Latest results from Super-Kamiokande

Andrew Santos (for the Super-K collaboration)
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A journey through the universe with neutrinos

e Supernova burst v

e QOther transient v

Atmospheric v
* Solarv

Accelerator v

Reactor v

Geophysical v

» Diffuse Supernova Neutrino Background (DSNB)

e Cosmic neutrino background

 Dark matter search and more!

.




Why are we so excited about neutrinos?

* We have some precision measurements to do
parameterizing flavor evolution and propagation!

* Neutrinos can probe objects that others cannot
(or cannot do well)!

* They are a gateway to interesting, new physics
(e.g., CP-violation for neutrinos??)

v v .
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A storied history for the Kamiokande series

e, © 1987: Kamiokande experiment observes
J supernova with neutrinos for the first time!

A. Santos (LLR/Ecole Polytechnique) - March 2024 - Moriond 4 ‘

» * 1998: Super-Kamiokande observes neutrino oscillations
) for the first time with atmospheric neutrinos!
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Super-Kamiokande: A bedazzled water tank for neutrinos
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End
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Electronics
Trigger

DSNB trigger
Water
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Apr. 1996

June 2001
11,146
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Hardware

SHE
pure

SK-V

Feb. 2019
July 2020
11,129
QBEE

SK-II

Dec. 2002
Nov. 2005
5,182
ATM

Hardware

SHE
pure

SK-VI

July 2020
June 2022
11,129
QBEE

SK-III

July 2006
Sep. 2008
11,129
ATM
Hardware
SHE

pure

SK-VII

June 2022
(running)
11,129
QBEE

SK-IV

Sep. 2008
June 2018
11,129
QBEE
Software
SHE+AFT
pure

Total

Apr. 1996
(running)

Quter Detector

Inner
Detector

N  DSNB trigger

Running since 1996 (denoted by phases I-VII).
Software Software Software

SHE+AFT _SHE+AFT SHE+AFT
Water pure 0.01% Gd__ 0.03% Gd

Trigger Lo .
Around 11 000 PMTs in inner detector with an outer

detector muon veto.

LIS IR R TR TN N TR

Gadolinium-doped water since 2020 for easier neutron
capture identification!
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tists across the world
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Hundreds of sc
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All our physics with Cherenkov radiation

All we know per PMT:
* Where s it?

How much light did it see?
 When did it see the light?

(Let’s see our latest results!)

.




Some of the latest Super-Kamiokande results (pg. 1/2)

Atmospheric neutrinos

* Atmospheric neutrino oscillation analysis with neutron tagging and an expanded fiducial volume in Super-Kamiokande I-V
T. Wester et al., arXiv:2311.05105 (2023)

Solar neutrinos
* Solar neutrino measurements using the full data period of Super-Kamiokande-IV
K. Abe et al., arXiv:2312.12907 (2023)
« Search for Periodic Time Variations of the Solar 3B Neutrino Flux Between 1996 and 2018 in Super-Kamiokande
K. Abe et al., arXiv:2311.01159 (2023)

Supernova neutrinos
* Performance of SK-Gd’s Upgraded Real-time Supernova Monitoring System
Y. Kashiwagi et al., arXiv:2403.06760 (2024)
e Searching for Supernova Bursts in Super-Kamiokande IV
M. Mori et al., ApJ. 938 (2022) 1, 23

Diffuse Supernova Neutrino Background
» Search for Astrophysical Electron Antineutrinos in Super-Kamiokande with 0.01% Gadolinium-loaded Water
M. Harada et al., ApJL 951 (2023) 2, L27
* Diffuse Supernova Neutrino Background Search at Super-Kamiokande
K. Abe et al., PRD 104 (2021) 12, 122002

.




Some of the latest Super-Kamiokande results (pg. 2/2)

Neutrino astrophysics
» Search for neutrinos in coincidence with gravitational wave events from the LIGO-Virgo O3a Observing Run with the Super-Kamiokande detector
K. Abe et al., Ap) 918 (2021) 2, 78
* Search for tens of MeV neutrinos associated with gamma-ray bursts in Super-Kamiokande
A. Orii et al., PTEP 2021 (2021) 10, 103F01

Proton decay and other baryon number violating processes
« Search for proton decay via p — uK? in 0.37 megaton-years exposure of Super-Kamiokande
R. Matsumoto et al., PRD 106 (2022) 7, 072003
* Neutron-antineutron oscillation search using a 0.37 megaton-years exposure of Super-Kamiokande
K. Abe et al., PRD 103 (2021) 1, 012008

Dark matter search

* Search for Cosmic-Ray Boosted Sub-GeV Dark Matter Using Recoil Protons at Super-Kamiokande
K. Abe et al., PRL 130 (2023) 3, 031802

Gadolinium loading of tank
* Second gadolinium loading to Super-Kamiokande
K. Abe et al., arXiv:2403.07796 (2024)

.




Atmospheric neutrinos!

Atmospheric neutrino oscillation analysis with neutron tagging and an expanded fiducial volume in Super-Kamiokande I-V
T. Wester et al., arXiv:2311.05105 (2023)
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Extracting physics from atmospheric neutrino oscillations

[ Neutrinos produced by cosmic rays! ]

Super-K is here!

A. Santos (LLR/Ecole Polytechnique) - March 2024 - Moriond




Extracting physics from atmospheric neutrino oscillations

[ Neutrinos produced by cosmic rays! ] [ Large range in energy and distances!

E. Richard et al., PRD 94, 052001 (2016)
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Extracting physics from atmospheric neutrino oscillations

[ Neutrinos produced by cosmic rays! ] [ Large range in energy and distances! ] [ Rich landscape of flavor oscillations! ]

arXiv:2311.05105v1 (2023)
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Extracting physics from atmospheric neutrino oscillations
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Extracting physics from atmospheric neutrino oscillations

' arXiv:2311.05105v1 (2023)
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Extracting physics from atmospheric neutrino oscillations
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Extracting physics from atmospheric neutrino oscillations
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Extracting physics from atmospheric neutrino oscillations
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From atmospheric oscillations to physics results
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From atmospheric oscillations to physics results
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Main sample selection steps

J

* Fully-contained (expanded fiducial volume)
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From atmospheric oscillations to physics results
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From atmospheric oscillations to physics results
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Latest Results: Atmospheric mixing parameters Ams; 341, 023

arXiv:2311.05105v1 (2023)
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* Best-fit in the first octant (i.e., sin* 8,3 < 0.5) for 8,3.

* Competitive measurements (especially 8,3) with other experiments.




Latest Results: CP-violation 8 p, mass hierarchy

arXiv:2311.05105v1 (2023)
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* Best-fit 6.p in agreement with T2K results. * Favor normal hierarchy at around 20 (CLs = 0.077).
* Preferring §.p = —m/2 is maximal CP violation! * See T2K+SK joint fit results presented by Phillip Litchfield!
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Solar neutrinos!

Solar neutrino measurements using the full data period of Super-Kamiokande-1V
K. Abe et al., arXiv:2312.12907 (2023) v
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The Sun as seen by neutrinos

A picture in neutrinos! -
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The Sun as seen by neutrinos
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Newest Results: Solar oscillation parameters
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Newest Results: Day/night asymmetry in solar neutrinos
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* As neutrinos pass through the Earth at night, matter effects enhance v, !

* We see this day/night asymmetry at more than 30!

o y



Newest Results: Solar “upturn” in P, as function of v energy

P .. versus v Energy
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- CNO: average : 050 —

0.3 [— | 4 pp: Borexino = u =
- i Be: Borexino n 0.48 5 1T =
02— pep: Borexino — 0.46 - .|. |=- —
~ | <~ ®B: Borexino . - + + .|. ]
01| — Solar ] 0.44 0 =
B Solar+tKamLAND . 0.42 —
0— 1 I I I | 1 ! | I I ! 1 ! 1 I T I | —_ L I | | | L | | I | 1 1 | 1 _
v Energy in MeV Eg"" in MeV

arXiv:2312.12907v1 (2023
( ) * Going from high to low energies, the solar v, have a higher survival

probability, the so-called “upturn.”

* OQOur current fit disfavors flat distribution at 1.20 (2.10) with SK (SK+SNO).

o y



Newest Results: Solar “upturn” in P,, as function of v energy

P.. versus v Energy arXiv:1507.05287v4 (2017)
o 08 N T T T T T 71 T T T T T T 7T I T T T T T T 1 ] 0-8 _I T | T I]T | T I T T | | T T | T T T | I T 1 | I I | I I T

o F - N "g ’8‘. o Borexino (°B) 1
0.7 — . 0.7 - = s+ SuperK
- m a 5 = SNO | 3

06 £~ 1L I solar “upturn” = 0.6 =
05— 7 e:i’ = o 1
il TS : < 05F solar “upturn” coT

- + ] 3 B i : i i [

0.4 :— -4 pp: average _: ?‘ B | i ] ]
= CNO: average : ~, 041~ e

0.3 |— | 4= pp: Borexino = a® - . s
C | ¥ 7Be: Borexino N 0.3 . * "i s st
02— ¢ pep: Borexino - L R S &
- | %~ #B: Borexino . - | ——Standard ——NSlup | = T P N i 1
o1k Solar = 0.2 . [ | "‘~‘:>'T

E — Solar+KamLAND E - —— Sterile NSI-dw ! -

o=, . | | \IIII:!I , e — — 0'1_||||||||||||||||| N R
10" ] 10 0.1 05 1 2 3 5 7 10 14
v Energy in MeV E, [MeV]

arXiv:2312.12907v1 (2023)

* Measuring the upturn can probe non-standard interactions or even
sterile neutrinos!

.
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Probing supernovae using neutrinos in Super-K

Garching group ———— v

300F

200F

L, [10%erg/s]

100¢

0
30F

25¢
20

15¢ * A supernova happens somewhere in the

observable universe ~1/sec.

L, [105%erg/s]

10F

* About 99% of all energy released is in

0

o0 the form of neutrinos.

A0F
> * Ready to detect one nearby (see paper
L] list for SN alarm), and in the meantime...
E 20

10F

OF. ... ..

-5 0 5 10 15 20 )
. tpo[ms] A. Santos (LLR/Ecole Polytechnique) - March 2024 - Moriond




What is the Diffuse Supernova Neutrino Background?

ff Rsn(z, M) [dF(E(l +2) M)] C— dzdM
= % —~

[ DSNB ] — [ Supernova rate ] X [Neutrmosemltted] X [Universe expansion]

per supernova




Why study the Diffuse Supernova Neutrino Background?

ff Rsn(z, M) [dF(E(l +2) M)] C— dzdM
= % —~

[ DSNB ] — [ Supernova rate ] X [Neutrmosemltted] X [Universe expansion]

per supernova

Probe these!

Black hole forming SN Cosmological model

* Ingredients include astrophysics, particle physics, and cosmology.

* Can constrain parameters (e.g., the star formation rate in the
universe or the fraction of supernovae that form black holes).




Why study the Diffuse Supernova Neutrino Background?

ff Rsn(z, M) dF(E(l +Z) M)] C— dzdM

= e ~

Supernova rate ] X [ NECULED Clnilistste ] X [Universe expansion]

[ DSNB ]

per supernova

|
H

DSNB V, Flux [IcmzlsecIMeV]

4 (Many models!)

IIII‘\II\‘II\\lII\\lI‘\I""’{II‘I
10 20 30 40 S0 60 70 80

V. Energy [MeV]
. Phys. Rev. D 104, 122002 (2021)




Why study the Diffuse Supernova Neutrino Background?

ﬂ Rew (2, M) dF(E(l +z) M)] C_ dodM

= e ~

Supernova rate ] X [ INCECILIED ClT e ] X [Universe expansion]

[ DSNB ]

per supernova

|
H

— -
> >
g 0.1, NO) Q =g SK-IV 2970 days, Observed 90% C.L. (This work)
‘-U- o) % SK-IV 2970 days, Expected 90% C.L. (This work)
-?n: Q ays
NE &Q 1025_ =———8—— SK-I/I/lIl 2853 days (2012)
L = E ——e——  KamLAND 4529 days (2021)
; g DSNB Theoretical Predictions
— ) whed
L — —
> E
——
2 T M0~ e T
7} @ E -~
a Q -
o -
) = —
» ~
2 —_——
w1 it
@ - ——
> = e ——
> — e ——
.".,4" | ——
4 \.
/) Al gy N >
(Many models!\ “\¢~.| 107 (Limits closel) ]
II‘\II\‘II\\lII\\lI‘\I""’{Il‘lw\ll Co Lo e v e e e e ey
10 20 30 40 5 60 70 80 10 15 20 25 30

v, Energy [MeV] v, Energy [MeV]

. Phys. Rev. D 104, 122002 (2021)




How to wrangle a DSNB neutrino: With inverse  decay!

A two-flash signal!

[ IBD Signal ] V, +p —>‘e++n‘

~ 6(10 MeV)

P 22 MeV

‘ or
- Q%P

~ 8 MeV

Ve

~ 6(10 MeV)

v B

Neutron capture

A. Santos (LLR/Ecole Polytechnique) - March 2024 - Moriond




Last published results: The SK-Gd era is moving us along quickly!

‘TI— EI LI ‘ LI | L | L | LI I LI I LI | L | L | L | LI I LI IE
> - et SK-V/| Observed (This work) -
Q - T SK-VI Expected (This work) .
= : — = SK-IV Observed T : - : :
o 102k mee - SK-IV Expected _| * Without gadolinium to improve neutron tagging, we
8 = ——+—— KamLAND Observed = started dipping into interesting territory.
n St [ ] Modern DSNB Predictions - ] o _
N [ 7+ With gadolinium, we approach the theoretical
g 10 - e, B predictions much more quickly!
E [ = — -
_l S _
o 1= E
% = ~1.5yrs W/Gd semimimimiminimimimin =
> - ]
¢ - ~8yrs w/o Gd zmmmmgmmmeme .
) 1= mimimimimmimi==- _—
i 10 E
() C = _
> B ’
10—2 111 ‘ 111 | 111 | L 11 | 11| | 11| | 111 | 111 | L1 | | | 11| | | |
8 10 12 14 16 18 20 22 24 26 28 30 32
V., Energy [MeV]

l M. Harada et al., ApJL 951 (2023) 2, L27




Soon-to-be released results: New and improved SK-Gd analysis!

[ Reducing one of main DSNB backgrounds! ]

5 1EI T | T --I----I-l T |'"__I___I__--I--.1-1'4"'I'"'I"'I"--I---1---r--1---r---l-5
k) i R R ]
= N et BT I DR Cees T T T ]
E = SHE+AFT, precut —
c L = spallation cut B
__g effwall,pre-/post-ac 'vity cuis
O . o o
=gyl ublished BG level ring cleamegigrt _ . NP
S0 P T ;‘;afgef““'-‘“g t E » A full analysis (2024) is finishing up as we speak!
D: N eren. «**ang.M cu :
&t I e egmg * Going from cut-based neutron tagging to Boosted
S [ L | ~10X lower! [—— -] Decision Tree/neural network.
— l .o [ .
02 L— vV ] — ] * Adding a spectral fit of signal+backgrounds beyond

- new BG level r — =—— ] model-independent, binned analysis.

E _I—-—|_ J o _ E * New background reduction for atmospheric

i Final neutron tagging] neutrinos is included, too (targets multi-cone

| | | | background events)!
-3 | | | | 1 | | | 1 | | | | | | | | |
10 10 15 20 25

l officialized, paper preparation (2024)




Where we are today with the Super-Kamiokande experiment

[ Some highlights of latest Super-K results ]

* Competitive measurements of |Am§1,32|, 0,3 preferring
lower octant. (nov. 2023)

* Normal hierarchy favored at 20 and best-fit 6.p = —m/2
maximal CP-violation. (nov. 2023)

* Day/night solar v asymmetry observed at >30. (dec. 2023)
» Data suggestive of observing solar “upturn.” (dec. 2023)

* Most stringent limits on the Diffuse Supernova Neutrino
Background already with SK-IV period.

* Ongoing DSNB analysis in SK-Gd era continues to show
promising results. (2024)

* And so much more in atmospheric, solar, supernova,
astrophysical v and even dark matter and proton decay!
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Extracting physics from atmospheric neutrino oscillations

Normal | e l .’
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arXiv:2311.05105v1 (2023)




Extracting physics from atmospheric neutrino oscillations

N | 1 v 1 14 1
orma : T T ||“ TTTTT T | T T | 7 P I T T TTTT I T T T T ” :
N L
06 P(Vu Including these effects the flux of atmospheric v, at the detector may be written roughly as,
041

LIxfl(ye) L m Py (1 cos Oy — 1) (“solar” term)
o (cp effect)

—r - 8in B3 - cos® B3 - sin 26093 - (cosd - Ry —sind - I3)

250 01g - (r-sin025 = 1), (VS resonance) (19)

r - where these three terms are identified as the “solar”, “interference,” and “parametric (resonance)”

Inverted 0;-_ S terms, respectively. Here P, is the two neutrino oscillation probability v, — v, , driven by the
0:6% P(Vu solar mass splitting Am%l. Note that the effect of dcp appears in the interference term, which

Z:::_ is controlled by an effective mixing angle in matter, 13, and where Ry and Iy denote amplitudes

%N = for CP-even and CP-odd oscillations. Antineutrino oscillations are described by changes to these

amplitudes under an inversion of the sign of both the matter potential and of dcp. At sub-GeV

energies the flux ratio v, /ve, 7, is ~ 2, and increases above 1 GeV until reaching ~ 3 at 10 GeV.

Ll L Loyl ‘1J _E Pl T R ) Lo vl :14
0 1 0
1 10 102 1 10 102
E, (GeV) E, (GeV)

Hyper-K Design Report (2018)




Overview of Super-K reconstruction

Reconstruction fiTQun | APFit
MC Simulation: True CCQE v, sample
WCSim Vertex Resolution 20.6 cm | 24.9 cm
Direction Resolution 1.48° 1.68°
Low ener ] Momentum Bias 0.43% 0.63%
t gy ngh energy Momentum Resolution  2.90% 3.56%
events events Mis-PID rate 0.02% | 0.50%
True CCQE v, sample
Vertex Resolution 15.8 cm  17.3 cm
Reconstruction: Reconstruction: Direction Resolution 1.00° 1.28°
BONSAI ﬁTQUh Momentum Bias -0.18% 0.54%
Momentum Resolution  2.26% 2.60%
Mis-PID rate 0.05% 0.91%

(performance at 1 GeV, fully-contained events)

M. Jiang (2019), PhD Thesis, Kyoto University

y




Extracting physics from atmospheric neutrino oscillations

| Normal Hierarchy
CP-violation (v-vs-¥) i e
Full oscillation (6cp dependent)
* For §.p # 0,7, neutrino and anti- s x
neutrino P, will differ. -E- '
. . o I
* Here is one specific example for 6.p — L
effect on probabilities. I>m Y 7T
N f Tiny matter effect ™%
— :}

Main contribution

- L =295km, E = 0.6 GeV
sin?(0y2) = 0.303, sin?(013) = 0.02225, sin2(f3) — 0.451
Amd, = 7.41-107° V2, Am3 = 2507 - 1072 eV?
p=2.6g/cm’

(1)) S Er— | | IS S R
5 6

P (Vu = Vo )[%] A Beauchene
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Atmospheric v event selection

[ Main sample selection steps ] T L
* Prefer events whose final states are within FC i
inner detector (now even more volumel!). Q ~
a CC QE '
o -
& & = Cmon
@ CC 2p2h i
é j CC DIS ~
L CC Other -
Upward NC :
through-going u -
N — R
10" 1 10 10* 10° 10* 10°
E. (GeV) ,
v arXiv:2311.05105v1 (2023)
\

\ ‘
~
~
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Atmospheric v event selection: BDT inputs in more detail
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Improvement of multi-ring classification with BDT

180 F ' ! ! ' ! I ' ! ! ! ' | ' ! ' | ' SIKI-I|VI Dlalta| ' ! ' ' ! ! I___l‘ :l LI I L | LI | I LI | L I || | LI | LI LI l:
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2 120 + - c Lv.CC i 1 :
§ [ | i " 200 :— Ve CC i —:
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Abe et al., PRD 97, 072001 (2018) arXiv:2311.05105v1 (2023)
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Some factors determining v/v separation

(CC v, interactions)

N —e +N'+ =#t

Loop
Ls e’ + Ve + ﬁg;,

(CCv, interactions) (more particles in the end!)

T N et + N+ 7

(captured in water!)
(more forward!)
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Expectations for atmospheric v studies with Hyper-K
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Systematic uncertainty [%]

10

-15

'y
(4]

Solar v analysis systematic uncertainties in SK-1V

"y
(=]

(=]

o
IIII|IIII|IIII

Energy correlated sys.

[ B8 spectrum

[ | Energy scale
pCX) Energy resolution

| >
— :
KX :
R
__ -v'A'A’A"‘.A. ...........

TR R A A A
Rsssss
1920.020:0.9.

4 6 8 10 12 14 16 18
Recoil electron kinetic energy [MeV]

TABLE V. Energy-uncorrelated systematic uncertainty in each energy region in SK-IV.

Energy [MeV]

3.49-3.99 3.99-4.49 4.49-4.99 4.99-5.49 5.49-5.99 5.99-6.49 6.49-6.99 6.99-7.49 7.49-19.49

Trigger efficiency % +0.7% - - - - - - -
Angular resolution +02% +02% +02% +01% +£0.1% +0.1% +0.1% +0.1% +0.1%
Reconstruction goodness +0.1% +02% +0.1% +0.1% +0.1% +03% +0.5% +0.7% +0.4%
Hit pattern +0.5%  +05% +0.4% +0.4%
Small hit cluster +0.1% +01% +0.1%

External event cut +0.1% +0.1% +0.1% +0.1% +0.1% +0.1% +0.1% +0.1% +0.2%
Vertex shift +04% +0.4% +0.4% +0.7%  +0.4% +0.4% +0.4% +0.4% +0.1%
Background shape +2.7% +06% +0.6% +02% +02% +0.2% +02% +0.2% +0.1%
Signal extraction +21% +21% +21% +0.7% +£0.7%  +0.7%  +0.7%  +0.7%  +0.7%
Cross section +0.2% +02% +02% +02% +02% +02% +02% +02%  +0.2%
Multiple scattering goodness +0.4%  +02%  +0.3% +0.3% +03% +0.6% =£1.3% =*1.3%

Total 9%  4+24%  4+23%  +1.1% +09% +12% +1.7% 1% +0.9%

arXiv:2312.12907v1 (2023)




Signal efficiency [%)]

Solar v analysis reduction steps
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Solar v flux stability across solar cycles
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Isolating the IBD events using positron and neutron coincidence

[ Tagging positron only : ]
non-NCQE
: . . 250 1 NCQE
* The product of cosmic ray interactions form Lio
“spallation” background at low energy. reactor
/ acc. coin.
200 174 DSNB Horiuchi3
- /|
s (7
o 150 ;
= 7/ / ,
v /
* Atmospheric neutral-current (NC) interactions 11 1004 ///////////////
produce photons mimicking the positron. / /////
* Atmospheric neutrinos after around produce 50 - ////////////
charged-current (CC) interaction backgrotw=2=.

\ 20 )‘ 30 40 50 60 70 80
N % " Fer [MeV]

=L \
e’ + Y "0
aa 2.2 MeV ¢
/ One DSNB model!

prompt positron delayed neutron capture (H)




Isolating the IBD events using positron and neutron coincidence

[ Tagging positron + neutron: ]

* The product of cosmic ray interactions form
“spallation” background at low energy.

* Atmospheric neutral-current (NC) interactions
produce photons mimicking the positron.

* Atmospheric neutrinos after around produce
charged-current (CC) interaction backgrotw=2=.

/ﬂ 22yMeV

prompt positron delayed neutron capture (H)

g

Events / bin
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N
o

N
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non-NCQE
NCQE

Li9

reactor

acc. coin.

DSNB Horiuchi3

Wiy,

////////
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One DSNB model!
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Signal and NCQE background efficiencies after cuts
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Estimating DSNB sensitivity using upper limits (throw toys)

S -
g C —— SK-IV 2970 days, Observed 90% C.L. (This work)
3 B SK-IV 2970 days, Expected 90% C.L. (This work)
Q B SK-IV 960 days (2015)
)
—— .|
o~ 1 02 E._ SK-I/I/1I 2853 days (2012)
E - ——  KamLAND 4529 days (2021)
(3) - i -
=~ | DSNB Theoretical Predictions
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— ——
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V, Energy [MeV]

. Phys. Rev. D 104, 122002 (2021)

[ Upper limit steps ]

1. Sample N,ps(Eyec) from P (N(Il = Nyred 0 = 5Nsys))

2. Sample Npyeq (Erec) from P(Npred)

3. Perform Nps(Erec) — Npreda(Erec) to generate PDF of
excess BG events after many toys thrown

4. Integrate excess BG PDF until reach 90% of curve to define
number of events NoI™it for 90% CL

5. Convert Nl into flux limit ¢t
limit
limit __ Ngo

90 = =
t - Np-OIBD - Gsig
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SK-IV DSNB analysis results in more detail
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Number of events after cuts

Number of events after cuts
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Differences of overall NCQE from DSNB IBD signal

d ~ 1-3m from ﬁ

initial vertex




Comparison of 8, and MSG variables

* Sensitive to possible directions for assuming * Sensitive to overall size for assuming only
only one cone made the observed event. one cone made the observed event.
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SK6 MSG and 8. cut comparisons (E+ € |8,24]| MeV)

ROC curves ] 55 [ Event curves
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CP-violation
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Baryogenesis through leptogenesis from CP-violation in v

Through CPV in seesaw mechanism ]

For §.p # 0, m, neutrino and anti-neutrino P, will differ.
This also induces CP violation more broadly in lepton sector.

Neutrino mass generation happens through seesaw with one heavy
Majorana neutrino N.

Heavy Majorana neutrinos into [H and LH lead to AL # 0 for out-of-
equilibrium decays.

SM sphaleron processes can convert AL +# 0 - AB # 0.
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Neutrino oscillations from mismatched mass, flavor states

va) = ) Vgl
o i . *

(flavor basis) (mass basis)
d Vo
[Ve) cos® sinB\ [|v1)
(|Vi)> = (_ sinf  cos 6) (|v2)) (2-flavor framework)

|ve) = cos @ |vy) +sin 6 |v,)

= (approximations)

. (Aml.zj =mi — mjz ) (frequency of oscillation)
\ 4
_im3L _im3L AmZL
[Ve(L)) = € 2E cosO |vy)+ e 2E Sinf |vy) sesessessenss > | Poe = [(ve(D)|Ve)? =1- sin? 15
(different phases in t-evolution) ( of oscillation)

o y



Parameterizing full mixing matrix between mass, flavor bases

(flavor basis) CP-violating Dirac phase Majorana phases (mass basis)
|Ve> 1 0 0 C13 0 Slge_iacp C12 S12 0 1 0 0 |V1>
|Vu> =10 Cr3 So3 0 . 1 0 —S12 C12 0 0 e'™1 0 |V2>
[Ve) 0 —sz3 €23/ \—sy3e'%cP 0 C13 0 0 1/\0 0 e/ \|vs)
Sij = sSin Qij’cij = COS QU
01, = 3341°1073, 0,3 =49.1°11%,, 013 =854°T015,  8cp = 196°T5% Source: NUFIT 2022

(maximal mixing?) (hints of CP-violation)




NuUFIT 2022 results in detail

NUFIT 5.2 (2022)

without SK atmospheric data

Inverted Ordering (Ay® = 2.3)

Normal Ordering (best fit)

bip £1o 3o range bifp +lo 3o range
sin® f12 0.30375 017 0.270 — 0.341 0.30310-012 0.270 — 0.341
f12)° 33417003 31.31 — 35.7 33.41705 31.31 — 35.74
sin® flag 0.572%0 055 0.406 — 0.620 0.57810-050 0.412 — 0.623
B2/ 49.17 % 39.6 — 51.9 49.5715 39.9 — 52.1
sin® fl; 0.0220310-00058  0.02029 — 0.02391 | 0.022197)-09%0 002047 — 0.02396
fha/"® 8547015 8.19 — 8.89 B5TTO 8.23 — 8.90

I'l:T( - .,-'":'

; a
Mgy

10-5 eV*

3
Am3z,

10—# eV*

197142

T__ll—fl._’l

—0.20

= 4 +0.028
+2.511 627

108 — 404

6.82 — 8.03

+2.428 — +2.597

an+27T
28627

- +0.21
4175,

‘ 0.032
- E'JE]HtU.lJE-':

192 — 360

6.82 — 5.03

—2.581 — —2.408

with SK atmospheric data

Normal Ordering (best fit)

[nverted Ordering (Ay~® = 6.4)

bip £1lo 3o range bifp 1o 3o range

sin® B2 0.303+0-012 0.270 — 0.341 0.30310-012 0.270 — 0.341
f12/° 33.4110-13 31.31 — 35.74 33.4170-75 31.31 — 35.74
sin” flag 0.45175 e 0.408 — 0.603 0.5691 0035 0.412 — 0.613
Ba3/° 42,2411 39.7 — 51.0 49.0+10 39.9 — 51.5
sin” #i3 0.0222570-000%%  0.02052 — 0.02398 | 0.02223750003%  0.02048 — 0.02416
013/° 8.58710-11 8.23 — 8.91 8.5710-11 8.23 — 8.94
Sop/° 232158 144 — 350 276133 194 — 344

j"“gl - 021 . 3 - g1+0.21 v o ’
T 7417021 6.82 — 8.03 7.41+0-24 6.82 — 8.03

5 o\2 2 3

_"Ur.'i-

103 eV*

= (0L 026
425077y has

+2.427 — +2.590

; 40,025
_2'4Hfjtu.u:r:

—2.570 — —2.406




The mass hierarchy problem (normal vs inverted)

I NORMAL INVERTEDI
0.8 0.5—-06 0.1-0.2
v T v
|UPMNS| ~102—-05 05-0.7 06-0.8
0.3—05 05-0.7 06-0.8 e
7 Am3; , |Am3, | N m .
E, 10—5eV?2 ’ 10-3eV?2
[(velvi)l? = Ut |* ~ 0.87 = 0.64 S - —— =
|(H|v1)| U, | ~ 042 =0.16 =— v vs [
I AmZ >0 Am2, < 0

|<VT|V1>|2 = |UT1|2 ~ 0.4* = 0.16




Punchline for the effect of matter on neutrino propagation

The Sun Supernovae

(time-integrated SN neutrino spectra)

1E56 4

Fvle>2 = |<Ve|V1>|2FvOe ~ O-7Fvoe

SES55

F°/ (MeV~Y)

Different mass orderings give ress |
different final spectra!

’
1E55 T 2 T r
1 5 10 50

E/MeV

mz >mp >my ? FV3e>2 = (O X Fvoe) + (1 X Fv(;)

my >my >ms? F273 = (03 % E2) + (0.7 X E?)

y




Modified flavor oscillations in the presence of matter (2 flavors)

(usual Hamiltonian) (additional CC potential for v,)
Am” sin 260
Am? (— cos26 sin 26 1 0 2E
H= AE ( sin260  cos 29) +V26rm, (O 0) J > I tan 20, I: Am?2
K (T) cos 20 —V2Gpn,

(new effective mixing angle)

Mikheyev-Smirnov-Wolfenstein

(MSW) effect ‘g“ <|Ve)> _ ( cosf,, sin 9M1<|V1M>)

|VH> —sin HM COS HM |V2M>

(new propagation basis)

Two flavors!

A




Modified flavor oscillations in the presence of matter (2 flavors)

2

(AZ_E) sin 20 <|Ve)> _ ( cosf,, sin HM) <|V1M))

Mikheyev-Smirnov-Wolfenstein

tan 20, = > |v,.) —sinfy; cos Oy /) \|voy)
(MSW) effect (AZ”;‘E ) cos 260 — \2Gn, ’
E,
A [Ve) = cos Oy [viy) + sin Oy |vay) ~ [von)
tan 260, - 0~
Oy — 90°

[Vau(ne = 0)) = |v;) —«m
tan 20,, — tan 20

Oy — 06
Observed from Sun (= Am3; > 0)!
Vacuum (n, = 0) L= =M, 2t = Kvelvo)I°F) = 0.3F)
MSW resonance
tan 20,, —» o 1>2 20 0
0 E, = v, |[v)I°F, = 0.7E
Two flavors! Oy — 45 ve {velv)[*F, ve

N y



Example calculation of flavor oscillations in supernovae

H (normal hierarchy: m; < m, < msy)

FNH |U33|2F0 T |Ue3|2 — |<Velv3>|2
— |5‘13€ l5CP| FVOe + .-,
0 —
25123 FvOe+|UeZ|2Fv(L by = FO FvOT

_ 2 0 2 2 10 2 70
= s13 By, + st2ci3E, + U |I“F)

_ .2 0 2 2 10 2 2 10
= 513 By, + siacishy, + circishy,

Three flavors!

.




Example calculation of flavor oscillations in supernovae

(time-integrated SN neutrino spectra)

FNH — |U33|2F0 "t |U33|2 = |<Velv3>|2
—_ —I,5CP 0 2E56 - O :ir;nu_e
= |sy3e | F,+-, NE
0 — 1E56 h
5123 Fvoe-l'erzlev(L »va FO FvOT
513 Fvoe + 5122C123Fv26 + |U61|2F12€

2 0 2 2 10 2 2 10
Si3 by, + sizcishy, + cixcishy

-== nu_e

SESS 4

FO/ (MeV~1)

1E55

— (0% F0) + (1 x EY) /ey

MSW: Different mass hierarchies

FIH (0 3 X FO) + (O 7 X FO ) give different final spectra!

50

Three flavors!
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