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MeV neutrinos from SN/Sun/Earth

- Key to understanding the origin of elements and the neutrino’s role in the universe.

star formation, element formation, emission, and accumulation _
solar mechanism and dynamics, solar system formation, MeV neutrino fluxes
earth formation, earth dynamics, - and neutrino oscillation

C. Spiering EPJ 37 (2012) 515

Cosmological v

Solar v
Supernova burst (1987A)

100 | 2\

_-Reactor anti-v

Flux (cm=2s"'sr' MeV-')
=

—
- o
-
\
fws)
a o\
™
&
=
O
c
a
—
=
o
3
=)
f“_‘.._
(¥,
=
_C.
1]
Q
=
o
T

10 f

10 F Terrestrial anti-v

Atmospheric v

©ONASA Getty Imges/iStokphoto 12: e
Contents bt Cosmogenic
- Detection technologies ! :
« Physics motivations oo 100 1 10 10e 100 107 100 10"
. Results of recent experiments eV mey e ke MR G T eutrine energy
« Future experiments




Disclaimer and Acknowledgments

[t is impossible to review everything in 25 minutes.
« | would focus on currently running experiments/projects.
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Detectors in TAU

22023+

N.B. This is a partial list.

Current Soon Future

Water Super-Kamiokande KM3NET Hyper-KamioIand& U
(SNO+) &:'UE‘ (ORCA,ARCA) "//
IceCube d

Liquid scintillator | KamLAND JUNO o~ T
(Borexino) @ Jinping
SNO+
NovA SNG A
LVD ‘

Others HALO DarkSide-20k DUNE
DM detectors(Xe,Ar) DARWIN/ oo

XLZD

« Water and LS are the two major target materials.
« Each detector has its own characteristics, and complementary cooperation will lead to
a better understanding of SN, Solar, and Geo neutrinos.




The detection channel in MeV range

Kate Scholberg Neutrino2014
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SNOWGLOBES http://www.phy.duke.edu/~schol/snowglobes/

Relevant cross-sections (1)

- Water detectors o Liquid scintillators
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o |[BD dominates in the target region

» IBD selection/rejection if the neutron is tagged.
- Elastic scatterings are utilized for the directional information extraction



Water Cherenkov detector ES Telescope!
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SNO+ (water) 3.5~15MeV_ SK-IV(662davs) 2.5~3 5MeV
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Seiya Sakai

Water Cherenkov detector
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- Neutron tagging for interaction (especially IBD) identification
« By delayed coincidence with 2.2MeV gamma from p-capture (as LS )

« Gd-loading significantly enhances its efficiency e
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Liquid scintillator

(positron + annihilation)
High light yields.

High delayed coincidence performance @
 High energy resolution!
Delayed signal

« Low threshold (> 200keV, water C > 3MeV) (newtron capture)

Thermalized neutron \ 5L
* Ultra-low BG by purification process T edopsed N ‘\’
- Borexino (0.3 kton PC+PPO) achieved 232Th < 5.7x10-1% g/g, 238U < 9.4x10-20 g/g e

KamLAND’s 210Pb reduction by distillation @, JUNO'’s purification system

» Four purification plants to achieve target radio-purity 107 g/g U/Th and 20 m attenuation length at 430 nm.
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Liquid scintillator

 Directional sensitivity via Cherenkov light (~0(1%) of the scintillation light)

BOREXINO exploited it to disentangle the neutrino and background events
— Correlated and Integrated Directionality (CID method)

2007 - 2021: 280t LS Aug 28 -
Neutrino BG 8 A 17:00 Davide Basilico
a 14:45 Sandra Zavatarelli
Vv, 1\?\ PM' ”"
L
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SNQ SNO+ 2D PDF in reconstructed time residuals and photon angle used to fit events direction.
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LlQL“d SC|nt|HatOr R&DS for enhancing Cherenkov signal

e Slow LS: LAB(solvent)+0.1g/I PPO(quor§

Slowed-down scintillation signal

Reduced scintillation LY
Higher transparency

WDbLS: water + tenside + LAB + PPO

PMT waveform (arbitart:

arXﬁv 1511 09339, arXﬁv 1607 01671
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LlQUld scintillator R&DS for higher vertex resolution

- Opaque/low transparency scintillator:

« Confine light near its creation point to
preserve the topological information of

particle interactions

« Collect light with a lattice of fibers

Aug 28 18:00
Cloé Girard-Carillo
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Relevant cross-sections (2)
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CEvVNS has the largest cross-section;
however, its energy depositis in keV

— Dark matter/0vpp detectors
v, cc is the main channel

SNOWGLOBES http://www.phy.duke.edu/~schol/snowglobes/

LArTPC
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Aug 31 15:00
Clara Cuesta

« Directional sensitivity
« v.,CC: (Fermi and Gamov-Teller transitions)
—flat cosine distribution
« ES selection is indispensable as other detectors
 Reconstruction of the scattered electron’s head-
tail information is the key

Daughter flipping:
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Janina Hakenmiiller SN ORNL workshop Mar 2023
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Supernova neutrino
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Core-collapse supernova (>8M,)

- The basic mechanism of core-collapse supernovae explosions (CCNS) was established
by detecting 24 neutrinos from 1987A. Neutrinos play a key role in the explosion.

Abi et al. Eur. Phys. J. C (2021) 81:423 .
Infall _Neutronization Accretion l_e aCocl;:irnq & ( : However, detaI|S are Iargely unknown

@ _¥e « Shock revival mechanism, equation of state, PNS
> 10 Y formation
8 4 X « Convection, SASI,
= « Fail, BH formation,:-
=~ 01 L
- « Many unknowns, models, and predictions
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The expected statistics go:

« The larger detectors cover SMC
UPER

32.5 kton water
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Alarm probability

IceCube Laboratory
Data is collected here and

sent by satellite to the data
warehouse at UW-Madison
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envelop S|T|rface
'~: Shock wave travels with
=y ¥, | ~1/30 of the speed of
) light (~10% km/sec).
4

For multi-messenger astronomy

The vital role for neutrino detectors —Neutrino burst alarm

Shock breakout happens
when the shock wave
arrives at the surface.

4T

AT depends on the type of SN ===-=~ Neutfinos travel with
54 the spseed of light
5 i 1~10min IIb (3x105km/sec)
"w 50 | i
> | Ib For ~70% of SNe, the time
~ 0 difference is several hours to
g 407 o tens of hours. For the remaining
£ 447 ~30%, that is several minutes.
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prompt candldates

events/bin (average of 1000 simulations)

For multi-messenger astronomn

Neutrino burst alarm with direction information

0.03% Gd makes IBD tagging efficient in SN monitoring
d Speed-oriented real-time simple IBD tagging algorithm

(D Selection of prompt candidates = 7MeV
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yThe automated monitoring system in SK-Gd
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For multi-messenger astronomy

Future neutrino burst alarm with direction information

Triangulation _ a B The direction between the IBD prompt p and d_elayed n
SNEWS capture reconstructed vertexes in 20kton LS give the SN
eX) SNEWS 1.0_)2.0 ‘ / SUPERNOVA EARLY WARNING SYSTEM direCtiOn

New J. Phys. 23 031201 12° (68%CL)@10kpC . 75 Lo
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JCAP04(2018)025 CC/ES channel separation
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Combination of Janina Hakenmiiller SY ¥ A
@SN ORNL workshop Mar. 2023

IceCube, KM3NeT/ARCA,

-3 LAr volume 40kt 10kt (one module)
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Log (luminosity [erg 8-1])
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Low-BG low-threshold required

 Liquid scintillators/ Gd-Water Cherenkov

IBD is the main channel

« The energy threshold for IBD is 1.8 MeV

« Large volume is needed.

Pre-SN alarm for nearby SNe

Burning Stage Duration Average v
energy

C 300 years 0.71 MeV

Ne 140 days 0.99 MeV

O 180 days 1.13 MeV

Si 2 days 1.85 MeV

Duration of burning stages and the fraction and average energy of electron neutrinos
emitted by pair-annihilation for a 20 M@® star (Astropart.Phys. 21 (2004) 303-313)

 and many Models* "

Ap_] 885:133. 2019 Odrzywolek, et al 2010 Acta Phys. Pol. B 41, 1611
Le56 ’ Patton, et al 2017 ApJ 851 6
6 ‘ 0P s e e
— Pre-SN Patton ~— Patton 150,
5t E — SN Nakazato | 1083 || — Odrzywolek 15M —
- IBD Threshold ~—— Patton 30M, /

-

Odrzywolek 25M //_/

Integrated flux[/MeV]
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Aug 315t 14:30
Lucas Nascimento Machado

The significance of detection based on the

Pre-SN alarm

ApJ Journal, 818:91 (8pp), 2016 number of accumulated events for Betelgeuse
15 F s : : : : 10
B Vad \ —= 25Mo with normal ordering 15 M stars at 150 pc
= - ' AT 25Me with inverted ordering | =
3 ok i L. — el T oammaecummomaosers  KAMLAND — /4°
: E B " \ == 15Me with inverted ordering | = = = = Odrzywolek with inverted ordering s
e ) i 3 ] e Patton with normal ordering =
giness steelsphicg § 5 B ,' \~\ Od rZyWOIek ] False Alarm Rate = = = = Patton with inverted ordering —7
s — 1 . ] . = —_
i [y AT . 1 Solid NMO dashed IMO =6 2
B b o s, . 1 o
10° E —— - Hs §
g 3 <i/eentury  frmim s Py =
& o W\ HighBG ] <10/CONMUTY | .IL—: 4 2
; 10 - ot -.,_.h-_— -~ Low BG < 1
S E i 3 <100/ century e s —43
= /SO . =
s LE B gL E N EE
= E = =
10k i o e =k
g @\‘zé\s“ '.'.'.'.T.'.'.".'l.'.'.-.-iT.-.-.|....|....|....|....|....|....:0
10'2 s o 50 45 40 35 30 25 20 15 10 5 0
0 il 2 3rec 4 5 6 \./.\’0 Time before core collapse [hour]
EX[MeV] RS
s\ss‘L
o .
o SK+KamLAND | https://www.lowbg.org/presnalarm/
2 10
"

15 M stars at 150 pc 15 M stars at 150 pc

\UPER
5] eF

A combined
alarm with SK

S K 0.03%Gd

Odrzywolek with normal ordering QOdrzywolek with normal ordering

= = = = QOdrzywolek with inverted ordering
Patton with normal ordering
= = = = Patton with inverted ordering

False Alarm Rate

False Alarm Rate

= = = = Qdrzywolek with inverted ordering
Patton with normal ordering
= = = = Patton with inverted ordering

and KL has been

available since
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Significance[s]
Significance[o]

<1/century <1/ century =
<10/century  [-———— - <10/ century Fomm e e e e (Moued)
<100/ century e’ Rl Al b B <100 /century  f—— e

GCN circular
is also available

50 45 40 35 30

10

Time before core collapse [hour]

SNO+ should have a similar, and JUNO should have better sensitivity
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Diffuse Supernova Neutrino Background

Supernova Relic Neutrino

dF; ‘Zmax dN,(E', dt
Neutrinos emitted in past supernova explosions and stored in 7 ,u = c/ Rsn(2) ;(w ’ )(1 + z)i_dz
the current universe — promising extra-galactic v Loy oL /, aky, *\ az
« In the entire universe, several supernova explosions SN rate at (averaged)
occur every second. rateatz - gnN spectrum
Access to

«  There must have been O(10%8) explosions in the history of History of Star Formation
the universe.

v BH formation

v' Mechanism of the supernova explosion

S. Ando 2004 Ap/ 607 20

PRD 104, 122002 (2021)

Big Bang
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Many models

+v MO or/and
exotic process
(ex v-decay)

affects!
Aug 31 14:45
Pilar

lvanez-
Ballesteros

Neutrino Energy [MeV] v, Energy [MeV]

22



3 search results Aug 319 14:30

Masayuki Harada
y UPER
g’ﬁk . + The 15t SK-Gd 0.01% (SK-VI) results with 552 days
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1.5 years of data with 0.01% SK-Gd is comparable to 10 years of pure-water
SK data thanks to the improvement of neutron detection efficiency.

— Promising 0.03% SK-Gd (SK-VII)’'s DSNB search! 23



Future DSNB search

SK-Gd sensitivity

4.0
> — 90% sensitivity
Q Modern DSNB predictions
E 35 Positron analysis threshold = 12 MeV
m Assume conservative systematic error
: 3.0F (same as present)
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A 90% CL limit
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KamLAND and SNO+ will also explore the low energy region 24



Solar neutrino
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1Mg Star case: Solar Neutrinos

« Standard Solar Model
pp-chain(~99%)

p+p—~~’H+e'@
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Ev<0.42MeV 49 7¢%
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84.6%
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'Be and 8B are measured more precisely than SSM!
— |mportance of the solar neutrino measurement

neutrino data:

—Latest SSM with latest helioseismic and solar
Francesco L. Villante Aug 31,4:30 PM 26



Metallicity problem and SSM

Neutrino flux

» Metallicity = Z/X Metallicity influences the solar neutrino fluxes:
« Heavy element (>Li) abundance - Indirectly for all neutrinos:
« X:H, Y:He, Z:(Z=3) opacity —temperature —cross sections — flux
- High-Z or Low-Z? * Directly for the CNO neutrinos:
Helio-seismic results@2022 C, N, O content in the core of the Sun
Z/X=0.2485 £ 0.0035 — HZ? Ratio of LZ s to HZ m (=1)
Magg et al., 2022 In each solar neutrino flux

0.012
— (GS98

0.010F —— AAG21
— MB22 Envelope

Convective

0.008F

0.006

0.004F

0.002F

0.000F===-2= S st R

—0.002F

Acoustic wave velocity
(data— SSM) / SSM

1 1 1 1 1 1 1 L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0> | | I I
1998 Model Z/X=0.0229 (GS98) HZ 0 - - i
2009 Model Z/X=0.0178 (AGSS09) |7 Pp pep hep ‘Be SN "o "F,

2021 Model Z/X=0.0187 (AGG21) LZ CNO cycle
2022 Model Z/X=0.0225 (MB22) HZ CNO flux measurement is the key to determine HZ or LZ 27




CNO flux status
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Aug 28th 17:00
Davide Basilico

arXiv:2307.14636

The complete Borexino dataset (2009-2021):

Borexino Final CNO results
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Neutrino Oscillation
e The standard model: MSW-LMA

 The survival probability as a function of energy

Neutrino oscillation (MSW-LMA) Nature 562, 505(2018) M. Maltoni, A. Smirnov Eur. Phys. J. A 52, 87 (2016)
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Global oscillation parameters, incl. Borexino

With reactor 6,5 constraint
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Future prospect

CPT Theorem ensures that particles and antiparticles have the same mass and, if
unstable, the same lifetime. Then, CPT violation could manifest as different
oscillation parameters for neutrinos and antineutrinos.

Aug 28th 17:15
Pablo Martinez-Mirave

Am3, [10~%eV?]

An example of a CPT violating scenario
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JUNO,

and DUNE (and a combined
analysis of both) will improve
existing limits  significantly or
provide evidence of CPT
violation in the neutrino sector.

Morgan Askins

New Physics Opportunities 2023
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(3e0 neutrino
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Inner structure of Earth and the heat source

Open questions 1:
« Whatis in the mantle?

 Which type of meteorites formed the Earth?
« How many layers are in the mantle?

Geo/Cosmo-chemistry and Geo-thermology
give the average composition of mantle+crust.

Bulk-Silicate Earth (BSE) models [Sramek et al., 2013]

© Encyclopaedia Britannica, Inc.

High-Q model
Seismology provides density and (lj).as.ed (t).n balangmg mantlel \f[I.SC(I)SIIty and heat f of
viscosity profiles of deep earth issipation, predicting a relatively large amount o
multi-layer of core-mantle—crust radiogenic heat for single-layer mantle convection.
but no compositional information Middle-Q model
% Based on Cl carbonaceous chondrites and mantle
ﬁﬁ_ P € b samples, predicting multi-layer mantle convection.

Density [g/cm?]

—_
=2
T

1 __—"| Low-Q model
/ Based on enstatite chondrites (~solar surface
S

B S compositions ), predicting multi-layer mantle
convection.

o1

<

|

| | | | N N N N n L L L 1 L L L 1 L L L 1
20'00 40'00 s‘dw ¥ 2000 4000 6000
Depth [km] Depth [km]
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Inner structure of Earth and the heat source

Open questions 2:
« What is the heat source of the earth?
 Primordial heat+radiogenic heat, which is dominant? H. Watanabe

« How much fuel/source is remaining? Geoneutrino workshop @Hawaii 2023

surface heat flow:46 + 3 TW

Bore-hole heat measurement and estimation (Continent;ll-%trﬂlsn Mantle) o e
Total surface heat flux: =L 0. )=3.
LowQ MiddleQ High 2%, KIU=1.4x10¢

47+1 TW [Davies and Davies(2010)]
4613 TW [Jaupart et al.(2007)]

Radiogenic heat prediction:
High-Q model (>25TW) 10TW  20TW 30 TW Q
U:35+4 ppb, Th: 140+ 14 ppb _ Blcontinental crust Wantie ‘

Middle-Q model (17-22 TW) 6.8 TW
U:20=%4 ppb, Th:80%=13 ppb Primordial Radiogenic

Low-Q model (10-15TW) \\“"'/, \\“ &2
U:12+2 ppb, Th : 4324 ppb E T @'

Geo-neutrinos are key to determining the BSE model and the earth’s heat source! 31



core

. Figures from Nanami Kawada
Geo N eUtrI NO Electron-antineutrinos from natural radioactive decays

v, flux [/em?/s] Emission of 1/, from Q, @ and @ :

238 206 — —
Radic:enic heat : [TW] U— Pb + 8a + 6e™ + 6v + 51.7 MeV

232Th — 209Ph + 6ar + 4e™ + 47, + 42.7 MeV
WK 5 YCa+e +7,+1.311 MeV

Geoneutrino total flux measurement

Ve flux X Q @ X Radiogenic heat
—Test of Earth’s heat budget

Geoneutrino spectrum measurement
Qand@ have different /o energy.

/‘1/']\\‘ 1 s —Test of Earth’s chemical composition

IBD threshold 1.8MeV
10-‘§

E, = 1.8 MeV

-—
o
T

Luminosity [/s/MeV]

Only geo-neutrinos from U and Th are detectable by LS
20K geo-neutrino detection needs another technology

Aug 28 15:15

o2 bt b b IVIarkChen
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Necessity of global measurements

0. Sramek et al., Earth and Planetary Science Letters 361 (2013) 356
« Local contribution is large « Fluxes not homogeneous over the earth

e 50%: distance < 500km &

e 25%: distance < 50km
e 1~2%: from Kamioka mine

Crust+mantle geoneutrino signal

K& 1o H. Watanabe Neutrino Geoscience 2019
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Borexino

PRD 101,012009 (2020)

Result of 3262.74 days Dec. 2007~ Apr.2019

Terrestrial Neutrino Unit
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Ka m LAN ) Geophysical Research Letters, 49, e2022GL099566

Aug 28th 15:00
Nanami Kawada

5& Result of 18 years 2002-2020, including Japanese reactor off period after 2011
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Consistent with Low-Q and
Middle-Q models, whereas the
High-Q model is disfavored at
99.76%(>30) confidence level with
assuming the homogeneous
mantle composition, implying
multi-layer mantle convection.
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Summary

Probing neutrinos in the MeV region is the key to understanding elements, stars, and the universe.
Supernova-neutrino
Burst detection for SN mechanism

« Alarms for Multi-messenger astronomy

DSNB search for the history of the universe

Solar-neutrino

SSM and Metallicity
Neutrino Oscillation

New Physics

Geo-neutrino

Mantle structure

Heat source of the earth

U/Th composition

N.B. This is a partial list.

Current Soon Future

Water Super-Kamiokande KM3NET Hyper-KamioIand%,\
(SNO+) aﬁ (ORCA,ARCA) \—
IceCube d

Liquid scintillator | KamLAND JUNO o~ S
(Borexino) f& @ Jinping
SNO+ .

Others HALO DarkSide-20k DUNE /
DM detectors(Xe,Ar) DARWIN/ =

XLZD




Thank youl!
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