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Overview	

1.  The	Sun	and	solar	neutrinos	
2.  Solar	Neutrino	detec7on	
3.  Low	Energy	solar	neutrino	spectroscopy	
4.  Future	Projects	
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The effective surface temperature is 5780 K (spectral class G2). 

I.D. of the Sun 

The Sun is a star of medium size 
and lies on the main sequence of 
the Hertzsprung-Russell diagram 
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It has a radius of about 700,000 km (109 times that of Earth). 
 
It has a mass of about 2×1030 kg, (330,000 times that of Earth) 
accounting for about 99.86% of the total mass of the solar system. 

Mass	(Earth=1)	 332,800	

Mean	diameter	(106	m)	 1392	

Rota7on	period	 26-37	d	

Mean	distance	to	Earth	 149	106	km	

Density	 1.41	g/cm3	

Surface	gravity	 274	m/s2	
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About ¾ of the mass of the Sun consists of hydrogen; 
 
About ¼ of the mass of the Sun consists of helium. 
 
Less than 2% consists of heavier elements. 

Element	

Abundance	
(%	of	total	
number	of	
atoms)	

Abundance	
(%	of	total	
mass)	

Hydrogen	 91.2	 71.0	

Helium	 8.7	 27.1	

Oxygen	 0.078	 0.97	

Carbon	 0.043	 0.40	

Nitrogen	 0.0088	 0.096	

Silicon	 0.0045	 0.099	

Magnesium	 0.0038	 0.076	

Neon	 0.0035	 0.058	

Iron	 0.0030	 0.14	

Sulfur	 0.0015	 0.040	

Composition of the Sun 

(In astronomy, any atom heavier than 
helium is called a ”metal” atom). 

…for	C
NO	(B

ethe)	
cycle	
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It is useful to divide the interior of 
the Sun into 3 regions. 

Core density ~ 150 g/cm3 

The interior of the Sun 
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(developed	and	con,nuously	updated	by	J.N.	Bahcall	since	1960)	

The	model	is	based	on	the	following	Assump7ons:		
(Simula,ons	use	basic	stellar	evolu,on	equa,on)	
	
1.  Hydrosta7c	equilibrium:	(local	balance	between	pressure	and	gravity)		

2.  Energy	conserva7on:︎	 ︎	

3.  Energy	transport	mostly	by	radia7on	and	convec7on,		
energy	flux	is	measured	by	the	Temperature	gradient	

where:		
k	is	opacity,	 ︎	
σ	is	Stefan-Boltzmann	constant		
︎γ	is	the	ra7o	of	specifici	heat	capaci7es:	γ	is	the	ra7o	of	specifici	heat	capaci7es:	
cP/cV,	

together	with	three	state	equa7ons	for	Pressure,	Opacity	and	Energy	produc7on	rate:	

The Standard Solar Model (SSM) 
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•	Ini7al	physics	parameters:	
ü  ︎	Helium	and	metals’	abundancies;	
ü  ︎	Opacity	vs.	radius	
ü  ︎	Cross	sec7ons	of	nuclear	fusion	reac7ons	

•	Evolu7on	to	t	=	4.4	x	109	anni	(today);	
•	Compare	input/output	parameters;	
•	If	needed,	modify	ini7al	parameters	and	iterate.	

Present	Sun	proper,es:	
	

Luminosity	L�	=	3.846x1026	W	
Radius	R�	=	6.96x108		m	
Mass	M�	=	1.989x1030		kg	
Core	temperature	Tc	=	15.6x106	K	
Surface	temperature		Ts	=	5773	K	
Hydrogen	frac,on	in	core	=	34.1%		(ini7ally	71%)		
Helium	frac,on	in	core	=	63.9%		(ini7ally	27.1%)	

as	measured	on	
surface	today	
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Helioseismology 

With helioseismology, it is possible to learn 
about the properties of the Sun by studying 
the propagation of waves in its body. 
(These waves cause small oscillations of 
the surface that are observable) in a manner 
similar to geologists learning about the 
interior of the Earth by studying seismic 
waves. 

Temperature, composition, and motions deep in the Sun influence the oscillation 
periods and yield insights into conditions in the solar interior. 
 
Helioseismology is placing strong constraints on theories of the solar interior.  

In	 the	 radia7ve	 and	 convec7ve	 zones	 sound	 waves	 propagate	
(compression	e	rarefac7on)	
	

Between	 core	 and	 surface	 standing	 waves	 are	 establisehd,	
observable	by	Doppler	effect	of	the	surface	layers.		
Discovered	in	1960	by	R.	Leighton	
Typical	period:	about	5	minutes.	
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What	do	we	learn	from	Helioseismology?	

We	determine:	

Analyzing	the	spectrum	of	oscilla7on	frequencies	we	can	study	the	
Sun’s	interiors.	

•  Sound	speed	profile	
•  beginning	of	the	convec7ve	

zone	(0.711	R)	
•  3He	abundance	at	surface:	

24.5%	
•  Solar	internal	rota7on	

transi7on	
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Agreement	between	sound	speed	computed	by	SSM	(Model)	and	that	measered	by	
Helioseismology	(Sun)	

Comparison	Helioseismology	with	SSM	
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From	this	comparison	much	informa7on	can	be	deduced	on	core’s	nuclear	reac7on	
and	on	neutrino	fluxes	and	energy	spectra		

Advances in High Energy Physics 7

Table 3: Main characteristics of SSMs representative of high-Z (GS98) and low-Z (AGSS09) solar compositions.Models have been computed
including the most up-to-date input physics [64]. Helioseismic constraints are given when available. See text for details.

SFII-GS98 SFII-AGSS09 Helioseismology(!/")⨀ 0.0229 0.0178 —!" 0.0170 0.0134 0.0172 ± 0.002 [65]#" 0.2429 0.2319 0.2485 ± 0.0034 [60]$CZ/$⨀ 0.7124 0.7231 0.713 ± 0.001 [59]⟨&'/'⟩ 0.0009 0.0037 —⟨&*/*⟩ 0.011 0.040 —!# 0.0200 0.0159 —## 0.6333 0.6222 —⟨,#⟩ 0.7200 0.7136 0.7225 ± 0.0014 [66]!ini 0.0187 0.0149 —#ini 0.2724 0.2620 —
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Figure 1: Sound speed and density relative differences between solar models and the Sun as determined from helioseismic inversions [72].
The convective envelope is depicted by the grey area.

is, high-Z models, reproduce overall the most important
seismic constraints. Improvements in the input physics, for
example, radiative opacities and nuclear reaction rates, that
have occurred over the last 10 years introduce only small
changes to the solar structure as seen by helioseismology. On
the other hand, the solar abundance problem arises if the
solar surface composition used to construct SSMs are derived
from the most sophisticated 3D RHD solar model atmo-
spheres.The family of low-Z SSMs does not match any helio-
seismic constraint.

Have we reached the limit where the paradigm of the SSM
is not good enough as a model of the solar interior? Are the
3D-based determinations of solar abundances systematically
underestimating the metallicity of the solar surface? Does
the microscopic input physics in solar models, for example,
radiative opacities, need to be thoroughly revised? It is not
possible to advance answers to these questions, but solar neu-
trino experiments can play an important role in guiding the
research towards the solution of the solar abundance
problem. In the next section, we discuss the current status
on the theoretical predictions of solar neutrino fluxes and the
prospects of using solar neutrinos to constraint the properties
of the solar core.

3.3. Solar Models: Neutrino Fluxes

3.3.1. Production. Based on theoretical arguments and indi-
rect evidence, it has long been believed that the source of
energy of the Sun is the conversion of protons into helium,4p → 4He+2.++2/$+0.The original quest for solar neutri-
nos was indeed the search for the experimental confirmation
of this hypothesis (Under peculiar conditions reached in
advanced phases of stellar evolution, hydrogen can be con-
verted into heliumby other cycles like theNaMg-cycle.While
important for nucleosynthesis or intermediate mass ele-
ments, these processes are not energetically relevant.). In
more detail, hydrogen burning in the Sun (and in all other
hydrogen-burning stars) takes place either through the pp-
chains or theCNO-bicycle [43, 75]. Proton fusion through the
pp-chains is a primary process because only protons need to
be present in the star. On the contrary, the CNO-bicycle is
secondary because the proton fusion relies on, and is regu-
lated by, the abundance of C, N, andOwhich act as catalyzers.
This qualitative difference is very important, since it renders
neutrino fluxes from the CNO-bicyle a very good diagnostic
tool to study properties of the solar core, particularly its com-
position, as it will be discussed below. A general discussion

Two	different		
metallici7es	
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The core of the Sun reaches temperatures of  
∼ 15 million K. 

 
At these temperatures, nuclear fusion can 

occur transforming 4 Hydrogen nuclei into 
1 Helium nucleus 

1 Helium nucleus has a mass that is smaller than the combined mass of the 
4 Hydrogen nuclei.  

 That “missing mass” is converted to energy to power the Sun. 

How does the Sun shine?  

+ 
4 1H 1 4He 

Energy 
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Net	reac,on:	 4 1H  g  1 4He + energy 

Mass	of	4	1H	 6.6943	 10-27	 kg	

Mass	of	1	4He	 6.6466	 10-27	 kg	

0.0477	 10-27	 kg			(0.7%)	

Using	E=mc2		each	fusion	releases	

Each second about 600 million tons of Hydrogen is 
converted into about 596 million tons of Helium-4. The 
remaining 4 million tons (actually 4.26 million tons) are 
converted into energy. 

The current luminosity of the Sun is 3.846 · 1026 Watts 

Lum = 4.26 ⋅109kg ⋅ 3⋅108 m
s

!

"
#

$

%
&

2

= 3.846 ⋅1026W

0.0477 ⋅10−27kg ⋅ 3⋅108 m
s

!

"
#

$

%
&

2

= 4.3⋅10−12 J 1eV=1.6⋅10−19 J! →!!!! 26.7MeV
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We start from 4 protons and we end 
with 1 Helium nucleus which is 
composed of 2 protons and 2 neutrons. 

eenp ν++→ +

(inverse β-decay) 

What about neutrinos?  

In the inverse beta decay a proton 
becomes a neutron emitt ing a 
positron and an electron neutrino νe  

This means that we have to transform 
2 protons into 2 neutrons: 
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There are 3 types of neutrinos 
but the inverse β-decay is 
possible only with electron 
neutrinos 

To each charged lepton it is associated a well defined neutrino 

A neutrino of one “flavour”, interacting with matter, will produce a charged lepton 
of the same flavour 

νe associtated← →### e

νµ associtated← →### µ

ντ associtated← →### τ
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From	protons	to	helium	nucleus	:	The	ppI	chain	

2H  
(deuteron) 

3He  

Gamma	ray	of	5.5	MeV	

Neutrino	
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The 5.5 MeV gamma rays are absorbed in 
only a few millimeters of solar plasma and 
then re-emitted again in random direction 
(and at slightly lower energy) 

Gamma	ray	of	5.5	MeV	 γ

From 1 photon of some 106 eV to 
some 106 of photons of some eV   

1γ ≈106eV"# $%⇒106 γ 's ≈ eV[ ]

Each gamma ray created in the core of the Sun is converted into several 
million of visible light photons (energy some eV) before escaping into space. 
The photons escape as visible light. 

Gamma rays take 10,000 to 170,000 years 
to reach the surface of the Sun. 

D.	D'Angelo	-	Solar	Neutrinos	SUT/IHEP	Neutrino	Physics	
School	-	23/02/2016	



19 

Since neutrinos interact with matter only via the weak force, neutrinos 
generated by solar fusion pass immediately out of the core and into space. 

Neutrino	

About	the	distance	from	us	
to	the		Galac7c	Center	

absorbtion lenght λ =
1
n ⋅σ

(n number of atoms per cm3)

νe

Neutrinos, unlike charged leptons and quarks, interact only via 
weak force. 
 
Typical cross section are σ≈10-45 cm2 (It’s depends on energy!) 

λ =
1
nσ

=
H2O 1
6.023⋅1023

18
n atoms
cm3

⋅10−45 cm−2

≈ 3⋅1021cm

λ ≈ 3⋅1021cm = 3⋅104 ligth year
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“…..to see into the interior of a star and 
thus verify directly the hypothesis of 
nuclear energy generation in stars.” 

Davis and Bahcall 
Phys. Rev. Lett. 12, 300–302 (1964)  
Solar Neutrinos. I. Theoretical 
John N. Bahcall  California Institute of Technology, Pasadena, California  
 
Phys. Rev. Lett. 12, 303–305 (1964)  
Solar Neutrinos. II. Experimental 
Raymond Davis, Jr.  
Chemistry Department, Brookhaven National Laboratory, Upton, New York  

The study of solar neutrinos was 
conceived as a way to test the nuclear 
fusion reactions at the core of the Sun. 
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We have 3 bodies in the final state; this 
means that the emitted neutrino (like the 
electron) has a continuous spectrum 
extending from 0 to 0.42 MeV. 

cm
-2

 s
-1

 

p+ p→ 2H + e+ + νe

The neutrino spectrum  

Qvalue = 0.42 MeV
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ν from:  
pp  

pep  
7Be  
8B  

hep 

There are different steps in which energy (and neutrinos) are produced 

Monocrhomatic ν’s 
(2 bodies in the final state) 

The pp chain 

Each	 neutr ino	 i s	 labeled	
according	 to	 the	 reac7on	 in	
which	it	is	emiped:	
	
•  pp-neutrinos	
•  pep-neutrinos	
•  7Be-neutrinos	
•  8B-neutrinos	
•  hep-neutrinos	
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…. but pp chain is not the only reaction that transform 
protons into helium …..  
 
There is also the CNO cycle that become the dominant 
source of energy in stars heavier than the Sun  

ν from:  
13N  
15O  
17F  

CNO Neutrinos 
 
Neutrinos are also 
produced in the CNO 
cycle 

The CNO cycle 

In the Sun the CNO cycle 
represents only 1-2 % 

temperature in units of millions of K  

ra
te

 o
f e

ne
rg

y 
pr

od
uc

tio
n 

The CNO cycle has a strong 
temperature dependence 
 
C, N, and  O act as catalyzers 
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Neutrino energy spectrum as predicted by 
the Solar Standard Model (SSM) 

Monocrhomatic ν’s 
7Be: 
       384 keV (10%) 

       862 keV (90%) 

pep: 
      1.44 MeV 

ν from:  
pp  

pep  
7Be  
8B  

hep 

ν from:  
13N  
15O  
17F  
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How many neutrinos reach the Earth?  

Luminosity of the Sun:  
3.846 · 1026 Watt 

Distance Earth-Sun:  
~1.5 · 1011 m 

Neutrino	rate	emiped	
by	the	Sun:	

	Nν=	1.8	·1038	ν/s	

D.	D'Angelo	-	Solar	Neutrinos	

400 12 Connections Between Physics and Astrophysics of Neutrinos

Table 12.1 The nuclear
fusion reactions in the CNO
cycle

Reaction Q (MeV)

p +12 C →13 N+ γ 1.94
13N →13 C+ e+ + νe 1.20

p +13 C →14 N+ γ 7.55

p +14 N →15 O+ γ 7.29
15O8 →15 N+ e+ + νe 1.73

p +15 N →12 C+4 He 4.96

A star with roughly the solar mass, when hydrogen is exhausted, tends to con-
tract, and to increase its density; this happens because the radiation produced by the
fusion reactions is no longer able to balance the gravitational pressure. During the
contraction phase, gravitational energy is converted into kinetic energy of nuclei: the
temperature increases and further fusion reactions may be ignited.

A critical point is the carbon formation. In a star composed mainly of 4He nuclei,
8Be is continuously formed. 8Be has a mass which is slightly larger than twice the
4He mass, that is, 4He +4 He →8 Be; Q = −0.09MeV. Once 8Be is formed, it
splits again into two 4He nuclei. When the 4He density is extremely high, a fusion
reaction forming carbonnuclei in an excited state occurswith a resonant cross section:
4He+8Be →12

6 C∗. The excited state C∗ immediately decays to the ground state. The
carbon abundance in theUniverse is relatively high, and it may also be present in stars
that have not exhausted the proton cycle. In the presence of protons, the nucleus 12C
acts as a catalyst for another cycle, similar to the proton–proton cycle, that produces
energy transforming protons into helium nuclei: the CNO cycle (Table12.1). At the
end of the process, one has 12C + 4p →12 C +4 He + 2e+ + 3γ + 2νe with a
total energy released of about 26 MeV. The 12

6 C nucleus is strongly bound and is
the starting point for the formation in massive stars of heavier nuclei through fusion,
Sect. 12.9.

12.2 The Standard Solar Model and Neutrinos

The Sun has been converting hydrogen into helium for roughly 4.5 × 109 years.
The value of the solar mass and of the emitted power indicate that the process will
continue for about as many years. The process shown in Fig. 12.1 produces energy,
Eq. (12.3), and two neutrinos which escape from the Sun, carrying away a fraction
of the released energy. The kinetic energy of the other particles is the source of the
thermal energy. The flux of solar neutrinos that reaches the Earth is then given by

Φνe ≃ 1

4πD2
⊙

2L⊙
(Q − ⟨Eν⟩)

= 6 × 1010cm−2s−1 (12.4)

Energy released  
in the reaction:  

~26.7 MeV 

2 neutrinos  
produced per reaction 

Energy carried away by ν: 
 ~0.3MeV 
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ν	flux GS98 AGS09 cm-2	s-1 Δ 
pp 5.98	(1±0.006) 6.03	(1±0.006) x	1010 +0.8% 
pep 1.44	(1±0.012) 1.47(1±0.012) x	108 +2.0% 
hep 8.04	(1±0.30) 8.31	(1±0.30) x	103 +3.3% 
7Be 5.00	(1±0.07) 4.56	(1±0.07) x	109 -8.8% 
8B 5.58	(1±0.14) 4.59	(1±0.14) x	106 -18% 
13N 2.96	(1±0.14) 2.17	(1±0.14) x	108 -27% 
15O 2.23	(1±0.15)	 1.56	(1±0.15) x	108 -30% 
17F 5.52	(1±0.17) 3.40	(1±0.16) x	106 -38% 

1.  GS98	(High-metallicity):	 	“old”	1D	model		
	excellent	agreement	with	helioseismology	

2.  AGS09	(Low-metallicity):		new	3D	model;	less	C,	N,	O,	Ne,		Ar	
disagreement	with	helioseismology	

[Both	model	share	the	same	spectroscopy	data	set	of	solar	surface	abundances]	

The	solar	metallicity	puzzle	
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The first experiment built to detect solar neutrinos was 
performed by Raymond Davis, Jr. and John N. Bahcall in the 
late 1960's in the Homestake mine in South Dakota 
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There are two possible ways to detect solar neutrinos: 
 

•  radiochemical experiments 

•  real time experiments 

How to detect Solar Neutrinos? 

1
A A

e Z ZX Y eν −
++ → +

x xe eν ν− −+ → +

In radiochemical experiments people uses isotopes 
which, once interacted with an electron neutrino, 
produce radioactive isotopes. 

In real time experiments people detect the light 
created from the electron scattered by the impinging 
neutrinos  

All ν x type

Only νe

σ (νee) ≈1.0 ⋅10
−44 EMeV cm

2

σ (νµ ,τe) ≈ 0.15⋅10
−44 EMeV cm

2

σ (νµ ,τe)
σ (νee)

≈
1
6
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With a typical neutrino flux of 1010 ν cm-2 s-1 and a cross section of about 10−45 
cm2 we need about 1030 target atoms (that correspond to ktons of matter) to yield 
one event per day. 

where 
 

• Φ is the solar neutrino flux 
• σ is the cross section 
• N is the number of target atoms. 

The interaction rate R is given by 

with typical Φ ≈1010 ν
cm2s

with typical σ ≈10−45cm2

1030 target atoms
(ktons of matter!)

⇒ 1 event per day

How many Solar Neutrinos we can catch? 
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Homestake: The first solar neutrino detector 

Large tank of 615 tons of liquid 
containing 37Cl.  

Homestake Solar 
Neutrino Detector 

νe+ 37Cl → 37Ar + e-

Neutrinos are detected via the reaction: 

37Ar  is radioactive and decay by EC with a τ1/2 of 
35 days into 37Cl*  

  37Ar + e- → 37Cl* + νe 

Once a month, bubbling helium through the tank, the 37Ar 
atoms were extracted and counted (only ≈ 5  atoms of 37Ar 
per month in 615 tons  C2Cl4). 

Eth = 814 keV 
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The number of  detected neutrino was about 1/3 lower than the number of 
expected neutrino  →  Solar Neutrino Problem (SNP) 

37Ar	decays	by	electron	capture	emiwng	a	2.82	keV	Auger	
electron,	whose	rate	was	measered	by	miniaturized	
propor7onal	counters	

1 SNU (Solar Neutrino Unit) = 1 capture/sec/1036 atoms

D.	D'Angelo	-	Solar	Neutrinos	
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Water Čerenkov detectors. The Čerenkov light emission occurs within a known angle
to the electron path, allowing event track reconstruction. Due to the background
conditions and the limited light yield, running experiments achieve a threshold of
about ∼ 5MeV , being therefore sensitive to 8B ν’s only.

Organic liquid scintillator detectors. They achieve ∼ 50 times higher light yield and
can therefore attempt sub-MeV spectroscopy. The energy threshold of the order of
∼ 200keV is determined by the intrinsic 14C. No track reconstruction is possible
as the scintillation process is isotropic.

1.4 First Generation Solar Neutrino Experiments

In this section the experiments that gave birth to the snp are reviewed. Homestake,
Kamiokande, gallex/gno and sage can be regarded as first generation experiments,
in the sense that they were conceived to understand whether the snp was an astrophysical
issue or a hint for new physics.

1.4.1 Homestake

Homestake was the pioneer experiment in the field of solar neutrino detection. The
experiment was set up by Ray Davis and his collaborators[42] in 1970 in the Homestake
mine (South Dakota, usa) and operated continuously until 1996. Ray Davis was awarded
the Nobel Prize in physics in 2002 for opening the window of ν-astronomy.

The exploited nuclear capture reaction was:

νe + 37Cl −→ 37Ar + e− (1.27)

with an 813keV energy threshold.
The target, 133t of 37Cl was dissolved in 615t of C2Cl4.
The 37Cl satisfies well all requirements of radiochemical experiments:

1. 37Cl relative abundance is 24.2%.

2. Argon, as noble gas, can be easily separated.

3. 37Ar mean life time is 50.5 days.

4. The emission of a 2.82keV auger electron after the decay, yields a clear signal and
a 95% detection efficiency.

5. The cross section, in spite of being dominated by excited states transitions, is known
to a good accuracy (∼ 10%).

The expected signal made of 8B, 7Be and cno neutrinos was:

Rth = (7.7+1.2
−1.0)SNU (1.28)

The result of 26 years of data taking was instead[43]:

Rexp = (2.56 ± 0.16[stat] ± 0.15[syst]) SNU = (2.56 ± 0.22) SNU (1.29)

This difference gave birth to the snp.
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q   Standard Solar Model is not correct 
different opacity and core’s temperature? 
…. but   Solar models have been tested independently by helioseismology, and 
the standard solar model has so far passed all the tests. 

beside ..... Non-standard solar models seem very unlikely. 

q   Nuclear physicis is not correct 
•  branching ratios in the pp chain are different? 

•  but later checked by nuclear astrophysics experiments (LUNA)  
q   Homestake is wrong 

for instance some inefficiencies in the counting rate. 

 
q   Something happens to ν’s travelling from the core of 
the Sun to the Earth 

Possible Explanations to the SNP 

D.	D'Angelo	-	Solar	Neutrinos	SUT/IHEP	Neutrino	Physics	
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Kamiokande: First real time detection 

x xe eν ν− −+ → +

e- Energy threshold for Cherenkov = 0.77 MeV  

In	1982-83	was	built	in	Japan	the	first	real	,me	detector.	
It	consisted	in	a	Large	water	Cherenkov	Detector	

Originally	built	to	look	for	proton	decay	in	the	Kamioka	
mine	at	a	depth	of	2700	m	w.e.	di	profondità.	
Kamiokande	worked	from	1983	to	1996	with	a	wider	
physics	program	(i.e.	including	atmospheric	neutrinos).	
Later	replaced	by	SuperKamiokande,	now	the	site	hosts	
KamLAND.	

If electrons are 
scattered with speed  
v > c/n “faster than 

light”, they loose energy 
by Cherenkov emission 

D.	D'Angelo	-	Solar	Neutrinos	

detec7on	channel:	
elas7c	scapering	

Kamiokande		
	

• 3000	tons	of	pure	water	
• 1000	PMTs	
• Eth	=	7.5	MeV	
• only	8B	(and	hep)	neutrinos	

Eth = 7.5 MeV 

SUT/IHEP	Neutrino	Physics	
School	-	23/02/2016	



36	

If	Eν	 ︎︎>>	me	electron	direc7on	is	close	to	the	
direc7on	of	the	incident	neutrino:	this	
informa7on	allows	to	dis7nguish	solar	
neutrinos	from	atmospheric	neutrinos	or	
background	events.		

Thanks	to	direc7on	informa7on	->	confirma7on	of	neutrino	produc7on	by	the	Sun	

︎Angle	between	the	direc7on	the	
reconstructed	recoil	electron	direc7on	and	
the	direc7on	of	the	Sun.	

Kamiokande: we are really watching the Sun 

D.	D'Angelo	-	Solar	Neutrinos	
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neutrino analysis, the most inner part of the detector,
consisting of 680 tons of water, was used. The thickness
of the water between the cavity wall and the edge of the
volume ranges from 10.6 to 11.9 radiation lengths (6.4 to
7.1 nuclear collision lengths) which provides very good
shielding for gamma rays and neutrons produced in the
rock surrounding the detector.
The detector has been upgraded for the KM-III experi-

ment [9]: More than 100 dead PMTs were replaced, light
reflectors which increased the photocoverage from 20%
to 25% were newly attached to each inner PMT and new
electronics was installed. The number of hit PMTs—
PMTs which detected Cherenkov light—has increased
by 25% for 10 MeV electrons from 30 hits (KM-II)
to 40 hits. The increased number of hit PMT and fur-
ther efforts to reduce the backgrounds originating from
Radon contamination in the water, allowed us to lower the
analysis threshold to 7 MeV after December 1991. The
trigger threshold—defined at 50% efficiency—has been
5 MeV from the beginning of KM-III. Solar neutrinos
are detected through the charged and neutral current inter-
actions off electrons in the water. Although the recoil
angles of those electrons keep the neutrino direction
within

p
2meyE, the angular resolution is mainly deter-

mined by multiple Coulomb scattering of the electrons in
the water and by the detector response: 26± for 10 MeV
electrons for the KM-III detector (28± for KM-II).
The solar neutrino data were not taken about 16.3%

of the time due to the calibrations of the detector and
other reasons. The selection of good runs was carefully
done: The data corresponding to 14.6% of the time were
not used for the solar neutrino analysis because of hard-
ware troubles (4.3%), flashing tubes (2.2%), other studies
such as cold fusion experiments and tests of the Rn be-
havior in the water (2.8%), improper water level (1.3%),
and others. The present analysis is slightly different from
those of KM-II and the ones presented at past confer-
ences. Although the details of the analysis will be de-
scribed elsewhere [10], the main differences are listed in
the following. (1) In the energy calculation, the num-
ber of dead tubes must be corrected properly in order to
obtain the correct energy. In the previous analyses, the
dead PMTs were assumed to be distributed uniformly in
the detector and the ratio of the number of dead PMTs
to the whole number of PMTs was used for this correction.
For the present analysis, however, the actual distribution
of the dead PMTs around the Cherenkov pattern was used
for the correction. This change minimizes the systematics
in the energy calculation, especially in studying the day-
time and the nighttime fluxes separately. (2) The disper-
sion of the index of refraction has been taken into account
when the velocity of light in water was calculated, which
made the systematic uncertainty in the fiducial volume cut
smaller [9]. (3) The cross section of neutrinos on elec-
trons was updated: The radiative correction was included
following Bahcall et al. [11].

The trigger rate at 5 MeV threshold has been 1 Hz
on an average, however, only the data above 7 MeV
(7.5 MeV for the first 200 days) were used for the analy-
sis because of the larger backgrounds in the very low en-
ergy region. The data were passed through the software
filter to remove through-going muons, backgrounds enter-
ing from outside of the detector, spallation products, and
so on [10]. The final data sample in the fiducial volume
of 680 tons with energy above 7 MeV (7.5 MeV) and less
than 20 MeV consists of 6368 events.
The angular distribution of the final sample with re-

spect to the Sun is shown in Fig. 1, from which we
can extract the solar neutrino signal. The flux, ob-
tained through the maximum likelihood method [2], is
2.8210.25

20.24 sstatd 6 0.27 ssystd 3 106 cm22 s21. The sys-
tematic error of 9.7% comes mainly from the uncertainty
in the angular resolution (7.0%), uncertainties in the en-
ergy scale (5.3%), and in the fiducial volume cut (4.0%).
All other systematic errors contributed from the uncer-
tainty of the trigger efficiency, the cross section, various
cuts, live time calculation, and so on, are less than 1%.
The number of solar neutrino events obtained is 390135

233,
whereas expected is 785 for the SSM of Bahcall and
Pinsonault (BP) [5]. (We show only the number for the
SSM of BP, but the number for the SSM of Turck-Chieze
and Lopes (TCL) [6] can be easily obtained.) The ratio
to the SSM of BP is 0.49610.044

20.042 sstatd 6 0.048 ssystd.
The KM-II result has been corrected +3.42% before

combining with KM-III data, since some of the parameters
used in these analyses were different between KM-II
and KM-III: i.e., –0.53% for change in sin2 uW from
0.23 to 0.2317, +3.56% for the radiative correction and
+0.39% for the shape of the 8B neutrino spectra—
KM-II used the shape of Bahcall and Holstein [12].
The systematic errors are combined by weighting the
statistics of each data sample. The resultant combined
flux is 2.80 6 0.19 sstatd 6 0.33 ssystd 3 106 cm22 s21.

FIG. 1. The cos uSun distribution of the final events of the
Kamiokande III data (1036 days). The solid line shows the
prediction from the standard solar model of Bahcall and
Pinsonneault 5 and the dashed line shows the best fit to the
data assuming a flat background in the distribution.

1684

Experiments	/	Theory	~	1/2:	SNP	not	solved,	but	also	different	ra7o	then	Homestake	
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Pros:  
 
1) it is possible to obtain a spectrum energy and hence to 
distinguish the different neutrino contribution, unlike  
radiochemical experiments which integrate in time and in 
energy. 
 
2) it is possible to infer the direction of the origin of the 
incoming neutrino and hence to point at the source.  
Check if neutrinos actually come from the Sun 

Ring	of		
Cherenkov	light	

Pros and cons  

of (water Cherenkov) real time experiments 

Cons:  
 

Cherenkov light is flebile, the threshold is very high (> ~4-7 MeV),  
only ~10-4 of neutrino flux observed 
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Until the year 1990 there was no observation of the initial 
reaction in the nuclear fusion chain (i.e. pp-neutrinos).  
pp-neutrinos are less model-dependent and hence more 
robust to prove the validity of the SSM. 
 
 
Two radiochemical experiments were built in order to detect 
solar pp-neutrinos; both employing the reaction: 

…looking for pp neutrinos … 

νe+ 71Ga → 71Ge + e-

Gallex/GNO & SAGE 
30 tonnes of natural  
gallium 
(at LNGS Italy) 

50 tons of metallic  
gallium 
(at Baksan Russia) 

Eth = 233 keV 
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…looking for pp neutrinos … 

Calibration tests with an large intensity: ~1MCi artificial neutrino source 
(51Cr) confirmed the efficiencies of the detectors. 

D.	D'Angelo	-	Solar	Neutrinos	SUT/IHEP	Neutrino	Physics	
School	-	23/02/2016	



D.	D'Angelo	-	Solar	Neutrinos	 40	

18 CHAPTER 1. NEUTRINO PHYSICS IN 2006

Fig. 1.8: Final results for GALLEX and GNO experiments (1991 - 2003)[49].

based on the nuclear capture reaction:

νe + 71Ga −→ 71Ge + e− (1.32)

whose energy threshold of 233keV makes it sensitive to the most important and still
undetected νpp

e .
Moreover the isotopic abundance of 71Ga is relatively high (39.9%), 71Ge decays with

a mean life of 11.5d and can be chemically extracted within 1d. All these advantages
make gallium a valuable target for a radiochemical experiment. However the presence of
transitions to excited states complicate the knowledge of the reaction cross-section and
requires calibrations with neutrino sources.

GALLEX

gallex (GALLium EXperiment) construction started in 1988. The target mass was
30.3t of gallium in 100.9t 8-molar solution of GaCl3 in HCl in a tank in the Gran Sasso
National Laboratory (Italy).

The signal sought in the proportional counters after the monthly extraction (solar
run) was, as in Homestake, made of de-excitation Auger electrons and X-rays of the
product 71Ga at 10.4keV (K-shell) and ∼ 1.2keV (L-shell). Background rejection was
enforced with a maximum likelihood analysis on the pulse rise time and achieved an
efficiency above 97%.

In 5 years of data taking (65 solar runs) between 1991 and 1997, gallex provided
the following final result[47]:

Rexp = (77.5 ± 6.2[stat]+4.3
−4.7[syst])SNU (1.33)

to be compared with the significantly higher rate foreseen by ssm:

Rth = (131+12
−10)SNU (1.34)

Once again the measured neutrino signal was smaller than the one predicted by 
the standard solar model (∼ 70%). 
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In the years, different independent calibrations have been performed, including one
with a neutrino source of 51Cr of ∼ 65PBq and tests of the chemical extraction plant try-
ing to spot possible inefficiencies. All calibrations attested the reliability of the measured
rate[48].

GNO

After one year of transition with the renewal of the readout electronics, the gallex ap-
paratus was restarted as the long term gno (Gallium Neutrino Observatory) project[49].

The valuable idea was to reduce the systematic uncertainty of gallex and to monitor
the pp flux for a full solar cycle, (i.e. 11 years) exploring possible long term (seasonal or
cycle) time modulations.

The project was forced to shut down before schedule in April 2003 as a consequence
of the emergency situation in the Gran Sasso laboratory (sec. 2.5).

The final result of gno for the period 1998-2003 (58 solar runs) is:

RGNO = (62.9 ± 5.4[stat] ± 2.5[syst]) SNU (1.35)

Combined with gallex yields for all 123 solar runs:

RGallex+GNO = (69.3 ± 4.1[stat] ± 3.6[syst]) SNU (1.36)

Fig. 1.8 shows the results of all gallex and gno solar runs.

SAGE

sage (Soviet-American Gallium Experiment)[50] is a second experiment based on re-
action eq. 1.32, situated in the underground laboratory of Baksan, in central Caucaso.
Aside from different technical aspects the main difference is the target mass: ∼ 50t of
metallic Gallium above the melting temperature of 30◦C.

Data taking started in 1990 and was planned until 2006, but after gno shut down a
prolongation is under discussion, due to the fundamental importance to run at least one
experiment which is sensitive to solar pp-ν’s.

The overall measured flux updated to 2003[51] is:

Rexp = (66.9 ± 3.9[stat] ± 3.6[syst]) SNU (1.37)

well in agreement with the gallex+gno result of eq. 1.36.

Time modulation?

Both gallium detectors reported a decrease in the observed flux over their running time
(1991-2003), amounting to 14 − 15SNU (i.e. ∼ −20%). The interpretation is under
discussion: a statistical effect, a misinterpreted systematics or a real flux variation are
being evaluated[52]. However a flat distribution yields also an acceptable goodness-of-fit
in the 5-10% range and the central values of the two periods considered (1991-1997 and
1998-2003) are compatible at 2.4σ, so no strong evidence can be claimed.
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gallex (GALLium EXperiment) construction started in 1988. The target mass was
30.3t of gallium in 100.9t 8-molar solution of GaCl3 in HCl in a tank in the Gran Sasso
National Laboratory (Italy).

The signal sought in the proportional counters after the monthly extraction (solar
run) was, as in Homestake, made of de-excitation Auger electrons and X-rays of the
product 71Ga at 10.4keV (K-shell) and ∼ 1.2keV (L-shell). Background rejection was
enforced with a maximum likelihood analysis on the pulse rise time and achieved an
efficiency above 97%.

In 5 years of data taking (65 solar runs) between 1991 and 1997, gallex provided
the following final result[47]:

Rexp = (77.5 ± 6.2[stat]+4.3
−4.7[syst])SNU (1.33)

to be compared with the significantly higher rate foreseen by ssm:

Rth = (131+12
−10)SNU (1.34)Gallium experiment results 
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-  50 kton water Cherenkov detector 
at 1000m underground (2700 w.e.) 
with ~13000 PMTs to detect Cherenkov light 
- Inner detector: 11129 PMTs (20inch) 
- Outer detector : 1885 PMTs (8inch) 
- Fiducial volume : 22.5kton 

Inner	
detector	

outer	
detector	

Water	
and	air	
purifica7on		
system	

1000m	

Front-end	
Electronics	
huts	
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Super	Kamiokande	
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11146	ID	PMTs	
(40%	coverage)	

5182	ID	PMTs	
(19%	coverage)	

11129	ID	PMTs	
(40%	coverage)	

(Total	E)	
(Kine,c	E)	

1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	2014	2015	2016	

Acrylic (front) 
+ FRP (back)	

Electronics	
Upgrade	

SK-I	 SK-II	 SK-III	 SK-IV	

		5.0	MeV	
~4.5	MeV	

		7.0	MeV	
~6.5	MeV	

		5.0	MeV	
~4.5	MeV	

<		4.0	MeV	
<~3.5	MeV	

Current	

~4.5	MeV	
~4.0	MeV	

Ini,al		

Phases	of	Super-Kamiokande	

42	D.	D'Angelo	-	Solar	Neutrinos	SUT/IHEP	Neutrino	Physics	
School	-	23/02/2016	



43	

Higher	sta7s7cs		
confirma7on	of	solar	origin	

Sun’s	image	in	neutrinos	

SuperKamiokande: Angular distribution 

D.	D'Angelo	-	Solar	Neutrinos	

Sun’s	 orbit	 in	 galac7c	 coordinates	 in	
neutrinos	
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SuperKamiokande:Flux 

SuperKamiokande	
	

• 50000	tons	of	pure	water	
• 11200	PMTs	
• Eth	=	~5	MeV	(SuperK	I	and	III)	
• only	8B	and	hep	neutrinos	

Eth = 5 MeV 

D.	D'Angelo	-	Solar	Neutrinos	

Experiments	/	Theory	~	1/2:	consistent	with	Kamiokande	but	with	smaller	error	
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All experiments detect less neutrino 
than expected from the SSM ! 

Rate	measurement 				Reac,on 	 	Obs	/	Theory	
Homestake 	 	νe	+	37Cl	→ 37Ar	+	e-     0.34 ± 0.03

Super-K 	 	νx	+	e- → νx	+	e-						 					0.46 ± 0.02	
SAGE 	 										νe	+	71Ga	→ 71Ge	+	e-      0.59 ± 0.06		
Gallex+GNO											νe	+	71Ga	→ 71Ge	+	e-	      0.58 ± 0.05

1 SNU (Solar Neutrino Unit) = 1 capture/sec/1036 atoms
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at	the	turn	of	the	century	almost	no	room	
lef	for	astrophyisical	solu,ons	
	
something	big	was	around	the	corner	
	
	
Neutrino	oscilla,ons!	
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Neutrino	oscilla7ons	
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PMNS	neutrino	mixing	matrix,	analogous	to	CKM	matrix	for	quarks	

€ 

ν l = Uli ν i
i=1

3

∑
PD

G	
(2
01
4)
		

Solar	
reactor	LBL	(KamLAND)	
Atmospheric	
accelerator	LBL	(MINOS,	T2K)	
reactor	SBL	(Daya	bay,	RENO)	

P(νe →νe ) =1− sin
2 2θ sin2 Δm2L

4Eν

⎛

⎝
⎜

⎞

⎠
⎟

sin2(θ12

sin2 2θ12( ) = 0.846± 0.021
Δm2

21 = (7.53± 0.18) ⋅10
−5eV 2

sin2 2θ23( ) > 0.92@90%C.L.
Δm2

32 = (2.44± 0.06) ⋅10
−3eV 2

sin2 2θ13( ) = 0.093± 0.008
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The	Mikheyev	Smirnov	Wolfenstein	Effect	(MSW)	
…	or	Maper	Effect	

Neutrino	 oscilla7ons	 can	 be	 enhanced	 by	
traveling	through	(solar)	maper	
	
(The	core	of	the	Sun	has	a	density	of	about	150	g/cm3)	
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MSW	Effect	
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This happens because the Sun is made of up/down quarks and electrons 
   
νe, νµ, ντ.  All neutrinos can interact through NC equally. 
 
 
 
 
νe,  Only electron neutrino can interact through CC scattering: 
	
	
The interaction of νe is different from νµ and ντ . 

x xe eν ν− −+ → +
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ρe	is	the		
electron	density	

4 The MSW effect

4.1 Oscillations in matter. Resonance enhancement of oscillations

In medium with constant density the mixing is constant: θm(E, n) = const. Therefore

• The flavors of the eigenstates do not change.

• The admixtures of the eigenstates do not change. There is no ν1m ↔ ν2m transitions,
ν1m and ν2m are the eigenstates of propagation.

• Monotonous increase of the phase difference between the eigenstates occurs: ∆φm =
(H2m − H1m)t.

This is similar to what happens in vacuum. The only operative degree of freedom is the
phase. Therefore, as in vacuum, the evolution of neutrino has a character of oscillations.
However, parameters of oscillations (length, depth) differ from the parameters in vacuum.
They are determined by the mixing in matter and by the effective energy splitting in matter:

sin2 2θ → sin2 2θm, lν → lm =
2π

H2m − H1m

. (24)

For a given density of matter the parameters of oscillations depend on the neutrino
energy which leads to a characteristic modification of the energy spectra. Suppose a source
produces the νe- flux F0(E). The flux crosses a layer of length, L, with a constant density
ne and then detector measures the electron component of the flux at the exit from the layer,
F (E). In fig. 4 we show dependence of the ratio F (E)/F0(E) on energy for thin and thick
layers. The ratio has an oscillatory dependence. The oscillatory curve (green) is inscribed
in to the resonance curve (1 − sin2 2θm) (red). The frequency of the oscillations increases
with the length L. At the resonance energy, the oscillations proceed with maximal depths.
Oscillations are enhanced in the resonance range:

E = ER ± ∆ER, ∆ER = tan 2θ ER = sin 2θ E0

R, (25)

where E0
R = ∆m2/2

√
2GFne. Several comments: for E ≫ ER, matter suppresses the

oscillation depth; for small mixing the resonance layer is narrow, and the oscillation length
in the resonance is large. With increase of the vacuum mixing: ER → 0 and ∆ER → E0

R.

The oscillations in medium with nearly constant density are realized for neutrinos cross-
ing the mantle of the Earth.
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from which we write the relative refraction index for electron type neutrinos:

nrel
e = 1 +

2πρe−

p2
ACC = 1 +

√
2GFρe−

p
(1.69)

The Hamiltonian of neutrino propagation in matter expressed in the interaction eigen-
state basis is:

Hmatter = Hvac + HNC + HCC = Hvac + kNC · I + kCC
e ·

⎛

⎝
1 0 0
0 0 0
0 0 0

⎞

⎠ (1.70)

where the term HNC ∝ I doesn’t contribute to mixing and Hvac is not diagonal in this
basis (Hvac = UHU †, with U and H defined above.).

The CC interaction coefficient can be written as:

kCC
e =

GFρe−√
2

(1.71)

In the two-neutrino case, Hmatter can be diagonalized by a unitary matrix Um pa-
rametrized in the same form as in eq. 1.62, which represents the mixing of matter mass
eigenstates νm

1 and νm
2 :

(
|νe⟩
|νµ⟩

)
=

(
cos θm sin θm

− sin θm cos θm

)(
|νm

1 ⟩
|νm

2 ⟩

)
(1.72)

where θm is the mixing angle in matter :

sin2θm =
∆m2

4p sin 2θ
√

(∆m2

4p cos2θ − GF ρe−√
2

)2 + (∆m2

4p sin 2θ)2
(1.73)

The resonant behavior can be then observed upon meeting the condition:

ρe− = ρres
e− ≡ ∆m2cos2θ

2
√

2pGF
(1.74)

the angle θm becomes maximal irrespective of the value of θ.
However, since the diagonal Hamiltonian at resonance

Hdiag
matter

∣∣∣
ρe−=ρres

e−
= −∆m2

4p
sin 2θσ3, (1.75)

σ3 being the third Pauli matrix, differs from Hdiag
vac ≡ H = −∆m2

4p σ3 for a factor sin 2θ,
this enters the transition probability as:

Pνe → νµ(Eν , L, θ,∆m2)
∣∣
ρe−=ρres

e−
= sin2

(
∆m2

4p
sin 2θL

)
(1.76)

ν	(maper)	mass	eigenstates	mix		
with	an	effec,ve	mixing	angle	

1.5. MASSIVE NEUTRINOS AND FLAVOR OSCILLATIONS 29

from which we write the relative refraction index for electron type neutrinos:

nrel
e = 1 +

2πρe−

p2
ACC = 1 +

√
2GFρe−

p
(1.69)

The Hamiltonian of neutrino propagation in matter expressed in the interaction eigen-
state basis is:

Hmatter = Hvac + HNC + HCC = Hvac + kNC · I + kCC
e ·

⎛

⎝
1 0 0
0 0 0
0 0 0

⎞

⎠ (1.70)

where the term HNC ∝ I doesn’t contribute to mixing and Hvac is not diagonal in this
basis (Hvac = UHU †, with U and H defined above.).

The CC interaction coefficient can be written as:

kCC
e =

GFρe−√
2

(1.71)

In the two-neutrino case, Hmatter can be diagonalized by a unitary matrix Um pa-
rametrized in the same form as in eq. 1.62, which represents the mixing of matter mass
eigenstates νm

1 and νm
2 :

(
|νe⟩
|νµ⟩

)
=

(
cos θm sin θm

− sin θm cos θm

)(
|νm

1 ⟩
|νm

2 ⟩

)
(1.72)

where θm is the mixing angle in matter :

sin2θm =
∆m2

4p sin 2θ
√

(∆m2

4p cos2θ − GF ρe−√
2

)2 + (∆m2

4p sin 2θ)2
(1.73)

The resonant behavior can be then observed upon meeting the condition:

ρe− = ρres
e− ≡ ∆m2cos2θ

2
√

2pGF
(1.74)

the angle θm becomes maximal irrespective of the value of θ.
However, since the diagonal Hamiltonian at resonance

Hdiag
matter

∣∣∣
ρe−=ρres

e−
= −∆m2

4p
sin 2θσ3, (1.75)

σ3 being the third Pauli matrix, differs from Hdiag
vac ≡ H = −∆m2

4p σ3 for a factor sin 2θ,
this enters the transition probability as:

Pνe → νµ(Eν , L, θ,∆m2)
∣∣
ρe−=ρres

e−
= sin2

(
∆m2

4p
sin 2θL

)
(1.76)

resonance	condi7on:		
sin2θm	=	1	

Neutrinos	travelling	trough	solar	maper	experience	a	gradient	of	densi7es,	eventually	
crossing	the	resonance	density,	however	Neutrino	energy	must	be:	
1)  above	a	the	minimum	for	ρeres	to	be	present	in	the	Sun	
2)  enough	to	preserve	adiaba7city:	density	changes	<<	oscilla7on	length	(~4πE/Δm2)			
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Fig. 1.11: Neutrino spectra from different sources[120].

For ρe− ≪ ρresonant
e− the matter effect is negligible, while for ρe− ≫ ρresonant

e− the
oscillation is strongly suppressed by a constant factor

Pmatter

Pvac
≃ sin 2θm

sin 2θ
(1.77)

In case of a neutrino traversing a density gradient as in the sun interior, we may
assume it will eventually cross a layer where the density meets the resonance condition
1.74. If this is the case maximal conversion will take place in this layer provided that two
conditions are met:

1. ρe− must be large enough to assure the resonance condition, which through eq. 1.74
translates into an upper limit to Eν .

2. Resonance layer must occur adiabatically, i.e. the density variation around the
resonance point must be small compared to oscillation length. Since the oscillation
length depends inversely on Eν , the latter is given a lower limit by this condition.

For antineutrinos the sign of ke is inverted and no resonance can occur.
The effect of the resonance condition on the solar neutrino spectrum is presented in

sec. 1.11.1.

1.5.6 Detecting the oscillations

Oscillation experiments may involve different sources of neutrinos, either natural or ar-
tificial (fig. 1.11). Examples of natural sources are the interaction of cosmic rays in
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maper	effect	is	
negligible	

30 CHAPTER 1. NEUTRINO PHYSICS IN 2006

Fig. 1.11: Neutrino spectra from different sources[120].

For ρe− ≪ ρresonant
e− the matter effect is negligible, while for ρe− ≫ ρresonant

e− the
oscillation is strongly suppressed by a constant factor

Pmatter

Pvac
≃ sin 2θm

sin 2θ
(1.77)

In case of a neutrino traversing a density gradient as in the sun interior, we may
assume it will eventually cross a layer where the density meets the resonance condition
1.74. If this is the case maximal conversion will take place in this layer provided that two
conditions are met:

1. ρe− must be large enough to assure the resonance condition, which through eq. 1.74
translates into an upper limit to Eν .

2. Resonance layer must occur adiabatically, i.e. the density variation around the
resonance point must be small compared to oscillation length. Since the oscillation
length depends inversely on Eν , the latter is given a lower limit by this condition.

For antineutrinos the sign of ke is inverted and no resonance can occur.
The effect of the resonance condition on the solar neutrino spectrum is presented in

sec. 1.11.1.

1.5.6 Detecting the oscillations

Oscillation experiments may involve different sources of neutrinos, either natural or ar-
tificial (fig. 1.11). Examples of natural sources are the interaction of cosmic rays in

oscilla7on	suppressed	

MSW	Effect	
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tan2	θ		

Δm
2 12

	(e
V2
)	

Fit to existing experimental data 
with free oscillation parameters. 
 
Results in the Δm2

12 , θ12 plane. 
 
At the turn of the century there 
were several possibilities. 

Large Mixing Angle 

Small Mixing Angle 

Low Solution 

Vacuum	solu7on	
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1000	tonnes	D2O	

12	m	diameter	Acrylic	Vessel	

18	m	diameter	support	structure;	9500	
PMTs	(~60%	photocathode	coverage)	

1700	tonnes	inner	shielding	H2O	

5300	tonnes	outer	shielding	H2O	

Urylon	liner	radon	seal	

depth:	2092	m	(~6010	m.w.e.)	~70	
muons/day	

Sudbury	
Neutrino	

Observatory	
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NC
x x ν ν + + →+ n p d 

CC e− p p d + + → + ν e 

ES   + →+ e− νe− ν
 

x  x 

The	Three	Neutrino	Reac7ons	in	SNO	

Possible	only	for	electron	νe	

E>1.44MeV	

Equal	cross	sec7on	for	all	ν	flavors	

E>2.2MeV	
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Neutral	and	charged	current	interac7ons	have	
different	signatures	and	the	fluxes	are	

measured	independently	

e

e

CC

NC µ τ

ν

ν ν ν

φ φ

φ φ φ φ

=⎧⎪
⎨ = + +⎪⎩

Experiment	 Theory	

	
	
	
	
	

Solar	Standard	Model	(BPS07)	
	0.06 0.08 6 2 1

0.06 0.09
0.21 0.38 6 2 1
0.21 0.34

1.68  (stat.) (syst.) 10

4.94  (stat.) (syst.) 10
CC

NC

cm s
cm s

φ

φ

+ + − −
− −

+ + − −
− −

= ⋅

= ⋅ 6 2 1(4.7 0.5) 10 cm s− −± ⋅

D.	D'Angelo	-	Solar	Neutrinos	

Two	brilliant	conclusions	could	be	taken:	
1.  NC	=	SSM,	first	neutrino	confirma7on	of	SSM	
2.  CC	!=	NC,	evidence	of	flavor	conversion.	

Evidence	of	flavor	conversion	
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ϕCC =1.68  −0.06
+0.06 (stat.)−0.09

+0.08 (syst.)
ϕNC = 4.94  −0.21

+0.21(stat.)−0.34
+0.38 (syst.)

ϕES = 2.35  −0.22
+0.22 (stat.)−0.15

+0.15(syst.)
)scm10 of units(In 126 −−

Pee(
8B) = ϕCC

ϕNC

= 0.34± 0.023(stat.)−0.031
+0.029

ϕCC =ϕνe

ϕNC =ϕνe
+ϕνµ

+ϕντ

ϕES =ϕνe
+ 0.154(ϕνµ

+ϕντ
)

!

"
##

$
#
#

example (blue) :
ϕNC =ϕνe

+ϕνµ
+ϕντ

4.94=ϕνe
+ (ϕνµ

+ϕντ
)

ϕµ,τ =4.94 −ϕe

y= 4.94 − x

2002	

The	plot	that	changed	the	“world”	
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3He	Counters	
Nov	04	–	Nov	06	

n	+	3He	→	t	+	p	

propor7onal	counters	
σ	=	5330	b	

event-by-event	
separa7on	

PRL	101,	111301	(2008)	

arXiv:1107.2901	(2011)	

	
Pure	D2O	
Nov	99	–	May	01	

n	+	d	→	t	+	γ	

(Eγ	=	6.25	MeV)	

	
PRL	87,	071301	(2001)	

PRL	89,	011301	(2002)	

PRL	89,	011302	(2002)	

PRC	75,	045502	(2007)	

Salt	
Jul	01	–	Sep	03	

n	+	35Cl	→	36Cl	+	Σγ

(EΣγ	=	8.6	MeV)	

enhanced	NC	rate	and	
separa7on	
	

PRL	92,	181301	(2004)	

PRC	72,	055502	(2005)	

Three	Phases	of	SNO	

56	
LETA:	PRC	81,	055504	(2010)	
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Summary of all Solar neutrino experiments before Borexino 

All experiments “see” less neutrinos than expected by SSM …….. 
……. (except SNO in case of Neutral Currents!) 
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We had proof of flavor 
conversion, not yet of 
neutrino oscillations. 
 
But if electron neutrinos (νe) 
oscillate into non-electron 
neutrino (νµ , ντ) with these 
parameters with MSW this 
parameters area was 
favored 
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tan2	θ		
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	(e
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Large Mixing Angle 

Small Mixing Angle 

Low Solution 

Vacuum	solu7on	
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2000	 2001	

2002	

2003	
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Reactor	experiments		
(source	of	electron	an7-neutrinos		
with	energy	from	0-8	MeV)	

Under	CPT	invariance:	νe	=	an7-νe	

Ra7o	 of	 observed	 to	 expected	 flux	 as	 a	
func7on	 of	 detector	 distance	 for	 reactor	
experiments	 before	 KamLAND	 plus	 the	
solar	LMA	predic7on.	

Oscilla7ons	are	expected	at	a	
distance	of	the	order	of	100	km	

Neutrino	 yield	 per	 fission,	 the	 interac7on	 cross	
sec7on	 of	 the	 inverse	 beta	 decay,	 and	 the	
observable	spectra	of	the	listed	isotopes.	
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The	Kamioka	Liquid	Scin7llator	An7neutrino	Detector		
(KamLAND)	
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Ra7o	of	observed	to	expected	
an7-neutrino	flux	as	a	func7on	
of	distance	from	nuclear	
reactors,	including	KamLAND.	
From	2002	PRL	
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2002	
2011	
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In 2003, spectral distortion 
proves MSW effect and 
identifies the LMA region as 
“the solution”. 

Δm12
2 = 7.5±0.2 ⋅10−5eV 2

sin2 2ϑ12 = 0.87
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Large Mixing Angle 

Small Mixing Angle 

Low Solution 

Vacuum	solu7on	
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FIG. 2: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane, for solar and KamLAND data from (a) the two-flavor oscillation analysis

(θ13 = 0) and (b) the three-flavor oscillation analysis, where θ13 is a free parameter. The shaded regions are from the combined analysis of
the solar and KamLAND data. The side panels show the ∆χ2 profiles projected onto the tan2 θ12 and ∆m2

21 axes.

Delayed-neutron beta emitters 9Li and 8He, which are pro-
duced in the LS by cosmic-ray muons, also generate DC
pairs [27]. They are removed by a 2-s veto of the entire fidu-
cial volume after LS showering muons, which generate more
than 106 photoelectrons in the LS, and poorly reconstructed
LS muons. In the case of nonshowering, well-reconstructed
LS muons, the 2-s veto is applied only within a 3-m-radius
cylinder around the muon track in order to minimize the ex-
posure loss from the veto. From a fit to the time delay between
prompt DC events and their preceding LS muons, we estimate
the background remaining after the veto and DC selection cuts
is 24.8± 1.6 events.

Fast neutrons and atmospheric neutrinos are also a possible
source of DC pairs. Fast neutrons generated in the material
outside the OD may scatter into the ID, and subsequent co-
incidence signals in the LS from prompt neutron scatter and
delayed capture sometimes pass the νe DC signal selection
criteria. Monte Carlo studies of neutron generation outside
the ID [27] indicate that fast neutrons are generated primarily
by cosmic-ray muons. A 2-ms veto after OD-tagged muons
mostly eliminates fast neutron DC pairs. The residual back-
ground due to the OD tagging inefficiency and muons that
pass nearby but do not enter the OD is estimated from simu-
lation. Atmospheric neutrino backgrounds are evaluated us-
ing the NUANCE software [41] to simulate neutrino interac-
tions and related processes. Both atmospheric neutrino and
fast neutron DC pairs are assumed to have a flat prompt en-
ergy spectrum in the energy range of the present analysis, and
are estimated to contribute less than 12.3 candidates in total
after all selection cuts.

Geo-νe fluxes at Kamioka can be calculated based on a ref-
erence Earth model [42] which assumes a radiogenic heat pro-
duction rate of 16 TW from the decay chains of U and Th.

Including neutrino oscillation effects, this model predicts 85
and 21 events in the full data set from U and Th decays, re-
spectively. However, since the estimate of the geo-νe yield is
highly dependent on the Earth model, the event rates from the
U and Th decay chains are not constrained in the oscillation
analysis; only the prompt energy spectrum shapes, which are
independent of the Earth model, are used to constrain their
contribution. A possible background contribution from a hy-
pothetical reactor-νe source at the Earth’s center, motivated
by [43] and investigated in [36], is neglected in this analysis.

After all selection cuts, we expect, in the absence of νe
disappearance, 2879±118 events from reactor νe, and 325.9±
26.1 events from the backgrounds, as summarized in Table II.
The observed number is 2106 events.

V. OSCILLATION ANALYSIS

The KamLAND data is analyzed based on an unbinned
maximum-likelihood method. The χ2 is defined by

χ2 = χ2
rate(θ12, θ13,∆m2

21, NBG1→5, N
geo
U,Th,α1→4)

−2 lnLshape(θ12, θ13,∆m2
21, NBG1→5, N

geo
U,Th,α1→4)

+χ2
BG(NBG1→5) + χ2

syst(α1→4) . (7)

The terms are, in order: the χ2 contribution for (i) the to-
tal rate, (ii) the prompt energy spectrum shape, (iii) a penalty
term for backgrounds, and (iv) a penalty term for systematic
uncertainties. NBG1→5 are the expected background levels
discussed in Sec. IV, and Ngeo

U,Th are the contributions ex-
pected from U and Th geo-νe’s. NBG1→5 are allowed to
vary in the fit but are constrained with the penalty term (iii)
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TABLE III: Summary of the best-fit values for tan2 θ12 and sin2 θ13
from two- and three-flavor neutrino oscillation analyses of various
combinations of experimental data.

Data set Analysis method tan2 θ12 sin2 θ13

KamLAND two-flavor 0.492+0.086
−0.067 ≡ 0

KamLAND + solar two-flavor 0.444+0.036
−0.030 ≡ 0

KamLAND three-flavor 0.436+0.102
−0.081 0.032+0.037

−0.037

KamLAND + solar three-flavor 0.452+0.035
−0.033 0.020+0.016

−0.016

Global three-flavor 0.444+0.039
−0.027 0.009+0.013

−0.007

the spectral and time information available. In this appendix
we outline a binned oscillation analysis which we find repro-
duces very well the ∆χ2 contours in the (θ12, θ13) subspace
for the unbinned likelihood KamLAND-only analysis shown
in Fig. 3. The binning parameter is the parameter x intro-
duced in Sec. VI and defined in Eq. (8). Table IV lists the
binned data. The binned χ2 is defined as

χ2 =
!

i

"
pi − ρi(1 + δcorr)

σpi

#2

+

$
δcorr
σcorr

%2

, (11)

where
ρi = cos4 θ13(1− sin2 2θ12 · xi) + sin4 θ13 (12)

and xi is the weighted average of x over bin i. The pairs
(pi, σpi

) are the observed survival probability, defined as the
ratio of the observed events to the expectation for no os-
cillation, and its uncertainty for each bin i, and δcorr is
a factor needed to account for the systematic uncertainty

(σcorr = 0.041) on the flux prediction. In Eq. (12), the vac-
uum θ12 should be used because matter corrections to θ12 and
∆m2

21 are included in the calculation of x, as shown in Eq. (8).
For a global analysis, the small dependence on ∆m2

21 can be
ignored and the binned χ2 may be used for a scan over the
(θ12, θ13) oscillation parameter space. Comparing the ∆χ2

map built using this method and that from the full unbinned
analysis shown in Fig. 3, the only significant deviations ap-
pear far from the best-fit point at high values of θ12 where
constraints from the solar neutrino experiments dominate.

TABLE IV: Survival probability for each bin in x [de-
fined in Eq. (8)]. The first column indicates the bin range
of x ≡ ⟨sin2 2θ̂12M sin2(1.27∆m̂2

21ML/E)⟩/ sin2 2θ̂12. The
weighted average x is given in the second column. The observed
survival probability is shown in the third column. The uncertainties
include only the statistical and background estimation uncertainties,
which are assumed to be uncorrelated. In addition, the systematic un-
certainty (σcorr = 4.1%) on the flux prediction needs to be included
for each bin as a fully correlated uncertainty.

x range x Survival probability (p± σp)

0.1-0.3 0.230 0.749 ± 0.044

0.3-0.4 0.354 0.650 ± 0.039

0.4-0.5 0.451 0.624 ± 0.046

0.5-0.6 0.555 0.512 ± 0.038

0.6-0.7 0.638 0.416 ± 0.030

0.7-0.9 0.800 0.415 ± 0.160
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7.50±0.20	10-4	eV2	

(in	all	cases)	
SUT/IHEP	Neutrino	Physics	
School	-	23/02/2016	



66	

Below	1	MeV	neutrinos	never	find	a	density	high	enough	to	produce	resonant	
conversion,	so	they	are	basically	in	vacuum	oscilla7on	regime.	
As	the	oscilla7on	length	λosc=4Eν/Δm2~104m	<<	Sun-Earth	distance,	the	
oscilla7on	effect	is	averaged.	Survival	probability	becomes:	

P(νe →νe ) =1−
1
2
sin2 2θ ≈ 0.6

P(νe →νe ) = sin
2θ ≈ 0.3

For	 neutrinos	 with	 energy	 above	 10	 MeV	 oscilla7on	 in	 maper	 dominates.	 Survival	
probability	becomes:	

θ ≈ 32.5O

D.	D'Angelo	-	Solar	Neutrinos	

P(νe →νe ) =1− sin
2 2θ sin2 Δm2L

4Eν

⎛

⎝
⎜

⎞

⎠
⎟

SNP	solu7on:	MSW-LMA	
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SNP	solu7on:	MSW-LMA	
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Vacuum	dominated	
region	

Maper-enchanced	
region	

Transi7on	region	
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I. Solar neutrino data and �13 2

The solar neutrino problem

• Nuclear reactions in the core of the Sun produce
electron neutrinos;

• during the last 40 years, a number of underground
experiments has measured their flux in different
energy windows;

• it is found that ALL the experiments observe a
deficit of about 30 � 60%;

• the deficit is NOT the same for all the experiments,
hence the effect is energy dependent.

• it is not possible to reconcile the data with the
Standard Solar Model (SSM) by simply readjust-
ing the parameters of the model;

• solution: neutrino ⇥e ⇤ ⇥active oscillations;

• Effect well understood⌅ PROBLEM SOLVED.

 Gallium  Chlorine  SuperK, SNO

Michele Maltoni <michele.maltoni@uam.es> PhySun 2010, 4/10/2010

Combining	
sun	and	
par7cles	

L
M
A 

Vacuum	dominated	
region	

Maper-enchanced	
region	

Transi7on	region	

PP	 7Be	
pep	

8B	
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What	about	the	others	solu,ons?	

tan2	θ		

Δm
2 12

	(e
V2
)	

Large Mixing Angle 

Small Mixing Angle 

Low Solution 

Vacuum	solu7on	

The	νe	survival	probability	due	to	neutrino	flavor	conversion,	calculated	
for	the	three	different	MSW	solu7ons:	SMA	 (Small	Mixing	Angle),	LMA	
(Large	Mixing	Angle),	and	LOW	(Low	probability,	low	mass).	

•  For	LOW	solu7on,	at	night	the	Sun	is	brighter	in	neutrino	at	night	
•  For	SMA	solu7on,	no	room	for	7Be	neutrinos.	
	
à	Now	we	know	that	both	solu7ons	are	wrong!	
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SK	8B	Solar	neutrino	observa7on	

•  SK	has	observed	solar	neutrino	for	18	years(~	1.5	solar	cycle)	
–  ~77000	solar	ν	interac7ons		
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SK	I-IV	combined	flux	
2.341±0.044(stat.+syst.)	
																			x	106cm−2𝐬𝐞𝐜−1	

Phase	 Energy	
threshold	
MeV(kin.)	

Live	
,me	
(say)	

8B	Flux	
×106/cm2/sec	

SK-I	 4.5	 1496	 2.38±0.02±0.08	

SK-II	 6.5	 791	 2.41±0.05+0.16-0.15	
SK-III	 4.0	 548	 2.40±0.04±0.05	

SK-IV	 3.5	 2034	 2.31±0.02±0.04	

DATA/MC		
=	0.4459±0.0084(stat.+syst.)	
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Time	varia7on	of	8B	solar	neutrino	flux	

•  No	correlation	with	the	11	
years	solar	ac7vity	is	
observed.	
•  Super-K	solar	rate	
measurements	are	fully	
consistent	with	a	constant	
solar	neutrino	flux	emiped	
by	the	Sun.	

•  χ2	=	13.10/18(dof)	
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SK-I	
SK-II	

SK-III	

SK-IV	

Sun	spot	number	was	obtained	by	the	web	page	of	NASA	
http://solarscience.msfc.nasa.gov/greenwch/spot_num.txt	
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Oscilla7on	analysis:	Solar	global	fit	
Including	SK-IV	2015	results	
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~2σ tension in Δm221 
between solar and KamLAND 

Solar 

KamLAND 

Solar+KamLAND 

Reactor 

Non-zero	θ13	at	2σ from	solar+KamLAND	
Good	agreement	with	Daya	Bay,	RENO,DC	

Without reactor θ13 constraint Combined solar fit with KamLAND 

sin2θ13=0.0242±0.0026 

KamLAND 

Solar+KamLAND Solar 

H.	Sekiya	@TAUP	2015	

D.	D'Angelo	-	Solar	Neutrinos	SUT/IHEP	Neutrino	Physics	
School	-	23/02/2016	



Search	for	the	direct	MSW	signal	#1	
Current	main	mo7va7on	of	SK	8B	ν	observa7on	
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Vacuum	oscilla,on	dominant	

Marer	oscilla,on	
dominant	

Solar+KamLAND	

Solar	

JHEP	0311:004(2003)	

Energy	spectrum	distor,on	
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SK	I-IV	combined	recoil	spectrum	

Test	of	“spectrum	upturn”	
–  MSW	is	slightly	disfavored	by		
•  ~1.7	σ	using	the	Solar	+	
KamLAND	best	fit	parameters		

•  	~1.0	σ	using	the	Solar	Global	
best	fit	parameters.	
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Total	#	of	bins	of	SK	I-
IV	is	83	

χ2	

Solar	+	KamLAND	 70.13	
Solar	global	 68.14	
Quadra,c	fit	 67.67	
Exponential	 67.54	

Preliminary	
All	SK	phases	are	
combined	without	regard	
to	energy	resolution	or	
systema,cs	in	this	figure.	

Statistic	
error	only	
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Search	for	the	direct	MSW	signal	#2	
Current	main	mo7va7on	of	SK	8B	ν	observa7on	
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Flux	day-night	asymmetry	

“Nighwme	regenera7on”	of	
νe	

	by	earth	maper	effect	
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Day-Night	flux	asymmetry		

This	is	the	“direct”	indica7on	for	
maper	enhanced	neutrino	oscilla7on	
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Earth 

θz 

Solar 
Solar

+KamLAND  

Sun 

SK-I	-	IV	combined 

SK-I -2.0±1.8±1.0% 
SK-II -4.4±3.8±1.0% 
SK-III -4.2±2.7±0.7% 
SK-IV -3.6±1.6±0.6% 

combined -3.3±1.0±0.5% 
non-zero 
significance 3.0σ 
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"for	the	discovery	of	neutrino	oscilla,ons,	which	shows	that	neutrinos	have	mass”	
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To	measure	in	real	,me	below	1	MeV	

SNO &  
SuperKamiokande 

 
Homestake 

Gallex 
SAGE 

Real	,me	measurement	
(only	0.01	%!)	

Radiochemical	
experiments	

Radiochemical experiments 
(Homestake, Gal lex, SAGE) 
integrate in time and energy. 

Real t ime exper iments 
(Kamiokande, SuperK, SNO) can 
detect solar neutrinos starting from 
about 5 MeV. 

Need to build a detector able to 
detect solar neutrinos in real time 
with a low energy threshold.  
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Borexino: A low energy threshold real time 
experiment 

Borexino is a detector able to measure neutrinos coming from the Sun in real_time with 
low_energy threshold (∼ 200 keV) and high_statistic (tens of events per day). 

Eth ∼ 200 keV 

It	 is	 possible	 to	 dis7nguish	 the	 different	 neutrino	
contribu7ons.		 	

This is made possible using Ultra high-
purity liquid scintillator (∼100 tons). 
 
In liquid scintillators the light yield is 
about 50 times greater compared to the 
Cherenkov emission light 

Detec,on	principle:	
elas,c	 scarering	 (ES)	 on	
electrons	

x xe eν ν− −+ → +

High	light	yield	~104	photons	per	MeV	

scintillation light ≈ 50 times cherenkov light
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Unlike Cherenkov light, the scintillation light is emitted isotropically; this means that the ν induced 
events can’t be distinguished from other γ/β events due to natural radioactivity. 

Signal to noise ratio: 
 
In order to have a signal to noise ratio on the order of 1, the 238U (and 232Th) intrinsic 
contamination can’t exceed 10-16 g/g! (this means 10 orders of magnitude below natural 
radioactivity) 

A	very	challenging	experiment	…	to	fight	against	
radioac,vity.	

Neutrino signal: 
 
The neutrino signal is on the order of ≈ 10 
events/day/100 tons above threshold. 
 
This means 10-9 events/(kg s) 

Radioac,ve	background	(ex:	238U):	
	
1	g	of	238U	corresponds	to	about	12500	Bq.	
	
The	 typical	 concentra7on	 of	 238U	 in	 rocks	 is	 of	 the	
order	of	ppm	(10-6	g/g).	
This	means	that	in	1	kg	of	material	we	have	about	10	
Bq	of	radioac7vity	
	
This	means	10	events/(kg	s)	

Signal ν( )
Noise BKG( )

≡1
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In order to reach such a low radioactivity level several 
techniques have been applied: 
 
•  Distillation,  
•  Water extraction,  
•  Nitrogen stripping,  
•  ecc….. 

The 100 tons target mass (liquid scintillator) is 
composed of pseuducumene PC as solvent and PPO, to 
enhance the scintillation property, as solute (1.5 g/l) .   

≈100	tons	
Liq.	Scint.	
PC+PPO	

Unprecedented low levels of background 
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In	organic	compounds	(such	as	liquid	scin7llators)	there	is	always	14C.		
This	radioisotope	can’t	be	removed	with	chemical	procedures	and	it	is	
impossible	to	isotopically	separate	300	tons	of	scin7llator.	
	
14C	is	a	pure	beta	emiper	with	an	end-point	of	156	keV.		
	
Due	to	the	pile-up	events	and	the	finite	energy	resolu7on	the	energy	threshold	
of	the	detector	is	(was?)	set	at	250	keV.	

250 keV 

14C  β spectrum  

Solar neutrino Spectroscopy from 250 keV 
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Core of the detector: 300 tons of liquid 
scintillator (PC+PPO) contained in a nylon 
vessel of 8.5 m diameter. The thickness of 
nylon is 125 µm. 

1st shield: 1000 tons of ultra-pure buffer 
liquid (PC+DMP) contained in a stainless 
steel sphere of 13.7 m diameter (SSS). 

2200 photomultiplier tubes pointing towards 
the center to view the light emitted by the 
scintillator. 

2nd shield: 2400 tons of ultra-pure water 
contained in a cylindrical dome. 

200 photomultiplier tubes mounted on the 
SSS pointing outwards to detect Cerenkov 
light emitted in the water by muons. 

ν 

ν 

e-	
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“Onion-like”	
structure	

3D	view	of		
Borexino	
Detector	
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Borexino Detector and Plants 

Borexino 

CTF 

LNGS

Laboratori Nazionali  
del Gran Sasso 

(LNGS) 
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Thanks	to	the	4π	PMT’s	distribu7on	it	is	possible	to	reconstruct	the	
posi7on	were	the	event	took	place.	
Thus	 it	 is	 possible	 to	 select	 only	 events	 coming	 from	 the	 internal	
part	 of	 the	 Inner	 Vessel	 rejec7ng	 all	 the	 events	 created	 by	 high-
energy	gammas	coming	from	the	SSS	and	the	PMT’s		
Defini7on	of	a	Fiducial	Volume	of	about	100	Tons	

Fiducial Volume 

3 m 

4.25 m 
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Space calibration 

•  Movable	arm	to	place	a	source	
off-axis	

•  7	CCD	cameras	indpendently	
determin	the	posi7on	of	the	
source		

•  Using	184	points	of	Rn	
calibra7on	data,	the	fiducial	
volume	uncertainty	was	
determined	to	be	-1.3%	+0.5%	

Spa7al	resolu7on	14	cm	@	1	MeV.	
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Energy	resolu7on	6%	@	1	MeV	(14%	FWHM)	

Thanks to an extensive calibration campaign, with radioactive sources, the 
energy scale uncertainty (in the range 0.2÷2 MeV) is better than 1.5% 

Energy	Calibra,on	
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α	/	β	separa7on	(	214Bi	-	214Po	)	

α	/	β	separa,on		

Thanks	to	the	Pulse	Shape	Analysis	it	is	possible	to	disentangle	the	light	generated	by	beta	
par7cles	and	gamma	rays,	from	the	light	induced	by	alpha	par7cles.			

Time	decay	distribu,on	of	the	scin7lla7on	
light	excited	by	α	or	β-γ	radia7on	

α particles 

β particles 
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Just	some	pictures…	
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water filling Scintillator filling detector ready 

From Aug 2006 From Jan 2007 

High	purity	water	

Liquid	scin7llator	Low	Ar	and	Kr	N2	

Nylon vessels inflated, filled with 
water and replaced with scintillator 

D.	D'Angelo	-	Solar	Neutrinos	

From May 2007 

SUT/IHEP	Neutrino	Physics	
School	-	23/02/2016	



94 

From	raw	data	to	neutrino	signal	
Example of 7Be neutrino line 

ν	flux	as	predicted	by	SSM	

ν	signal	in	Borexino	

7Be monochromatic 
line at 0.862 MeV 

ν x + e
− →ν x + e

−

Maximum ES of e- 0.662 MeV 
Warning: we have to take into account 
the energy resolution of the detector 

Compton-like recoil 
spectrum 
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pp	

7Be 

pep	

CNO 8B	
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How	to	extract	the	neutrino	signal	from	the	
background	
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Expected	Spectrum	
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Data:	Raw	Spectrum	(Before	any	Cuts)	
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Data:	Fiducial	Volume	Cut	(100	tons)	
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Data:	α/β	Stat.	Subtrac7on	

D.	D'Angelo	-	Solar	Neutrinos	SUT/IHEP	Neutrino	Physics	
School	-	23/02/2016	



101 

Data:	Final	Comparison	
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The low energy backgrounds in the detector have been
suppressed to unprecedented levels [11], making Borexino
the first experiment capable of making spectrally resolved
measurements of solar neutrinos at energies below 1 MeV.
We have previously reported a direct measurement of the
7Be solar neutrino flux with combined statistical and sys-
tematic errors of 10% [12]. Following a campaign of de-
tector calibrations and a 4-fold increase in solar neutrino
exposure, we present here a new 7Be neutrino flux mea-
surement with a total uncertainty less than 5%. For the
first time, the experimental uncertainty is smaller than
the uncertainty in the Standard Solar Model (“SSM”)
prediction of the 7Be neutrino flux [13]1.

The new result is based on the analysis of 740.7 live
days (after cuts) of data which were recorded in the pe-
riod from May 16, 2007 to May 2, 2010, and which cor-
respond to a 153.6 ton·yr fiducial exposure.

The experimental signature of 7Be neutrino inter-
actions in Borexino is a Compton-like shoulder at
⇠660 keV. Fits to the spectrum of observed event ener-
gies are used to distinguish between this neutrino scatter-
ing feature and backgrounds from radioactive decays [12].
Two independent fit methods were used, one which is
Monte Carlo based and one which uses an analytic de-
scription of the detector response. In both methods,
the weights for the 7Be neutrino signal and the main
radioactive background components (85Kr, 210Po, 210Bi,
and 11C) were left as free parameters in the fit, while
the contributions of the pp, pep, CNO, and 8B solar neu-
trinos were fixed to the SSM-predicted rates assuming
MSW neutrino oscillations with tan2 ⌅12=0.47+0.05

�0.04 and
�m2

12=(7.6±0.2)⇥10�5 eV2 [14]. The impact of fixing
these fluxes was evaluated and included as a systematic
uncertainty. The rates of 222Rn, 218Po, and 214Pb sur-
viving the cuts were fixed using the measured rate of
214Bi-214Po delayed coincidence events. The Monte Carlo
method also includes external ⇤-ray background, which
makes it possible to extend the fit range in this method
to higher energies. The energy scale and resolution were
floated in the analytic fits, while the Monte Carlo ap-
proach automatically incorporates the simulated energy
response of the detector.

The stability of each fit method was studied by repeat-
ing the fits with slightly varied fit characteristics (e.g.
fit range and histogram binning) and di⇥erent methods
of data preparation. The latter included changing the
method used to estimate the event energies, and varying
the pulse shape analysis (“PSA”) technique [15] used to
remove 210Po and other � events between a highly e⇧-

1 Throughout this Letter we use the high metallicity SSM predic-
tions from the “GS98” column in Table 2 of [13] as our reference
SSM. For comparison, the 7Be neutrino flux predicted by the low
metallicity model (also given in [13]) is 8.8% lower than the high
metallicity prediction.
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FIG. 1. Two example fitted spectra; the fit results in the leg-
ends have units [counts/(day·100 ton)]. Top: A Monte Carlo
based fit over the energy region 270–1600 keV to a spectrum
from which some, but not all, of the � events have been re-
moved using a PSA cut, and in which the event energies were
estimated using the number of photons detected by the PMT
array. Bottom: An analytic fit over the 290–1270 keV energy
region to a spectrum obtained with statistical � subtraction
and in which the event energies were estimated using the to-
tal charge collected by the PMT array. In all cases the fitted
event rates refer to the total rate of each species, independent
of the fit energy window.

cient statistical subtraction method [12] and a cut-based
technique which removes a fraction of the � events with
a very small loss of ⇥ events. The example spectra shown
in Fig. 1 illustrate the stability of our fit procedure; the
8B neutrino and 214Pb, 222Rn, and 218Po background
spectra are small on the scale of the plots and are not
shown. The results of these and other fits using di⇥erent
permutations of the fit characteristics and data prepara-
tion techniques described above were averaged to obtain
the central values reported in Table I; the spread between
the results is included in the systematic uncertainty.

TABLE I. Average Fit Results [counts/(day·100 ton)].

7Be 46.0±1.5(stat)+1.5
�1.6(syst)

85Kr 31.2±1.7(stat)±4.7(syst)
210Bi 41.0±1.5(stat)±2.3(syst)
11C 28.5±0.2(stat)±0.7(syst)
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MonteCarlo	fit	
range:	250-1600	keV	
So�	α subtrac7on	
External	gammas	included	

Analy,cal	fit		
range:	300-1250		keV	
sta7s7cal	α subtrac7on	
energy	scale	and	resolu7on	
floated	

pp,	pep,	CNO,	8B:	
	fixed	to	SP11(high-Z)	with	LMA	

7Be,85Kr(β-),	210Bi(β-),11C(β+),210Po(α) 
free 		

214	Pb,	222Rn,	218Po	(not	shown)	
	fixed	to	214BiPo	

2	fit	approaches	
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7Be neutrino flux 
The flux of monoenergetic 7Be neutrinos measured with 4.6 % precision 
 

R = (46 ± 1.5stat ± 1.6sys) cpd/100 t   
 

 
 

Phys. Rev. Lett. 107, 141302 (2011) 
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7Be	results	

Source Uncertainty,	% 
Total	scin7llator	mass 0.2 
Fiducial	volume 6.0 
Live	Time 0.1 
Detector	resp.	func. 6.0 
Cuts	efficiency 0.3 
Total	Syst.	error 8.5 

Source	 Uncertainty,	%	

Scintillator	density	 0.05	

Fiducial	volume	 +0.5	-1.3	

Live	Time	 0.04	

Detector	resp.	func.	 2.7	

Cuts	efficiency	 0.1	

Fit	methods	 2.0	

Trigger	eff.	&	stability	 <0.1	

Total	Syst.	error	 +3.4	–3.6	

2008	(192d):	 2011	(741d):	

46.0±1.5(stat)−1.6
+1.5(syst) / d /100t

49±3(stat)± 4(syst) / d /100t

PRL	101,	091302	(2008)	 4.8%	error	

10%	error	
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SSM	comparison	
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Flux	(7Be)	
109	cm-2	s-1	

Borexino	 3.10±0.15	

BX-unoscillated	 4.84±0.24	

SSM-High	Z	 5.00±0.35	

SSM-Low	Z	 4.56±0.32 

Φmeas

Φexp

= 0.62± 0.05 MSW−LMA# →### Pee = 0.51± 0.07
Assump7ons:	
SSM:	Serenelli	et	al.,	2011	
[arXiv:1104.1639]	
Metallicity:	GS98	(High-Z)	
LMA:	Par7cle	Data	Group	2010.	

f ( 7Be) = 0.97± 0.09
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7Be	day-night	asymmetry?	

741d	
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7Be-Q flux day-night asymetry 

Ad-n = 2 (Rn - Rd)/(Rn + Rd) = 0.001 ± 0.012stat ± 0.007sys   
 

In agreement with MSW-LMA, LOW region excluded at >8.5 ı with solar 
neutrinos only (no assumption of CPT symmetry) 

Phys. Lett. B 707, 1 (2012) 22-26 

Phase II physics 

Phase I results 

Conclusions 
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Then	solar	neutrino	results with	Borexino	can	isolate	the		
LMA	region	without	the	Kamland	an7neutrino	data			

7Be (0.862 MeV)  solar flux from Borexino 

G. Bellini et al., Borexino Collaboration, Phys. Rev. Lett. 107 (2011) 141362. 
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8B	flux	at	3MeV	
PRD	82	(2010)	033006	
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pp	(and	pep!)	neutrinos	are	less	model-depended	and	hence	more	
robust	to	prove	the	validity	of	the	SSM.	

pp vs pep 
 
Unlike pp-neutrinos, pep-neutrinos are 
monochromatic and are emitted with a 
larger energy (1.442 MeV). 
 
But the flux is very poor (about 2 order of 
magnitude compared to pp-neutrinos) 

In the Borexino Fiducial Volume the expected number of events from pep-
neutrinos is on the order of some events per day.  

Compared to 7Be-neutrinos, pep-
neutrinos events are 1 order of 
magnitude smaller.   

events pep
events 7Be

≈
1
10
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pep and CNO-Q fluxes 
- First observation of the flux of monoenergetic pep neutrinos 

 

R = (3.1 ± 0.6stat ± 0.3sys) cpd/100 t   
 

 
 

- Limit for CNO neutrinos obtained assuming the pep neutrino flux according    
  to SSM,  
- Strong correlation with 210Bi in the fit 

 

R < 7.1 cpd/100 t (95 % C.L.)  
 

)LMA
CNO < 7.7 × 108 cm-2 s-1  (95 % C.L.) 

 

The strongest limit obtained up to date.  
Not sufficient to solve the metalicity problem. 

Phys. Rev. Lett. 108, 051302 (2012) 
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Moreover	there	is	the	problem	related	to	the	cosmogenic	11C	that	cover	the	pep-
neutrinos	signal:	S/N	~	0.1	

The muon flux in the LNGS 
underground laboratory is on 
the order of 1 µ m-2 h-1. 

11C  decay e+ with τ = 29.4 
min and Q=0.96MeV but we 
must add 1.022MeV for 
annihilation. 

11C	Cosmogenic	
~28	ev/d	

pep-ν	
~3	ev/d	
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Three Fold Coincidence (TFC) technique:  
apply a combination of vetos related in space and time to possible 11C-producing µ-n pair. 
It removes 90% of 11C (with 50% loss of exposure) 
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pep	flux	
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Comparison	with	SSM:	
the	metallicity	puzzle	 61

FIG. 80. The 1� theoretical range of high (red) and low (blue)
metallicity model for f

Be

and f
B

,compared to the 1� (light
pink), 2� (light green) and 3� (light blue) allowed regions
by the global analysis of solar-with Borexino plus KamLAND
results. The theoretical correlation factors are taken from
[72].

If the global fit is performed on the solar-without
Borexino plus KamLAND data set, the constraint on
beryllium is very weak and the best values for f

Be

and f

B

are found to be f
Be

= 0.76+0.22
�0.21 and f

B

= 0.90+0.02
�0.02. This

is due to the fact that 7Be flux is very poorly constrained
by any solar experiment other than Borexino.

Once the Borexino current measurements are included,
the situation significantly improves and the best fit are
f

Be

= 0.95+0.05
�0.04, and f

B

= 0.90+0.02
�0.02 corresponding to

the neutrino fluxes �
Be

= (4.75+0.26
�0.22) ⇥ 109 cm�2 s�1,

and �
B

= (5.02+0.17
�0.19)⇥ 106 cm�2 s�1 respectively.

For f

B

, the best fit value obtained with the two data
set does not change significantly since the 8B flux is
mainly determined by the results of the SNO and Super-
Kamiokande experiments.

The best fit for the oscillation parameters are found
to be �m2

21

= 7.50+0.17
�0.23 ⇥ 10�5 eV2, and tan2 ✓

12

=

0.452+0.029
�0.034, fully compatible with those obtained by fix-

ing all the fluxes to the standard solar model predictions
(Section XXV.3). In this specific analysis ✓

13

is assumed
equal to 0.

It is interesting to compare the result of the global
analysis on solar-with Borexino plus KamLAND results,
with the theoretical expectations for f

Be

and f

B

. From
Fig. 80 it is clear that the actual neutrino data cannot
discriminate between the low or high metallicity hypoth-
esis in the solar model: both the 1� theoretical range of
low and high metallicity models lies in the 3� allowed
region by the current solar plus KamLAND data.

At present, no experimental results help to disentan-
gle between the two metallicity scenarios: the theoretical
error on 7Be and 8B is of the order of their experimental
precision. An improvement in the determination of the
di↵erent solar parameters is needed.
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FIG. 81. Electron neutrino survival probability as a function
of energy calculated according to formula 85.

XXVI. THE NEUTRINO SURVIVAL
PROBABILITY

Solar neutrino oscillation are characterised by the sur-
vival probability P

3⌫
ee (defined in Section XXV with the

relation 80) of electron neutrinos produced in the Sun
reaching the detector on Earth. P

3⌫
ee depends on the os-

cillation parameters and on the neutrino energy. In the
LMA-MSW model it shows specific features related to
the matter e↵ects taking place while the neutrinos travel
inside the Sun (MSW). These e↵ects influence the prop-
agation of ⌫e and ⌫x di↵erently, as the forward scattering
probability of ⌫e and electrons is larger than that of ⌫x on
electrons due to CC interactions. The e↵ective Hamilto-
nian depends on the electron density ne in the Sun and,
considering the case in which the propagation of neutri-
nos in the Sun satisfies proper hypothesis of adiabaticity,
the resulting survival probability (formula 80) does not
depend on details of the Sun density profile and well ap-
proximated by the following simple form [85]:

P

3⌫
ee =

1

2
cos4 ✓

13

�
1 + cos 2✓M

12

cos 2✓
12

�
(85)

where ✓

M
12

is called mixing angle in matter

cos 2✓M
12

=
cos 2✓

12

� �q
(cos 2✓

12

� �)2 + sin2 2✓
12

(86)

with

� =
2
p
2GF cos

2

✓

13

neE⌫

�m

2

12

(87)

GF is the Fermi coupling constant, ne is the electron
density in the Sun calculated at the neutrino production
point and E⌫ is the neutrino energy.
Neutrinos from di↵erent reactions are produced in the

Sun at di↵erent radii [86] and the electron density in the

Can the current data discrimininate between high and low 
metallicity ? 

� �.8

8

methighSSMB
fluxB

� �.7

7

methighSSMBe
fluxBe

High met. (1V) 

Low met. (1V) 

The Borexino data cannot disentangle between 
the two models 
Similar situation with the 8B flux from SNO 

Q� Diff. 
% 

pp 0.8 

pep 2.1 

7Be 8.8 

8B 17.7 

13N 26.7 

15O 30.0 

17F 38.4 

The major predicted 
difference is in the 
CNO flux 
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CNO	neutrinos	measurement	and	
the	 Solar	 Model	 Chemical	
Controversy	

So	 far,	 neutrinos	produced	 in	CNO	cycle,	 have	never	
been	observed.		

Solar Model Chemical Controversy 

CNOν

One	fundamental	input	of	the	Standard	Solar	Model	is	the	
metallicity	 (abundance	 of	 all	 elements	 above	 Helium)	 of	
the	Sun	
	
A	lower	metallicity	implies	a	varia7on	in	the	neutrino	flux	
(reduc,on	of	∼	30%	for	CNO	neutrino	flux)	

A	 direct	 measurement	 of	 the	 CNO	 neutrinos	 rate	 could	 help	 to	 solve	 this	
controversy	giving	a	direct	indica,on	of	metallicity	in	the	core	of	the	Sun	
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To measure the CNO neutrino flux, 
the same analysis as for pep has 
been adopted 
 
210Bi similar to CNO-neutrinos 
signal but 10 times bigger. 

< 7.9 cpd /100 tons 95%CL( )

Φ < 7.7 ⋅108cm−2s−1 95%CL( )
Not sufficient to resolve 
the metallicity problem 

Only	limit	(the	strongest	to	date)	

pep edge 
CNO 

D.	D'Angelo	-	Solar	Neutrinos	

pep	flux	and	CNO	limits	Cracow Epiphany Conference on Physics in Underground Laboratories and its Connection with LHC 
 05-08.01.2010 Cracow, Poland Les Rencontres de Physique de la Vallée d'Aoste, 23.02-01.03 2014 La Thuile, Italy 

 

pep and CNO-Q fluxes 
- First observation of the flux of monoenergetic pep neutrinos 

 

R = (3.1 ± 0.6stat ± 0.3sys) cpd/100 t   
 

 
 

- Limit for CNO neutrinos obtained assuming the pep neutrino flux according    
  to SSM,  
- Strong correlation with 210Bi in the fit 

 

R < 7.1 cpd/100 t (95 % C.L.)  
 

)LMA
CNO < 7.7 × 108 cm-2 s-1  (95 % C.L.) 

 

The strongest limit obtained up to date.  
Not sufficient to solve the metalicity problem. 

Phys. Rev. Lett. 108, 051302 (2012) 

Phase II physics 

Phase I results 

Conclusions 

BOREXINO 
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Neutrino	and	op7cal	
observa7ons	in	combina7on	
provide	experimental	
confirma7on	that	the	Sun	has	
been	in	thermodynamic	
equilibrium	over	10,000-170,000	
years	7mescale.	

D.	D'Angelo	-	Solar	Neutrinos	

The	importance	of	PP	neutrinos	

SUT/IHEP	Neutrino	Physics	
School	-	23/02/2016	



115	

Most	of	the	pp	neutrino	events	are	buried	under	the	vastly	more	abundant	14C	
β-emiper	with	a	Q-value	of	156	keV.										
14C/12C	≈	2.7	10-18			
The	measured		14C	rate	of	40	±	1	Bq	per	100	t.	

D.	D'Angelo	-	Solar	Neutrinos	

January	2012	to	May	2013		
Borexino	Phase	2	
Live	Time:	408	days	

Neutrino	energy:	<	420keV	

Electron	recoil	energy:	<	264keV	

This	analysis	threshold:	165keV	
(cmp.	design	thresh.	250KeV,	
radiochem.	exp.	233keV)	

PP	neutrinos	with	Borexino	

SUT/IHEP	Neutrino	Physics	
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pp neutrino results 

Rate = 144±13(stat)±10(sys) c/d/100ton 

Nature, Vol. 512, Aug 28, 2014 

Null hypothesis rejection: 10σ 
Expected: 131±2 c/d/100ton 

Interpretations: 
1. If you believe SSM:  

l  confirms MSW-LMA 
2. If you believe MSW-LMA: 

l  confirms SSM 
3. If you believe both:  

l  the sun is stable over 105 time span 

 ICNFP 2015  --  Borexino Results and prospects   D. D'Angelo for the Borexino Collaboration            15 
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Pee	a�er	Borexino	

In	the	transi7on	region:	
Is	there	room		

for	new	physics?	

Solar neutrinos : open issues 

(Yet) Unresolved puzzles 

SSM   

• high vs. low metallicity of the surface of the Sun 

 

Experimental data 

• Missing upturn (predicted by MSW-LMA solution) in 

the 8B spectrum (SNO and SK) - will more data unveil 

the mystery? 

Further “Desiderata” 

• Full spectroscopy : still missing pp and CNO 

fluxes 

• Improved precision on 7Be, pep and 8B 

WƌĞĐŝƐĞ�ĞǆƉĞƌŝŵĞŶƚĂů�ĐŽŶƐƚƌĂŝŶ�ŽŶ�ƚŚĞ�WĞĞ�ї�ŝƐ�ƚŚĞƌĞ�
room for beyond standard model effects ?  NSI , 
Mass Varying Neutrinos, Long range Leptonic forces, 

ultra-light sterile neutrinos (arXiv:1305.5835 and 
Phys. Rev. D83 (2011) 113011) 

The Pee  is altered by beyond SM 
physics 

  G. Ranucci INFN Milano (Italy) PIC 2013 

Two	approaches	to	transi7on	region:	
1.  Reduce	error	on	pep	(and	7Be)	flux	
2.  Lower	threshold	on	8B		

(upturn	not	yet	observed	by	SNO-LETA	or	SK)	 Borexino	will	work	on	both	sides	

s7ll	missing		
CNO		

neutrinos	
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SNO conversion: heavy water is replaced by liquid 
scintillator (linear Alkylbenzene – LAB) compatible with 
the acrylic vessel. 

One	of	the	deepest	Underground	
facili7es	in	the	world:		
2km	rock	overburden	->	~	6km	w.e.	
	
The	muon	flux	is	2	order	of	
magnitude	less	than	in	Gran	Sasso	
	
Excellent	for	pep/CNO	neutrinos	

D.	D'Angelo	-	Solar	Neutrinos	SUT/IHEP	Neutrino	Physics	
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o  “Invisible”	modes	of	nucleon	decay:	
						 	unique	sensi7vity	with	ini7al	water	data	

o  Neutrinoless	double	beta	decay	
				 	 	Te	doping	(2016-2017)	
o  Low	energy	solar	neutrinos	(star7ng	in	2018)	
				 	 	pep,	CNO,	8B	and	poten7ally	7Be	&	pp	
	

o  Geo-neutrinos:		unmatched	sensi7vity	
	

o  240	km	baseline	reactor	neutrino	oscilla7on	
							Δm2	resolu7on	comparable	to	KamLAND		

o  Supernova	neutrinos:		major	player	

SNO+	physics	program	
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SNO			Acrylic	Vessel	Support	

Existing 
AV Support 
Ropes 
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AV Hold Down 
Ropes 

Existing 
AV Support 
Ropes 

SNO+	Acrylic	Vessel	Hold	Down	
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SNO+	Solar:	8B	
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The	JUNO	Experiment 

•  20	kton	LS	detector	
•  3%	energy	resolu,on	
•  700	m	underground	
•  Rich	physics	program	

–  including	solar	ν	with	
incredibly	high	sta,s,cs	

	

u  Jiangmen Underground Neutrino Observatory, a multiple-purpose 
neutrino experiment, approved in Feb. 2013. ~ 300 M$. 

124 
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What	next?	………..The	far	future	
Low	Energy	Neutrino	Astronomy	

50	kilotons	of	liquid	scin7llator	(linear	
Alkylbenzene	–	LAB)	
	
Fiducial	volume	of	the	order	of	30	ktons	
	
45000	photomul7pliers	

Because	 the	 smaller	 ra7o	 of	 surface	 to	 volume	 compared	 to	
the	Borexino	detector,	 in	LENA	 it	 this	very	 likely	to	reach	the	
excellent	background	condi7ons	of	Borexino.	

A	high	sta,s,cs	can	be	obtained	in	short	7mes	and	in	
both	Pyhsalmi	and	Frejus	underground	laboratories	

Expected	solar	neutrino	rates	in	LENA	
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In	 order	 to	 make	 an	 energy	 spectrum	
measurement	on	low	energy	neutrinos,	it	is	
necessary	to	reach	a	 low	threshold	 for	 the	
charged	current	(CC)	process	

The	 CC	 process	 employed	 in	 LENS	 is	 the	
neutrino	 induced	 transi7on	 of	 115In	 to	 an	
excited	state	of	115Sn:	

Thanks	to	that	it	is	possible	to	detect	low	energy	
neutrinos	 with	 a	 threshold	 of	 114	 keV	 and	
measure	their	energy,	

The	 p r imary	 i n te rac7on	 and	
secondary	 gamma	 cascade	 make	 a	
triple	 coincidence,	 correlated	 in	 both	
7me	and	space	

The	 combina7on	 of	 the	 4.76	 μs	mean	 delay	 and	 the	
spa7al	correla7on	of	the	primary	electron	and	the	two	
de-excita7on	 γ's	 of	 known	 energies	 provides	 a	 sharp	
tag	for	neutrino	interac7ons	

Liquid	scin,llator	chemically	doped	with	
natural	indium	(115In	=	95.7%)	
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