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Neutrino fluxes in nature
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How the Sun shines
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Core temperature~ 107 K (~1 keV). . s !f,,_,-f-f
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Helium is lighter comparing to 4 protons(0,7%)- this energy is A £
feeding the Sun.

pp-cycle is very slow reaction (time scale 7,9-10° y). Energy
release = 26,7 MeV, 2 neutrinos are emitted.

Sun power is Lg,,=3.8-10%° W (380 YW) = 6.5-10"°
neutrino/s/cm?2,

i, ¥

Stellar Nuclear reactions occurs in the narrow energy range
below 100 keV, the so called Gamow peak.
Reaction cross sectons are very low: pico and femto barns
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CNO-cycle (carbon-nitrogen-oxygen)

® acatalytic cycle.

® dominates in stars more massive than
about 1.3 times the mass of the Sun.

® pp-chain reactions start occurring at
temperatures around 4x10°K. A self-

15
maintaining CNO chain starts at wal Ve
~15x10° K, but its energy output rises ”‘%

net result:

much more rapidly with increasing 4p — ‘He + 2e+ + 2v, + 3y

temperatures and at ~ 17x10° K, the
CNO cycle becomes dominant.

® The Sun has a core temperature of
around 15.7x10¢ K and only 1.7% of He-
4 nuclei being produced in the Sun are
born in the CNO cycle.

® Thesimplest CN-cycle (CNO-I, or Bethe
cycle or carbon cycle) was proposed by
Hans Bethe in 1938 and,
independently, in 1939 by Carl
Friedrich von Weizsacker).

+ 26.8 MeV

0 Proton Y GammaRay
O Neutron V  Neutrino

() Positron
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Solar Neutrino : spectra
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from the Sun luminosity 10
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The Sun in Numbers >
10 -
Mass:  1.99 x 10% kg . il .
Radius: 6.96 x 108 m 10 ' 1 10
Luminosity: 3.83 x 1026 W Neutrino energy [MGV]

Surface Temp: 5780 K
Core Temp: 15.6 x 108 K
Age: 4.56 Billion Years
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Solar Neutrino spectra - a clue to the Solar physics

The study of neutrino spectra is the only available way to test ideas about
the mechanisms of nuclear processes in the center of the Sun.

T

Nowhere is the connection between the microcosm
and the cosmos more clearly manifested than
in neutrino physics.

Bruno Pontecorvo
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Solar Neutrino Experiments

1970 1980 1990 2000 2010 2020 2030 2040

Homestake
KamiokaNDE-II

SAGE

Gallex/GNO
SuperK (I-V)
SuperKGd
SNO

KamLAND

Borexino

SNO+

JUNO

HYPERK
DUNE

The XXVII International Scientific Conference of Young Scientists and Specialists (AYSS-2023)

Oleg Smirnov : Solar Neutrino: Experiments



Radiochemical detection of Solar neutrinos

Bruno Pontecorvo, 1946, proposed chlor-argon method for neutrino

detection
"Inverse B--process"”, Chalk River Laboratory report PD-205
(1946): ’
35.04 d
312+ 0 AR 77/ E
- 37
v, 1 3'Cl > 37Ar + e T6AT - e g T
€ Qpc=813.5 Jeyte 1lonmen oplo—
“Confesso di essere piuttosto fiero del mio contributo
personale alla nascita dell’astronomia solare neutrinica”
stable 2= 0 _100% 51 Note Autobiografiche (1988-1989)
37cl

37Ar — noble gas. 3Ar atoms are extracted from liquid with He flux. Efficiency of 37Ar of extraction is about 90%. Then
37Ar is absorbed by coal filters, cooled to the liquid nitrogen temperature, and is separated from He.

37Ar - radioactive, captures electron with half-life of 35 d converting back to Cl. Conversion is accompanied by
gamma or Auger-electron.

At the beginning of 60s the problem of detecting of such a rare events was successfully solved in USSR and USA. Low
background facilities on the base of proportional counters were developed for 37A detection.
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A touch of history

e Pontecorvo’sinverse B-process 3'CIl-3"Ar was described in 1946, in a lecture at a Nuclear Physics
Conference organized for students by the National Research Council of Canada at McGill University.

e The lecture, issued as Report P.D.-205 of the National Research Council of Canada, Division of
Atomic Energy, Chalk River, Ontario, 20 Nov.1946, was immediately classified by the U.S. Atomic
Energy Commission. It was declassified on Oct.8, 1949. (in fact no Proceedings were published, only a
few lectures).

e Pontecorvo’s first idea was a 3°Cl-3>S process (Report P.D.-141 dated May21, 1945, classified, apparently
unknown to the physics community).

e The neutrino cross-section was extremely small, and neutrino was considered as undetectable at the
time being. Purpose of P.D.-141 note was to show that the experimental observation of neutrino “is not
out of question”, and to suggest a method which might make an experimental observation feasible.

e InP.D.-141 the neutrinos are Majorana neutrinos.

e The3'Cl-3"Ar method only acquired full shape in 1948, after Pontecorvo fully clarified the 3’Ar decay
mode by recording the B-spectrum of 3’Ar gas introduced in a high-gain proportional counter, and
measured the energy of the Auger electron

The XXVII International Scientific Conference of Young Scientists and Specialists (AYSS-2023)
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Probably, the first radiochemical experiment

MARCH 1, 1939 PHYSICAL REVIEW VOLUME 55

An Attempt to Observe the Absorption of Neutrinos

H. R. CrRANE
University of Michigan, Ann Arbor, Michigan
(Received January 10, 1939)

T HAS been quite conclusively demonstrated! example of this is
that the presence of neutrinos cannot be s 551
detected by an ionization effect, of the kind which CIE 4 p—SPe.

3 pounds of NaCl irradiated 90 days by 1 mCi source, study of extracted sulphur
with ionization chamber with 10 decay/s sensitivity. No events found.

Small target, low intensity source, low sensitivity
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Radiochemical detection of neutrinos

neutrino capture via Inverse Beta Decay (IBD) in a target chemical element with (A, Z). The product
element (A,Z+1) is unstable with half-life T, ,.

ve + (AZ) > e+(AZ+1)*

Typical radiochemical experiment:

*operates in a batch mode, with exposure times on the order of 2T ,.

*typically ~10 product atoms are separated from ~1030 target atoms with efficiency 290%.

*counting techique: no neutrino direction or energy information is available

*the targets must be huge, containing many tons of material.

*requires sensitive radiochemical methods to separate few atoms of product element (Z+1) from the target Z.
*placed deep underground to minimize cosmic-ray interactions in the target that can produce protons, (p,n)
reactions mimic neutrino capture.
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One should go deep underground to reduce the background
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Radiochemical experiments: proposals

Target Reaction Ty Threshold Status
MeV

Chlorine 37Cl1 > 37Ar 35.0d 0.814 closed

Gallium "Ga —» "Ge 11.4d 0.233 Running (SAGE)

lodine 127] 5 127X e 36d 0.789 Prototype (Lande at al.) at
Homestake; abondoned

Molybdenum %Mo — %Tc 4-106 yr >1.74 (Wolfsberg et al.) failed, no
funding to repeat

Lithium Li > "Be 53d 0.862 [R&D]

Bromine 81Br — 81Xe 2105 yr 0.470 [R&D]

Tantalum 205T| — 205Pp 14-106 yr 0.054 [R&D]

Ytterbium 176Yb — 176 uy* 0.301 [R&D (exLENS)]

Indium 15]n _ 115§ n* 0.114 [R&D (LENS)]

Oleg Smirnov : Solar Neutrino: Experiments
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Radiochemical detection of Solar neutrinos.

35.04 d
. +
Bruno Pontecorvo, 1946: . = 37 .
18Ar ~
v+ TGl > VAr + & Qp.=813.5
Q;,=813.5 keV stable 22 0 _100% 5.1
3Cl
1143 d
V.Kuz’min, 1965 1z 2
71
32Ge -
Qpo=229.4
V. +71Ga > "Ge + e
stable 3/2- 0 100% 4.3
Q,, =229.4 keV 11Ga
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Homestake Mine: mine in South Dacota.

Homestake

Tank filled with 600 tones of perchloroethylene (C,Cl,) at the depth of
1.5 km underground.

Detector was taking data from 1970 to 1994

Big tank of cleanin
fluid in a mine

Ar decay
detector

Ar gas C2C14

Raymod Davis Jr. (1914-
2006). Nobel prize in 2002 "for
pioneering contributions to
astrophysics, in particular for
the detection of cosmic
neutrinos"

Pontecorvo met Davis at the first neutrino
conference in Moscow in 1968 and expressed the
opinion that measuring the form of the counter
pulse, in addition to the amplitude, should result in a
considerable decrease of the effective background in
his solar experiment. The suggestion proved correct
as Pontecorvo found out from Davis at the v-72
conference in Hungary.




Homestake (aka Chlorine experiment)

2.56 £ 0.23 SNU
1/3 of the predicted by SSM — SNP
(0.336 £ 0.090) SSM

SNU=Solar Neutrino Unit, SNU= 1 event per 103¢ target atoms in 1 second

SSM - Standard Solar Model

SNP - Solar Neutrino Problem

o

John Norris Bahcall (1934 — 2005)

What was wrong? Was our understanding of
how the sun shines incorrect? Had | made an
error in calculating the rate at which solar
neutrinos would be captured in Davis's tank?
Was the experiment wrong? Or, did something
happen to the neutrinos after they were
created in the sun? Over the next twenty
years, many different possibilities were
examined by hundreds, and perhaps
thousands, of physicists, chemists, and
astronomers. Both the experiment and the
theoretical calculation appeared to be correct.

John N. Bahcall

In 1971 Raymond Davis Jr. takes a dip in the water
surrounding the perchloroethylene tank deep within the
Homestake Mine.
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One of the first ideas to explain the SNP: neutrino oscillates!

Mesonium and anti-mesonium

B. Pontecorvo
1957

3 pages
Published in: Sov.PhysJETP & (1957) 429, Zh.Eksp. Teor.Fiz. 33 (1957) 549-551

Inverse beta processes and nonconservation of lepton charge

B. Pontecorvo (Dubna, JINR)
Oct. 1957

2 pages

Published in: Sov.Phys.JETP 7 (1958) 172-173, Zh.Eksp.Teor.Fiz. 34 (1957) 247

Neutrino Experiments and the Problem of Conservation of Leptonic Charge

B. Pontecorvo (Dubna, JINR)
1967

9 pages

Published in: Sov.Phys.JETP 26 (1968) 984-988, Z

Teor.Fiz. 53 (1967) 1717-1725

Neutrino astronomy and lepton charge

V.N. Gribov (loffe Phys. Tech. Inst.), B. Pontecorve (Dubna, JINR)

Dec, 1968

4 pages
Published in: Phys.Lett.B 28 (1969) 493

Published: 1969

Citations per year

muonium (u+e-) to antimuonium (p —e+) transitions
considered. A possibility of the neutrino oscillations is
mentioned.

Citations per year

paper dedicated to neutrino oscillations

the second paper on neutrino oscillations. Flavor neutrino
oscillations (v,S v,) and also oscillations between flavor
and sterile neutrinos (v, S V., etc.) were considered.
Solar neutrino oscillations were considered before the first
results of the Davis solar neutrino experiment appeared,
B. Pontecorvo anticipated “the solar neutrino problem”.

Citations per year

Citations per year

Suggested that only active left-handed neutrinos v, and
v, and and right-handed antineutrinos exist in nature (no
sterile neutrinos). It was assumed that exist an interaction
which does not conserve lepton numbers. The oscillations
of solar neutrinos were discussed.

Oleg Smirnov : Solar Neutrino: Experiments
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https://www.sciencedirect.com/topics/physics-and-astronomy/muonium

Gallium Experiments

A new experiment was needed to clarify the SNP. A feasible proposal was Ga-Ge experiment, also due to a lower threshold.

The main problem — the quantity of Gallium necessary to provide reasonable neutrino count was comparable with its yearly
world production. In 1981 and 1985 the Gallium project was rejected in USA, NSF recommended to collaborate with Europe
and USSR (SAGE = Soviet-Amercian Gallium Experiment)

In USSR works were
started as early as in
1975, collaboration
SAGE was formed in
the end of 80

In 1984 group headed
by Till Kirsten from
Max Plank Institute
presented a project
of gallium
experiment and
started to form
GALLEX
collaboration

A

Till Kirsten Viadimir Gavrin
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GALLEX (GNO) and SAGE

 d Y O

Liquid metallic Ga in the
window of chemical reactor of _ _
SAGE experiment Experimental hall with

(chemical) reactors

SAGE at Baksan laboratory (BNO)

GacCl tal) : 50-57 t
G al |9XIG N 0 at L N G S (anaunkn(orvr\;lnefraact?on of metallic Gallium was stolen in “saint 90s” — quoted as
GaCl, : 30 t

systematic error on the mass in later publications.)
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KamiokaNDE and SuperKamiokaNDE

Water Cherenkov detector.
Detection reaction v +e > v + e-

>

Event/bin

10000/~
8000 E

6000~

4000~

KV, 2070 days
2000~ 3.5-19.5 MeV recoil energy |

L ! I | | 1 1 I ! ! |
-1 -0.8 -06 -04 -02 0 02 04 06 08 1

KamiokaNDE-Il, 1988, Japan (1000 m depth in the Kamioka mine)

Neutrino detection:
elastic scattering off electrons

SuperKamiokande (or SuperK) — updated
(scaled) version of Kamiokande-Il, located

180 miles to the north from Tokyo. Japan- Neutrino detection in
USA collaboration. SuperKamiokande. Points — PMTs,
Construction ended in 1996. light ring — Cherenkov light from

50 ktones of higly purified water.

Equipped with 11146 PMTs relativistic recoil electrons.

Neutrinogram of the Sun (angle
coordinates), obtained during first
500 days of the data taking by
SuperK. Intensity of color
corresponds to the number of
detected neutrinos in corresponding
direction.

Oleg Smirnov : Solar Neutrino: Experiments
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Masatoshi Koshiba (future Nobel prize winner, 2002) is
happy to see new PMT with large area photocathode,
specially designed by Hamamatsu photonics
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KamiokaNDE and SuperKamiokaNDE

Detector Years, FV Coverag Erp, Result
exposure mass e MeV [x10% cm2s-1]
KamiokaNDE-II 87-90 H,0 20%
7.0 2.82%0.25 +0.27
+ll 90-952079d | 3 kt 25% 024
96-01
| 409 5.5 2.380+0.024+0-064
1496 d H,0 & 0.076
02-05 22.5 kt
| 291 d 19% 7.0 2.41+0.05*016
SuperK
06-08 22.5 (>5.5MeV) o
+ +
(50 kt) 1] 548 d 13.3 (<5.5MeV) 40% 4.5 2.404+0.039+0.053
v 08-18 22.5 (>5.5MeV) 2.308+0.020%0.04 (2016)
(T2K 1664 d (2014) | 13.3 (4.5<E<5.5) 40% 3.5
8.8 (<4.5MeV
phase) 2970 d ( ) 2.33£0.01£0.03
I+11+11+1V 5805 d 2.35%0.01+£0.04
V (Gd) 2019 40% 3.5
HyperK (0.26 Mt) 2027 0.19 Mt 40% 4.5 Project
Oleg Smirnov : Solar Neutrino: Experiments The XXVII International Scientific Conference of Young Scientists and Specialists (AYSS-2023)




Was the SNP solved by Ga and Water Cherenkov experiments?

|Gﬂl1ium !Chlﬁrjnﬁ | BHPETH' EH":‘]

10 - : T

1o' § pp

10% ;—fﬁ = GallextGNO+SAGE: 66.1 3.1 SNU
= E
E :- ] £10% % of the expected in SSM
= o [ Be|| TBe
5 [ WCh detectors confirmed the Homestake results:
g ~1/3 of the expected in SSM
Z 104 !-

104 I- 1

109 / The Solar neutrino flux is suppressed (SNP-1)

10 | and deformed (SNP-2)

[
100 i

0.1 L 3 10
Neutrino Eneregv (MeV)

Cl: pp( 0%) + Be(13%) + pep(2.7%) + CNO(2.4%) + 8B(82%) . _
Ga: pp(55%) + 7Be(28%) + pep(2.3%) + CNO(3.4%) + 5B(11%) B neutrinos measured by WCh detectors
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SNO (Sudbury Neutrino Observatory)

Heavy water Cherenkov detector 10 neutrino
events/day

P

= \ l 17.8m dia. PMT Support Structure

9456 20-cm PMTs
56% coverage

12.01m dia. acrylic
vessel

1700 tonnes of inner
shielding H,0

5300 tonnes of outer
shielding H,O
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Physics of detection in heavy water

* measurement of v, energy
« Weak directionality: 1-0.340cosé@

« Measurement of the total 8B v flux
* o(ve) =0(v,) =0o(v,)

* Low statistics.
o(ve) = 6 6(v,) = 6 o(v,)
*Strong directionality:

0, <18° 1, = 10 Mev)

Charged-Current

\-‘re _,.."""'Jr
Y Cherenkov electron

neutrino deuteron \ @

protons

Neutral-Current

neutrlno

neutron

neutrino deuteron

proton
Elastic Scattering

®
\‘F}( /
® ® Cherenkov electron
neutrino el$‘ o

neutrino
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Neutrons detection in 3 phases of the SNO experiment

Phase Method
I n+d: y(single;6.25 MeV)
Il (NaCl) n+35Cl: y(multiple;8.6 MeV)
1] 800 meters of 3He counters
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SNO: results

T t,
Phase arge Method Threshold Result [x10¢ cm-2s-1]
mass [MeV]
vetd > p + p + e (CC)-1.4 MeV
1.76%0.05%0.09 (CC)
I 99-01 D,0 +0.24
vtd > p +n+v, (NC)-2.22 MeV | 5.0 2.39%0:24 ., (ES)
306.4d 1006 t +0.44
5.09*%44 9 43 (NC)
vwte > v,+e (ES)
01-04 1.72%+0.05%£0.11 (CC)
+NaCl
| 391d ot 35Cl+n — 36CI+8.6 MeV (2-4 y) 5.5 2.34%0.23*015 ., (ES)
4.81+0.19*0-28 .. (NC)
Low energy threshold analysis
I+l 3.5 5.046+0-159 +0.107 NC
(LETA: 3.5 MeV) -0.152 -0.123 ( )
1 _67+0.05 +0.07 (CC)
+3He 3 3 -0.04 -0.08
m | o406 t Rern—p+ H+076MeV 60 177024, 2005, (ES)
counters 5.54+033  +0.36 _ (NC)

8B flux (5.25%+3.7%)x106 cm-2s-1
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Solar Neutrino Problem: solution

a large discrepancy between the predicted and measured fluxes of solar neutrinos:
o Cl& KamiokaNDE = 1/3 of predicted
o Ga:=1/2 of predicted

A lot of solutions have been proposed, now mainly of historical interest.

MSW/LMA has been established as the true solution of the SNP

IMNon-adisharic

1 .
T — Adiabaric marte
o q_L TESOLANCE maiter effects
e ¥ 1, Pooas ¥« 1, Po = cos@
D
B e
| - /
T« N
10-1 1 10 i 108 1 10t

Menring ensrgy in MaW
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Borexino

Borexino Experiment

Laboratori Nazionali del Gran Sasso

278 t of liquid organic
scintillator PC + PPO (1.5 g/l)
* (v,e)-scattering with low
threshold (~200 keV)

*Outer muon detector

Nylon vessels:
(125 pm thick)
Inner: 4.25 m
Outer: 5.50 m
(radon barrier)

Water tank: 2 ; : Stainless Steel Sphere
y and n shield ¢ ) 6.85 m, 1340 m3
M water

- 2212 8” (ETL 9351) PMTs

-~1000 m? buffer of S o
Cherenkov o s
detector (light quenching) R ;
2100 mi ::::::::
208 PMTs in water

Basedontheorigional pictureby Vesens
© A. Brigatti -
P Lombardi
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Why the name?

The original BOREX proposal was based on B-loaded scintillator

Boron Experiment

R.S.Raghavan, S.Pakvasa, Phys. Rev. D 37, 849 - 857 (1988)
"Probing the nature of the neutrino: The boron solar-neutrino experiment"

With a welter of neutrino scenarios and uncertain solar models to be unraveled, can solar-neutrino experiments really break
new ground in neutrino physics? A new solar-neutrino detector BOREX, based on the nuclide !B, promises the tools for a definitive
exploration of the nature of the neutrino and the structure of the Sun. Using double-mode detection by neutrino excitation of !'B via
the neutral-weak-current- and the charged-current-mediated inverse B decay in the same target, independent measurements of the
total neutrino flux regardless of flavor and the survival of electron neutrinos in solar matter and a vacuum can be made. Standard
models of the Sun, and almost every proposed nonstandard model of the neutrino, can be subjected to sharp and direct tests. The
development of BOREX, based on B-loaded liquid-scintillation techniques, is currently in progress.

v, te —> v 2+ e E>0.25 MeV
v +'B—>e +''C(—e"+''B) E>4 MeV
n+'"B—"Li+a(2.3 MeV)+y(0.48 MeV) E>1.8 MeV
n+'H—"H +y(2.2 Mel) 94%
Vet+'IT —> et +n 6%

Ramaswami (Raju) S.
Raghavan
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The challenge

10"
10"

pp [+ 0.6%]

"Be [+ 6%)
pep [+ 1%)] b

®B [+ 12%] ~1 Bq g ) 1/?('9
q/Kg

Solar neutrino flux [em? s
)
2,

hep [+ 30%)]

banana (150 g) :
19 Bq in 49K

Neutrino energy [MeV]
40K in Borexino

50 events/d/100t expected (v, + v, ; elastic scattering on e) or <2.4x107 banana
5-10° Bg/kg equivalent (95% C.L.)
(typically: drinking water ~1 Bq/kg; human body in K: 5 kBq) ~19 Bg (36u9)

Low energy->no Cherenkov light->No directionality,

no other tags-> extremely pure scintillator is needed
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Concept of the graded shielding

Neutrons and external gammas
(ultrapure water layer, 2.15 m, 2400 tones)

y-s from construction materials
(PC buffer, 700 tones, 2.5 m)

s|euajew Jo Ajuindoipel Buisealou|

y-s from construction materials Position
(outer layer of scintillator, 1.25 m or 200 tones) reconstruction
needed.
Software-defined active volume of scintillator Possible source
(fiducial volume, 3m, 100 tones) of systematics

The XXVII International Scientific Conference of Young Scientists and Specialists (AYSS-2023)
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Borexino history since the start of the data taking

External Tank insulation

2007 PHASE-I 5010 2012 PHASE-II 2016 W o017 PHASE Il
A I A ]
[
LS repurification campaign CNO campaign
6 cycles of water extraction
+ R(7Be)+DIN *  R(pp)
* R(pep) —first observation *  Seasonal variations of R( ’Be)
+ R( 8B)— first with LS « Simultaneous spectroscopy of pp, 'Be
* R(CNO) — limit and pep v
+  R(®B)-improved

geo- v — first robust observation * geo-v
cosmic muons flux studies * v magnetic moment
rare processes + NSI

rare processes
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(Expected) contributions to the observed spectrum (MC)

— 10°
o Cl4 (40Bq) .
- ooy (133) > Solar neutrino >
107 electron recoil
— spectra
B 10 ¢ » lrreducible “C and
c other internal
) Kr85(30) C11(26) . .
S 1 Bi210(42) 1 radioactive
= / """""""" T1208(1.5) contaminants : a’s
101 from 210Po,210Bj (B)
both not in secular
1072 equilibrium, 8Kr (B),
11C (B+)
1073 b— > External y (high

energy)

MC input counting rates are quoted in cpd/100 t
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14C and &3Kr

A R
SH: Wellington, New Zealand
6000 r 500 220 NH: Vermuntsee, Austria
ji RTBT 10-Oct-1963 natural level
v+t L aso l
5000 - ' i 200
—Atmospheric 85Kr content ; i 14 .
+ - e nY
+ Yearly 85Kr emission 5 +F 350 ® C In atmosphere’
o 4000 + + g 180
e L300 & =
- o @
£ 3000 L 250 & g
g 2 g 160
E - ZDD .E B
Q a =
© 2000 E =
F 150 T 140
- 100
1000
L 50 120 |
MM
0 =0}
1945 1955 1965 1975 1985 1995 2005 100

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
Year (AD)
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Detection reactions

Both electron and non-electron
flavours are detected, o(v,) = 6 6(v,, ;).

Neutrino detection: v,
elastic scattering off electrons « 1°F
§ T =
e = —
— | = o
pd g E ~
¥ 4 7 e i
e e S
10 N T T T T T T I T AR

0 02 04 06 08 10 12 14 16 1.8 20
Neutrino energy [MeV]
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Electron recoil spectra

e Detected signal contains a mixure of both contributions :

R(Ey,T) = Pec(Ey) ¢y (Ey) + (1 = Pee(Ey)) 9y (Ey)

e Elastic scattering cross section for monoenergetic v has “step-like” form (quasi-Compton) with

do, (Ev,T) doy, t(Ev T)

T —=_f
max — Me
1422
L3
Example for 'Be neutrinos (0.862 MeV):
2 F 5 0003
S 70000F —_ s u —
x = u, [
© C -
L 60000F 0.0025F L
3 E - —
2 50000 0.002F
E = E
40000 — 0.0015F
30000F B
c 0.001F
20000 F
c 0.0005]
0: PETETEEN B | v b T 00 — I0.1‘ = I0.2‘ = I0.3‘ = ‘O.4l = ‘0.5‘ = IO,GI - I047I
0 0.1 0.2 0.3 04 0.5 0.6 0.7
E, MeV
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Data selection for spectral aalysis

D 48
e 10 Muon cuts:

5 _ muon induced
5 10 E_vents are collected in real events are

é time removed

=

10°¢ | time stamp, muons are tagged
vertex is reconstructed off-line

FV cut: Events in the
outermost part of the
scintillator volume are
removed

i | 1
0 100 200 300 400 500 600 700 800 900 1000
Npmts_dt1
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Three-fold Coincidence technique (TFC) for 11C tagging

"C is here

-
U

C14(40Bq)

PP-V(133)
107 =

Events (A.U.)

.t T1208(1.5)
¢ pep-v(2.8) ‘\\ Bi214(1.5) l

PRI YR
2.5

Energy (MeV)

Spherical cut

Cylindrical

"C production in muon interactions is accompanied by
neutron:

p+12C> p+"C+n
P

~30 min QO us

d+y(2.2 MeV)
""B+e*+v,

The likelihood for 'C tagging among selected events:

distance in space and time from the p-track;
distance from the neutron;
neutron multiplicity;

muon dE/dx and number of muon clusters in an event

The TFC algorithm has (92+4)% "'C-tagging efficiency, while preserving (64.28+0.01)% of the total
exposure in the TFC-subtracted spectrum.
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Multivariate fit

L(11Csub) X

N,
100 200 300 400 500" 600 700 800 900
L L e e et B
14 11
10 _21&,0 _pilce up
PP 9 o pre
~ —21%8j  ___ext bkg
z Be —5Kr
x 1 ”
- — Total fit: p-value=0.7
o
= CNO .
X 1091 B
(?10 N pep
° E |
2 H ™ L i
2102 T i { ’H
5 i
w r g & y
10° 4 e .
GE ! w‘" X l'r-",‘ I A .ﬂ’:w‘%""
[ ; 0, o ikl A M A 4
00 1500 2000 2500
Energy (keV)
—~ E Uniform component
§ + External component
2 b Best Fit - x/NDF = 47.8/69
% E
g 107
5 C
o0t
¢ 3
R (m)

L(Rad) x

)

=

Events / (day x 100 t x N

-

Events / (day x 100 tx 0.01)

L(ﬂCtag) X

N,
100 200 300 400 500" 600 700 800 900
L A o o L B o LN B e B o
14, 11
10 pp _219F’0 _10%
. §;°Bi - pile-up
— Kr  ---—ext bk
1 Be ~ope 9
) A = Total fit: p-value=0.7
_ g o 8
o 'CNO  pep B
a— T I
02 -~ il
(it et e il
- it
i %, S
0 1500 2000 2500
Energy (keV)
F Electrons
[ Positrons
0t Best Fit - */NDF = 85.1/107
102 =
1070 = T
= I

45 4.6 4.7 4.8 4.9 5 5.1 52

L(PS)

Using TFC two
complementary spectra
are obtained:

depleted (left) and
enriched (right) in 11C

Radial distribution of events
(left) and pulse-shape
estimator (e-/e+) are fit
simultaneously
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pp-chain (99%)

neutrino fluxes
brings snap-shot of
the nuclear
reactions in the Sun.

PP

83.30%

\‘::,x/\AW _ _
p+p — 2H +e+ £V 9.76% 0.24%
.,\A.i

2014, 2018, 2019

16.70%

’He +’He — *He +2p

2010, 2018

2014+ - Phase Il data used

H+p —°He+y

0.12%

‘Be+p = "B+y

B

- P <7
B —"Be +e* +,‘\3'§
T

’Be’ — "He +'He

"Li+p = *He +'He

2012, 2018, 2019

2007, 2008, 2011, 2018, 2019
2012 (D/N)
2014, 2023 (seasonal)
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pp-chain solar v : results

Nature 562 (2018) 505;

Physical Review D 100, 082004

(2019);
Physical Review D 101, 062001 (2020)
Backgrounds
flux Borexino B16(GS98) : HZ B16(AGSS09) : LZ Background : Pli/altgo ]
cpC t
pp 6.1(1.00+0.116)x10™ | 5.98(1.0+0.006)x107 | 6.03(1.0+0.005)x101° ;;‘]i (Ba/100 ] 4(0;) ifg
) T ). .
210B4 17.54+ 1.9
11
Be 4.99(1.00£0.033)x10° | 4.93(1.00+0.06)x10° | 4.50(1.00+0.06)x10° S0, e
BExt. *°K 1.0+0.6
Ext. 2"Bi 1.9+0.3
pep (HZ) 1.27(1.00£0.177)x108 | 1.44(1.00£0.009)x108 | ___ Ext. 2057] 33401
pep (LZ) 1.39(1.00£0.166)x108 | - 1.46(1.00£0.009)x108 Systematics
pp "Be e,
8B 568(11‘008)X1 08 546(11012)X106 450(11012)X106 Source of uncertainty 7%“+% -% +% J/i p+%
Fit method (analytical/MC)| -1.2 1.2 |-0.2 0.2 |-4.0 4.0
Choice of energy estimator |-2.5 25(-0.1 0.1]-24 24
Pile-up modeling 25 05] 0 0 0 0
Fit range and binning -3.0 30]-0.1 0.1] 1.0 l.q
results are quoted in units of cm2s-" v s | 53 53| 0 5|35
Live Time -0.05 0.05/-0.05 0.05]-0.05 0.05
The results are obtained fixing the CNO flux at the SSM values Seinilaor densiy 005 0.05/-0.05 0.05005 0.5
(HM/LM aCCOUnted for aS SystematiCS) Total systematics (%) -7.1 4.71-1.5 08]-9.0 5.6
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The solar metallicity puzzle

e Solar metallicity = chemical composition of heavy elements. “Metals” in astrophysics are all elements
with Z>2

e Metallicity:
o 1)from spectroscopic measurement of the photosphere;
o  2)from studies of meteorites;

® Metallicity is an input of the Standard Solar Models
® Metallicity influences the outputs of SSM (opacity -> Temperature)

In the early 2000s, the solar composition was revised downwards by about 30%, a result created a problem
- solar models constructed with the older metallicities matched the structure of the Sun, the models with
the newer metallicities are extremely discrepant.

The structure of the Sun can be determined in a model-independent manner by analyzing the frequencies
with which the Sun oscillates (helioseismology). All such analyses have shown that the lower abundances

produce models that are discrepant.

The XXVII International Scientific Conference of Young Scientists and Specialists (AYSS-2023)
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HZ/LZ SSM predictions

Dependence

FLUX on T: (TX), X SSM/HZ SSM/LZ (HZ-LZ)/HZ
pp (109 cm-2s1) -0.9 5.98(1+£0.006) 6.03(1£0.005) -0.8%

pep (108 cm2s1) -1.4 1.44(1+0.01) 1.46(1+£0.009) -1.4%

‘Be (109cm2s1) 11 4.94(1+£0.06) 4.50(1£0.06) 8.9%

8B (106 cm2s) 24 5.46(1£0.12) 4.50(11£0.12) 17.6%

BN (108 cm-2s1) 18 2.78(11£0.15) 2.04(1£0.14) 26.6%

150 (108 cm2s) 20 2.05(1£0.17) 1.44(1£0.16) 29.7%

Oleg Smirnov : Solar Neutrino: Experiments
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Solar metallicity puzzle

55x 10°F SSM-HZ
e of GLoBAL L@
I 5.0x 10 r )Q =-.
A -
€ Borexino

8 45x 100} e -
) y =
I Y :
40x10°F  SSM-LZ
3x 106 4x 108 5 x 108 6 x 10° 7 x 106
@, (cm2s7)

Global fit to all solar + Kamland data

(including the new Be result from BX) 1 _ ) 1.01£0.03
®(Be)y,
£=-2B) _0931+0.02
d(B),,

Global analysis performed over BX+SNO+SK+KL data,
assuming SSM solar-v fluxes from N. Vinyoles et al., Astrophys. Journal 835:202 (2017)
and neutrino oscillation parameters from |. Esteban et al., JHEP 01 (2017).

T T
I:l true HZ
|:| true LZ

YNTRTE FRT 1 ARTRIATRT ARRRARRATA FRARIATAT)

«a hint towards the HZ :

Assuming HZ to be true, BX data disfavour LZ at
96.6% C.L. (1.80)

(slightly stronger than the the median sensitivity of
94.2% C.L.).

*p-value (HZ) = 0.87

*p-value (LZ) =0.11

theoretical errors of the SSM are dominating
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pp-chain termination relative intensity

Assuming local equilibrium of 2H and 3He

i Ll 9 | =
p+p —*H +e" +v H2IE% 024%  n 4@ +p —*H+v, < He +" He = 2o('Be)

R = _ ‘ 7
<*He+*He >  o(pp) — o("Be)

T 2H4+p — *He+y

R(HZ)=0.180+0.011
R(LZ)=0.1610.010

"He +"He — *He +2p

‘Be+p —=*B+7y -

"Be
[ Be+e — Li+v,
" From the pp and "Be fluxes measurement

B —"Be +e' +v,

"Li+p — *He +*He | R(BRX)=0.178+*0-027 .

|8_Be' - “He +“He'
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Key to the Solar metallicity : CNO flux

@;i%:

¥
nhits2 “N@
30 31 %2 33 34 35 36 37 38 39 40
% 140 I ‘ I I — — Total spectrum
8 120E- pep + CNO + 2'°Bj Q v
H Background

80 1 — B

60 -~ Yﬁe‘g@‘ﬁ‘}o

40F —————— T T T - :

20; ‘_H_‘-_‘_H\‘\-E:E<— 0 Praton Y GammaRay

o1 e T ——— —T o Neutron V  Neutring

800 900 1000 1100 1200 1300
Energy (keV) (O Positron
Expected spectrum assuming v(CNO) HZ flux and . .
other rates from last solar analysis Predictions: HZ ~5 cpd/100 t
LZ~3 cpd/100t
Main background from 2'°Bi :
~20 cpd/100 t Another background in the region of sensitivity is

If we will be able to extract 2°Bi with few counts pep-neutrino flux. Can be constrained through
precision, we will be able to constraint it in the pp/pep ratio, using theoretical prediction for pp
spectral fit and extract the CNO flux. (luminosity constraint) or pp measured value.
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CNO neutrinos

210Bj and CNO:
similar spectral shapes
close rates

210 210

Po vs " 'Bi

Total Expected Signal and Irriducible Backg.
*°Po @ 60 cpd/100tons
——"Bi @ 60 cpd/100tons

Events / (MeV x day x 100tons)

0.5 1.0 1.5 2.0
Visible Energy [MeV]

210 | [rn Pt PRFR2,, Bl R0
~~ 10} H 206 »:t“)?sl/&&o‘I
> "l 14 6 206 d.ZD'nTl == Ea:lepb
L F Y HC(346x 109
— 100w
'-i 81 82 83 84 85
>< pp-v (133)
S 10g
S = 2".210Pg (656)
s LY i
= 1E A i ¥ T"Bev (40
< -\ P Y/ eKe3s)
1 - . -
g‘ 10 :g_\i ! 21081(42) “C(26)
= - e
—~ - . pemmmm L
E 10 ’ E_ . “"-."._..“” I)el)_v (28) .....""-.
= F i : CNO-v (5.3) e
3 M T T 2 a

C 107 E HE . SRV K% *.,
@) = E:: ". ". f : - .

10*4 T 1 I .i 1 1 | 1 I:I | 1 I‘fl | 1 1 1 | 1 I‘“I I 1 | 1 1 1 | 1 1 1 |

200 400 600 800 1000 1200 1400 1600 1800

Energy [keV]
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Strategy towards CNO measurement

® Main route: using21%Bi-?1°Po evolution in e &
time to measure “support term” for 21%Po 270 T|Fsmm 310 Pples [0 Bilus [P Po

(secular equilibrium in 21°Pb sub-chain) 210 | fuaom 23y sord | ™ Jisesd
e Option: further purification of the LS by //
water extraction to reduce 2%Bi 206 | [ Tlp=*°Pb

21%q Top/Bottom

Top 81 82 83 84

cpd/100/ton
2
(=1
(=

1200

Instabilities observed in the evolution in time of
the 20Po (making impossible precision
evaluation of the 2'0Bi) were found to be the
result of the temperature instabilities of the
surrounding

1000

800

600

400

200

o
t[days]
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Hardware solution for thermal stabilization : thermal insulation

2% in std FV

120

cpd/100/ton

100

80 114

60

40

20

L - R | S I L
2015/02/27 2015/10/09 2016/05/19 2016/12/29 2017/08/10 [%101 8;03/22
t [days

I~
S

N
=]

)
8

Cube label
)
8

)
3

219pg rate (cpd per 100 t)

Average temperature

S
S

™
S

e iy
8 June 2017 23 October 2018 8 March 2020

o
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CNO neutrino flux measured

CID angular distribution for solar neutrinos

VN

<F[>
> A ’ Sketch of CID distribution for solar-v
b Chergnkov
. c
= w
'..- It
... Reconstructed @7
“..EventPosition __— |
& j
——— / 1
S /
\\:\‘Q < % cosa '
\.\ y) /J
& S V Chaankaraoie For solar neutrinos, CID angular
A / distribution of Cherenkov hits has
‘ ‘ . | a peak at cos a ~ 0.7.

Correlation with the Sun Direction (CID):

Final Borexino measurement of CNO neutrinos (>70):

The low Po field was identified and the CNO
measurements was performed at 5 ¢ level .
Nature 587 (2020)578 ; PRL 129 (2022)252701 Accepted for pub on PRD-arXiV 2307.14636
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Solar v : all results by Borexino

flux Borexino B16(GS98) : HZ B16(AGSS09) : LZ
pp 6.1(1.00£0.116)x10"0 | 5.98(1.0+0.006)x101° | 6.03(1.0£0.005)x101°
Be 4.99(1.00£0.033)x10° | 4.93(1.00+£0.06)x10° | 4.50(1.00£0.06)x10°
pep (HZ) 1.27(1.00£0.177)x108 | 1.44(1.00£0.009)x108 | ___

pep (LZ) 1.39(1.00+0.166)x108 | --- 1.46(1.00+£0.009)x108
8B 5.68(1+0.08)x108 5.46(1+0.12)x108 4.50(1£0.12)x108
CNO 6.7(1.00*019 ) )x108 | 4.88(1.00+0.11)x108 | 3.51(1.00+0.10)x108

results are quoted in units of cm2s-!

CNO cycle is here !
(C.L. > 70)

*CNO is the most
important process of
energy burning in the
universe;

*lts experimental
confirmation is a milestone
for experimental
astrophysics;
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Solar metallicity puzzle after the CNO measurement

2>
= — t(H2) 7x 10}
® Ll t(LZ
Q 107 —t(L2) _ ]
o S S AN R Bx result T, 610
o C o ®m BXonly+KL -6827%C.L.
T g sx10° 1 — B16-GS98 - 68.27% C.L.
F = — BI16-AGS09met — 68.27% C.L.
F & 4x100 ]
10,45_ 3x10°
1075_....|4|..|...I|E....|... A I A 5.5x10°
-40 -30 -20 -10 0 10 20 30 40 -
=2 2 !
t Kz Xz «; 5.0x10°F
g
(&)
K
2 4.5x10°F
Assuming SSM-HZ, Borexino results on s
Be, 8B and CNO neutrinos disfavours a0x10°
SSM'LZ with a p-value Of 9-1X10-4(~ 3-10) 2% 108 4><'108 6><.108 8><I108 10° 3><'106 4><'106 5><'106 6><I10° 7><'10<>

¢ cnolvem™ s ¢pplvem2s7!]
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Implications: Solar Luminosity

Borexino data
_ +0.35 33 —1 %o
L=(3.89",,3) X107 ergs /

radius = 1AU ~ 90,000,000 mi @

energy striking Earth _ Luminosity

Photon luminosity —

L= (3.846 £ 0.015) x 107’ erg s~

Agmrr2

Total Luminosity of Sun =4 x 1026 W
~ 100 billion 1 megaton nuclear bombs per second

This confirms the nuclear origin of the solar power;
*It proves that the Sun has been in thermodynamic equilibrium at least over last 10°
years (the time required for radiation to diffuse from the center to the surface of the Sun)
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Solar Electron Neutrino Survival Probability
Assuming HZ-SSM fluxes we

08: ' T T T ' L ] get:
07  pp — P..(pp) =0.57+0.09

- Be i P..('Be) = 0.53+0.05

06 pep - P..(pep) = 0.43+0.11
> P..(.B) =0.37+0.08
T00.5_— BB —
2 F ]
o C ® :

0.4 -]

- ] Data disfavour vacuum-LMA
0.3 — hypothesis at 98.2% C.L.
0.2: : S : e - (i.e., neutrino do not oscillate

1 Energy [MeV] 10 but undergo MSW transition)

MSW errors (10) are shown by rose band

Total error on P:
for pp and pep neutrinos, contribution of experimental errors dominates (easy to predict,
difficult to measure)
for ’Be and 2B theoretical predictions of the Solar model are worse than measurements
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MSW/LMA : electron neutrino survival probabilities

High metallicity SSM Low metallicity SSM
o l:' L L E o 1:' L ) o Tl =
; 0.9F SSM: B16(G98) 3 ; 0.9F SSM: B16(AGSS09met) 3
o 08F - o 08F b
2 E PP E 2 E PP "Be E
o 0.75— TBe E o 0.75— - E
06F ’ pep 3 06F ‘ [ pep E
- 8B 3 = =
0.5E * E 0.5F ’ E
04F \ 3 04F =
03¢ E 03F 3
02F 3 02F E
O.LE E 0.1F 3
G:' S ] : OE‘ sl ] 3
10 1 10
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Seasonal modulations of "Be neutrino flux:
confirmation of the Solar origin

“Independent determination of the Earth’s orbital
parameters with solar neutrinos in Borexino”

c
§ g Astroparticle Physics 145 (2023) 102788
Modern astronomy
This work e—
Newton ¢
; swo_ |
[ 500 1000 1500 1) 2000 2500 3000 3500
Gallex/GNO o

T=363.1%3.6 the duration of the astronomical year
is measured from underground using neutrino! Tt om0t 00z 00 0
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Day/Night neutrino signal asymmetry -
Borexino : no diurnal variations of 'Be i
neutrino flux I

Detector

“negative” result on day/night assimetry with 3 years
statistics (380.63 “nights” + 360.25 “days”) is in
agreement with MSW/LMA predictions: &

N-D _ 0.001+0.012(stat) = 0.007(syst)
N+D

ADN =

Sun

G. Bellini et al., Phys. Lett. B 707 (2012).

Oleg Smirnov : Solar Neutrino: Experiments The XXVII International Scientific Conference of Young Scientists and Specialists (AYSS-2023)



Absence of a day-night asymmetry in the "Be solar neutrino
rate in Borexino

Physics Letters B 707 (2012) 22—-26

10°F 1 F i
1074 3 1107
<107 3 {107
A, = 0.001 + 0.012 (stat) + 0.007 (syst) d 1t :
N; ] :_"_/_H
g
<1075 E 1107
10_75- . 1 F —510_7
L \\—M_;______r/;
1081 . v . dE e, 1078
107! 1 107!
tan%6,
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Diurnal variations of 8B signal in SK 2014:
Apn=-3.2+1.1£0.5 [%] (2.80)
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Upturn in 8B spectrum

SNO SK
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Beyond the Solar neutrinos with Solar neutrino detectors

Modern detectors are thought of as multipurpose detectors:
a vast physical program is envisaged beyond the primary goal.

Measurements of geo-neutrino fluxes with the Solar neutrino
detector (Borexino) and/or with the reactor antineutrino detector
(KamLAND) is a good example. Another example: using GaGe
method for the search of the sterile neutrinos (BEST at BNO).

Real-time Solar neutrino experiments are also an important
component of Multimessenger Astronomy.
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BEST (Baksan Experiment on Sterile Transitions)
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BEST (Baksan Experiment on Sterile Transitions)
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Geo-neutrino (Borexino)
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Effective magnetic moment of Solar neutrino

XENON1T (2020) observes excess Phys. Rev D 96, 091103(R) (2017)
of events that can be explained by
anomalous neutrino MM:

1.4< p, <2.9% 10-11 pg (90% CL)

Borexino is spectroscopical detector.

Solar neutrino analysis (spectral fit) is performed assuming SM cross sections

The shapes can be adjusted to take into account any non-standard interactions (NSI),
including neutrino EM interactions

Energy [keV]
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Non-standard neutrino interactions

The absence of the visible upturn in the
SuperK spectrum triggered
speculations on NSI
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Constrains on NSI
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Searches for rare physics

NN, NNN disappearance (decays into invisible channels)
« Search for Pauli forbidden transitions in nuclei

« e->v+y decay (charge conservation; life-time of electron
« Dark Matter

 Sterile neutrino

« Search for axions

« Heavy sterile neutrino mixing in 8B decay
 Antineutrinos from the Sun

« DSNB (Diffuse SN Neutrino Background)

« efc....
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Multimessanger Astronomy

« SNEWS

« Search for low-energy neutrinos in coincidence with:
GRB
GW
Fast radiobursts
Solar flares
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Future

It looks like Borexino was the last detector
with a primary goal of detecting
Solar neutrino.

All future detectors with sensitivity
to Solar neutrino have another
priority and this complicates
the Solar neutrino studies (mainly
not deep enough, radiopurity).

But, in general, larger volumes and better energy
resolution offer a gooa pos'sllﬂlify for further studies of the

F) =
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JUNO Reactor antineutrino detector; primary goal: NMO
] ] 8B solar neutrinos
JUNO: Fiducial M=10kt «60k ES events in 10y
Cal. House [} # : : " TT

g *Also possible to see

o= s CC: v+ 19C ->e+ N
Y Acrylic Sphere NC: 13 13N *
s v+ 18C->v + 1SN
Water SS Structure X X
. CD PMTs
VETO PMTs 7Be, pep, CNO solar
Connecting Bars neutrinos
Supporting Legs
*Radiopurity?

Planned data taking start: 2024
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HyperK - the third generation of Kamioka WCh detectors

Kamiokande Super-Kamiokande Hyper-Kamiokande
(1983 — 1996) (1996 —) (2027 -)

Electronics

8B solar neutrinos
In ~ 10 years

*Upturn at 50;

- D/N at 40-80
— S (depending on
3 kton 50 kton background)
20% coverage 40% coverage 20% coverage with .
with 50 cm PMT with 50 cm PMT high-QE 50 cm PMT hep neutrinos at ~30;

Tochibora Mine ~8 Km far from SuperK (overburden= 650 m, less than SuperK!);
*better energy and angular resolution;

*Main goal: far detector for the JPARC beam : study the d.p, NMO ...

*Data taking start ~2027
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THEIA

Multi-purpose detector: far detector for LBNF beam: d.p, NMO ...

« Theia will be located at SURF (Sanford Underground Research Facility, South Dakota)
«  Mass: (25 - 100) kt;
« water based Liquid scintillator (WbLS)

Uncertainty on CNO ~
4%

-5 years;

—60 kt Fiducial M;
—-g(0) ~ 259

Events/ 0.02 MeV | year

’Li for CC (8B neutrinos)

5 6
Energy (MeV)
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Instead of conclusions

“It is now well realized that the Sun and the Earth were created for neutrino
oscillation experiments. The Earth-Sun distance was chosen as the oscillation length,
solar matter density was selected specially to include the Mikheev-Smirnov-
Wolfenstein effect, and the Sun was prepared in the form of an ideal electron
neutrino source.

When all was done, Bruno Pontecorvo was created to invent the idea of neutrino
oscillations, John Bahcall was created to calculate the solar neutrino fluxes, Ray
Davis was created to accomplish the first neutrino experiment, and all other
individuals in solar neutrino physics were created to finalize this hard job...”

M. Goodman, cited by V. Berezinsky.
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