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Solar Neutrinos

Fundamental paradigm:
The source of energy in the sun makes neutrinos:

4p ® 4He + 2e+ + 2ne +(24.69+2·1.022)MeV

Hydrogen burning works through:
pp-chain reactions
CNO bi-cycle
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Observations of the sun and the solar energy paradigm
• Sometime around 300 B.C., Hellenistic scholars
• 1610 Galileo Galilei observes sunspots and determines the 

rotational velocity: 1st experimental study of the Sun
• William Herschel (1738-1822) believes the Sun has a solid surface with a shining

atmosphere
• 1862, Hermann von Helmholtz proposes the energy of the Sun is due to gravitation and 

makes an estimation for the age of 20×106 years
• 1868, Jules Janssen and Joseph N. Lockyer, independently, discover a new element on 

the surface of the Sun. Lockyer names it helium after Helios.
• 1905, Einstein E = mc2

• 1920, Arthur Eddington proposes hydrogen to helium fusion as the main source of 
energy in the Sun

• 1928, George Gamow proposes the tunneling effect
• 1938, Hans Bethe in “Energy production in stars” proposes the reaction chains to 

transform hydrogen into helium
• 1956, the age of the Earth is established to be (4.55±0.07) ×109 years and n observed



A few fundamental numbers

Solar luminosity: Lsun = 3.8275x1026 W = 2.389x1039 MeV/s

Solar Mass: Msun = 2x1030 kg

Solar radius: Rsun = 6.957x108 m

1 A.U. = 1.495978707 1011 m

Sun’s fluence at Earth = 8.4946x1011 MeV/cm2/s



The pp-chain
• 26.2 MeV effective thermal 

energy/termination (pp-I)
• 9.2x1037 hydrogen/sec
• 612x106 ton/sec of H into He
• assuming 10% of solar mass 

involved in energy production: 
timescale ~ 1010 years
• Dominant in 1st generation stars
• 2nd generation stars might have a 

different mechanism at work
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Fusion processes in the Sun 

  

2H+p→3He+γ

3He+3He→4He+2p

3He+4He→7Be+γ

7Be+p→8B+γ

7Li+p→24He

8Be*→24He

pp"ν pep"ν

99.6% 0.4%

hep"ν

7Be"ν

8B"ν

85%

15%

0.13%

2×10-5 %

99.87%

pp chain

pp-I

pp-II

pp-III

7Be+e-→7Li+νe

3He+p→4He+e++νe

p+e-+p→2H+νep+p→2H+e++νe

8B→8Be*+e++νe

  

12C+p→13N+γ

13C+p→14N+γ

14N+p→15O+γ

15N+p→4He+12C

CNO cycle

CNO-ν

15N+p→16O+γ

16O+p→17F+γ

17O+p→14N+4He

99.96% 0.04%

17F→17O+e++νe
15O→15N+e++νe

13N→13C+e++νe

pp chain reaction (�99%) CNO cycle (�1%)

4p →4 He + 2e+ + 2νe
Released energy ~26 MeV

Bethe&Critchfield (1938) Weizsäcker (1937, 1938), Bethe (1939)



Energy spectrum of pp solar neutrinos

• p+p	-->	d	+	e+ +	ne + Qpp

• Qpp = 2mp – md – 2me = 0.42 MeV
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• Problem: determine the energy dependence of the pp solar neutrinos



Solar neutrino fluxes if pp-chain dominates

• pp-II side chain (1npp + 1nBe) reduces pp flux by 0.15×0.5=7.5% 

ü fpp~ 6.0×1010 cm-2 s-1

ü fBe~ 5.0×109 cm-2 s-1

ü fB ~ 6×106 cm-2 s-1



• A different hydrogen burning mechanism in 2nd generation stars may 
involve light elements such as carbon and nitrogen 

• This idea was originally introduced independently by von Weizsaker 
and Bethe between 1937 and 1939

• Idea based on the fact that second or third generation stars contain 
some «heavy» elements such as 12C

• 12C can indirectly induce fusion of 4 protons to form helium

• The total energy released is the same as for the pp-chain



The CN cycle 

• 𝑝 + !
"#𝐶 → $

"%𝑁 + 𝛾
• $
"%𝑁 → !

"%𝐶 + 𝑒& + 𝜈' (≤ 1.199 𝑀𝑒𝑉, 𝜏~860 𝑠)
• 𝑝 + !

"%𝐶 → $
"(𝑁 + 𝛾

• 𝑝 + $
"(𝑁 → )

"*𝑂 + 𝛾
• )
"*𝑂 → $

"*𝑁 + 𝑒& + 𝜈'(≤ 1.732 𝑀𝑒𝑉, 𝜏~180 𝑠)

• 𝑝 + $
"*𝑁 → < !

"#𝐶 + 𝛼
)
"!𝑂 + 𝛾

• This cycle consumes only hydrogen
• It starts and ends with 12C which is used as a catalyst
• It transforms 4p into helium producing the same energy as

from the pp-chain
• It produces two electron neutrinos
• More efficient at higher internal energy



• Slowest reaction from 14N interaction since it has the highest Coulomb barrier
• pp : 12C(p,g) : 14N(p,g) = 1 : 3.5 : 4.2

• In addition (p,g) slower than (p,a)

• Till 1950 CN cycle was considered the primary energy source in the sun

• Later it was understood that:
• This cycle is not dominat in the sun
• There exist additional cycles



Stellar interaction rates

• 𝜎 𝐸 = !(#)
#
𝑒%&'( con 𝜂 = ⁄𝑍)𝑍&𝑒& ℏ𝑣 ∝ 𝐸%)/&

• Interaction rate = n 𝜎𝑣 ∝ ∫+
, 𝑑𝐸 𝑆 𝐸 𝑒%-/ #%#/./

• 𝜏~ )
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• Determine S(E) below 100 keV is a hard experimental work (Tsun ~ 1.4 keV)
• S(E≈0) depends on extrapolation and tail of high energy broad resonances 

• 𝜎𝑣 = 2.802×10%)3 4!4"
5 /#"

!
$ 𝑆 0 𝑓6𝑒%7#%/./ cm3/s 

• fe accounts for electron screening 
• E0 is the Gamow peak energy (6-30) keV (for pp n is about 6 keV)

• Timescale for 12C(p,g) and 14N(p,g) of order 107 and 1010 years at 𝑇⊙



some thoughts

• Photons travelling to the surface of the sun

• How hot is the center of the sun?

• pp scattering vs pp fusion inside the sun
• use S(0) = 4.0x10-22 keV barn



The CNO bi-cycle

• 𝑝 + $
"*𝑁 → < !

"#𝐶 + 𝛼
)
"!𝑂 + 𝛾

• 𝑝 + )
"!𝑂 → +

"$𝐹 + γ
• +
"$𝐹 → )

"$𝑂 + 𝑒& + 𝜈' (≤ 1.740 𝑀𝑒𝑉, 𝜏~90 𝑠)

• 𝑝 + )
"$𝑂 → < $

"(𝑁 + 𝛼
+
")𝐹 + 𝛾

• The relative probability of (p,a) to (p,g) in the sun
is of order 2x103

• !
"#𝑁 produces $

"%𝑂 and carbon again
• This branch

• Negligible contribution to energy production
• Important for nucleosynthesis of 16O and 17O



The CNO «cold» bi-cycle

!
"#𝐶

$
"%𝑁

!
"%𝐶 $

"(𝑁 )
"$𝑂

)
"*𝑂 +

"$𝐹

$
"*𝑁 )

"!𝑂

I II

(p,g)(p,a)

(p,g) (p,a)

b

b

b

(p,g) (p,g)



Additional cycles

• 𝑝 + )
"$𝑂 → < $

"(𝑁 + 𝛼
+
")𝐹 + 𝛾

• +
")𝐹 → )
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• 𝑝 + )
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"*𝑁 + α

• 𝑝 + $
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"#𝐶 + 𝛼
)
"!𝑂 + 𝛾

• The ratio of stellar reaction rates for 
17O(p,a)14N and 17O(p,g)18F is ~ 1 for
T6 < 25 and T6 > 80 [Ap J 194, 1974]

• The CNO cycle is tri-cycling 
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The CNO tri-cycle
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The CNO four cycles
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CNO bi-cycle H burning in the Sun
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13C 14N 17O(p,g) (p,a)

13N

12C
(p,g)

e++ne

15O

15N

17F

16O

(p,g)

(p,g)

(p,g)e++ne

e++ne

CN NO

10-2
(p,a)



Solar neutrinos and energy production

• Energy conservation

𝐿⨀
4𝜋(𝐴. 𝑈. )# =G

.

𝑎.𝜙./

𝐿⨀=3.846±0.015 erg/s

At solar temperature
• 𝜖00 ∝ 𝑇(

• 𝜖123 ∝ 𝑇")
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dn/dM

M

~M-2.5

Stars number density

𝑡&'() ∝
𝑀𝑐*

𝑀+.% ∝ 𝑀
-*.%

Stars mass-luminosity relationship



Fundamental conjecture 

Properties and evolutions of stars are fully determined by its initial mass
and chemical composition

Application of this conjecture allows to determine stars observable parameters:
surface temperature
radius
luminosity
surface metal abundace



The Solar Standard Model (SSM)

• Assumptions of the SSM
– Hydrostatic equilibrium
– Energy generation by H burning
– Homogeneous zero-age Sun: primordial core metal 

abundance equal to today’s surface metal abundance
– Boundary conditions: present luminosity, radius, 

(Z/X)surf
– Fixed parameters: age, mass

• evolution should match age and mass



Output of SSM
• Neutrino production region, neutrino fluxes

• Depth of convection zone, RCZ

• Surface helium abundance, Ysurf

• Profile of X(r), Y(r) and Z(r)

• density and sound speed profiles

• … 27



SSM solar neutrino fluxes predictions

Within the SSM solar neutrino fluxes are written as:



Solar neutrino spectra

29

A. Serenelli et al, Astrophys.J. 835 (2017) no.2, 202



The solar 
abundace 
problem

• Since 2005 best determination of
surface metallicity gives a strong
tension between data from
helioseismology and SSM
predictions

• CNO solar neutrino observation
could shed light on this controversy

data

HZ

LZ



Solar neutrinos from SSM 2016
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n source SSM-HZ
SSM-LZ

[cm-2 s-1]
pp 5.98(1±0.006)x1010

6.03(1±0.006)x1010

pep 1.44(1±0.01)x108

1.46(1±0.01)x108

7Be 4.93(1±0.06)x109

4.50(1±0.06)x109

8B 5.46(1±0.12)x106

4.50(1±0.12)x106

hep 7.98(1±0.30)x103

8.25(1±0.30)x103

CNO 4.88(1±0.16)x108

3.51(1±0.14)x108



Paradigm of the Luminosity Constraint

Spiro and Vignaud, 1990

4𝑝 →
"
#𝐻𝑒 + 2𝜈$$ + 26.20 𝑀𝑒𝑉

"
#𝐻𝑒 + 𝜈$$ + 𝜈%& + 25.60 𝑀𝑒𝑉

"
#𝐻𝑒 + 𝜈$$ + 𝜈% + 19.70 𝑀𝑒𝑉

'!"#
#( )$

= 8.4946 @ 10** +&,
-.$/

= ∑0 𝑎0𝜙0=19.7 𝑀𝑒𝑉 𝜙% + 25.6 𝑀𝑒𝑉𝜙%& +
"1." +&,

"
𝜙$$ − 𝜙%& − 𝜙%

1 = 0.922 fpp + 0.07 fBe + 0.00004 fB   with fi = fi / fSSM



Luminosity constraints and CNO neutrinos
1
*"𝐶 𝑝, 𝛾 3

*4𝑁
𝑀 1

*"𝐶 + 𝑀 *
*𝐻 − 𝑀 3

*4𝑁 = 1.944 𝑀𝑒𝑉
3
*4𝑁 → 1

*4𝐶 + 𝑒5 + 𝜈&
𝑀 3

*4𝑁 − 𝑀 1
*4𝐶 − 𝐸6 = 2.22 𝑀𝑒𝑉 − 0.707 𝑀𝑒𝑉 = 1.513 𝑀𝑒𝑉

𝑎7 = 3.457 𝑀𝑒𝑉

1
*4𝐶 𝑝, 𝛾 3

*#𝑁
𝑀 1

*4𝐶 + 𝑀 *
*𝐻 − 𝑀 3

*#𝑁 = 7.551 𝑀𝑒𝑉

3
*#𝑁 𝑝, 𝛾 8

*9𝑂
𝑀 3

*#𝑁 + 𝑀 *
*𝐻 − 𝑀 8

*9𝑂 = 7.297 𝑀𝑒𝑉

8
*9𝑂 → 3

*9𝑁 + 𝑒5 + 𝜈&
𝑀 8

*9𝑂 − 𝑀 3
*9𝑁 − 𝐸6 = 2.754 𝑀𝑒𝑉 − 0.996 𝑀𝑒𝑉 = 1.758 𝑀𝑒𝑉

3
*9𝑁 𝑝, 𝛼 1

*"𝐶
𝑀 3

*9𝑁 + 𝑀 *
*𝐻 − 𝑀 "

#𝐻𝑒 − 𝑀 1
*"𝐶 = 4.966 𝑀𝑒𝑉

𝑎: = 21.571 𝑀𝑒𝑉



Luminosity constraint refined
Bahcall, 2002; Vissani et al 2020

1H(p,e+ne)2H and 1H(p e-, ne)2H have time scale of order 1010 yr and 1012 yr, respectively

2H(p,g)3He and 3He(3He,2p)4He have time scale of order 10-8 yr and 105 yr, respectively

So both 2H and 3He are in kinetic equilibrium, dn/dt = 0. This implies that:

𝑅$$ + 𝑅$&$ = 𝑅44 + 𝑅4# + 𝑅4* 𝑤𝑖𝑡ℎ 𝑅0; =
< = %&> 0 >(;)

*5A%&
𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

'!"#
#( )$

= 𝑎$$𝜙$$ + 𝑎$&$𝜙$&$ +
B''
"

𝜙$$ + 𝜙$$ − 𝜙C&$ − 𝜙%& − 𝜙% + 𝑎C&$𝜙C&$ + 𝑎4# + 𝑎&3 𝜙%& + 𝑎4# + 𝑎*3 𝜙%
+ 𝑎7𝜙7 + 𝑎:𝜙:

1 = 0.922𝑓$$ + 0.002𝑓$&$ + 0.073𝑓%& + 0.00004𝑓% + 0.0011𝑓7 + 0.0052𝑓:
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Fusion processes in the Sun 

  

2H+p→3He+γ

3He+3He→4He+2p

3He+4He→7Be+γ

7Be+p→8B+γ

7Li+p→24He

8Be*→24He

pp"ν pep"ν

99.6% 0.4%

hep"ν

7Be"ν

8B"ν

85%

15%

0.13%

2×10-5 %

99.87%

pp chain

pp-I

pp-II

pp-III

7Be+e-→7Li+νe

3He+p→4He+e++νe

p+e-+p→2H+νep+p→2H+e++νe

8B→8Be*+e++νe

  

12C+p→13N+γ

13C+p→14N+γ

14N+p→15O+γ

15N+p→4He+12C

CNO cycle

CNO-ν

15N+p→16O+γ

16O+p→17F+γ

17O+p→14N+4He

99.96% 0.04%

17F→17O+e++νe
15O→15N+e++νe

13N→13C+e++νe

pp chain reaction (�99%) CNO cycle (�1%)

4p →4 He + 2e+ + 2νe
Released energy ~26 MeV

Bethe&Critchfield (1938) Weizsäcker (1937, 1938), Bethe (1939)



Detection of solar neutrinos



Experimental Search of Solar Neutrinos: early days
• 1946, B. Pontecorvo proposes a method to measure neutrinos by 37Cl(n,e)37Ar
• 1948, H.R. Crane proposes the search of solar neutrinos
• 1949, L. Alvarez proposes to make use of Pontecorvo’s method to

search for solar neutrinos
• 1963, J. Bahcall determines the solar neutrino fluxes
• 1964, J. Bahcall and R. Davis propose the Homestake experiment
• 1968, the first experiment to search for solar neutrinos (Homestake) 

is in operation
• ….
• 1996, SuperKamiokande stars data taking
• …
• 2002, Nobel Prize to Homestake and Kamiokande
• ...
• 2005, Solar Abundace Problem
• …
• 2007, Borexino starts data taking
• …
• 2015, Nobel Prize to SNO and SuperKamiokande
• 2020, CNO solar neutrinos observation by Borexino



A proposed experimental test of the neutrino theory
Luis Alvarez, 1949

problem to be worked out in class: explain in details the proposal
goal: underline main difficulties in detecting low energy neutrinos



In Alvarez’s proposal underlined all fundamental ideas 
to make the future first solar neutrino observation
• The radioactive isotope selected should decay mainly by emitting very short-range electrons
• It should exist in a gaseous molecule, preferably be a noble gas
• The substance from which it is produced by neutrino capture should be available in liquid form 

in large quantities
• The mass difference between initial and final state should be small
• The half-life should be long
• The decay rate should be well known
• Extraction technique feasible and established

37Ar is well justified as main choice to search for low energy n
37Cl(ne,e-)37Ar



Neutrino 
capture on 37Cl

• Cross section to ground state ~  3.3 x 10-45 cm2 

at 2 MeV

• 𝜎!" =
#$D %&# ℏ( E

)F *G(D H 𝐸+𝑝+𝐹 𝑍, 𝐸+
#,I-.
#,J-.

• Log ft = 5.1 for 37Ar
• GT matrix elements to excited states from 

mirror beta decay of 37Ca

"!
43𝐶𝑙 "$

43𝐴𝑟 "Y
43𝐾 *[

43𝐶𝑎

0.814 MeV3/2+

3/2+

1/2+

3/2+

3/2+

3/2+



Detecting Solar Neutrinos

• Electron capture: ne+(A,Z-1)®(A,Z)+e- (s~10-42cm2)
– charged-current interaction
– can be associated with a correlated delayed event from the produced (A,Z) nucleus

• Elastic Scattering: nx + e- ®nx + e- (s~10-44cm2)
– neutral-current interaction
– Specific signature for monenergetic neutrinos

• ne + d ® e- + p + p (En ³ 1.44 MeV) (s~10-42cm2)
• nx + d ®nx + p + n (En ³ 2.74 MeV)

– Associated with n+d®3H+g(6.25 MeV) or 
n+35Cl®36Cl+∑g(8.6 MeV) 



Solar Neutrino Experiments: past and present

41

Detector Target mass Threshold
[MeV]

Data taking

Homestake 615 tons
C2Cl4

0.814 1967-1994

Kamiokande II/III 3kton H2O 9/7.5 / 7.0 1986-1995

SAGE 50tons
molted metal Ga

0.233 1990-2007

GALLEX 30.3tons GaCl3-HCl 0.233 1991-1997

GNO 30.3tons GaCl3-HCl 0.233 1998-2003

Super-Kamiokande 22.5ktons 5
7
4.5
3.5
3.5
Gd loading 0.01%
Gd loading 0.03%

1996-2001
2003-2005
2006-2008
2008-2018
2019-2020
2020-2022 
2022-present

SNO 1kton D2O 6.75/5/6/3.5 1999-2006

Borexino 300ton C9H12 0.2 MeV 2007-2019



Detection of solar neutrinos

• ne + 37Cl ➝ e- + 37Ar (Eth = 0.814 MeV) 

• ne + 71Ga ➝ e- + 71Ge (Eth = 0.233 MeV)

• nx + e- ➝ nx + e- (𝜎//'~9 N 10
4(*𝑐𝑚# 50

6'7
~6 𝜎/1,3')

• ne + d ➝ e- + p + p (Eth = 1.442 MeV)

• nx + d ➝ nx + n + p (Eth = 2.224 MeV)
42



Geochemical detection of solar neutrinos
• 𝝂𝒆 + 𝟒𝟐

𝟗𝟖𝑴𝒐 ⟶ 𝒆P + 𝟒𝟑
𝟗𝟖𝑻𝒄 ,  Q = 1.68 MeV abundance 24.3% (also 97Mo to 97Tc, Q=0.32 keV, abundance = 9.6%))

• !"
#$𝑇𝑐 → !%

#$𝑀𝑜 + 𝑒& + 𝜈' , 𝜏 ~ 6 ⋅ 10( 𝑦𝑟 (~3.8 ⋅ 10( 𝑦𝑟 for 97Tc)
• Proposal submitted in 1982 and crucial tests carried out in 1985-86
• Identified a commercial site in Colorado with formation time about 25 My ago with depth of order 1-1.5km
• 2600 tons of ore to extract 13 tons of MoS2 which is turned to MoO3

• by floating separation 90 to 99% concentrate of MoS2 can be produced
• Available industrial processing at 50 tons/day to produce MoO3
• Chemical separation (ion exchange) to collect some 107 atoms to be detected by a mass spectrometer (106 atoms sensitivity)

• In the chemical processing Tc forms volatile compound and can be separated
• Test of stability of technetium in the ore is performed by demonstrating that 99Tc is in secular equilibrium with uranium in MoS2

• 𝝂𝒆 + 𝟖𝟏
𝟐𝟎𝟓𝑻𝒍 ⟶ 𝒆P + 𝟖𝟐

𝟐𝟎𝟓𝑷𝒃 ,  Q = 0.05 MeV
• $%

%)*𝑃𝑏 → $+
%)*𝑇𝑙 + 𝑒& + 𝜈' , 𝜏 ~ 2.5 ⋅ 10+) 𝑦𝑟

• Need geological stability of ore 
• Sensitivity to average neutrino flux over millions of years

• Sensitivity to solar energy production stability



Geochemical experiment on 205Tl

problem to be worked out in class
determine the capture rate to the 1st excited state in 205Pb

goal: underline main difficulties in capture cross section calculation 
and detection in such type of experiments



Classification of radio-isotopes

• Primordial: longlived, 238U, 87Rb, 40K, 232Th…

• Cosmogenic: produced by cosmic rays (primary and secondary) 
interactions, 14C, 3H, 7Be, 11C, 39Ar, …

• Antropogenic: produced by nuclear tests, 85Kr, 90Sr, 131I, 137Cs…
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238U radioactive 
chain

• 238U is one of the longlived radioactive 
elements on Earth

• T1/2 = 4.47x109 anni
• 238U--> 206Pb+8a+6b+51.7MeV
• 222Rn (noble gas) ->  214Bi (3.2MeV b with 

many g-rays)
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232Th radioactive 
chain

• 232Th is another of the long-lived 
radioactive elements on Earth

• T1/2 = 14x109 years
• 232Th--> 208Pb+6a+4b+42.8MeV
• 232Th -> 208Tl (2.6 MeV g-ray

largest in natural radioactivity + 
5 MeV b)
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235U 
radioactive 
chain
T1/2 = 7.04x108 anni
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Radiogenic heat from the Earth
• How much of the heat released by the Earth is
radiogenic?

• Geo-neutrinos can answer this question
• Geo-neutrinos are electron anti-neutrinos emitted by 238U, 

232Th, and 40K within the Earth (radiogenic elements)

40K + e- → 40Ar + ne + 1.505MeV (10.7%)
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A worked out example with uranium

• 238U →206Pb + 8a + 6b + 6ne + 51.7MeV

• AU = 0.9927(NA/238)(1/6.45x109y)=1.23x104Bq/g(U)
• Ln = 6 x AU = 7.4x104 Bq/g(U)
• Heat = 51.7MeV – (average n energy) = 51.02 MeV
• HU = Heat x 1.23x104Bq/g(U) =1.0x10-7 W/g(U)

_
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Geo-neutrinos as a unique probe for the interior of the 
Earth

•Geo-neutrinos offer a new and unique method to 
probe the interior of the Earth

• Determine abundance and distribution (in the 
crust and mantle) of Heat Pproducing Elements
• Determine radiogenic heat

Aldo Ianni LNGS 52



Geo-neutrino history
• The idea of geo-neutrinos was conceived in 1953 by George

Gamow while Reines and Cowan were attempting to measure
anti-neutrinos from a reactor
o A possible source of background

• In 1966 and 1969 Eder and Marx wrote papers on geo-
neutrinos

• In 1984 Kraus et al. published a comprehensive review on geo-
neutrinos in Nature

• In 1998 R. Raghavan et al. and F. Calaprice et al. published
two independent papers discussing about detection of geo-
neutrinos in Borexino and KamLAND

• 2000-present pleanty of literature on geo-neutrinos flux
calculation
• Fiorentini et al. introduced the term TNU (SNU for solar neutrinos)

• In 2005 1st experimental investigation in KamLAND (25+19-18)
• In 2010 1st observation of geo-neutrinos in Borexino
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Detection of geo-neutrinos
• Electron anti-neutrinos can be detected by the inverse-beta 

decay reactions:

ne + p → e+ + n (Eth=1.806 MeV)

• Two signals:
oPrompt from positron with 

Evisible = En – (mn-mp) - mec2 + 2 mec2 = En – 0.782MeV
oDelayed from neutron capture

n + p → d + g (2.22MeV) 

_
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Topology of an anti-n event in LS

g

e+

p
n

anti-n

target LS

DRprompt-delayed < 1m

Dtprompt-delayed ~ 260µs

Eprompt > 1 MeV

Edelayed ~ 2.2 MeV
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Reactors in the World
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Total antineutrino flux from the Earth 
(U + Th + reactors)

S.M. Usman, G.R. Jocher, S.T. Dye, W.F. McDonough & J.G. Learned
Scientific Reports, 1 September, 2015

Aldo Ianni LNGS 57



1st Borexino measurement of geo-n
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Secular equilibrium

• A ➞ B ➞ C(stable)
• if lA≪ lB (tA≫ tB)
• for t ⪞ tB we have AA = AB
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Figure 2: Energy distribution of Borexino events (black
points) and spectral fit (magenta). CNO-⌫, 210Bi , and
pep-⌫ are highlighted in solid red, dashed blue, and dot-
ted green, respectively. All other components are in
grey. The yellow band represents the region with the
largest signal-to-background ratio for CNO-⌫.

trons is a rather featureless continuous distribution
that extends up to 1517 keV (see Fig. 2). In this
work, the three CNO neutrino components (Fig. 1)
were treated as a single contribution by fixing the ra-
tio between them according to the SSM prediction.
Several backgrounds contribute to the same energy
interval with a rate comparable to or larger than the
signal. An elaborate multivariate fit, needed to disen-
tangle all the contributions, follows a procedure sim-
ilar to that adopted in [6, 15, 20] and described in
Appendix.

The CNO analysis is a↵ected by two additional
complications: the similarity between the CNO-⌫ re-
coil electron and the 210Bi �� spectra and the strong
correlation of both with the pep-⌫ recoil electron
spectrum. In addition, the data are polluted by cos-
mogenic 11C in the high energy part of the CNO
spectrum. The three-fold-coincidence (TFC) tagging
technique for 11C described in [15] is essential to make
the CNOdetection possible.

As discussed at length in [21], the sensitivity to
CNO neutrinos is low unless the 210Bi and pep-⌫ rates
are constrained in the fit. The pep-⌫ rate can be
constrained at the level of 1.4% using the solar lu-
minosity1, robust assumptions on the pp to pep neu-
trino rate ratio, existing solar neutrino data [22, 23],
and the most recent oscillation parameters [24]. The
other main background for the CNO-⌫ measurement
comes from the � decays of 210Bi [21]. Bismuth-210
has a short half-life (5.013 days) but its decay rate is

1The luminosity of the Sun depends very weakly on
CNOneutrinos, so the constraint is robust independently of
any reasonable assumption on the role of CNOneutrinos in the
Sun.

supported by 210Pb through the sequence:

210Pb
��

������!
22.3 years

210Bi
��

���!
5 days

210Po
↵������!

138.4 days

206Pb .

(1)
We note that the endpoint energy of the 210Pb �-
decay is 63.5 keV, well below the analysis threshold
(320 keV). Therefore, the determination of the 210Bi
content must rely on measuring 210Po [25]. The ↵
particles from 210Podecay, selected event-by-event by
means of pulse-shape discrimination, are ideal tracers
of 210Bi , although the technique works only if secular
equilibrium in sequence (1) is achieved. It is hence
crucial to understand under what conditions such an
equilibrium is established.
Since 2007, the data have shown that out-of-

equilibrium components of 210Powere present in the
fiducial volume. A dedicated e↵ort was implemented
to study and ultimately remove these components,
reaching su�cient equilibrium in one sub-volume of
the detector, which made the result reported in this
paper possible. We distinguish between a scintilla-

tor
210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in time and
in equilibrium with 210Bi, and a vessel component
(210PoV).2 The origin of 210PoV for this dataset is
understood to be 210Pb deposited on the inner sur-
faces of the vessel. The daughter 210Po may detach
and move into the scintillator by di↵usion or following
slow convective currents. It is important to note that,
as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because
the rate of 210Bi observed in the scintillator has not
significantly changed over several years.
The di↵usion coe�cient of radon in the scintilla-

tor is of the order of 2⇥ 10�9m2/s [26]. Taking this
value to be similar for polonium, the average distance
travelled by a 210Po atom in one half-life is of the or-
der of 20 cm, significantly less than the minimum dis-
tance between the vessel and the FV (approximately
1m). We can conclude that the e↵ect of di↵usion is
negligible for both 210Po and 210Bi . However, Borex-
ino data show that slow convective currents caused
by temperature gradients and variations may indeed
carry the 210Po into the FV. The same e↵ect does not
occur for the short-lived 210Bi , which decays before
reaching the FV.
Prior to 2016, Borexino was neither equipped with

thermal insulation nor active temperature control.
Convective currents were substantial, because of sea-
sonal temperature variations and human activities af-

2Another component of 210Po , well visible in the data after
the initial filling of 2007 and the purification campaigns of 2011,
has completely decayed away and is not relevant here.
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Secular equilibrium:  235U
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238U decay chain
mass 
spectro-
metry

by courtesy of Dr. G. Heusser

gamma active nuclides
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by courtesy of Dr. G. Heusser
232Th decay chain

gamma active nuclides

mass spectrometry
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HPGe detector: 
gamma 
spectroscopy
Best sensitivity of order 10 µBq/kg

1ppt 238U = 12.35 µBq/kg
1ppt 232Th = 4.06 µBq/kg
1ppb Knat= 31 µBq/kg

With ICP-MS one can probe fraction of ppt in U and Th (~ 1µBq/kg)
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Bi-Po tagging

• Exploit b-a decay sequence to infer 238U and 232Th contamination to 
very low levels (~ 10-6 µBq/kg) assuming secular equilibrium

An example from Borexino: 238U from 214Bi-214Po correlated events:  (7±2) ´ 10-18 g/g



Homestake experiment

• ν' + 4*
5*𝐶𝑙 → 𝑒3 + 46

5*𝐴𝑟, 𝑄 = 0.814 𝑀𝑒𝑉
• 37Ar decays back to 37Cl with T1/2 = 35 days

• 615 tons of C2Cl4 (tetracloroethylene) in the Homestake mine (1500m depth) in South Dakota, USA

• 40 days exposure followed by 37Ar extraction

• 𝑁 4*
5*𝐶𝑙 ∑7 ∫(.64. +',

48 +', 𝑑𝐸$𝜙7 𝐸$ 𝜎 𝐸$ = 9: &'
()1;,=*#$

>+>, 43'-./*#$
− 𝑏

ü ee = extraction efficiency
ü ec = counting efficiency
ü b = Ar background rate

• Within the exposure time 41 atoms are expected in 2x1030

ü this corresponds to 8 SNU (1 SNU = 10-36 captures/target nucleus/sec)



Background and operation for the Homestake experiment

4.2 The 37Cl Experiment 143

Table 4.2 Homestake experiment: expected signal, background, and
measurement.

Background 37Ar atoms/day

Cosmic rays 0.047 ± 0.013
Fast neutrons 0.03 ± 0.025
Radioactive contaminants in tank and in C2Cl4 < 0.017

Signal 37Ar atoms/day

Expected solar neutrino rate 1.5 ± 0.2

Measurement 37Ar atoms/day

0.48 ± 0.04

Processing room

To argon
purification
system

He transfer
flow in

36Ar, 38Ar carrier
insertion port

Molecular sieve trap

Counter current
heat exchanger

Flowmeter

By-pass value

Charcoal
trap
T (K)

Tank chamber

Condenser
–40 °C

Gas flow

Neutron
source tube

Eductors
Suction line

Pumb room

Figure 4.1 Homestake detector and ancillary facilities [241]. This drawing is only a schematic.
Source: Cleveland et al. 1998 [241]. Reproduced with permission of IOP Publishing.

• Cavity around the tank can be flooded with water for n shielding
• 0.2 cm3 of 36Ar / 38Ar (~1019 atoms) added before each run
• 40 days exposure
• Purging with helium for 20h which carries gas to a condenser to freeze 

C2Cl4 vapors
• Gas is sent to a charcoal trap at 77K to adsorb argon (melting point 83.8K)
• Extraction of Ar from the charcoal (heating a 200C) and purification (exposure 

to hot metal surface for O and N)
• Remove heavy elements (Xe, Kr, Rn) by gas chromatography
• Gas into small charcoal trap to remove traces of helium by pumping off at 77K
• Gas into a 0.5 cm3 proportional counter



Signal vs background in the 
Homestake experiment
• Extraction efficiency measured through 36Ar, ~96%
• Counter looks for 2.8 keV Auger electrons with 

expected rate of 1cpd
ü background of counter ~ 1/month
ü counting efficiency 40%

• Capture cross section
ü use mirror process: %(5*𝐶𝑎 → 4?

5*𝐾 + 𝑒@ + 𝜈'
ü 𝜎𝜙 = 1.14 ± 0.03 ⋅ 103.% 𝑐𝑚%

• Background mainly due to (a,p) and (p,n) reactions 
to make 37Ar

• Capture rate = 0.478±0.030(stat)±0.029(sys) day-1

4.2 The 37Cl Experiment 143

Table 4.2 Homestake experiment: expected signal, background, and
measurement.

Background 37Ar atoms/day

Cosmic rays 0.047 ± 0.013
Fast neutrons 0.03 ± 0.025
Radioactive contaminants in tank and in C2Cl4 < 0.017

Signal 37Ar atoms/day

Expected solar neutrino rate 1.5 ± 0.2

Measurement 37Ar atoms/day

0.48 ± 0.04
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Figure 4.1 Homestake detector and ancillary facilities [241]. This drawing is only a schematic.
Source: Cleveland et al. 1998 [241]. Reproduced with permission of IOP Publishing.



Gallium experiments
• 𝜈& + 4*

3*𝐺𝑎 → 𝑒P + 4"
3*𝐺𝑒, 𝑄 = 0.233 𝑀𝑒𝑉

ü threshold is below pp neutrinos maximum energy
ü ground-state transition well known; transition to 1st excited state gives only a minor contribution to pp rate

• 71Ge decays back to 71Ga with T1/2 = 11 days
• Two experiments: GALLEX at LNGS and SAGE at Baksan
• Expected rate ~0.04 events/ton of Ga/day with 56% from pp neutrinos
• Minimum predicted rate due only to pp and pep neutrinos

• This rate comes to be 80 SNU larger than the «standard» rate due to the fact that only pp-I is taken into 
account

• Any measurement below this value implies a physics modification of solar neutrino propagation to Earth
• In Gallex 100 tons of gallium chloride with 30.3 tons of Ga and 12 tons of 71Ga

• 16 atoms in 20 days exposure: 1 in 1029

• Main background source from 71Ga(p,n)71Ge
• Ge produced is in the form GeCl4 which is volatile and can be extracted by purging with nitrogen

• A non-radioactive Ge isotope at 1 mg level is added before the run to determine the extraction efficiency
• Extraction efficiency is 99.8%

• In 1998 GALLEX was upgraded to GNO (improved DAQ)
• Combined GALLEX + GNO result is 67±5 SNU, which is significantly smaller than the minimum predicted rate based 

on solar luminosity



65 solar neutrino runs in 
GALLEX 
Expected rate in detector ~ 
0.5 event/day

• GNO energy specturm of selected 71Ge events in counter
• The empy histogram shows counts occurring in first 50 
days (3t).
• L-peak at 1.2 keV and K-peak at 10.4 keV are visible.
• Filled histogram counts after first 50 days.

4.4 The 71Ga Experiments 157
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The GALLEX source experiment

• To very the extraction procedure a neutrino source experiment was carried 
out in GALLEX

• A 51Cr neutrino source was was twice in 1994 and 1995
• 51Cr is produced by neutron activation on CrO3 enriched in 50Cr at 38.6% 

level
• Neutron activation was done at Grenoble with a 35 MW reactor
• 51Cr decays with T1/2 = 27.7 days emitting neutrinos at 746(81%)keV
• The source activity was ~65 PBq
• The source was located at the center of the detector in a special hole
• Result: Ameasured/Apredicted = 0.882±0.078

Gallex coll., PL B  420 (1998)
SAGE coll., PRC 59 (1999) 2246



The SAGE detector

• It made use of 30 tons of liquid metallic gallium in 4 containers holding 7 tons of 
target mass

• Metallic gallum is kept at 30C to remain molten
• A runs starts by adding 160 µg of stable Ge into each container
• After 3 weeks exposure hydlochloric acid solution is mixed with the metallic 

gallium
• Ge is extracted into aqueous phase and later vacuum evaporated

• Extraction efficiency is ~95%
• GeH4 is mixed with Xe and measured for six months in a proportional counter
• SAGE has also performed a calibration with a 51Cr source of 19 PBq giving 

Ameasured/Apredicted = 0.95±0.12±0.03
• Combined all gallium measurements give: 66.2±3.1 SNU 



37Ar calibration in SAGE

813 keV (9.8%)
811 keV (90.2%)

37Cl

37Ar(t=50.55 days)

SAGE coll., PRC 73 (2006) 045805

~16 W/MCi from 2.6 keV X-rays

From irradiation of CaO using
fast neutrons 40Ca(n,a)37Ar

No gamma ray in the decay as in 51Cr

Used in SAGE with ~0.4 MCi

~80% extraction efficiency



Kamiokande-II 
experiment
• Exploit neutrino-electron ES in a water Charenkov detector underground

• 𝑅 = 𝐴 ∫!!"
!#$% "& 𝑑𝑇 𝜂 𝑇 ∫"#'( !

"&#$%
𝑑𝐸# 𝜙 𝐸#

$%
$!

𝐸# , 𝑇

• High radio-pure water required ~ 10-14 g/g

• Main backgrounds from 222Rn and 208Tl and from muon spallation on 16°
producing b decays from 8B, 8Li, 16N, 12B

ü Threshold > 7 MeV due to Radon background

• In water dN/dx ~ 210 photons/cm

• Nphe ~ (210ph/cm)L(cm)e-l/lhQPMTC ~ 40 for 10 MeV electron
ü L = 5cm electron range for 10 MeV e-

ü l = 10m detector size

ü h=0.9 collection efficiency for PMT
ü l = 50m light attenuation length

ü QPMT = 0.25 PMT quantum efficiency
ü C = 0.2 PMT coverage

ü DE/E ~ 16% at 10 MeV

148 4 Solar Neutrino Experiments
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Figure 4.2 Schematic view of the Kamiokande-II detector. Source: Hirata et al. 1988 [247].
Reproduced with permission of American Physical Society.

Event selection requires [250] that (i) total number of ph.e. in the inner detector
must be less than 100 ( 30 MeV); (ii) total number of ph.e. in the outer detec-
tor must be less than 30 for event containment; and (iii) time gap from pre-
ceding event must be longer than 100 μs to reject electrons from muon decays
(!" = 2.2 μs). !e vertex of the event is reconstructed by using the time and posi-
tion of hit PMTs. !e rms for the position of the vertex is 1.7 m for 10 MeV
electrons. Events induced by # rays from the wall of the detector are excluded
by a fiducial volume cut. !e fiducial volume has a mass of 680 tons, which is
2 m away from the bottom and side walls of the PMT array and 3 m from the
top PMT layer. !e fiducial volume cut reduces the event rate by 1 order of mag-
nitude. More background is due to muons going through the detector, which by
spallation on 16O make β-emitter radioactive isotopes. !ese events are divided
in two categories on the basis of the lifetime of the radioactive isotope produced.
8B (Q$ = 18 MeV; ! = 1.1 s), 8Li (Q$ = 16 MeV; ! = 1.2 s), and 16N (Q$ = 10.4
MeV; ! = 10 s) have lifetimes of the order of 1–10 s; 12B (Q$ = 13.4 MeV; ! = 29
ms) and 12N (Q$ = 17.3 MeV; ! = 16 ms) have lifetimes of the order of 20 ms.
!e $ decay nuclei produced by spallation are removed by a time and space cor-
relation cut with respect to the preceding muon. !is cut is energy dependent
and reduces this background by as much as 70% for electron energy greater than
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Figure 4.3 Distribution in cos !Sun, the cosine of the angle between the trajectory of a
detected electron and the direction of the Sun from the Earth at a given time. The data shown
are from the 680 tons fiducial volume after rejection of background from spallation products
and " rays. The solid line corresponds to a Monte Carlo calculation based on the standard solar
model. Source: Hirata et al. 1989 [250]. Reproduced with permission of American Physical
Society.

events/day/680 tons above 7 MeV using 2016 SSM [66]. Kamiokande-II/III ran
until February 1995, collecting 2079 days of data. !e data recorded from 1988
to 1995 covered almost the entire solar cycle 22 (March 1986 to June 1996).
For 2079 live days, taking into account the change in threshold, the expected
number of solar neutrinos is determined to be 1166±163, including an average
detection efficiency of 86%. For Kamiokande-III [251], the number of observed
solar neutrino events is 390+35

−33; in contrast the expected number is 785, based
on 1988 SSM [99]. From these numbers it turns out that

data
theory = 0.496+0.044

−0.042(stat) ± 0.048syst (4.9)

𝑑𝑎𝑡𝑎
𝑡ℎ𝑒𝑜𝑟𝑦

= 0.43 ± 0.13 𝑠𝑡𝑎𝑡 ± 0.08(𝑠𝑦𝑠𝑡)

bij ¼ βiðcos θsunij Þ and the signal weights sij ¼ σðcos θsunij ;
EijÞ are calculated from the expected shapes of the back-
ground and solar neutrino signal, respectively (probability
density functions). The background shapes βi are based on
the zenith and azimuthal angular distributions of real data,
while the signal shapes σ are obtained from the solar
neutrino simulated events. The values of S and Bi are
obtained by maximizing the likelihood. The histogram of
Fig. 17 is the best fit to the data, the dark (light) shaded
region is the solar neutrino signal (background) component
of that best fit. The systematic uncertainty for this method of
signal extraction is estimated to be 0.7%.

1. Vertex shift systematic uncertainty

The systematic uncertainty resulting from the fiducial
volume cut comes from event vertex shifts. To calculate the
effect on the elastic scattering rate, the reconstructed vertex
positions of solar neutrino MC events are artificially shifted
following the arrows in Fig. 3, and the number of events
passing the fiducial volume cut with and without the
artificial shift are compared. Figure 18 shows the energy
dependence of the systematic uncertainty coming from the
shifting of the vertices. The increase below 4.99 MeV
comes from the reduced fiducial volume (smaller surface to
volume ratio), not from an energy dependence of the vertex
shift. The systematic uncertainty on the total rate is$0.2%.

2. Trigger efficiency systematic uncertainty

The trigger efficiency depends on the vertex position,
water transparency, number of hit PMTs, and response of
the front-end electronics. The systematic uncertainty

from the trigger efficiency is estimated by comparing
Ni-calibration data (see Sec. II C) with MC simula-
tion. For 3.49–3.99 MeV and 3.99–4.49 MeV, the differ-
ence between data and MC is −3.43$ 0.37% and
−0.86$ 0.31%, respectively [14]. Above 4.49 MeV the
trigger efficiency is 100% and its uncertainty is negligible.
The resulting total flux systematic uncertainty due to the
trigger efficiency is $0.1%.

3. Angular resolution systematic uncertainty

The angular resolution of electrons is defined as the
angle which includes 68% of events in the distribution of
the angular difference between their reconstructed direction
and their true direction. The MC prediction of the angular
resolution is checked and the systematic uncertainty is
estimated by comparing the difference in the reconstructed
and true directions of LINAC data and LINAC (see [12])
simulated events. This difference is shown in Table IV for
various energies. To estimate the systematic uncertainty on
the total flux, the signal shapes sangþij and sang−ij are varied by
shifting the reconstructed directions of the simulated solar
neutrino events by the uncertainty in the angular resolution.
These new signal shapes are used when extracting the total
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FIG. 18. Vertex shift systematic uncertainty on the flux. The
increase below 4.99 MeV comes from the tight fiducial volume
cut. (see text).

TABLE IV. Angular resolution difference between LINAC data
and simulated LINAC events for each SK phase. The energy
refers to the electron’s in-tank kinetic energy.

Energy (MeV) SK-I(%) SK-II(%) SK-III(%) SK-IV(%)

4.0 & & & & & & & & & 0.64
4.4 −1.64 & & & 0.74 0.68
5.3 −1.38 & & & & & & & & &
6.3 2.32 5.93 & & & 0.02
8.2 2.33 7.10 0.40 0.06
10.3 1.52 & & & & & & & & &
12.9 1.07 6.50 −0.27 0.22
15.6 0.88 & & & 0.39 & & &
18.2 & & & & & & & & & 0.31
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FIG. 17. Solar angle distribution for 3.49 to 19.5 MeV. θsun is
the angle between the incoming neutrino direction rν and the
reconstructed recoil electron direction rrec. θz is the solar zenith
angle. Black points are data while the histogram is the best fit to
the data. The dark (light) shaded region is the solar neutrino
signal (background) component of this fit.
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The Super-
Kamiokande 
experiment

• World leading water Cherenkov detector
• 50 kton of water in total and 32 kton in inner detector
• 22.5kton Fiducial Volume
• 11,146 50cm PMTs with 40% coverage
• Outer detector with 3m water and 1885 20cm PMTs
• Energy scale, angular distribution, and vertex position 

calibrate by a LINAC, injecting e- from 5 to 16 MeV
• 16O(n,p)16N and 16N decay (Qb=10.4 MeV) used for energy 

calibration
• Initial threshold at 5 MeV was reduced to 4 MeV by 

removing convection currents in inner detector, reducing 
Radon propagation

• In 2020 detector loaded with Gd2(SO3)3 at 0.01% wt

4.5 Super-Kamiokande 163
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Figure 4.11 The LINAC calibration system in Super-Kamiokande is shown. The dotted line
shows the fiducial volume. The numbers 1–6 indicate where LINAC calibration data were taken
in SK-II. Source: Cravens et al. 2008 [274]. Reproduced with permission of American Physical
Society.

3.3 kHz, contributes with 1.8 hits in 50 ns. !e energy scale, angular distribution,
and vertex position resolution are calibrated with an electron linear accelerator
(LINAC).

In Figure 4.11 the LINAC system for calibration of the energy scale in
Super-Kamiokande is shown. !e LINAC injects monoenergetic electrons
with energy ranging from 5 to 16 MeV. !is range matches the energy of solar
neutrinos, which can be detected in Super-Kamiokande. !e uncertainty of the
beam energy is of 20 keV in the whole range covered by the LINAC. LINAC
data were taken at six different positions in the detector. !e energy calibration
by LINAC and the position dependence of the energy scale is supported by
using gamma rays from Ni(n,!)Ni (similarly to the Kamiokande experiment) and
beta decays of 16N (Q" =10.4 MeV) produced by neutrons induced by cosmic
ray stopping muons (16O(n, p)16N) or by a deuterium tritium (D + T → n+4He,
En = 14.1 MeV) neutron generator. Agreements at the level of 1% with Monte
Carlo calculations were obtained.

A major background in Super-Kamiokande is the radioactivity from radon
from U and ! in the water. !e water in the detector comes from natural under-
ground water and it is purified on site. !e U and ! contamination in the water
sets the detection threshold. !e water transparency is an important parameter
together with its radio-purity. !e water transparency changes slightly with
time. !is parameter is monitored by means of the Michel spectrum of electrons
produced by stopping muons. Some 1200 of such electrons are observed every
day. !e peak of the Michel spectrum was kept stable within ±0.5%.

3. Spallation cut
Some cosmic-ray μ’s produce radioactive elements by

breaking up an oxygen nucleus [15]. A spallation event
occurs when these radioactive nuclei eventually decay and
emit β’s and/or γ’s. A spallation likelihood function is made
from the distance of closest approach between the preced-
ing μ track(s) and a solar neutrino candidate, their time
difference, and the charge deposited by the preceding μðsÞ.
By using the likelihood function spallation-like events are
rejected, see [1,16] for details.
When lower energy cosmic-ray μ−’s are captured by 16O

nuclei in the detector, 16N can be produced which decays
with gamma-rays and/or electrons with a half-life of
7.13 sec. In order to reject these events, the correlation
between stopping μ’s in the detector and the remaining
candidate events are checked. The cut criteria for 16N events
is as follows; (1) reconstructed vertex is within 250 cm to the
stopping point of the μ, (2) the time difference is between
100 μ sec and 30 sec.
To measure their impact on the signal efficiency, the

spallation and 16N cuts are applied to events that cannot be
correlated with cosmic-ray muons (e.g. candidates preced-
ing muons instead of muons preceding candidates). This
“random sample” then measures the accidental coinciden-
ces rate between the muons and subsequent candidate
events. The spallation (16N) cut reduces signal efficiency by
about 20% (0.53%).

4. Fiducial volume cut
Events which occur near the wall of the detector

(reconstructed within 2 m from the ID edge) are rejected.
The volume of this fiducial volume is 22.5 kton. Below
4.99 MeV this cut is tightened. Figure 13 shows the r2

ð¼x2 þ y2Þ vs z data vertex distribution for 3.49 to
3.99 MeV, after the above cuts. Each bin shows the rate
(events/day/bin), with blue showing a lower rate and red a

higher rate. We expect solar neutrino events to be uniformly
distributed throughout the detector volume, and the regions
with high event rates are likely dominated by background.
To increase the significance in the final data sample for this
energy region (3.49 to 4.49 MeV), we have reduced the
fiducial volume to the region shown by the black line in the
figure and described by

r2 þ 150

11.754
× jz − 4.25j4 ≤ 150; ð3:1Þ

where the coordinates are given in meters. This function was
chosen in order to approximately follow the contours of
constant event rate. For the energy range of 4.49 to 4.99MeV,
events which have r2 > 180 m2 or z < −7.5 m are cut.

5. Other cuts

Short runs (<5 minutes), runs with hardware and/or
software problems, and calibration runs are not used for this
analysis. Cosmic-ray μ events are removed by rejecting
events with more than 400 hit PMTs, which corresponds to
about 60 MeV for electron type events.

6. Summary

Figure 14 shows the energy spectrum after each reduc-
tion step and Fig. 15 shows the reduction efficiency of the
corresponding steps. The final sample of SK-IV data is
shown by the filled squares and for comparison the SK-III
final sample is superimposed (dashed lines). Above
5.99 MeV, the efficiency for solar neutrinos in the final
sample is almost the same as in SK-III, while for 4.99 to
5.99 MeV, the SK-IV efficiency is better than SK-III. The
reason for the improvement is the removal of a fiducial
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FIG. 13. Vertex distribution for 3.49 to 3.99 MeV data.
Radioactive background leads to a large event rate at the bottom
and large radii. The black line indicates the reduced fiducial
volume in this energy region.
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Expected events 
in Super-
Kamiokande

• Rate = Flux(E) × Cross-Section × Target

• For Super-K: 22.5 kton of water

• 8B neutrinos on average ~ 7.6 MeV above 5 MeV

• Flux ~ 5x106 cm2/s, fraction above 5 MeV = 0.7

• Cross-section ~ 6.8x10-44 cm2 @ 7.6 MeV

• Target electrons: (NA/18)×10×22.5×109=7.5×1033

• ~ 150 cpd/FM

Solar neutrino observation in Super-K
11

ν + e− → ν + e−

Verify neutrino oscillation scenario
•Oscillation parameter determination
•Day/Night and seasonal flux variation,
spectrum distortion.
•Investigate exotic senario
Precise 8B flux measurement is
important for solar metallicity problem

✓Large volume
✓Find solar direction
✓Realtime measurements
✓Precise energy determination
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Extracted solar neutrino signal is
103,219 +495- 491 events

𝑑𝑎𝑡𝑎
𝑡ℎ𝑒𝑜𝑟𝑦

= 0.44486 ± 0.0062

Most precise 8B flux measurement, 1.4%

Day-Night asymmetry = -3.3±1.0±0.5 %





Sun through the neutrinos light 
from Super-Kamiokande



• Build at 6000 m.w.e.
• 1kton D2O in 12m acrylic

vessel
• 9456 20cm PMTs
• 55% coverage
• 7kton H2O shielding with

91 PMTs
• 3 phases

• Pure D2O
• Salt
• 40 vertical Neutral

Current Detectors





A few considerations on SNO

• Probe at the same time CC, ES, and NC
• 𝜙!/

"" ≤ 𝜙!/
#$

• 𝜙!4
%" ≤ 𝜙!/

$$&

174 4 Solar Neutrino Experiments
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Figure 4.20 Flux of 8B solar
neutrinos from SNO-I and SK-I
that have been detected as !x=",#
vs. the fraction detected as !e. The
solid red line is from SK-I. The
dashed red line is from SNO-I ES.
The vertical solid line is from
SNO-I cc. Ellipses are the 1,2,3$
contours after combining SNO
with SK.

phase SNO obtained [285], searching for 8B solar neutrinos:
%cc

SNO = (1.75 ± 0.07(stat)+0.12
−0.11(syst) ± 0.05(theor)) × 106 cm−2s−1

%ES
SNO = (2.39 ± 0.34(stat)+0.16

−0.14(syst)) × 106 cm−2s−1
(4.16)

where the theoretical uncertainty is related to the uncertainty on the cc cross
section. As it is expected in the case of flavor change it turns out that %cc

SNO <
%ES

SNO. In particular, the difference of the ES and cc fluxes is calculated to be (0.64 ±
0.4) × 106 cm−2s−1, that is, 1.6$, assuming the systematic errors are normally dis-
tributed. If %cc

SNO is compared with the first SK-I result in Table 4.4 from 2001,
the difference is 0.63 ± 0.17, that is, 3.7$. "is was a significant result support-
ing the hypothesis of flavor change solar neutrino propagation. In Figure 4.20 we
show the result obtained by combining the data from SK-I and SNO first phase
(SNO-I). "e best fit from the combined analysis is determined to be %x=",# =
4.0+1.1

−1.0 × 106 cm−2s−1. "is is the first measurement of solar !e transition to !",# .
We underline that a 3$ significance was only possible by combining SNO-I with
SK-I data for the SNO-I uncertainty on ES events was too large in 2001.

In 2002 the SNO collaboration reported about the first nc measurement
[286]. "e detection threshold was set at 5 MeV and the fiducial volume radius
was 5.5 m. "e neutron detection efficiency from capture on deuterons was
determined to be about 30% with a 252Cf calibration source. "is efficiency
becomes about 14% for events above threshold and inside the fiducial volume.
"e primary background source for neutron-like events in this phase is the
photodisintegration of deuteron from the radioactivity of 214Bi and 208Tl from
238U and 232", respectively, in the D2O. "e contamination of 238U and 232"
in the D2O was determined to be smaller than the goal levels, which were
< 4.5 ⋅ 10−14 g(U)/g(D2O) and < 3.7 ⋅ 10−14 g(")/g(D2O). A second source of
background is due to photodisintegration events in the shielding water and in
the AV. "is source produces a factor of about two smaller background than the

SK ES

SNO CC

In 2001 combining SK and SNO data it was
possible to establish a flavor change in solar
neutrino propagation

4.6 SNO 177

Figure 4.22 Flux of 8B solar
neutrinos from SNO-I, which have
been detected as !x=",# against
the fraction detected as !e. The
dashed red line is for ES
interactions. The dotted blue line
is for nc interactions. The vertical
solid line is for cc interactions.
Ellipses are the 1,2,3$ contours
after combining SNO results on
cc, ES, and nc.
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Table 4.6 Energy-unconstrained fluxes in units of 106 cm−2s−1 from SNO-I/II/III.

Detector
phase

Live
days !cc !ES !nc

Threshold
(MeV)

SNO-I 306 – – 6.42+1.57
−1.57(stat)+0.55

−0.58(syst) 5.0

SNO-II 391 1.68+0.06
−0.06(stat)+0.08

−0.09(syst) 2.35+0.22
−0.22(stat)+0.15

−0.15(syst) 4.94+0.21
−0.21(stat)+0.38

−0.34(syst) 5.5

SNO-III 385 1.67+0.05
−0.04(stat)+0.07

−0.08(syst) 1.77+0.24
−0.21(stat)+0.09

−0.10(syst) 5.54+0.33
−0.31(stat)+0.36

−0.34(syst) 6.0

Source: Ahrmim et al. 2013 [283]. Reproduced with permission of American Physical Society.

Table 4.7 Day–night asymmetry measurement in SNO.

Signal
ASNO

DN
Anc ≠ 0

ASNO
DN

Anc = 0

cc −0.056 ± 0.074 ± 0.053 −0.015 ± 0.058 ± 0.027
ES 0.146 ± 0.198 ± 0.033 0.070 ± 0.197 ± 0.054
nc 0.042 ± 0.086 ± 0.072 0

Source: Ahrmim et al. 2005 [288]. Reproduced with permission of American
Physical Society.

results on the day–night asymmetry is reported with and without the constraint
on Anc [288]. No significant day–night asymmetry is observed in SNO.

In SNO the solar neutrino survival probability is studied by means of the
parameterization [287]:

Pd
ee(E!) = c0 + c1(E! − 10) + c2(E! − 10)2. (4.18)

SNO NC



Solar Neutrino Problem (SNP)
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How to detect sub-MeV solar neutrinos 
in real time
• Make use of an organic liquid scintillator
• Material reach in hydrogen and electrons

• Good for neutrino-electron ES and inverse-beta decay

• Scintillator = solvent(bulk) + solute
• Solvent needs to be transparent (low light quenching), high radio-purity

• Light yield ~ 104 photons/MeV
• Np.e.~104 e-6/10 0.25 0.9 0.3 = 370 p.e./MeV
• Energy resolution ~ 0.05/√Te



What level of radio-purity ?

• Goal: observe 7Be solar neutrinos
• s ~ 5x10-45 cm2 and f ~ 5x109 cm-2s-1

• Use 100 tons of C9H12 with 4.2x1031 electrons
• Expected events ~ 70 cpd 
• With 100% PSD and 10-16 g/g of 238U and 232Th: ~76 cpd
• S/B ~ 1 requires extreme radio-purity
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Beyond U and Th: 39Ar, 85Kr, 210Pb

Asking for 1 cpd/100tons 
[0.1 µBq/m3 in LS] it implies:
1. System sealed against 222Rn ~10-4 Bq/ton

2. 0.4 ppm 39Ar in N2

3. 0.2 ppt 85Kr in N2

210Pb and 210Po are 
often found not in equlibrium
due to a different chemistry

All spectra normalized to 1



The idea of Borexino

• In late 1980s it was proposed the 
idea that an organic liquid 
scintillator could have been purified 
to levels below 10-15 g/g

• This idea was put forward in an 
experimental effort running a 4 ton 
liquid scintillator detector at the 
Gran Sasso Laboratory: The 
Counting Test Facility (CTF)

• The success of the CTF paved the 
way to build Borexino

• The CTF showed that 10-16 g/g radio-
purity was feasible and that the 14C 
contaminations was low enough to 
set a threshold at 200 keV



The BOREXINO detector



Borexino: nylon vessel installation



Borexino: liquid scintillator filling



Borexino Expected Solar n Spectrum

Spectrum with irreducible backgrounds

14C



Borexino strategy

• Careful cleaning of as-built systems
• Purification of the liquid scintillator
• Use of the CTF detector to assess good performance of the 

proposed strategy:
• test cleanlinesss
• test purification and filling strategy

Aldo Ianni 92



Borexino operations and achievements

93

Filling and 
purification
(distillation)

• R( 3𝐵𝑒) + D/N
• R(𝑝𝑒𝑝) – first observation
• R( 8𝐵)– first with LS
• R(𝐶𝑁𝑂) – limit

geo- 𝜈 – first robust observation

LS purification campaign
6 cycles of water extraction

• R 𝑝𝑝 first	in	real	time
• Seasonal	variations	of		R( 3Be)
• Simultaneous spectroscopy of pp, 

7Be and pep 𝜈
• R( 8𝐵)–improved
• geo- 𝜈

Thermal insulation
and active temperature 
Control system 

2015

CNO campaign 

PHASE-III2016



Background in Phase-II

After 6 cycles of Water Extraction purification (May 2010 – August 2011)

• 85 Kr reduced below sensitivity (Kr-Rb tagging)
• 210Bi reduced to 20 cpd/100ton from about 100 cpd/100ton 
• 238U (from 214BiPo tagging) < 1.2x10-19 g/g at 95% CL
• 232Th (from 212BiPo tagging) < 1.2x10-18 g/g at 95% CL (2 events in 600 days)
• 222Rn (5.8±1.2)x10-2 cpd/100ton (< 1 atom in 100 tons)

ü Rn is not the source of 210Pb



Borexino radio-purity

Isotope Spec. in 
LS

After filling After 
purification

238U ≤ 10-16 g/g (5.3±0.3) 10-18 g/g ≤ 9.4 10-20 g/g
232Th ≤ 10-16 g/g (3.8±0.8) 10-18 g/g < 5.7 10-19 g/g
14C/12C ≤ 10-18 (2.7±0.1) 10-18 g/g no change
40K ≤ 10-18 g/g ≤ 0.4 10-18 g/g
85Kr ≤  1 

cpd/100ton
30± 5 cpd/100ton ≤ 5 cpd/100ton

39Ar ≤  1 
cpd/100ton

<< 85Kr << 85Kr

210Po not 
specified

~ 8000 
cpd/100ton

no change

210Bi not 
specified

~ 20-70 
cpd/100ton

20±5 cpd/100ton

95

ABX ~ 40 cpd/100ton
in 7Be ROI

ABX ~ 5x10-9 Bq/kg





Pulse Shape Discrimination

b

a



µ + 12C→ µ + n+ 11C



Remove 11C and 210Po



Background from nylon vessel

101

Convective currents can carry radioactive isotopes from the nylon vessel into
the Fiducial Mass

for θð0; π=3Þ d ¼ 100 cm, θðπ=3; 2π=3Þ d ¼ 80 cm, and
for θð2π=3; πÞ d ¼ 60 cm. Additionally, because of the
proximity of hot end caps (see Fig. 14), these regions
were removed by a conelike cut in the top and bottom
of the detector as presented in Fig. 17. The corresponding
volume is changing in time and has a mean value of
ð141.83$ 0.55Þ ton, almost twice as large as the one used
for the 7Be-ν interaction rate measurement (75 ton).
Figure 17 shows an example of the ρ-z projection of this
FV in comparison with the 75 ton one.
The temperature-dependent density ρPCðTÞ of pure

pseudocumene, expressed in g=cm3, is given by [50]
ρPCðTÞ ¼ ð0.89179$ 0.00003Þ− ð8.015$ 0.009Þ10−4×T,
where T is the temperature in degrees Celsius. For a PCþ
PPO mixture the density ρmixðTÞ½g=cm3' is ρmix ¼ ρPCðTÞ·
ð1þ ð0.316$ 0.001ÞηPPOÞ, where ηPPO is the concentra-
tion of dissolved PPO in g=cm3. Using the average values
of the temperature of the scintillator of Borexino of T ¼
ð15.0$ 0.5Þ °C and the concentration of the dissolved PPO
of ηPPO ¼ 1.45$ 0.05 g=cm3, we obtain a scintillator
density of 0.8802$ 0.0004 g=cm3. Taking into account
the chemical composition of the scintillator (including the
1.1% isotopic abundance of 13C), we get the number of
target electrons of ð3.307$0.003Þ×1031electrons=100ton.

1. Dynamical reconstruction of the vessel shape

In this section we describe a method to reconstruct the IV
shape and position based on the events due to the vessel
radioactive contaminants.
The IV profile is determined by using background events

reconstructed on its surface and identified as due to 210Bi

decay. Figure 18 shows the z-x distribution of these events
in the energy region 800–900 keV. Assuming azimuthal
symmetry, the dependence of the reconstructed radius R on
the θ angle is fitted (see Fig. 19) with a 2D analytical
function (red line) having a Gaussian width. The function
itself is either a high-order polynomial or a Fourier series
function. The end points are fixed in the fit at R ¼ 4.25 m
because the end caps are hold in place by rigid supports,
whereas the total length of the vessel profile is included as a
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FIG. 17 (color online). ρ-z projection of the IV as of May 3,
2009 (black curve). The blue curve shows the shape of the 75 ton
FV used for the measurement of the 7Be-ν interaction rate. The
red curve illustrates the profile of the FV used for the 7Be-ν
annual modulation analysis.
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FIG. 18 (color online). z-x distribution (jyj < 0.5 m) of the
events in the energy region 800–900 keV, which are mainly due to
210Bi contaminating the IV surface. The color axis represents the
number of events per 0.0144 m3 in a pixel of 0.12 m × 1.00 m ×
0.12 m (x × y × z). This spatial distribution reveals the IV shift
and deformation with respect to its nominal spherical position
shown in solid black line.

FIG. 19 (color online). R–cosðθÞ distribution of the events in
the energy region 800–900 keV from November 2007 used for
the IV shape reconstruction. The best-fit vessel shape is shown in
a solid red line. The dotted red line represents the nominal
spherical vessel with R ¼ 4.25 m.

FINAL RESULTS OF BOREXINO PHASE-I ON LOW … PHYSICAL REVIEW D 89, 112007 (2014)

112007-17

Nylon vessel has ppt level of U, Th
plus out-of-equilibrium 210Pb and surface
210Po contamination

Some isotopes can leach off the surface
and move to the FM

210Po in LS has two components:
1. Intrinsic (supported by 210Pb)
2. Due to convection

210Po 210BiLS

210PoLS
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Figure 7: The Borexino Water Tank after the comple-
tion of the thermal insulation and the active tempera-
ture control system deployment.

ties in the underground Hall and to seasonal e↵ects.
A significant upgrade of the detector in this respect
was carried out.
Between May and December 2015, 900m2 of ther-

mal insulation was installed on the outside of the
Borexino Water Tank. In addition, the system used
to recirculate water inside the WT was stopped in
July 2015 to contribute to the inner detector thermal
stability and allow its fluid to vertically stratify.
The thermal insulation consists of two layers: an

outer 10 cm layer of Ultimate Tech Roll 2.0 mineral
wool (thermal conductivity at 10�C of 0.033W/m/K)
and an inner 10 cm layer of Ultimate Protect wired
Mat 4.0 mineral wool reinforced with Al foil 65 g/cm2

with glass grid on one side (thermal conductivity at
10�C of 0.030W/mK). The thermal insulation ma-
terial is anchored to the WT with 20m long nails
on a metal plate attached to the tank (5 nails/m2).
In addition, an active temperature control system
(ATCS) was completed in January 2016. In Figure 7
the Borexino WT is shown wrapped in thermal insu-
lation.
A system of 66 probes with 0.07�C resolution, the

position of which is shown in Fig. 8, monitors the
temperature of Borexino. They are arranged as fol-
lows: 14 protruding 0.5m radially inward into the
SSS (ReB probes) and in operation since October
2014, measure the temperature of the outer part of
the bu↵er liquid (OB); 14 mounted 0.5m radially
outward from the SSS (ReW probes) and in oper-
ation since April 2015, measure the temperature of
the water; 20 installed between the insulation layer
and the external surface of the WT (WT probes)
are in operation since May 2015; 4 located inside a
pit underneath the Borexino WT are in operation
since October 2015; 14 on the Borexino detector WT
dome installed in early 2016. The average temper-

Figure 8: Distribution of temperature probes around
and inside the Borexino detector. For simplicity, the
probes on the WT dome and in the pit below the de-
tector are not shown.

ature since 2016 of the floor underneath the detec-
tor in contact with the rock is 7.5�C, while at the
top of the detector it is 15.8�C. This temperature
di↵erence corresponds to a naturally-driven gradient
�T/�z > 0 ⇠ 0.5�C/m. Ensuring this gradient does
not decrease it is the key to reducing convective cur-
rents, scintillator mixing, and consequently stabiliz-
ing the 210Po background for the CNO analysis.

Out of the last 14 probes, three are part of the
Active Temperature Control System (ATCS) kept in
operation during the present data taking. The ATCS
consists of a water based system made with copper
tube coils installed on the upper part of the detector’s
dome. The coils are in contact with the WT steel,
with the addition of an Al layer to enhance the ther-
mal coupling. A 3 kW electric heater, a circulation
pump, a temperature controller, and an expansion
tank are connected to the coils. The ATCS trims the
natural thermal gradient and is essential to eliminate
convection motion.

The Outer Detector head tank (a 70-liter vessel
connected with the 1346m3 volume of the SSS) is
used as a sensitive detector thermometer. After the
thermal insulation system installation the head tank
had to be refilled with 289 kg of PC because of the
detector overall cooling and corresponding shrinkage.
Calibration established the sensitivity of this ther-
mometer to be of the order of 10�2 �C per 100mm
change of fluid height.

The deployment of both the thermal insulation and
the temperature control systems were quickly e↵ec-
tive in stabilizing the inner detector temperature.
As of 2016 the heat loss due to the thermal insu-
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Figure 9: Temperature as a function of time in di↵erent
volumes of the Borexino detector. The vertical dashed
lines show: the activation of the temperature control
system on the dome of the Water Tank, the set-point
change, and the activation of the air control system in
the experimental Hall.

lation system was equal to 247W. Yet, changes of
the experimental Hall temperature induced residuals
variations in the top bu↵er probes of the order of
0.3�C/6 months. To further reduce these e↵ects an
active system to control the seasonal changes of the
air temperature entering the experimental Hall and
surrounding the Borexino WT was designed and in-
stalled in 2019. It consists of a 70 kW electrical heater
installed inside the inlet air duct, which has a capac-
ity 12000m3/h (in normal conditions). The heater is
deployed just a few meters before the Hall main door.
The temperature control is based on a master/slave
architecture with a master PID controller that acts
on a second slave PID controller. Probes deployed
around the WT monitor the temperature of the air.
After commissioning, a set point temperature for the
master PID of 14.5�C is chosen. This system controls
the temperature of the inlet air within approximately
0.05�C.
The thermal insulation, active temperature control

of the detector, and the Hall C air temperature con-
trol have enabled remarkable temperature stability
of the detector. Figure 9 shows the temperature time
profile read by all probes since 2016. A stable tem-
perature gradient was clearly established as needed
to avoid mixing of the scintillator.

C The Low Polonium Field and its

properties

After the completion of the thermal insulation
(Phase-III), the Bismuth-210 background activity is
measured from the 210Po activity assuming secular
equilibrium of the A = 210 chain. The measured
210Po rate is the sum of two contributions: a scin-

Figure 10: The rate of 210Po in cylinders of 3m radius
and 10 cm height located along the z axis from -2m to
2m, as a function of time with 1 month binning. The
dashed lines indicate the z coordinate of the fiducial
volume. The markers show the positions of the center
of the LPoF obtained with two fit methods: paraboloid
(red) and spline (white). Both fit methods follow the
dark blue minimum of the 210Po activity well.

tillator
210Po component supported by the 210Pb in

the liquid (210PoS), which we assume to be stable
in time and equal to the intrinsic rate of 210Bi in
the scintillator, and a vessel component (210PoV).
The latter has a 3D di↵usive-like structure given by
polonium detaching from the Inner Vessel and mi-
grating into the fiducial volume. The origin of this
component is the 210Pb contamination of the ves-
sel. The 210Po migration process is driven by resid-
ual convective currents. A rough estimation of the
migration length �mig obtained by fitting the spa-
tial distribution of 210Po, is found to range between
50 and 100 cm, which corresponds to a migration co-
e�cient Dmig = (1.0 ± 0.4) ⇥ 10�9 m2 s�1 (where
we have used the relation �mig =

p
Dmig⌧Po with

the 210Po lifetime, ⌧Po=199.7 days). This value is
slightly lower than the di↵usion coe�cient Ddi↵ ⇠
1.5⇥10�9m2 s�1 (corresponding to a di↵usion length
�di↵ ⇠ 20 cm), predicted by the Stokes-Einstein for-
mula [46] and observed for heavy atoms in hydrocar-
bons [26]. We interpret this di↵erence as due to the
presence of residual convective motions in Phase-III.
These motions are localized in small regions and cre-
ate a di↵usive-like structure with an e↵ective migra-
tion length �mig & �di↵ .

The ↵’s from 210Po decays are selected event-
by-event with a highly e�cient ↵/� pulse shape
discrimination neural network method based on
a Multi-layer Perceptron (MLP) [47]. The re-
sulting three-dimensional 210Po activity distribution
(Fig. 4), named the Low Polonium Field (LPoF), ex-
hibits an e↵ective migration profile with an almost
stable minimum located above the detector equator
(dark blue regions in Fig. 10). The qualitative shape
and approximate position of the LPoF is reproduced
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Figure 3: 210Po rate in Borexino in cpd per 100 t (rainbow color scale) as a function of time in small cubes of about
3 tonnes each ordered from the bottom, “0”, to the top, “58”, along the vertical direction (Latest update: May 2020).
All cubes are selected inside a sphere of radius r = 3m. The red curve with its red scale on the right represents the
average temperature in the innermost region surrounding the nylon vessel. The dashed vertical lines indicate the most
important milestones of the temperature stabilisation program: 1. Beginning of the “Insulation Program”; 2. Turning
o↵ of the water recirculation system in the Water Tank; 3. First operation of the active temperature control system; 4.
Change of the active control set point; 5. Installation and commissioning of the Hall C temperature control system. The
white vertical bands represent di↵erent DAQ interruptions due to technical issues.

fecting the temperature of the experimental Hall at
the Gran Sasso Laboratory. The large fluctuations of
the 210Po activity in the FV induced by these cur-
rents are shown in Fig. 3, where the 210Po rate in dif-
ferent detector positions is plotted as a function of
time. It is evident that before 2016 the 210Po counts
in the FV were both high (> 100 cpd per 100 t)
and highly unstable, on time scales shorter than the
210Po half-life, because of sizeable fluid movements,
which prevented the separation of PoS from PoV.

In order to eliminate convection, a stable posi-
tive vertical thermal gradient needs to be established.
The Borexino installation atop a cold floor in contact
with the rock, acting as an infinite thermal sink, of-
fers a unique opportunity to achieve such a gradient,
once the detector is insulated against instabilities of
the experimental Hall air temperature.

To tackle this problem, thermal insulation of
the detector was completed in December 2015 and
an active temperature control system was installed
in January 2016 [27]. The insulating material
placed around the WT (thermal conductivity about
0.03W/m/K) significantly increased the total ther-
mal resistance against temperature variations in the
experimental Hall. The active control system reli-
ably compensates for any change in the WT dome
temperature with precision of 0.07 �C.

The temperature of the rock beneath the detector

is 7.5�C, while the top of the detector has a typical
temperature of 15.8�C, that establishes a stable pos-
itive gradient of the order of about 0.5 �C per meter.
A long-lasting vertical stratification implies a small

vertical convection. In addition, the insulation
smooths out lateral temperature gradients, which fur-
ther decrease fluid velocity and vertical mixing. A
residual seasonal modulation of the order of 0.3�C/6
months is still visible in the detector and in the rock
below it, but its e↵ect is small for the purpose of this
paper.
This extensive e↵ort to improve thermal stabil-

ity paid o↵: the 210Po rate initially decreased and
reached its lowest value in a region that we named
Low Polonium Field (LPoF), in the upper detector
hemisphere around z ' +80 cm. The existence of this
volume is compatible with fluid dynamics simulation
results obtained in [28]. This region is understood to
be almost free of 210PoV delivered by convective cur-
rents. This fact is also highlighted in Fig. 3, where
the LPoF is identified as a clearly visible and rela-
tively stable blue region starting to appear in May
2017.

210
Bi constraint

The amount of 210Bi in the scintillator is determined
from the minimum value of the 210Po rate in the

4

• 210Po rate in Borexino in 
cpd/100tons from bottom to top

• 3 tons cubes within 3m sphere

1. Beginning of thermal
insulation

2. Water re-circulation loop in 
Water Tank off

3. Active temperature control 
system on

4. Change set point in the active
control system

5. Air temperature control 
system in underground Hall

R(210Pomin) = R(210Bi) + R(210PoVessel) 



CNO solar neutrinos

Figure 5: Left. Counting analysis. The vertical axis is the number of events allowed by the data for CNO-⌫ and
backgrounds in ROI; on the left, the CNO signal is minimum and backgrounds are maximum, while on the right, CNO
is maximum and backgrounds are minimum. It is clear from this figure that CNO cannot be zero. Right. CNO-⌫ rate
negative log-likelihood profile directly from the multivariate fit (dashed black line) and after folding in the systematic
uncertainties (black solid line). Histogram in red: CNO-⌫ rate obtained from the counting analysis. Finally, the blue,
violet, and grey vertical bands show 68% confidence intervals (C.I.) for the SSM-LZ and SSM-HZ [2, 21] predictions and
the Borexino result (corresponding to black solid-line log-likelihood profile), respectively.

pep neutrino rate is constrained to (2.74 ± 0.04) cpd
per 100 t by multiplying the standard likelihood with
a symmetric Gaussian term. The upper limit to
the 210Bi rate obtained from eq. 3 is enforced asym-
metrically by multiplying the likelihood with a half-
Gaussian term, i.e., leaving the 210Bi rate uncon-
strained between 0 and 11.5 cpd per 100 t .

The reference spectral and radial distributions
(PDFs) of each signal and background species to be
used in the multivariate fit are obtained with a com-
plete Geant4-based Monte Carlo simulation [15, 31].

The results of the multivariate fit for data in which
the 11C has been subtracted with the TFC technique
are shown in Fig. 2. The p-value of the fit is good
(0.3) demonstrating the fair agreement between data
and the underlying fit model. The corresponding neg-
ative log-likelihood for CNO-⌫, profiled over the other
neutrino fluxes and background sources, is shown in
Fig. 5 (dashed black line in the right panel). The
best fit value is 7.2 cpd per 100 t with an asymmetric
confidence interval of -1.7 cpd per 100 t and +2.9 cpd
per 100 t (68% C.L., statistical error only), obtained
from the quantile of the likelihood profile.

We have studied several possible sources of sys-
tematic error following an approach similar to the
one used in [6, 15]. We have investigated the impact
of varying fit parameters (fit range and binning) on
the result by performing 2500 fits in di↵erent con-
ditions and found it to be negligible with respect
to the CNO statistical uncertainty. We also consid-
ered the e↵ect of di↵erent theoretical 210Bi shapes

from [32, 33, 34] and found that the CNO result is
robust with respect to the selected one [32]. Di↵er-
ences are included in the systematic error. We have
performed a detailed study of the impact of possible
deviations of the energy scale and resolution from the
Monte Carlo model: non-linearity, non-uniformity,
and variation in the absolute magnitude of the scintil-
lator light yield have been investigated by simulating
several million Monte Carlo pseudo-experiments with
deformed shapes and fitting them with the regular
non-deformed PDFs. The magnitude of the deforma-
tions was chosen to be within the range allowed by
the available calibrations [35] and by two ”standard
candles” (210Po, 11C) present in the data. The over-
all contribution to the total error of all these sources
is -0.5/+0.6 cpd per 100 t.

Other sources of systematic error investigated
in the previous precision measurement of the pp

chain [6], such as, fiducial volume, scintillator den-
sity, and lifetime were found to be negligible with
respect to the large CNO statistical uncertainty.

The log-likelihood profile including all the errors
combined in quadrature is shown in Fig. 5, right
(black solid line). The asymmetry of the profile is
due to the applied half-Gaussian constraint on the
210Bi , see eq. (3). Thanks to this 210Bi constraint,
the profile is relatively steep on the left side of the
minimum. The shallow shape on the right side of the
profile reflects the mild sensitivity to distinguish the
spectral shapes of 210Bi and CNO. From the corre-
sponding profile-likelihood we obtain a 5.1� signifi-
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Figure 2: Energy distribution of Borexino events (black
points) and spectral fit (magenta). CNO-⌫, 210Bi , and
pep-⌫ are highlighted in solid red, dashed blue, and dot-
ted green, respectively. All other components are in
grey. The yellow band represents the region with the
largest signal-to-background ratio for CNO-⌫.

trons is a rather featureless continuous distribution
that extends up to 1517 keV (see Fig. 2). In this
work, the three CNO neutrino components (Fig. 1)
were treated as a single contribution by fixing the ra-
tio between them according to the SSM prediction.
Several backgrounds contribute to the same energy
interval with a rate comparable to or larger than the
signal. An elaborate multivariate fit, needed to disen-
tangle all the contributions, follows a procedure sim-
ilar to that adopted in [6, 15, 20] and described in
Appendix.

The CNO analysis is a↵ected by two additional
complications: the similarity between the CNO-⌫ re-
coil electron and the 210Bi �� spectra and the strong
correlation of both with the pep-⌫ recoil electron
spectrum. In addition, the data are polluted by cos-
mogenic 11C in the high energy part of the CNO
spectrum. The three-fold-coincidence (TFC) tagging
technique for 11C described in [15] is essential to make
the CNOdetection possible.

As discussed at length in [21], the sensitivity to
CNO neutrinos is low unless the 210Bi and pep-⌫ rates
are constrained in the fit. The pep-⌫ rate can be
constrained at the level of 1.4% using the solar lu-
minosity1, robust assumptions on the pp to pep neu-
trino rate ratio, existing solar neutrino data [22, 23],
and the most recent oscillation parameters [24]. The
other main background for the CNO-⌫ measurement
comes from the � decays of 210Bi [21]. Bismuth-210
has a short half-life (5.013 days) but its decay rate is

1The luminosity of the Sun depends very weakly on
CNOneutrinos, so the constraint is robust independently of
any reasonable assumption on the role of CNOneutrinos in the
Sun.

supported by 210Pb through the sequence:

210Pb
��

������!
22.3 years

210Bi
��

���!
5 days

210Po
↵������!

138.4 days

206Pb .

(1)
We note that the endpoint energy of the 210Pb �-
decay is 63.5 keV, well below the analysis threshold
(320 keV). Therefore, the determination of the 210Bi
content must rely on measuring 210Po [25]. The ↵
particles from 210Podecay, selected event-by-event by
means of pulse-shape discrimination, are ideal tracers
of 210Bi , although the technique works only if secular
equilibrium in sequence (1) is achieved. It is hence
crucial to understand under what conditions such an
equilibrium is established.

Since 2007, the data have shown that out-of-
equilibrium components of 210Powere present in the
fiducial volume. A dedicated e↵ort was implemented
to study and ultimately remove these components,
reaching su�cient equilibrium in one sub-volume of
the detector, which made the result reported in this
paper possible. We distinguish between a scintilla-

tor
210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in time and
in equilibrium with 210Bi, and a vessel component
(210PoV).2 The origin of 210PoV for this dataset is
understood to be 210Pb deposited on the inner sur-
faces of the vessel. The daughter 210Po may detach
and move into the scintillator by di↵usion or following
slow convective currents. It is important to note that,
as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because
the rate of 210Bi observed in the scintillator has not
significantly changed over several years.

The di↵usion coe�cient of radon in the scintilla-
tor is of the order of 2⇥ 10�9m2/s [26]. Taking this
value to be similar for polonium, the average distance
travelled by a 210Po atom in one half-life is of the or-
der of 20 cm, significantly less than the minimum dis-
tance between the vessel and the FV (approximately
1m). We can conclude that the e↵ect of di↵usion is
negligible for both 210Po and 210Bi . However, Borex-
ino data show that slow convective currents caused
by temperature gradients and variations may indeed
carry the 210Po into the FV. The same e↵ect does not
occur for the short-lived 210Bi , which decays before
reaching the FV.

Prior to 2016, Borexino was neither equipped with
thermal insulation nor active temperature control.
Convective currents were substantial, because of sea-
sonal temperature variations and human activities af-

2Another component of 210Po , well visible in the data after
the initial filling of 2007 and the purification campaigns of 2011,
has completely decayed away and is not relevant here.
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spectrum. In addition, the data are polluted by cos-
mogenic 11C in the high energy part of the CNO
spectrum. The three-fold-coincidence (TFC) tagging
technique for 11C described in [15] is essential to make
the CNOdetection possible.

As discussed at length in [21], the sensitivity to
CNO neutrinos is low unless the 210Bi and pep-⌫ rates
are constrained in the fit. The pep-⌫ rate can be
constrained at the level of 1.4% using the solar lu-
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We note that the endpoint energy of the 210Pb �-
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content must rely on measuring 210Po [25]. The ↵
particles from 210Podecay, selected event-by-event by
means of pulse-shape discrimination, are ideal tracers
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equilibrium in sequence (1) is achieved. It is hence
crucial to understand under what conditions such an
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Since 2007, the data have shown that out-of-

equilibrium components of 210Powere present in the
fiducial volume. A dedicated e↵ort was implemented
to study and ultimately remove these components,
reaching su�cient equilibrium in one sub-volume of
the detector, which made the result reported in this
paper possible. We distinguish between a scintilla-

tor
210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in time and
in equilibrium with 210Bi, and a vessel component
(210PoV).2 The origin of 210PoV for this dataset is
understood to be 210Pb deposited on the inner sur-
faces of the vessel. The daughter 210Po may detach
and move into the scintillator by di↵usion or following
slow convective currents. It is important to note that,
as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because
the rate of 210Bi observed in the scintillator has not
significantly changed over several years.
The di↵usion coe�cient of radon in the scintilla-

tor is of the order of 2⇥ 10�9m2/s [26]. Taking this
value to be similar for polonium, the average distance
travelled by a 210Po atom in one half-life is of the or-
der of 20 cm, significantly less than the minimum dis-
tance between the vessel and the FV (approximately
1m). We can conclude that the e↵ect of di↵usion is
negligible for both 210Po and 210Bi . However, Borex-
ino data show that slow convective currents caused
by temperature gradients and variations may indeed
carry the 210Po into the FV. The same e↵ect does not
occur for the short-lived 210Bi , which decays before
reaching the FV.
Prior to 2016, Borexino was neither equipped with

thermal insulation nor active temperature control.
Convective currents were substantial, because of sea-
sonal temperature variations and human activities af-

2Another component of 210Po , well visible in the data after
the initial filling of 2007 and the purification campaigns of 2011,
has completely decayed away and is not relevant here.

3

fCNO = 6.6+2.0
-0.9×108 cm-2s-1
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Sorgente Flusso
[cm-2s-1]
SSM-HZ

Flusso
[cm-2s-1]
SSM-LZ

Flusso
[cm-2s-1]
Data

pp (BX) 5.98(1±0.006)×1010 6.03(1±0.005)×1010 6.1(1±0.10)×1010

w/o luminosity constraint

pep (BX) 1.44(1±0.009)×108 1.46(1±0.009)×108 1.27(1±0.17)×108 (HZ CNO)
1.39(1±0.15)×108 (LZ CNO)

7Be (BX) 4.93(1±0.06)×109 4.50(1±0.06)×109 4.99(1±0.03)×109

8B (SK+SNO) 5.46(1±0.12)×106 4.50(1±0.12)×106 5.35(1±0.03)×106

CNO (BX) 4.88(1±0.11)×108 3.51(1±0.10)×108 6.6+2.0-0.9×108

p-value
(pp, Be, B)

0.96 0.43



CNO luminosity from Borexino

• Luminosity constraint: '⊙
()*.,.6

= ∑- 𝛼-𝜙-
• In the assumption of luminosity constraint:

• ai taken from F. Vissani, 2020

• Borexino has proven CNO is at work in the Sun as predicted by SSM, 
only metallicity is still unknown

�CDE
�⨀

= 𝜙����� ∑��{�,�,�}𝛼� 𝑓� = 1.0-[.+�[.#%



Solar neutrinos 
in LXe

• pp neutrinos in [1,10] keV ~ 26/ton/yr

• ~2% stat in 100 ton x year

• Sensitivity to CNO and pep neutrinos 
limited by  136Xe

• Possible 3s CNO neutrinos 
measurement with x1000 reduction of 
136Xe and 1000 ton x year

• In LAr 39Ar plays a role similar to  136Xe 
but at low energy, Qb = 0.565 MeV



Solar neutrinos in LAr

For E > Qb pep ~ 5%  and CNO ~6% stat 
in 100 ton x year



Next future for solar neutrino detection

2021 JINST 16 P08059
Figure 3. The SNO+ detector, shown as an artistic impression of the cavity containing the detector (left), as
well as a photograph taken from inside the detector during the water phase (right).

the underground plant that was originally built for SNO and is now operated by SNOLAB. The
purpose of filling the AV with water was to re-commission the detector and mitigate radon ingress,
since UPW contains significantly less radon than the surrounding mine air. The water phase was
used to collect physics data by operating SNO+ as a water Cherenkov detector from May 2017 to
July 2019 while filled with 905 tonnes of UPW.

The scintillator phase uses a new organic liquid scintillator developed by the SNO+ collabora-
tion as the target medium. Because of its lower density, the scintillator was introduced at the top of
the AV while UPW was removed from the bottom, thus preventing exposure of the AV to radon-rich
mine air during the transition from the water to scintillator phases.

The tellurium phase of the experiment will use tellurium-loaded liquid scintillator as the target
material. The tellurium will be added to the liquid scintillator using a novel metal-loading technique
developed by the collaboration [39].

To transition from SNO to SNO+, there were four major items that required significant funding
and/or development:

• In SNO, the AV contained D2O and was surrounded by UPW. As D2O is denser than water,
the AV needed to be held up by a system of ropes anchored to the top of the cavity. By
contrast, the SNO+ liquid scintillator has a lower density than water, so the AV will be
buoyant following the deployment of liquid scintillator. Thus, a hold-down rope-net for the
AV was designed, cleanly manufactured, and installed (see section 3.2). In addition, the
original hold-up ropes were replaced with ropes made from a less radioactive material.

• 780 tonnes of liquid scintillator has been deployed within the AV. The necessary reagents
required to produce and process this amount of the liquid scintillator were procured.

– 5 –

SNO+ 780 tons of LAB
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Day/Night sensitivity Spectrum upturn

Sensitivity to no asymmetry
Sensitivity to KamLAND

Solid: 0.3% syst. err.
Dotted: 0.1% syst. err.

Solid: 4.5 MeV threshold
Dotted: 3.5 MeV threshold

n Day/Night (solar vs reactor): 4~5 sigma in 10 years
n Spectrum upturn: ~3 sigma in 10 years

(at solar best parameters) 

Adapted from M. Shizowa
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FIG. 3. Expected spectrum of the prompt event from solar ⌫e captures. Neutrino species from different
solar-fusion reactions are labeled. Capture cross section from Ref. [12]. Solar neutrino fluxes from Ref. [13].
Neutrino oscillation parameters from Ref. [14].

Additionally, no background isotope has been identified that could mimic the ⌫e capture sequence
in time separation, event energies and topologies. So far, it appears that zero-background solar ⌫
spectroscopy with a large Selena detector may be possible.

Species E range [keV] N in 100 ton-year 1/
p
N

pp 29–278 5359 1.4%
7Be 665–775 1814 2.3%
pep 1230–1360 130 8.8%
CNO 278–655, 785–1220 136 8.6%
8B (1.5-15)⇥103 209 6.9%

TABLE 1. Expected results for the capture rate of solar neutrinos from a counting experiment. N is the
expected number of ⌫e captures for the different species in the specified energy (E) range. The last column
provides an estimate of the statistical uncertainty in the measured rate.

Table 1 presents the capture rates for different solar neutrino species obtained by integrating
Fig. 3 in the specified energy regions. Neutrino charged current cross sections on 82Se have been
taken from Ref. [12]. With a 100 ton-year exposure, Selena is expected to measure the pp rate to
⇠1% for a strong constraint on the neutrino luminosity1, the pep rate to ⇠8% to probe the onset
of the Mikheyev-Smirnov-Wolfenstein (MSW) effect for solar neutrinos [16], and the CNO-cycle
rate to ⇠10% to demonstrate the presence of the CNO-cycle in the Sun with 5� significance and
to resolve the solar metallicity problem [17].

The shape of the energy spectrum of neutrino lines is modified by thermal effects. On the low
energy side of the line, the dominant effect is first-order Doppler broadening caused by nuclear
motion. On the high energy side of the line, the dominant effect is exponential broadening caused

1
The uncertainty in the pp flux will be dominated by the uncertainty in the ⌫e capture cross section. For example,

calibration to the ⌫-e elastic scattering cross section from a comparison between the
7
Be neutrino rates measured

by Selena and Borexino [10] would contribute a 3.5% uncertainty.
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!1/2 = 7.2 ns
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!1/2 = 1020 y

ββ

"e capture
Eth = 172 keV

β+#

32Si ➔ 32P $–$ sequence in DAMIC

E2 = 435 keV

FIG. 1. a) Diagram showing two natural channels for 82Se to transmute into 82Kr. Both �� decay and ⌫e
capture will be detected with high efficiency by Selena for nuclear physics studies. b) The identification of
a single 32Si atom by DAMIC at SNOLAB: a sequence of two � decays separated in time by many days
and with the start points of the electron tracks detected at the same location. Pixels toward the red end of
the spectrum collect more charge.

2. SCIENTIFIC MOTIVATION

In the next sections, we present the scientific potential of a 10 ton Selena detector in three
specific areas of neutrino physics and astrophysics.

2 A. Neutrinoless �� decay of 82Se

The search for neutrinoless �� decay probes the Dirac-Majorana nature of the neutrino. This
process is forbidden in the lepton-number-conserving Standard Model (SM) and is only allowed
if neutrinos are Majorana in nature. Observation of this process would demonstrate that lepton
number is not conserved, with deep implications for grand unification and the matter-antimatter
asymmetry of the universe.

When �� decay occurs in a calorimetric detector, the summed energy of the two emitted �s is
observed. In the SM process involving the emission of two neutrinos, the summed � energy follows
a continuous spectrum extending up to the Q-value of the decay (Q��). If no neutrinos are emitted,
the two �s carry away the full decay energy, and a monoenergetic peak would be observed at Q�� .
The shape of the peak is determined by the detector energy resolution. Thus, the strategy for any
neutrinoless �� search involves maximizing exposure to make the amplitude of the peak as large
as possible, and minimizing the background rate within a full-width half-maximum of Q�� .

In a minimal SM extension in which neutrinoless �� decay is mediated by SM neutrinos. The
half-life is inversely proportional to the square of the effective neutrino mass m�� = |

P
i U

2
eimi|,

where Uei are PMNS neutrino-mixing matrix elements and mi is the mass of the ith neutrino
mass eigenstate. Results from neutrino oscillation experiments predict that for the inverted mass
ordering (IO: m3 < m1) there is a lower limit on m�� at (mmin

�� )IO ⇠ 20 meV (Fig. 2a). Multiple
proposed efforts aim to achieve this sensitivity by operating ton-scale experiments for 5–10 years in
several isotopes (namely 76Ge, 100Mo and 136Xe) [4, 5]. For the case of the normal mass ordering
(NO: m1 < m3), most of the parameter space would remain in the range 1 meV < m�� < (mmin

�� )IO
Our initial study on the search for neutrinoless �� decay with a conceptual Selena detector

predicts background rates at Q�� = 3MeV below 6⇥10�5 per keV per ton-year [1]. This extremely
low background level is possible because of a combination of factors. First, the high Q�� of 82Se is
at an energy greater than most backgrounds from primordial 238U and 232Th radiocontaminants,
which leads to a relatively low raw event rate. Second, spatio-temporal correlations effectively reject
any radioactive decays in the bulk or the surfaces of the imaging modules. Finally, external �-ray
backgrounds, which mostly produce single-electron events from Compton scattering or photoelectric
absorption, are suppressed by the requirement that the �� signal events have two clearly identified
Bragg peaks (this selection retains 50% of signal events while rejecting 99.9% of the single-electron

The Selena proposal

Selenium deposited on a CMOS active pixel charge sensor



115

PRD 62.013002(2000)

analysis of the theoretical and experimental uncertainties ba-
sically follows the approach developed in !42", with the nec-
essary updates to take into account the BP98 SSM predic-
tions and the energy spectrum information. Technical details
about error estimates are given in the Appendix.
We conclude this section by comparing the standard #no

oscillation$ predictions with the experimental data for the Cl,
Ga, and SK total rates. Figure 1 shows the 99% C.L. error
ellipses for data and expectations in the planes charted by the
#Cl, Ga$, #SK, Ga$, and #SK, Cl$ total rates. The distance
between observations and standard predictions makes the so-
lar neutrino problem#s$ evident. At present, such information
is the main evidence for solar neutrino physics beyond the
standard electroweak model; however, since the theoretical
errors are dominant—as far as total rates are concerned—no
substantial improvements can be expected by a reduction of
the experimental errors. Conversely, decisive information is
expected from the SK spectrum and day-night asymmetry,
but no convincing deviation has emerged from such data yet.
Therefore, it is not surprising that, in oscillation fits, the total
rates mainly determine allowed regions, while the SK spec-
trum and day-night asymmetry determine excluded regions.

III. TWO-FLAVOR MSW OSCILLATIONS

Figure 2 shows the results of our 2% MSW analysis of the
data discussed in the previous section, shown as confidence
level contours in the (&m2,sin22'/cos 2') plane. The choice

of the variable sin22'/cos 2', rather than the usual sin22',
allows an expanded view of the large mixing region. In each
of the six panels, we determine the absolute minimum of the
(2 and then plot the iso-(2 contours at (2!(min

2 "4.61, 5.99,
and 9.21, corresponding to 90%, 95%, and 99% C.L. for two
degrees of freedom #the oscillation parameters$. In fits in-
cluding the total rates, there is a global (2 minimum and two
local mimima; such minima, and the surrounding favored
regions, are usually indicated as MSW solutions at small
mixing angle #SMA$, large mixing angle #LMA$, and low
&m2 #LOW$. Additional information on such solutions is re-
ported in Table II.
Concerning the statistical interpretation of the (2 values, a

remark is in order. One can attach confidence levels to (2

values in two different ways, depending on the choice be-

FIG. 1. The solar neutrino deficit, shown as a discrepancy be-
tween data and expectations in the gallium #Ga$, chlorine #Cl$, and
Super-Kamiokande total event rates. In each plane, the error el-
lipses represent 99% C.L. contours for two degrees of freedom #i.e.,
)(2"9.21). The projection of an ellipse onto one of the axis gives
approximately the #3* range for the corresponding rate. Data and
expectations refer to Table I. The correlation of SSM errors is cal-
culated as in the Appendix.

FIG. 2. Two-generation MSW solutions to the solar neutrino
problem. The upper four panels correspond to the following sepa-
rate fits to data subsets: total rates #Cl$Ga$K$SK$, Super-
Kamiokande night-day asymmetry N!D/N$D , Super-
Kamiokande electron energy spectrum with standard hep neutrino
flux, and Super-Kamiokande spectrum with enhanced (20%) hep
neutrino flux. The two lower panels show the results of global fits to
all data. The thin solid, thick solid, and dashed curves correspond to
(2!(min

2 "4.61, 5.99, and 9.21. The positions of the local (2

minima in fits including the total rates are indicated by dots. See
also Table II.
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SuperKamiokande: since 1996

SNO from 1999 to 2006

such ordering, we also find a preference at 90% C.L. for θ23
in the lower octant (with respect to the secondary best fit in
the upper octant) and for δ ≃ 1.24π (with respect to the
CP-conserving value δ ¼ π). Conversely, maximal θ23
mixing is disfavored at ∼1.8σ and the range δ ∈
½0; 0.77π# is disfavored at > 3σ in NO.

D. Results on selected pairs of oscillation variables

By studying selected pairs of variables we can gain
further insights about current unknowns (the mass ordering,
the octant of θ23 and the CP phase δ), and appreciate

their interplay with known features of 3ν oscillations.
We discuss the pairs ðsin2 θ12; δm2Þ, ðsin2 θ23; sin2 θ13Þ,
ðsin2 θ23; jΔm2jÞ, ðsin2 θ23; δÞ, as well as pairs of total νe
and ν̄e events (bi-event plots) as observed in the appearance
channel by T2K and NOvA.
Figure 4 shows the regions separately allowed by solar

and KamLAND neutrino data in the plane charted by
ðsin2 θ12; δm2Þ, assuming fixed sin2 θ13 ¼ 0.02 and NO.
The two regions were somewhat displaced in the past,
leading to a<2σ tension between the best-fit δm2 values [3]
(see, e.g., the analogous Fig. 4 in [38]). The current regions
in Fig. 4 appear to be in very good agreement, largely as a
result of a slightly smaller day-night asymmetry in SK-IV
2970-day solar data, shifting the solar δm2 best fit upwards
and closer to the KamLAND one [31]. We find that this
shift does not alter the combined solar and KamLAND
constraints on θ13, namely, sin2 θ13 ≃ 0.014& 0.015
(see, e.g., Fig. 5 in [38]). Results for IO (not shown)
would be almost identical for all parameters ðδm2; sin2 θ12;
sin2 θ13Þ. In conclusion, solar and KamLAND data are not
only in very good agreement about the ðν1; ν2Þ oscillation
parameters ðδm2; sin2 θ12Þ, but are also consistent with the
measurement sin2 θ13 ≃ 0.02 at SBL reactors.
Figure 5 shows the covariance of the pair ðsin2 θ23;

sin2 θ13Þ for increasingly rich datasets, in both NO (top) and
IO (bottom), with the corresponding χ2 functions separately
minimized for each mass ordering. The θ23 octant ambi-
guity leads to two quasi-degenerate solutions at 1σ, that
generally merge at ∼2σ. The leading appearance amplitude
in LBL accelerators, scaling as sin2 θ23 sin2 θ13, induces an
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FIG. 4. Regions separately allowed by solar and KamLAND
data in the plane ðsin2 θ12; δm2Þ for sin2 θ13 ¼ 0.02 and NO. (The
case of IO, not shown, would be almost identical). The solar ν fit
includes SK-IV 2970-day data [31].
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Detection of neutrinos from 
a core collapse supernova



Nucleon binding 
energy

• On average eN ~ 8 MeV/nucleon
• Maximum for 56Fe
• Short range interaction

• Binding energy ~ 8A
• Not ~ A(A-1) ~ A2

• A massive start (>10Msun) burns 
silicon at T~4x109 K (0.3 MeV) and 
make iron

• No other fusion process is possible
• When the iron core exceeds

1.4Msun gravity is no longer 
sustained by internal pressure
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General picture
• Internal pressure cannot balance gravity, the core shrinks and becomes hotter
• Whent the temperature reaches 1010K, photons in the tail of the distributin have enough energy to rip nuclei apart

• The fusion nucleosynthesis is undone

• Photodisintegration of iron nuclei takes a lot of energy and boost the collapse
• At the onset of the gravitational collapse neutrinos are produced through: 𝑒P + 𝑝 → 𝜈& + 𝑛

• This process follows the photodisintegration of Fe, reduces the number of e-, reducing the electron pressure and boosting the collapse
• When r > 1011 g/cm3neutrinos are trapped in the so-called neutrino sphere (NS)
• When the inner core reaches 3x1014 g/cm3 and falling matter bounce back propagating through the NS increasing e+p capture and ne

production (deleptonisation burst)
• The NS sphere heated by the shock wave emits a neutrino burst from 𝛾 ↔ 𝑒, + 𝑒& ↔ 𝜈̅ + 𝜈

• Free-fall time from 109 g/cm3 < 0.1 s
• The collapse is supposed to end to a neutron start with  M ~ 1.5Msun and R~15km
• The energy is released by neutrinos streaming away
• Electron neutrinos and electron anti-neutrinos have larger opacity due to CC interactions: 𝜈& + 𝑛 → 𝑒P + 𝑝, 𝜈̅& + 𝑝 →
𝑒5 + 𝑛

• We expect: 𝐸6- ≤ 𝐸V6- ≤ 𝐸6.
• Neutrino diffusion time ~ 1sec with l~2m due neutrino-nucleon interaction



SN1987A: 1st SN n observation

• 23rd Feb 1987
• ~ 50 kpc
• Only 29 events

– 16 
Kamiokande
(Cherenkov)

– 8 IMB 
(Cherenkov)

– 5 Baksan (LS)



Neutrino energy and luminosity

• Neutrino emission time: t ~ 10 sec

• SN binding energy: 𝐸. =
/
0
𝐺 &6

1
= 1.6 N 100/𝑒𝑟𝑔 &

&789

2 3456
1

• Considering a mass at r>1011 g/cm3 where neutrinos are trapped
(neutrino sphere): energy/time = 4pR2sT4 (7/8)(gn/2) ~ 2.4x1052 erg

• T = 6x1010K and En=3.15T = 16 MeV

• 𝐿! =
#:
#0
~1007 s-1

• Compare with solar neutrino luminosity = 2x1038 s-1



Estimation of the binding energy and neutrino energy
from SN1987A

Ê Consider:
Ê 12 neutrino observed in Kamiokande in 103 tons of water
Ê <En> ~ 10 MeV

€ 

12 = N target ⋅ Fν ⋅σ

σ ≈ 9.3 ⋅10−42  cm2

N target = 6.7 ⋅1031

Nν = Fν 4πD2( ) = 5.7 ⋅1057  ν
_
e

Eb = Eν Nν = 5.7 ⋅1058  MeV ≈1053  ergs for ν
_
e

€ 

EB ≡ ΔE ≈
3
5
G MNS

2

RNS

~ 2 ⋅1053erg MNS

MSun
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Probability of a galactic SN vs 
distance to the Sun

Mirizzi, Raffelt and Serpico, JCAP 0605,012(2006)

Predicted ~ 2-6(30%) SN/100yr in our MW 
galaxy from historical galactic SN and 
scaling from external galaxies



The SuperNova model 

F 0
νi
Eν( ) = Es

4πd 2
Eν
E0,i

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

α
α +1( )α+2

E0,i
2

e−(α+1)E /E0,i

Γ(α + 2)
 cm−2MeV−1

E0,i = Ti (α +1)
α = 3
d =10 kpc

4πd 2 d∫i∑ EνEνFνi
Eν( ) = 3⋅1053  erg

Nν ,i = 4πd 2 d∫ EνFνi
Eν( ) =

  Nνe
= 2.6 ⋅1057

N
ν
_
e

= 2.2 ⋅1057

Nν x
= 7.8 ⋅1057

Fν
Tot =1.1⋅1012  cm−2

Average energy expected to change as:
ne : ~12-14 MeV
bar-ne : ~14-16 MeV
nx : ~14-16 MeV
A. Summa et al. Astrophys. J 825 (2016)

SN Signal duration ~ O(10) s



Expected 
signal

• Suppose a SN at 10 kpc

• Total fluence 1012 n/cm2

• Detector = 1kton water Cherenkov

• Detection channel: IBD and ES

• Expected events: 
• ES: 6x1032 1.4x10-43 4x1011+ 6x1032 0.2x10-43 6.5x1011 ~ 40
• IBD: 6.7x1031 1.6x10-41 1.7x1011 ~ 180

• For SuperKamiokande FM of 22.5 kton implies order of
900 ES and 4000 IBD

10 sec snapshot



Neutrinos <100 MeV from outside the Earth



Effect of neutrino oscillations

• 𝜙!/ = 𝑃88 𝜙!/
4 + 1 − 𝑃88 𝜙!4

4

• 2𝜙!4 = 1 − 𝑃88 𝜙!/
4 + 1 + 𝑃88 𝜙!4

4

• 2𝜙!4 + 𝜙!/ = 2𝜙!4
4 + 𝜙!/

4

• Normal Ordering Pee ~ 0.68 for electron anti-neutrinos, 
Pee ~ 0.02 for electron neutrinos



Neutrino arrival time on Earth

A massive neutrino will experience a delay in the arrival time  

Δ𝑡 =
𝐷
2𝑐

𝑚�𝑐*

𝐸�

*

= 5.1𝑚𝑠
𝑚�𝑐*

1 𝑒𝑉

* 10𝑀𝑒𝑉
𝐸�

*

Looking at the arrival times of neutrinos with different energy one can establish 
a limit on the neutrino mass of order 20 eV



SN n detection in liquid scintillator detectors
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Interaction channel Detection 
Threshold 

[MeV]

Expected average 
energy [MeV]

Number of 
events per 
kton w/o 

oscillations

Number of events 
per kton w/ 
oscillations

IDB 1.02 ~20 193 202
ES 0.2 ~7.5 16 16

12C(anti-ne,e+)12B 1.02 15 4.5 5.2
12C(ne,e-)12N 0.2 12 2.2 7.3
12C(nx, nx)12C 15.1 15.1 19 19

nx + p à nx +p 0.2 0.4 90 90

Interaction channels
• Neutrino-electron ES
• IBD above 1.806 MeV
• 2C(nx, nx)12C*, Eth = 15.11 MeV, all flavors
• 12C(anti-ne, e+)12B, Eth = 14.39 MeV
• 12C(ne, e-)12N, Eth = 17.34 MeV
• nx + p à nx + p, no threshold, all flavors



Geochemical detection of SN neutrinos
• Haxton and Johnson in 1988 (Nature 333 (1988) 325–329

• Recently re-considered in arXiv:0901.0581

• Use 98Mo and 97Mo to detect SN neutrinos collected in a ore underground

• Half-lifes ~106 years eliminate the possibility of priomordial formation

• Any 98Tc or 97Tc found in the ore above the expected contrbution of  solar
neutrinos and cosmic rays is due to SN neutrinos

• Archeological signature from past galactic supernovae

Aldo Ianni LNGS 129



The SN neutrino spectrum in a Borexino-like detector 
for n-p scattering
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Breaking <Ex> and Ebinding_x degeneracy

Reference SN: Ex=16 MeV; Eb-x=0.5x1052erg (total energy is 1053 erg)
LAr with ROI = [20,80] keVr
Select different Ex and Ebx to give the same number of events above threshold
Ex changing from 12 to 20 MeV
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Coherent neutrino-nucleus scattering

dσ
dEr

=
G2

F

4π
QW
2M 1− MEr

2Eν
2

⎛

⎝
⎜

⎞

⎠
⎟F 2 Q2( )

Q2 = 2Eν
2 1− cosθ( )

QW = 1− 4sin2θW( )Z − N
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Q Eν( ) ⋅ r0A1/3( ) ≤1
Condition of coherence

(A=Z+N,Z)

q



Supernova neutrinos in 
Dark Matter detectors 
for WIMPs 

ü Detectors designed
§ to detect low energy nuclear 

recoils (< 100 keV)
§ to have high discrimination 

power between Electron Recoils 
(ER) and Nuclear Recoils (NR) 

§ to have intrinsic low background 
due to the radio-purity of 
selected detector components

§ To have good fiducial mass 
determination

ü Look ideal for cohNS measurement and 
SN neutrino observation



SN signal in Ar and Xe

dN
dEr

=C dEr
Emin (Er )

∞

∫ dσ
dEr

(Eν ,Er ) Fνi
0 (Eν )

i=νe ,ν
_
e ,4ν x

∑

Threshold
[keV]

Ar
[events/ton]

Xe
[events/ton]

0 7.4
±20%

26.2
±20%

5 3.9 4.0

10 2.3 1.0

20 1.0 0.09



Why solar neutrinos in the future?

• Particle physics
• Measurement of expected matter-vacuum upturn
• Measurement of day-night asymmetry

• Astrophysics
§ Solve the solar abundance problem by detecting CNO 

neutrinos
§ Use solar neutrinos to better understand the Sun (inverse 

problem)

136



Conclusions

• 55 years of solar neutrino observations

• Fundamental results on neutrino physics and astrophysics

• More to come with SuperKamiokande

• Future observations with SNO+, HyperKamiokande, DUNE, and JUNO

• Observation of solar neutrinos with dark matter detectors



Thank you!


