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Our universe is filled with neutrinos

• “The Grand Unified Neutrino Spectrum at Earth” (update from Vitagliano et al, 
arXiv:1910.11878, original version by Cribier, Spiro, & Vignaud, 1995)
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.



Let’s look at the components

• Reactor, atmospheric, geoneutrinos -> 
locally produced


• Thermal neutrinos from stellar interiors: 


• energies in the several keV range 
(for the Sun), not directly detected, 


• but are clearly, if indirectly, observed 
in advanced stellar evolution stages
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

REVIEW ARTICLE

Table 1 Evolution of a 15-solar-mass star.
Stage Timescale Fuel or Ash or Temperature Density Luminosity Neutrino

product product (109 K) (gm cm−3) (solar units) losses
(solar units)

Hydrogen 11 Myr H He 0.035 5.8 28,000 1,800
Helium 2.0 Myr He C, O 0.18 1,390 44,000 1,900
Carbon 2000 yr C Ne, Mg 0.81 2.8×105 72,000 3.7×105

Neon 0.7 yr Ne O, Mg 1.6 1.2×107 75,000 1.4×108

Oxygen 2.6 yr O, Mg Si, S, Ar, Ca 1.9 8.8×106 75,000 9.1×108

Silicon 18 d Si, S, Ar, Ca Fe, Ni, Cr, Ti, . . . 3.3 4.8×107 75,000 1.3×1011

Iron core ∼1 s Fe, Ni, Cr, Ti, . . . Neutron star >7.1 >7.3×109 75,000 >3.6×1015
collapse∗

∗ The pre-supernova star is defined by the time at which the contraction speed anywhere in the iron core reaches 1,000 km s−1 .

neutrinos. Each time one fuel runs out, the star
contracts, heats up and then burns the next one,
usually the ashes of the previous stage. After helium
burning, the evolution is greatly accelerated by
neutrino losses. For temperatures approaching a
billion degrees or more, a large thermal population
of electrons and positrons is maintained. When the
electrons meet and annihilate with positrons, a
neutrino–antineutrino pair is occasionally produced.
These neutrinos escape the star with ease and force
the burning to go faster to replenish the loss.
Although the fusion of hydrogen and helium takes
millions of years, the last burning phase — silicon
burning — lasts only two weeks.

Eventually, a core of about 1.5 solar masses of
iron-group elements is produced. Because the
nuclear binding energy per nucleon has its
maximum value for the iron group, no further
energy can be released by nuclear fusion, yet the
neutrino losses continue unabated, exceeding the
Sun’s luminosity by a factor of about 1015. At such
high temperatures and densities, two other processes
also rob the iron core of the energy it needs to
maintain its pressure and avoid collapse: electron
capture by nuclei, and an endoergic process called
photodisintegration. At densities above 1010 g cm−3,
electrons are squeezed into iron-group nuclei, raising
their neutron number. As electrons supply most of
the pressure that holds the star up, their loss robs the
core of both energy and support. At the same high
temperature, radiation also begins to melt down
some of the iron nuclei to helium — this is
photodisintegration — partially undoing the last
million years or so of nuclear evolution and sapping
the core of still more energy. Soon the iron core is
falling nearly freely at about a quarter of the speed of
light. Starting from the size of the Earth, the core
collapses to a hot, dense, neutron-rich sphere about
30 km in radius. Eventually the repulsive component
of the short-range nuclear force halts the collapse of
the inner core when the density is nearly twice that of
the atomic nucleus, or 4–5×1014 g cm−3.

The abrupt halt of the collapse of the inner core
and its rebound generates a shock wave as the core’s
outer half continues to crash down. Once it was
thought that this bounce might actually be the origin
of the supernova’s energy3–5, that the outward
velocity of the bounce would grow as it moved into
the outer layers of the core and eject the rest of the
star with high velocity. Now it is known that this

does not occur. Instead, the shock wave stalls because
of photodisintegration and copious neutrino losses.
A few milliseconds after the bounce, all positive
velocities are gone from the star and the dense, hot
neutron-rich core (commonly called a
proto-neutron star; PNS) is accreting mass at a few
tenths of a solar mass per second. If this accretion
continued unabated for even one second, the PNS
would be crushed into a black hole and no
supernova would ever explode.

However, the PNS emits a prodigious luminosity
of neutrinos. Over the next few seconds, if it does not
become a black hole, it will radiate about 10% of its
rest mass (about 3×1053 erg), eventually settling
down as a gigantic neutron-rich nucleus of 10 km
radius — a neutron star. This neutrino emission is
actually the chief output of the event which is
overwhelmingly a gravity-powered neutrino
explosion. But how can this be used to turn the
collapse of the rest of the star into the explosion that
we see with optical telescopes? This is the part of the
problem that has caused theorists the greatest
difficulty for 40 years6. A typical core-collapse
supernova has 1–2×1051 erg in kinetic energy, far
less than that released as neutrinos during
neutron-star formation. But the neutrinos streaming
out from the core have a small cross-section for
energy deposition and, to make matters worse, a
large part of the energy that they do deposit is
radiated away again as neutrinos (neutrinos deposit
their energy chiefly by the reactions p+ν̄ → n+e+

and n+ν → p+e−, where p, n, e+ and e− are the
proton, neutron, positron and electron respectively;
they are radiated away by the inverse of these same
reactions). The efficiency for absorption and
re-emission depends on the density and temperature
structure around the neutron star, and this, in turn,
depends on some complicated fluid mechanics7.
There is also a threshold of energy that must be
deposited in a brief time to overcome the ‘ram
pressure’ of the infalling matter, which, as we noted,
is rapidly accreting8.

The current frontier in research into
core-collapse supernovae centres on
multidimensional simulations of the contracting
PNS and neutrino energy deposition in its
immediate surroundings. If this neutrino-powered
model is to work, neutrino energy deposition must
inflate a large bubble of radiation and
electron–positron pairs surrounding the neutron
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Relic neutrinos

• Cosmic Neutrino Background: 
the figure assumes the lightest 
state is massless, the other two 
are 8 meV and 50 meV (solar 
and atmospheric splittings) -> 
presently non-relativistic


• Again, no direct detection


• But overwhelming indirect 
evidence in the CMB
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

Planck Collaboration: Cosmological parameters

Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck
TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our
95 % limit of

P
m⌫ < 0.12 eV starts to put pressure on the in-

verted mass hierarchy (which requires
P

m⌫ >⇠ 0.1 eV) indepen-
dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018; de Salas et al. 2018a,b).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8

 
4

11

!4/3

⇢�. (64)

The standard cosmological model has Ne↵ ⇡ 3.046,
slightly larger than 3 since the three standard model neu-
trinos were not completely decoupled at electron-positron
annihilation (Gnedin & Gnedin 1998; Mangano et al. 2005;
de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-
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Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g
"

43
4 gs

#4/3

⇥

(
4/7 boson,
1/2 fermion, (65)

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.38 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <

⇠
T <
⇠

100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
duction in the error bar, giving

Ne↵ = 3.00+0.57
�0.53 (95 %, Planck TT+lowE), (66a)

Ne↵ = 2.92+0.36
�0.37 (95 %, Planck TT,TE,EE+lowE), (66b)

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO

38For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .
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Planck 2018, 
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Relic neutrinos

• We know not only that about 
three neutrino species were 
present at the time of the CMB 
formation, but also that they 
were (mostly) streaming freely, 
not coupled to plasma like 
photons

Friedland, Zurek, Bashinsky,  
0704.3271

April 16  2007, APS meetingApril 16  2007, APS meeting Alexander Friedland, LANLAlexander Friedland, LANL 2323

Planck will resolve the controversy!



Tau neutrinos?

• So, are there nonrelativistic tau 
neutrinos in this room?


• Thinking about them as “tau 
neutrinos” is not right!


• Proper particles are mass 
eigenstates, , each with 
the tau component


• Wavepackets separate over long 
distances, any flavor oscillations 
stop


• Same is true, btw, for all 
astrophysical neutrinos

ν1, ν2, ν3
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.



Solar neutrinos

• Also arrive in mass eigenstates


• In fact, thanks to the adiabatic matter effect (MSW), 
8B neutrinos arrive as almost exclusively . Flavor 
composition independent of the Earth-Sun distance


• The solution to the solar neutrino problem is neutrino 
oscillations (Nobel Prize 2015), yet to be technically 
correct, 8B solar neutrinos don’t oscillate.


• Lower energy neutrinos, pp & 7Be, do arrive as both 
 and . The transition between the MSW and 

averaged vacuum regimes in the middle of the solar 
neutrino spectrum is completely nontrivial: nature 
tunes  to  (e.g., the solar neutrino 
density) 

ν2

ν1 ν2

Δm12/Eν GFn⊙
e

ARTICLERESEARCH

identical results. We obtain an upper limit of <8.1 counts per day per 
100 t (95% C.L.) for the CNO neutrino interaction rate, in agreement 
with the Borexino sensitivity to CNO studied with Monte Carlo.

For completeness, we also perform a search for the hep neutrinos, 
emitted by the proton capture reaction of 3He (Fig. 1). The expected 
flux is more than two orders of magnitude smaller than that of 8B neu-
trinos. Despite their higher end-point energy, this signal in Borexino 
is extremely small and covered by background, particularly cosmo-
genic 11Be decays (Q = 11.5 MeV, β−, τ = 19.9 s) and 8B neutrinos. 
We perform a dedicated analysis on the whole dataset (0.8 kt yr) and 
in the energy region 11–20 MeV we find 10 ± 3 events, consistent 
with the expected background. We obtain an upper limit for the hep 
neutrino flux of 2.2 × 105 cm−2 s−1 (90% C.L.) to be compared with 
the expected flux 7.98 × 103 cm−2 s−1 (8.25 × 103 cm−2 s−1) assuming 
the HZ (LZ) SSM.

Discussion and outlook
The measurements reported in this work represent a complete study of 
the solar pp chain and of its different terminations by means of neutrino 
detection in a single detector and with a uniform data analysis proce-
dure. These measurements can be used either to test the MSW-LMA 
paradigm assuming SSM flux predictions or, alternatively, to probe our 
understanding of solar physics assuming the validity of the neutrino 
oscillation mechanism.

The interaction rates of pp, 7Be, pep and 8B neutrinos reported  
in Table 2 can be used to infer the electron neutrino survival  
probability at different energies. Assuming the HZ-SSM fluxes18  
and standard neutrino-electron cross-sections27, we obtain the electron 
neutrino survival probabilities for each solar-neutrino component: 
Pee(pp, 0.267 MeV) = 0.57 ± 0.09, Pee(7Be, 0.862 MeV) = 0.53 ± 0.05, 
and Pee(pep, 1.44 MeV) = 0.43 ± 0.11. The quoted errors include the 
uncertainties on the SSM solar-neutrino flux predictions. The 8B elec-
tron neutrino survival probability is calculated in each HER range 
following the procedure described in ref. 24. We obtain Pee(8BHER, 
8.1 MeV) = 0.37 ± 0.08, Pee(8BHER-I, 7.4 MeV) = 0.39 ± 0.09, and 
Pee(8BHER-II, 9.7 MeV) = 0.35 ± 0.09. These results are summarized 
in Fig. 3. For non-monoenergetic components, that is, pp and 8B neu-
trinos, the Pee value is quoted for the average energy of neutrinos that 
produce scattered electrons in the given energy range.

Borexino provides the most precise measurement of the Pee in the 
LER, where flavour conversion is vacuum-dominated. At higher energy, 

where flavour conversion is dominated by matter effects in the Sun, 
the Borexino results are in agreement with the high-precision meas-
urements performed by SuperKamiokande31 and SNO32. Borexino is 
the only experiment that can simultaneously test neutrino flavour con-
version both in the vacuum and in the matter-dominated regime. We 
performed a likelihood ratio test to compare our data with the MSW-
LMA and the vacuum-LMA predictions (pink and grey bands in Fig. 3, 
respectively). Our data disfavour the vacuum-LMA hypothesis at 98.2% 
C.L. (see Methods). Overall, the results are in excellent agreement with 
the expectations from the MSW-LMA paradigm with the oscillation 
parameters indicated in ref. 19.

Since solar neutrinos are detected on Earth only about 8 min after 
being produced, they provide a real-time picture of the core of the Sun. 
In particular, the neutrino fluxes determined experimentally can be 
used to derive the total power generated by nuclear reactions in the 
Sun’s core33. By using exclusively the new Borexino results reported in 
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Fig. 3 | Electron neutrino survival probability Pee as a function of 
neutrino energy. The pink band is the ±1σ prediction of MSW-LMA 
with oscillation parameters determined from ref. 19. The grey band is the 
vacuum-LMA case with oscillation parameters determined from refs 38,39. 
Data points represent the Borexino results for pp (red), 7Be (blue), pep 
(cyan) and 8B (green for the HER range, and grey for the separate HER-I 
and HER-II sub-ranges), assuming HZ-SSM. 8B and pp data points are set 
at the mean energy of neutrinos that produce scattered electrons above the 
detection threshold. The error bars include experimental and theoretical 
uncertainties.

Table 2 | Borexino experimental solar-neutrino results
Solar neutrino Rate (counts per day per 100 t) Flux (cm−2 s−1) Flux–SSM predictions (cm−2 s−1)

pp ± −
+134 10 10

6 . ± . ×− .
+ .(6 1 0 5 ) 100 5

0 3 10 . . ± . ×5 98(1 0 0 006) 10 (HZ)10  
. . ± . ×6 03(1 0 0 005) 10 (LZ)10

7Be . ± . − .
+ .48 3 1 1 0 7

0 4 . ± . ×− .
+ .(4 99 0 11 ) 100 08

0 06 9 . . ± . ×4 93(1 0 0 06) 10 (HZ)9  
. . ± . ×4 50(1 0 0 06) 10 (LZ)9

pep (HZ) . ± . − .
+ .2 43 0 36 0 22

0 15 . ± . ×− .
+ .(1 27 0 19 ) 100 12

0 08 8 . . ± . ×1 44(1 0 0 01) 10 (HZ)8  
. . ± . ×1 46(1 0 0 009) 10 (LZ)8

pep (LZ) . ± . − .
+ .2 65 0 36 0 24

0 15 . ± . ×− .
+ .(1 39 0 19 ) 100 13

0 08 8 . . ± . ×1 44(1 0 0 01) 10 (HZ)8  
. . ± . ×1 46(1 0 0 009) 10 (LZ)8

8BHER-I . − . − .
+ . + .0 136 0 013 0 003

0 013 0 003 . ×− . − .
+ . + .(5 77 ) 100 56 0 15

0 56 0 15 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

8BHER-II . − . − .
+ . + .0 087 0 010 0 005

0 080 0 005 . ×− . − .
+ . + .(5 56 ) 100 64 0 33

0 52 0 33 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

8BHER . − . − .
+ . + .0 223 0 016 0 006

0 015 0 006 . ×− . − .
+ . + .(5 68 ) 100 41 0 03

0 39 0 03 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

CNO <8.1 (95% C.L.) < . ×7 9 108 (95% C.L.) . . ± . ×4 88(1 0 0 11) 10 (HZ)8  
. . ± . ×3 51(1 0 0 10) 10 (LZ)8

hep <0.002 (90% C.L.) < . ×2 2 105 (90% C.L.) . . ± . ×7 98(1 0 0 30) 10 (HZ)3  
. . ± . ×8 25(1 0 0 12) 10 (LZ)3

Measured neutrino rates (second column): for pp, 7Be, pep and CNO neutrinos we quote the total counts without any threshold; for 8B and hep neutrinos we quote the counts above the corresponding 
analysis threshold. Neutrino "uxes (third column) are obtained from the measured rates assuming the MSW-LMA oscillation parameters19, standard neutrino–electron cross-sections27 and a density of 
electrons in the scintillator of . ± . ×(3 307 0 003) 1031 electrons per 100 t. All "uxes are integral values without any threshold. The result for pep neutrinos depends on whether we assume HZ or LZ SSM 
predictions to constrain the CNO neutrino "ux. The last column shows the "uxes predicted by the SSM for the HZ or LZ hypotheses18.

5 0 8  |  N A T U R E  |  V O L  5 6 2  |  2 5  O C T O B E R  2 0 1 8
© 2018 Springer Nature Limited. All rights reserved.
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Solar neutrinos as probes of BSM

• We are not really done with solar neutrinos


• It would be good to measure the transition regime better, because it is sensitive to 
new physics, e.g, NSI


• SNO+?

arXiv:1111.5331



Astrophysical neutrinos as probes of BSM

• Let’s consider an example. If the short-baseline anomalies are due to a truly 
sterile neutrino, such a sterile neutrino would be completely thermalized 
with the active ones at T ~ several MeV -> Neff=4 -> disfavored by Planck


• So what happens if a sterile neutrino is confirmed in the lab in the next 3-5 
years? -> the physics is beyond minimal, life becomes interesting

A Proposal for a Three Detector

Short-Baseline Neutrino Oscillation Program

in the Fermilab Booster Neutrino Beam
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Hidden interactions to the rescue?

• What if sterile neutrinos are actually not truly sterile, but interacting through 
their own force?


• Once there is some population of hidden neutrinos, this would induce an 
MSW potential that would suppress mixing between νa and νh . Would that 

shut off νa -> νh thermalization?


• This is the Babu-Rothstein framework 


• Babu & Rothstein, Phys.Lett. B275 (1992) 112-118


• Dasgupta & Kopp; Hannestad, Hansen, & T. Tram; plus a number of others



The physics here is actually subtle

Cherry, A. F., Shoemaker, arXiv:1605.06506

• Different physical regimes must be carefully analyzed:


• Heavy mediator, Light mediator, Resonant, Quantum Zeno, Non-freestreaming in CMB...


• We find that for the oscillation parameters suggested by the oscillation “anomalies” the 
thermalization temperature has a fundamental lower limit


• This is close to 1 MeV of weak decoupling. The BR mechanism is thus only marginally 
successful. Fractional deviation of Neff from 3 expected. 


• The viable parameter space has mediator masses in the range ~ 10-3-102 MeV. 


• This enter range will be probed with next-gen experiments.

T0 ⇠ (sin2 2✓(�m2)2Mpl)
1/5 ⇠ 200 keV



Testing this: neutrino-neutrino collider?

• We need to collide neutrino mass eigenstates, which have admixture of the 
“sterile” component that gives them new interactions


• Not feasible in the lab, but we can use the universe as the experimental setup


• Icecube has observed neutrinos in the PeV energy range, that likely originate 
from cosmological distances


• These neutrinos on their way to us travel through the relic neutrino 
background. Both the beam and the background had enough time to oscillate 
and separate into mass eigenstates.



Example calculation
Compare absorption features w/ 
CNB spectrum earlier



Details in arXiv:1605.06506



Last but not least, supernova neutrinos

2052 G. Stockinger et al.

Figure 7. Planar slices of our 3D models showing the entropy colour-coded at tmap. The left-hand panels display the plane of largest shock deformation,
whereas the right panels present the plane of smallest shock expansion. The coordinate directions of the plots (indicated by the tripods in the top right corners)
have no association with the coordinates of the computational grid. Note the almost spherical morphology of model e8.8 and the deformed ejecta morphology
of models s9.0 and z9.6. For better visibility of the small-scale structures of model s9.0, we choose a different colour representation in this case. The white
dashed line marks the shock surface. This line is missing in the top two panels because in model e8.8the shock is at more than 20 000 km at this time already,
far ahead of all explosion asymmetries.

the LESA phenomenon (Tamborra et al. 2014b), can accelerate
the PNS opposite to the direction of the largest total neutrino-
energy flux. LESA manifests itself in a dominant and stable ! = 1
spherical harmonics mode of the lepton-number emission and a
corresponding energy-emission dipole amplitude of several per cent
compared to the monopole (see Tamborra et al. 2014a, 2014b,

and Section 4.2). LESA is observed in both simulations conducted
with VERTEX-PROMETHEUS. The almost spherical explosions of the
ECSN-like progenitor yield very low hydrodynamic kick velocities
by the ‘gravitational tug-boat effect’ (Gessner & Janka 2018).
Anisotropic neutrino emission cannot be evaluated in our simulation
of model e8.8, because of the spherical treatment of the central

MNRAS 496, 2039–2084 (2020)
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Core-collapse SN: Gravity-powered neutrino bomb

• Neutrinos carry away >99% of the energy (instantaneously, as all the stars in 
the universe)


• Neutrino heating powers the expulsion of the envelope -> visible explosion


• Neutrinos are an essential ingredient in nucleosynthesis


• Drive matter outflow from the PNS surface. 


• Set the electron fraction close to the PNS surface. 


• Drive weak processes in the entire outflow region.



Proton-rich isotopes: an enduring mystery

• Most elements heavier that iron are synthesized by neutron capture: the s- 
and r-processes


• A number of naturally occurring, proton-rich isotopes are bypassed by s- and 
r-processes, must be produced by different mechanisms
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Figure 1. The p-isotopes are shielded from r-process decay chains by stable
isotopes and are bypassed in the s-process reaction flow.

sections 6.1, 6.2, and 6.3. Experimental approaches are reviewed in section 7, more
specifically photodisintegration reactions and their limitations (section 7.1), charged-
particle induced reactions (section 7.2), elastic scattering (section 7.3), and neutron-
induced reactions (section 7.4).

2. The case of the missing nuclides

In the first detailed analysis of solar abundances published by [1], it was already
indicated that at least two types of processes may be required to produce the
abundance distribution above iron, one leading to neutron-rich isotopes and a different
one for neutron-deficient nuclides. Only one year later [2] (B2FH) and [3] made
detailed studies on suitable processes and their constraints, based on the data by [1]
and additional astronomical observations and nuclear data. It turned out that two
types of neutron-capture processes were required to explain the abundance patterns of
intermediate and heavy nuclei, the so-called s- and r-processes [4–6]. They also realized
that a number of proton-rich isotopes can never be synthesized through sequences of
only neutron captures and β− decays (figure 1) and required the postulation of a third
process. It was termed p-process because it was initially thought to proceed via proton
captures at high temperature, perhaps even reaching (partial) (p,γ)-(γ,p) equilibrium.
This nucleosynthesis process was tentatively placed in the H-rich envelope of type II
supernovae by B2FH but it was later realized that the required temperatures are not
attained there [7, 8]. This also shed doubts on the feasibility to use proton captures
for producing all of the nuclides missing from the s- and r-process production.

It is somewhat confusing that in the literature the name ”p-process” is sometimes
used for a proton capture process in the spirit of B2FH but also sometimes taken as
a token subsuming whatever production mechanism(s) is/are found to be responsible
for the p-nuclides. For an easier distinction of the production processes, here we prefer
to adopt the modern nomenclature focussing on naming the nuclides in question the
p-nuclides (they were called “excluded isotopes” by [3]) and using different names to
specify the processes possibly involved.

Rauscher et al (2013)



Leading proposal: the -processνp

• Proposed to operate in core-collapse SN, in a neutrino-driven outflow from 
the surface of protoneutron star [Frohlich et al (2005), Pruet et al (2005), 
Wanajo (2006)]. 


• The outflow is proton-rich and expands in the presence of a large flux of 
neutrinos


• Key observation: neutrinos convert some of the protons into neutrons. 
These neutrons are immediately captured on proton-rich seed nuclei, 
helping bypass the beta-decay waiting points



Field in crisis?



Physics of the outflows

• The outflows can be subsonic (smooth) or supersonic (w/ termination shocks). 


• The conditions in a supernova are special, such that both types can occur, depending on the 
exact conditions surrounding the core [A.F., Mukhopadhyay, PLB (2022)]


• Previous nucleosynthesis studies only considered supersonic


• But subsonic ones work perfectly fine! [A.F., Mukhopadhyay, Patwardhan, arXiv:2312.03208)]
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Conclusions

• Our universe is filled with neutrinos, with energies spanning more than two 
decades 


• Sometimes these neutrinos can be measured directly, but often our measurements 
are indirect.


• We see neutrino imprints in stellar evolution, in CMB fluctuations, or in the 
patterns of isotopes observed in the solar system


• The study of particle physics and astrophysics has gone hand in hand. Example: 
solar neutrinos. We learned about the solar interior and about particle physics.


• Every reason to believe that the same will happen with supernova neutrinos or 
UHE neutrinos. They probe physical conditions that cannot be reproduced in 
the lab. There are lots of subtleties, but the payoff is potentially fantastic!


