. sin?fs3 < 0.5 sin®fy3 > 0.5 | Sum
NO (am% > 0) 0.20 0.54 0.74
10 (am2, < 0) 0.05 0.21 0.26
Sum 0.25 0.75 1.00
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Bi-event plot illustrates origin
of data constraints.

Best-fit -p around

maximal CP-violation —%

Weak preference for
Normal ordering
with Bayes factor 2.8

Weak preference for
upper octant
with Bayes factor 3.0



Anti-neutrino mode e-like candidates

24
22
20
18
16
14
12

U, Vs. U, appearance

— sin’0,, = 0.45, 0.50, 0.55, 0.

— ! L — Amgz =2.49x107 eV?

- . e ----Am = 2.49x107 eV?
:_ O d,p=m 7]
— W O, = +m/2 —
__ | 6C = 0 __
~ @ 0., =-m/2 g J/ 7]
— 68% syst err. at best \\\ —]
- Y Best-fit T2K Run 1-10 7
| —e— Data (68% stat err.) 2022 preliminary ]
I [, s s I s L | | | | | | | | | 1 ]
40 60 80 100 120

Neutrino mode e-like candidates

/6

of
/
| | | | | | |

" Best-fit o-p around

maximal CP-violation —%



U, Vs. U, appearance
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Anti-neutrino mode e-like candidates

U, Vs. U, appearance
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Anti-neutrino mode e-like candidates

Mass ordering

U, Vs. U, appearance
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Posterioriprob. sin?fs3 < 0.5 sin®fy3 > 0.5 | Sum
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10 (am2, < 0) 0.05 0.21 0.26
Sum 0.25 0.75 1.00
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Bi-event plot illustrates origin
of data constraints.

Best-fit -p around

maximal CP-violation —%

Weak preference for
Normal ordering
with Bayes factor 2.8

Weak preference for
upper octant
with Bayes factor 3.0
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Large region excluded at 3o

CP-conservation {0, &t}
excluded at 90%,
7 1S within 20

Weak preference of normal
ordering



NOVA + T2K ©"%nd  gK 4+ T2K

joint fits |
810 km /295 km atmospheric + accelerator

Comparison of released contours (not joint fit)
NOVA results: A. Himmel (2020) Zenodo, (preliminary)
SK results: Y. Nakajima (2020) Zenodo, (preliminary)
NOVA and T2K use Feldman-Cousins, SK use fixed Ay?

| = 2 T T T LA L B B B I B B ]
. - N T Inverted ]
o, 1.8 — o " ordering e
1.6 + =
14 —+ =
1.2 —+ =
1= —+ =
0.8 —+ -
06 s T2K 2020, not new result E
04F ) T —— T2Krun1-10 -+~ Super-K 2020 20%CL. -
o - T NOvA 2020 Best bot mass
- T2K i + est fits oth mass -
0.2 ~ Preliminary I/ // T orderings "
O_I | | | 1 1 | | 11 1 1 ‘I"T"I';I | | 1 1 1 1 | Jol | | | | 1 1 | | | I__ | | 1 1 1 1 | | 1 1 | | 1 1 1 1 | 1 1 1 1 | | 1 1 | | 1 1 1 1 | | I_

0.35 04 0.45 0.5 0.55 0.6 0.65 0.35 04 045 0.5 0.55 0.6 0.65
sin2823 sin2823

e Joint fits between experiments with different
oscillation baselines/energies and detector technologies

— expect increased sensitivity in Ocp, mass ordering, 0,4 octant
beyond stats increase from resolved degeneracies and syst constraints

* important to understand potentially non-trivial syst. correlations between experiments

First results expected soon!
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http://doi.org/10.5281/zenodo.4142045
https://zenodo.org/record/3959640
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CP and mass ordering sensitivity

-SK Atmospheric- — 12K Accelerator-
‘ ) ;l
;l { ‘l
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1 10? E, [GeV] u Neutrino mode e-like candidates
| |
 Resonance in Earth mantle & * Anti-correlated change of 1, ,
core sensitive to mass ordering appearance probability o
| N8
[ [] [} | 3
e Weakly sensitive to via |  For large changes also weakly -3
. _ _ ‘s . D
normalization of sub-GeV e-like \ sensitive to mass ordering




Atmospheric /i-like samples

5 06 - SyStematiC

—— Sub-GeV (v, +v,)

i'CUJ, —— Multi-GeV (v +v,)
o —Poswop” Y .
(3 ru -
g | =~ correlations
qC) 0.4 Upmu Thru ]
> |
LLl — |
ol gf:gﬁgjgg:;pe L e Overlapped true energy region
T | — coherent interaction model

to capture correlations
3 m— — Bonus: ND constraint
-1 2 4 .
10" 1 10 10* 10° 10* 10° 10 for atmospherics!

ﬁ]leith T2K samples

E, (GeV)
— developed additional systematics
on B9 to capture effects important for
eecl BB atm. that ND is insensitive to
/ e Same Super-K detector
Sy D used by both experiments
........... > | sk — estimate contribution from
oY detector syst. correlations
Pt N—
84
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Sensitivity for various values of true oq-p

SK+T2K Preliminary Sensitivity

III|""|"'&

II|IIII|III|III|III|III‘1T

A

3k -
_3 -2 -1 0 | 2
Normal ordering True 6CP
— SK+T2K
—T2K
— SK (+ND)

85

Ocp assuming fixed mass ordering

e T2K is more sensitive, but joint fit with

SK can resolve sign(cos 5CP)

degeneracy due to different sensitive
phase

Little effect from correlations with other
parameters (~ naive sum).

e.g. ND280 systematics constraint has little
impact on qp for SK results (backup)



Sensitivity for various values of true oq-p

N

SK+T2K Prelim

inary Sensitivity
T T T | T T T T l

— SK+T2K — T2K

— SK (+ND)

miny %*(9, 10) - min, v2(8, NO)
[0V

— SK+T2K

— T2K

o — SK (+ND)

wTI|IIIIIIII|IIIIIIII|IIII|IIII|IIII

Mass ordering

* Mean sensitivity to reject
wrong mass ordering
improves with joint fit:

T2K constraint very dependent
on true Scp, SK atm on sin? 6.

* At currently preferred values
Ocp R — 71'/2, sin” 6, ~ 0.56 expect
contribution from both experiments



Sensitivity for various values of true oq-p

SK+T2K Preliminary Sensitivity CP violation

e
in

— SK+T2K — T2K
— SK (+ND)

* Mean sensitivity to reject
the CP conservation hypothesis
for various values of true dcp

CP conservation defined as
sin ocp = 0 in either MO

e Fortrue sino > 0in NO
(true sin o < 0 in 10),

x*(best CP conserv.) — x?(best d.p, MO)
(\®)

e SR 3 T2K cannot exclude CP
e e True 8, conservation due to MO-
degeneracy
— SK+T2K
e SK’s MO-sensitivity is able to break
— T2K this degeneracy
— SK (+ND)
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— SK+T2K

— SK (+ND)

SK+T2K Preliminary Sensitivity
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Normal ordering True Sin2623
e T2K is more sensitive to sin”26,,,
but joint fit with SK can resolve octant
degeneracy (sin2 0,5 < / > 0.5)

R Siﬂz 923

SK+T2K Preliminary Sensitivity
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Normal ordering sin® 6,3 = 0.528 SIn 823

e (Cross-section constraint from T2K
near-detector appears to improve

the SK-constraint for sin” 0,5

e This indirectly also improves the
88 mass ordering constraint



Beam line upgrade ND280 upgrade

>, 0oL Muons in TPC or =
T2K Projected POT (Protons-On-Target) Q of  Stopping in SuperFGD s
9 0A7E A A .‘ ———_

-_;:-1 400 B :22 g' q('% 06 +_'_—
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= — = D UA1 Magnet Yoke 04— e i e

021200: MR RF upgrade —:18 % o,a; ;__,_"‘ _'I\_n#g%sn;;‘ -

- 116 S o) S e B Biipe
§1000__ l _:16 % o1 __.~ Current eff|C|ency
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8001— MR Power Supply upgrade _:12 8 l ECAL True cos @
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0 : : : : : : o =
2020 2021 2022 2023 2024 2025 2026 2027 Super-FGD HA-TPC
* Increase beam power from ~500 kW to Replace POD with T or
1.3 MW via upgrades to main ring power 3D scintillation detector + modules
- : -'_ '-r:‘ -
supply and RF (mostly increased rep rate) high-angle TPCs + = t“ﬁ'ﬁl-wi
_ _ TOF enclosure :

* Many upgrades to neutrino beam line Super—FGD MC
(target, beam monitors, ...) ongoing to — 4n acceptance like Sk R
accept 1.3 MW beam — lower (proton) mom. threshold

e Increase horn current 250 kA — 320 kA Reduce xsec systematics and better

and reduced wrong-sign background
Aiming for 320 kA operation in next run!
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TDR: arXiv:1908.05141 [physics.ins-det]



https://arxiv.org/abs/1901.03750
https://arxiv.org/abs/1901.03750
https://arxiv.org/abs/1908.05141

Beam line upgrade

Il
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ND280 upgrade
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reco

Reduce xsec systematics and better
understanding of nuclear effects. crry-sesc2019-001

arXiv:1901.03750 [physics.ins-det]

e |ncrease horn current 250 kKA — 320 kA
for ~10% more neutrinos/beam-power

and reduced wrong-sign background
Aiming for 320 kA operation in next run!
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* Third generation Water- - e f‘
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Hyper-Kamiokande

Atmosphere

Cherenkov detector in
Kamioka, Japan.

Compared to SuperK,
~8x larger fiducial volume, Prot®
~2.6X beam power, e

new PMTs
with 2x photon detection

4 pETT N
and 2x timing resolution. . =4

o

y a,ﬁ,'g;.;,,,.. :
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’ -~ -
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Now under construction, K;;;’a 8 ¥ | vosc. (Mo, cpy),

operation begin in 2027.

E—— N | ' ¥ & proton decay
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Hyper-Kamiokande

Atmosphere

Cherenkov detector in
Kamioka, Japan.

Compared to SuperK,
~8x larger fiducial volume, Prot©

N
N
\
~

~2.6X beam power, €

new PMTs '
with 2x photon detection
and 2x timing resolution.
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HK physics prospect

CP with known MO
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Beam / atm synergy
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HK status

2022-07-25
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e Digging

e Mass testing PMTs

.VV\ J
. g U;“/vu
 Many other ongoing

developments
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https://www-sk.icrr.u-tokyo.ac.jp/news/detail/870/
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Credits: B. Roskovec

* JUNO experiment (China)

Reactor

20 kton Liquid Scintillator 2
Py v, = 1— cos* 913[sin2 2912]sin2

Starting in 20237

e .~ 50km

* Precise energy resolution to see
small wiggles in P(U, = 1,)
sensitive to mass ordering
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JUNO Status
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Mass ordering sensitivity

Reactor v, signal IBD event number (x10°)
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Historical Short-Baseline Anomalies

2011 Reactor Anomaly: 7. — Uy (2.50) 2005 Gallium Anomaly: ve — vy (2.90)

[Mention et al, arXiv:1101.2755]
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Model Indep. Measurements of Reactor v Osc.

Ratios of spectra at different distances
N EOS DANSS [Alekseev @ NOW 2022]

DANSS on a lifting platform

PROSPECT [Roca Catala @ NOW 2022] STEREO [del Amo Sanchez @ NOW 2022]

Gamma-catcher

scintillator liquid
(no Gd)

scintillator liquid
(Gd loaded)

‘ - eutrino b Opagar,
on
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Photon
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v, NC z° candidate data event
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N Proton
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https://inspirehep.net/literature/2167334
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Global Appearance-Disappearance Tension

ve DIS i v, DIS

sin° 20 ce =~ 4| Ues|? Y sin? 20, ~ 4| U4

i v, — Ve APP )

sin? 20y, = 4| Uea|?|Upa|? ~ 7 sin® 20¢e sin® 20,

> 1, — Ve is quadratically suppressed!

| P 2019 Global Fit:

— | x°/NDF = 843.6/794
> 30 i
= — veDss| GoF = 11%
N < — Dl;s
g — e | Xoc/NDFpg = 46.7/2

TR __ GoFpg = 7 X 1071 +— ®

» Similar tension in
Pt 100 102 1o 1 342, 343, ..., 3+N,
5iN“20¢, = 4|Ueal*| Upal® [CG, Zavanin, arXiv:1508.03172]
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New Dedicated Experiments

5 0 )0
Vn Ve Y Y
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-- SBN (99% C.L.) { —— SBN (3yr, 30) A
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| e— 1o
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» SBN: Stanco @ NOW 2022 and Karagiorgi @ NOW 2022.

> JSNS? : August 2022 Long-Baseline Neutrino News: They are working
on the blind analysis of the 1.45 x 10°% POT data taken until June 2021.
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Non-oscillation
neutrino physics
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Summary

* Neutrinos hopefully help us understand the universe better!

e 3-flavor oscillations moving toward completion and precision
— consistency check of PMNS by measuring in different ways

 Today’s talk was mostly oscillation, there are also important
non-oscillation physics
* Neutrino mass
* Neutrino-less double beta (search for Majorana mass)
e Coherent scattering
e Supernova, Astrophysical, Cosmogenic neutrinos
* Impact on cosmology

* Magnetic moments

111



backup



Magnetic moments

Same-flavor magnetic moments only for Dirac
For Majorana exactly zero

Flavor-changing magnetic moments allowed
Best-limits from Borexino

SM too small to measure, but SUSY etc. predict larger
values (similar to eEDM)
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