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Right now we are in the middle of a 
revolution in astrophysics and cosmology …



Right now we are in the middle of a 
revolution in astrophysics and cosmology …

..which started not too 
far from here in an 
underground laboratory.



“...to see into the interior of a 
star and thus verify directly the 
hypothesis of nuclear energy 
generation..”
Bahcall and Davis, 1964Solar Neutrinos



Scientific reach of the 
underground laboratories

• Physics at the intensity frontier: Violation of 
fundamental symmetries (time reversal, lepton number, 
baryon number); neutrino properties …

• Physics at the cosmic frontier: Particle and nuclear 
astrophysics; stellar and supernova neutrinos; nature of 
particle dark matter…

• Physics research carried at both frontiers is 
complementary to the research at the energy frontier.  

• Low-background counting. 
• Geophysics, dark life..
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Sources of neutrinos: Sun

Adopted from Lux Science

A minor league star (such as 
our Sun) produces neutrinos 
mainly through the reaction

𝑝 + 𝑝 → 𝑑 + 𝑒! + 𝜈"



qatmospheric (primarily q23)

qsolar (primarily q12)



How much does the CNO cycle contribute in the Sun?

In SSM CNO cycle contribute about 
0.8% of the neutrino flux. Data are 
consistent with this. A more precise 
measurement of the CNO contribution 
will provide a test of SSM.



Stars are fueled by and evolve through nuclear fu-
sion reactions. For most of their lifetime the key pro-
cess is the fusion of hydrogen into helium, which is
believed to happen in the star’s core through two
theoretically well understood mechanisms. One is
initiated by the direct fusion of two protons into a
deuteron, with the emission of a neutrino (⌫) and a
positron, and is known as the pp chain. The other
is catalysed by the presence of heavier nuclei in the
stellar plasma, such as carbon, nitrogen, and oxygen,
and is therefore known as the CNO cycle (see Fig. 1,
upper plot). Both the pp chain and the CNO cy-
cle are associated with the production of energy and
the emission of a rich spectrum of electron neutri-
nos [1, 2], shown in Fig. 1, lower plot.

Nuclear physics and stellar evolution show that
the relative importance of these mechanisms depends
mostly on stellar mass and on the abundance of el-
ements heavier than helium in the core (“metallic-
ity”). For stars similar to the Sun, but heavier than
about 1.3M� [3], the energy production rate is dom-
inated by the CNO cycle, while the pp chain prevails
in lighter, cooler stars. Due to the large number of
massive stars and their rapid evolution, the CNO cy-
cle is believed to be the primary mechanism for the
stellar conversion of hydrogen into helium in the Uni-
verse.

The CNO cycle is thought to contribute to the en-
ergy production in the Sun at the level of 1%, with a
large uncertainty related to poorly known metallicity.
Metallicity is relevant for two reasons: i) “metals”
directly catalyse the CNO cycle, and ii) they a↵ect
the plasma opacity, indirectly changing the temper-
ature of the core and modifying the evolution of the
Sun and its density profile. We notice, in addition,
that in the Sun the 16O lifetime at the core’s tem-
perature is much longer than the solar age [4]. This
makes the CNO sub-cycle II (see Fig. 1, upper plot)
sub-dominant in the Sun.

Solar neutrinos are the only tool to directly probe
the nuclear reactions in the Sun’s core. In particular,
the CNO neutrino flux depends on the metallic con-
tent of the solar core, which is a tracer of the initial
chemical composition of the Sun at the time of its
formation, being the core essentially decoupled from
the surface by the existence of a radiative zone, with
no mixing. CNO neutrinos are the only probe of that
initial condition.

The neutrinos produced by the solar pp chain have
been extensively studied since the early 70’s lead-
ing to the discovery of matter-enhanced neutrino
flavour conversion [5]. Recently, the Borexino experi-
ment has published a comprehensive study of the pp
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Figure 1: Upper plot : the double CNOcycle in the Sun,
where sub-cycle I is dominant. The colored arrows indi-
cate the reaction rates integrated over the Sun’s volume.
The rate of 17O(↵, p)14N reaction is below the low end
of the color scale (dashed arrow). Lower plot : energy
spectra of solar neutrinos from the pp chain (grey, pp,
pep, 7Be, 8B, and hep) and CNO cycle (in colour). The
two dotted lines indicate electron capture [9, 10, 11]. For
mono-energetic lines the flux is given in cm�2 s�1.

chain [6].
In this paper, we reach another milestone in so-

lar neutrino physics, by reporting on the first direct
detection of the CNOneutrinos produced by the Sun
and by experimentally proving, for the first time, that
the catalysed hydrogen fusion envisaged by Bethe
and Weizsäcker in the 30’s indeed exists [7, 8].

This result provides the first direct experimental
indication of the quantitative relevance of the CNO
cycle in the Sun and paves the way to the solu-
tion of the long standing “solar metallicity prob-
lem” [2], i.e., the scientific puzzle that originated
when a re-determination of the surface metallicity
of the Sun indicated a lower value than previously
assumed: standard solar models incorporating lower
metal abundances (SSM-LZ) [12] meet di�culties in
reproducing the results from helioseismology, which

1

Borexino Collaboration
2006.15115 [hep-ex]

CNO Neutrinos are 
now detected!
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Figure 2: Energy distribution of Borexino events (black
points) and spectral fit (magenta). CNO-⌫, 210Bi , and
pep-⌫ are highlighted in solid red, dashed blue, and dot-
ted green, respectively. All other components are in
grey. The yellow band represents the region with the
largest signal-to-background ratio for CNO-⌫.

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

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

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

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

supported by 210Pb through the sequence:

210Pb
��

������!
22.3 years

210Bi
��

���!
5 days

210Po
↵������!

138.4 days

206Pb .

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

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

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

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

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

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

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

3
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Long-baseline oscillations at GeV energies

s ~ E (DIS)

Event rate ~ E

Osc. max. L ~ E 
Flux at source ~ E2

Flux (L) = Flux (L=0)/L2

Flux (L) ~ 1
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The flagship 
experiment…



Sources of neutrinos: Supernovae

A (hopefully distant enough) core-collapse 
supernova produces approximately 1058 

neutrinos in about twenty seconds 
primarily via

Gravitational binding energy → 𝜈! + �̅�!

Those neutrinos produced in supernova explosions since the 
beginning of the Universe still stick around, forming the 

“Diffuse Supernova Background”

𝑒" + 𝑝 → 𝑛 + �̅�#

during the cooling and via

during the collapse.



Neutrinos from 
core-collapse 
supernovae

•Mprog ≥  8 Msun Þ DE ≈ 1053 ergs ≈ 
1059 MeV

•99% of the energy is carried away 
by neutrinos and antineutrinos with          
10 ≤ En ≤ 30 MeV  Þ 1058 neutrinos
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If we want to catch a supernova with neutrinos we’d better know 
what neutrinos do inside a supernova. 

Symmetry magazine



3D

2D
Princeton

ORNL/UT

Munich

Development of 2D and 
3D models for core-
collapse supernovae: 
Complex interplay 

between turbulence, 
neutrino physics and 

thermonuclear 
reactions. 



supernova neutron star merger
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Balantekin et al., arXiv:1401.6435 [nucl-th] 

Possible sites for the r-process

The origin of elements

Neutrinos not only 
play a crucial role 
in the dynamics of 
these sites, but 
they also control 
the value of the 

electron fraction, 
the parameter 

determining the 
yields of the r-

process. 



r-process nucleosynthesis

A > 100 abundance pattern fits 
the solar abundances well.

Roederer et al., Ap. J. Lett. 747, L8 (2012)



Balantekin and Fuller, Prog. Part. Nucl. Phys. 71 162 (2013)

For example understanding a core-collapse supernova requires 
answers to a variety of questions some of which need to be 

answered, both theoretically and experimentally.



The second term makes the physics of a neutrino gas in a core-collapse supernova a 
very interesting many-body problem, driven by weak interactions.

Neutrino-neutrino interactions lead to novel collective and emergent effects, 
such as conserved quantities and interesting features in the neutrino energy 

spectra (spectral “swaps” or “splits”). 

Energy released in a core-collapse 
SN: DE ≈ 1053 ergs ≈ 1059 MeV

99% of this energy is carried away 
by neutrinos and antineutrinos!

~ 1058 Neutrinos!
This necessitates including the 

effects of nn interactions!

Proto neutron 
star

n

n

n

n

n

H = a†a∑
describes neutrino oscillations and

interaction with matter (MSW effect)

!"#
+ 1− cosθ( )a†a†aa∑

describes neutrino-neutrino
interactions

! "$$$ #$$$





A system of N particles each of which can occupy k 
states (k = number of flavors)

Exact Solution Mean-field approximation

Entangled and 
unentangled states

Only unentangled states

Dimension of Hilbert 
space: kN Dimension of the 

diagonalizing space: kN

S = - Tr (r log r)von Neumann entropy

Pure State Mixed State

Density matrix r2 = r r2 ≠ r

Entropy S = 0 S ≠ 0
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We find that the presence of spectral splits is a good proxy 
for deviations from the mean-field results

mean field many body

Probability of 
observing the first 
mass eigenstate

Entanglement 
entropy

w

Split 
frequency

Patwardhan, Cervia, Balantekin, arXiv:2109.08995 
Phys. Rev. D 104, 123035 (2021)



Diffuse supernova neutrino background (DSNB)
Suliga, Beacom, Tamborra (2021)
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Detection of all flavors required to

• rule out potential non-standard scenarios

• bring us closer to understaning the supernova physics
Guseinov (1967), Totani et al. (2009), Ando, Sato (2004), Lunardini (2009), Beacom (2010), Horiuchi et al. (2011),
Lunardini, Tamborra (2012), Møller, Suliga, Tamborra, Denton (2018), Nakazato et al. (2018), Kresse et al. (2020) ...
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https://arxiv.org/abs/1004.3311
https://iopscience.iop.org/article/10.1088/0004-637X/738/2/154
https://inspirehep.net/literature/1116373
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https://arxiv.org/pdf/1503.01236.pdf
https://arxiv.org/abs/2010.04728


Maria Goeppert Mayer was 
awarded the 1963 Nobel
for the nuclear shell model, 
the San Diego Union 
headline sadly read “San 
Diego Housewife Wins 
Nobel Prize”.

Double Beta Decay

The second order process, 
where two neutrinos are 
emitted, is also possible. 

Maria Mayer, 1935



Pairing gives rise to double beta decay:



Nucleus Q-value (MeV) T1/2 (years) 
48Ca 4.276 (3.9±0.7±0.6) x 1019

76Ge 2.039 (1.7±0.2) x 1021

82Se 2.992 (9.6±0.3±1.) x 1019

100Mo 3.034 (7.11±0.02±0.54) x 1018

116Cd 2.804 (2.8±0.1±0.3) x 1019

128Te 0.876 (2.0±0.1) x 1024

130Te 2.529 (7.6±1.5±0.8) x 1020

136Xe 2.467 (1.1) x 1025

150Nd 3.368 (9.2±0.25±0.73) x 1021

Some measurements of 2bb decay



Summary - This article shows that the symmetry between particles and antiparticles leads 
some formal amendments in the theory of Fermi β radioactivity, and that the physical 

identity between neutrinos and antineutrinos leads directly to the theory of E. Majorana.

Suggestion of neutrinoless double beta decay
Nuovo Cimento, 14, pp 322-328 (1937)



nini
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Input: nuclear matrix 
elements

Initial 
nucleus

Final 
nucleus 
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Majorana nature of the neutrinos permit 
neutrinoless double beta decay:

2nbb 0nbb



For Majorana neutrino exchange the leptonic part of the amplitude 
is given as a sum over mass eigenstates:

ℒ%& =#
'

�̅� 𝑥 𝛾% 1 − 𝛾( 𝑈#'𝜈' 𝑥 𝜈') 𝑈#'𝛾& 1 + 𝛾( 𝑒)(𝑦)

𝑞%𝛾% −𝑚'

𝑞* −𝑚'
*

Contracting the two neutrino fields gives

𝑞!𝛾! term does not contribute to the traces making leptonic 
tensor proportional to the quantity

𝑚++ =#
',-

.

𝑈#'*𝑚'
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Vogel



Lowest Mass (eV)



Vogel

For 2nbb there is a strong shell-model dependence of the matrix elements



(1/T1/2) = G(E,Z) M2 ámbbñ2

G(E,Z) : phase space

M : nuclear matrix element 

ámbbñ = |∑j |Uej|2 mj eid(j)| 

0ν double beta decay

Light neutrino 
exchange

Heavy neutrino 
exchange



𝑚!! = $
"#$

%
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"
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'

GERDA Collaboration, Science 365, 1445 (2019)



DARK MATTER

Zwicky Rubin

Adopted from Forbes



Direct detection

Indirect detection

Observing the 
Dark Matter



Nucl.Instrum.Meth.A 936 (2019) 162-165







Compact Accelerator System for Performing Astrophysical 
Research (CASPAR)

LUNA: Stellar Hydrogen burning
CASPAR: Helium burning in 
massive Red Giant stars or low-
mass AGB stars
13C (a,n) 16O
22Ne (a,n) 25Mg



Sources of neutrinos: Wine



Thank you 


