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1. How can observing thousands of electron neutrinos at DUNE test the 
explosion paradigm? 

Inés Gil Botella - Low Energy @DUNE

DUNE: 40 kton LAr (SN @10 kpc)
28

Time-dependent signal
Expected event spectrum 

integrated over time



2. What can we learn from each stage of the explosion: onset/neutronization 
burst, accretion stage, cooling stage? 
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Figure 1. Explosion dynamics and neutrino emission of model M P3D LS220 m�. Time axes are chosen for optimal visibility.

Top left: Mass-shells with entropy per nucleon color-coded. Maximum, minimum, and average shock radii, gain radius, and

the mass shells of Si/O shell interface and final NS mass are marked. The vertical white line separates Vertex transport (left,

time linear) and HC neutrino approximation (right, time logarithmic). Top right: Average values of shock radius and velocity,

gain radius, and turnaround radius Rret for models M P3D LS220 m� and L P3D LS220 m�. Middle left: Emitted luminosities and

mean energies of ⌫e, ⌫̄e, and a single species of heavy-lepton neutrinos. The time axis is split as in the top-left panel. Middle

right: Explosion energy, diagnostic and without overburden (OB�), and corresponding time derivatives compared to 0.5 and

1.0 of the net neutrino heating rate in the gain layer. At 7 s EOB�
exp is still growing with a rate of ⇠ 0.02 B s�1. Bottom left: Mass

accretion rate in downflows and ejection rate in outflows at 400 km, and ratio ↵ of the mass outflow rates at 400 km and at the

average turnaround radius Rret. Bottom right: Total enthalpy and energy fluxes, Fh,out and Fe,out, in outflows at 400 km and

corresponding mean enthalpy and energy per baryon, averaged over a running window of 25 ms to reduce fluctuation amplitudes.
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Fig. 11.1. Schematic picture of the core collapse of a massive star (M !>
8M!), of the formation of a neutron-star remnant, and the beginning of a
SN explosion. There are four main phases numbered 1"4 above the plot:
1. Collapse. 2. Prompt-shock propagation and break-out, release of prompt
!e burst. 3. Matter accretion and mantle cooling. 4. Kelvin-Helmholtz
cooling of “protoneutron star.” The curves mark the time evolution of several
characteristic radii: The stellar iron core (RFe). The “neutrino sphere” (R!)
with di!usive transport inside, free streaming outside. The “inner core”
(Ric) which for t !< 0.1 s is the region of subsonic collapse, later it is the
settled, compact inner region of the nascent neutron star. The SN shock
wave (Rshock) is formed at core bounce, stagnates for several 100ms, and
is revived by neutrino heating—it then propagates outward and ejects the
stellar mantle. The shaded area is where most of the neutrino emission
comes from; between this area and R! neutrinos still di!use, but are no
longer e"ciently produced. (Adapted from Janka 1993.)

Neutrino trapping has the e!ect that the lepton number fraction
YL is nearly conserved at the value Ye which obtains at the time of
trapping. However, electrons and electron neutrinos still interconvert
(! equilibrium), causing a degenerate "e sea to build up. The core of
a collapsing star is the only known astrophysical site apart from the
early universe where neutrinos are in thermal equilibrium. It is the
only site where neutrinos occur in a degenerate Fermi sea as the early
universe is thought to be essentially CP symmetric with equal numbers
of neutrinos and antineutrinos to within one part in 109. When neutrino
trapping becomes e!ective, the lepton fraction per baryon is YL # 0.35,



3. What signatures are especially important to measure if the signal indicates 
black hole formation? 7

Figure 3. Evolution of baryonic mass shells in the nonrotating model
s40WH07 evolved with the LS180 EOS. We also include the shock location
and the radii of the !e and !x neutrinospheres. The !̄e-sphere (not shown),
is inside, but very close to the !e-sphere. The vertical dotted line denotes a
change of timescale in the plot, highlighting the final! 1ms of evolution be-
fore the central density reaches ! 4.2"1015 gcm−3 and the simulation halts.
We specifically highlight the 0.5, 1.0, 1.5, 2.0, and 2.5M! baryonic mass
shells with dashed lines. With solid lines, for M < 2M!, we plot every 0.1
M! mass shell. Above 2M! , we plot mass shells with a spacing of 0.05M! .

At! 408ms after bounce, the shock has receded to! 20km
and the PNS has reached a baryonic (gravitational) mass of
! 2.33M! (! 2.23M!). The difference between baryonic
and gravitational mass, at this point in the evolution, is due
to the ! 1.9" 1053 erg of energy radiated by neutrinos. At
this point, dynamical PNS collapse to a BH sets in and hap-
pens on a coordinate timescale of ! 1ms. In the rightmost
part of Figure 3, we zoom in to the final 1ms of evolution to
show detail. The first signs of collapse manifest themselves
in the development of a radial infall velocity profile at the
PNS edge. The PNS then collapses in on itself and the central
density increases by a factor of ! 3 in only ! 1ms of coordi-
nate time. The simulation crashes due to EOS limitations at
!c ! 4.2" 1015 gcm−3 and with "c = 0.006. At this point the
peak of the metric function X = [1−2m(r)/r]−1/2 is ! 4.4 at a
coordinate radius of ! 6.8km. There, the fluid velocity also
peaks at ! −0.83c. The shock recedes by ! 8km in the last
! 1ms of evolution to a radial coordinate of! 12km. During
the last ! 0.05ms, due to the central lapse dropping to nearly
zero, the evolution of the mass shells slows near the origin.
This is characteristic for our choice of gauge. If the simula-
tion were to continue, X would become singular at the event
horizon that would appear after infinite coordinate time in our
coordinates (Petrich et al. 1986).
The s40WH07 model discussed here is a typical example

of a failing CCSN in spherical symmetry. We present the re-
sults of a large number of such models in Table 2, where for
each EOS and progenitor model we show the time to BH for-
mation as measured from bounce and the mass, both baryonic
and gravitational, of the PNS when the central value of the
lapse function " reaches 0.3 (roughly the point of instability).
In this table, the model name describes the initial model. The
metallicity is denoted by one of three letters: s, u, and z which
represent solar, 10−4 solar, and zero metallicity, respectively.
Following the metallicity is the ZAMS mass and the progen-
itor model set. In many simulations, particularly in those

employing stiff EOS, a BH does not form within 3.5s. For
these simulations we include in parentheses the mass inside
the shock at 3.5s. We note that at BH formation the shock is
typically at a distance of ! 20km and there is very little mass
between the shock and the PNS. The dynamical collapse to a
BH happens very quickly (t ! 1ms) during which very little
additional accretion occurs.

4.2. Comparison with Previous Work

The s40WW95 progenitor was considered in the BH for-
mation studies of Liebendörfer et al. (2004), Sumiyoshi et al.
(2007) (hereinafter referred to as S07), and Fischer et al.
(2009) (hereinafter referred to as F09). For comparison, we
perform simulations with this progenitor for both the LS180
and HShen EOS. Table 3 compares two key quantities, the
time to BH formation and the maximum baryonic PNS mass,
obtained with GR1D with the results obtained in the afore-
mentioned studies.
For the LS180 EOS, we find a time to BH formation of

! 524ms and a maximum baryonic PNS mass of ! 2.26M!,
which is ! 3% larger than predicted by F09. We attribute
this discrepancy to the different neutrino transport methods
used. GR1D’s leakage scheme has the tendency to somewhat
over predict electron-type neutrino luminosities (see the dis-
cussion in O’Connor & Ott 2010), resulting in lower gravita-
tional masses compared to full Boltzmann transport calcula-
tions. Our time to BH formation is longer by ! 100ms or
! 20%. This disagreement is relatively larger than the bary-
onic mass disagreement due to the low accretion rate at late
times that translates small differences in mass to large differ-
ences in time. At ! 435.5ms, the time to BH formation of
F09, our PNS has a baryonic mass of ! 2.17M!, which is
consistent to ! 1% with F09. We find it more difficult to rec-
oncile our results (and those of Liebendörfer et al. (2004) and
F09) with the simulations of S07. Their maximum PNS bary-
onicmass and the time to BH formation suggest a lower accre-
tion rate throughout their evolution (! 2.1M! in ! 560ms).
In the simulation run with the stiffer HShen EOS, the larger

maximum PNS mass leads to a delay of BH formation until a
postbounce time ! 1.129s and we find a maximum baryonic
PNS mass of ! 2.82M!. The maximum PNS mass and time
to BH formation of S07 again suggest an accretion rate in dis-
agreement with F09 and our work. The results of F09 with
the HShen EOS suffer from a glitch in F09’s EOS table inter-
polation scheme which has since been fixed (T. Fischer 2010,
private communication). This leads to a postbounce time to
BH formation of ! 1.4s and a maximum baryonic PNS mass
of ! 3.2M!. Results from more recent simulations correct
this error and are presented in Table 3 (T. Fischer 2010, pri-
vate communication).

4.3. Equation-of-state Dependence and Thermal Effects

The maximum PNS mass and, thus, the evolution toward
BH formation, depends strongly on the EOS. This was re-
alized early on (Burrows 1988) and has recently been in-
vestigated by S07 and F09 who compared models evolved
with the LS180 and HShen EOS. Here we extend their dis-
cussion and include also the LS220 and LS375 EOS. For a
given accretion history, set by progenitor structure and in-
dependent of the high-density EOS, a stiffer nuclear EOS

with	SNOwGLoBES
10kpc

O’Connor	(2015)

MSW	only

Beyond	Detection:	Black	Holes

Black	hole	formation	time	reveals	properties	
of	progenitor	and	thermal	properties	of	EOS



4. What are the benefits of accurately measuring SN neutrino energies? 
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Figure 1. Explosion dynamics and neutrino emission of model M P3D LS220 m�. Time axes are chosen for optimal visibility.

Top left: Mass-shells with entropy per nucleon color-coded. Maximum, minimum, and average shock radii, gain radius, and

the mass shells of Si/O shell interface and final NS mass are marked. The vertical white line separates Vertex transport (left,

time linear) and HC neutrino approximation (right, time logarithmic). Top right: Average values of shock radius and velocity,

gain radius, and turnaround radius Rret for models M P3D LS220 m� and L P3D LS220 m�. Middle left: Emitted luminosities and

mean energies of ⌫e, ⌫̄e, and a single species of heavy-lepton neutrinos. The time axis is split as in the top-left panel. Middle

right: Explosion energy, diagnostic and without overburden (OB�), and corresponding time derivatives compared to 0.5 and

1.0 of the net neutrino heating rate in the gain layer. At 7 s EOB�
exp is still growing with a rate of ⇠ 0.02 B s�1. Bottom left: Mass

accretion rate in downflows and ejection rate in outflows at 400 km, and ratio ↵ of the mass outflow rates at 400 km and at the

average turnaround radius Rret. Bottom right: Total enthalpy and energy fluxes, Fh,out and Fe,out, in outflows at 400 km and

corresponding mean enthalpy and energy per baryon, averaged over a running window of 25 ms to reduce fluctuation amplitudes.



5. What considerations dictate SN/solar neutrino energy calorimetry at DUNE? 
What are the main obstacles we should worry about?  

cross-section measurements? 

neutron transport in LAr? 

synergies between charge and light? 

Machine learning for reconstruction?

Example	neutron	event

March	16,	2017 PINS	2017 28

En =	16.3	MeV

e- deposited	4.5	MeV

gs from	n-capture	
7.6	MeV

Total	visible	
Energy	=	12.2	MeV

Visible	event	
radius	=	144	cm



6. Can oscillation effects and explosion physics be disentangled? 



7. What keeps the supernova modelers up at night in 2020? 



8. What is the status of the solar neutrino measurements? What 
open questions can DUNE help address? 
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SSM-HZ). Despite detailed studies, this discrepancy remains an open 
problem in solar physics.

Our experimental observation of CNO neutrinos confirms the overall 
solar picture and shows that, with future experimental improvements, a 
direct measurement of the metallicity of the Sun’s core could be within 
reach.

Borexino detector and data
Borexino is a solar neutrino experiment, located underground at the 
Laboratori Nazionali del Gran Sasso in Italy, in which the cosmic muon 
flux is suppressed by a factor of around 106. The active core of the detec-
tor consists of approximately 280 t of liquid scintillator contained in a 
spherical nylon vessel with a radius of 4.25 m. Particles that interact in 
the scintillator emit light, which is detected by 2,212 photomultiplier 
tubes18.

Solar neutrinos are detected by Borexino via their elastic scattering 
off electrons. The total number of detected photons and their arrival 
times are used to reconstruct the electron recoil energy and the inter-
action point in the detector, respectively. The energy (E) and spatial 
resolution (!) of Borexino has slowly deteriorated over time owing to 
the steady loss of photomultiplier tubes (on average 1,238 channels 
are active for this analysis), with current values of ! E/ ! 6%E  and !x,y,z 
! 11 cm for 1 MeV events at the centre of the detector.

The time profile of the scintillation light provides a powerful way 
to distinguish between different particle types (", "# and "+) via 
pulse-shape discrimination methods19,20, and is essential for the selec-
tion of 210Po " decays that are used to constrain the 210Bi background, 
as discussed below.

Despite the very large number of solar neutrinos that reach the Earth, 
around 6$%$1010 cm#2 s#1, their interaction rate is low—namely a few tens 
of counts per day (cpd) in 100 t of scintillator. Their detection is espe-
cially challenging because the signals from neutrinos cannot easily be 
disentangled from those of radioactive backgrounds. The success of 
the Borexino experiment is the result of its unprecedented radiopurity 
combined with the careful selection of materials21 and clean assembly 
protocols.

This Article is based on data collected during Phase-III of the Borex-
ino experiment, which ran from July 2016 to February 2020 and cor-
responds to 1,072 days of live time. The event sample is filtered by 
applying a set of selection criteria20 that reduce events from residual 
radioactive impurities, cosmic muons, cosmogenic isotopes, instru-
mental noise and external &-rays. The latter are substantially suppressed 
by selecting events that occur within an innermost volume of the scin-
tillator (the fiducial volume) as defined by a cut on the reconstructed 
radius and vertical position (r < 2.8 m and #1.8 m < z < 2.2 m). The data 
are analysed in the electron recoil energy interval between 320 keV 
and 2,640 keV.

The counting rate of events that survive the selection as a function 
of their visible energy is shown in Fig.$2. The data distribution is under-
stood to be the sum of solar neutrino components and of backgrounds 
resulting from the decays of residual radioactive contaminants in the 
scintillator (85Kr, 210Bi, 210Po and 40K) and of cosmogenic 11C, and from 
&-rays arising from the decays of 40K, 214Bi and 208Tl in the materials 
external to the scintillator. These backgrounds were characterized 
in Phase-II of the Borexino experiment20 and their counting rates 
range between a few cpd and tens of cpd per 100 t, compared with the 
expected CNO signal of a few cpd per 100 t. The key backgrounds for 
this study are 11C and 210Bi. Together with solar pep neutrinos (produced 
by the proton–electron–proton reaction, an alternative first step of 
the pp chain) they represent the main obstacle in the extraction of 
the CNO signal, as discussed in the following section. The expected 
background due to the elastic scattering of 40K geo-antineutrinos22 is 
negligible. The yellow vertical band in Fig.$2 highlights the region of 
largest CNO signal-to-background ratio.

CNO neutrino detection and the 210Bi challenge
Neutrinos from the CNO cycle have a broad energy spectrum that 
ranges between 0 and 1,740 keV (see Fig.$1, bottom). Consequently, 
the recoil energy of electrons has a rather featureless continuous dis-
tribution that extends up to 1,517 keV (Fig.$2). In this work, the three 
CNO neutrino components (Fig.$1) were treated as a single contribution 
by fixing the ratio between them according to the SSM prediction1,2. 
Several backgrounds contribute to the same energy interval, with a 
rate comparable to or larger than the signal. To disentangle all con-
tributions, we fit the data with a procedure similar to that adopted in  
refs. 3,20,23 and described in Methods.

The CNO analysis is affected by two additional complications: the 
similarity between the spectra of the CNO-neutrino recoil electron 
and the 210Bi "# particle, and strong correlations of these spectra 
with the spectrum of the pep-neutrino recoil electron. In addition, in 
the high-energy region of the CNO spectrum, the data are contami-
nated by signals from cosmogenic 11C. The muon–neutron–positron 
threefold-coincidence tagging technique20 for 11C is essential to enable 
the detection of CNO neutrinos.
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Fig. 1 | CNO nuclear fusion sequences and the energy spectra of solar 
neutrinos. Top, the double CNO cycle in the Sun, in which sub-cycle I is 
dominant. The coloured arrows indicate the reaction rates integrated over the 
volume of the Sun. The rate of the 17O(", p)14N reaction (dashed arrow) is lower 
than can be shown on the colour scale. #, neutrino. Bottom, energy spectra of 
solar neutrinos from the pp chain (grey; representing pp, pep, 7Be, 8B and 3He–
proton (hep) neutrinos and from the CNO cycle (in colour). The two dotted lines 
indicate electron capture (ec)39–41. For mono-energetic lines the flux is given in 
cm#2 s#1.
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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, !!, "!=!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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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.
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9. What can be learned if DSNB neutrinos are observed at DUNE? 
Beyond	Single	Events:	The	Diffuse Supernova Neutrino Background

Ingredients:
• Star	formation	rate	vs.	

redshift
• Neutrino	Spectra	(anti-ne)

Kresse,	Ertl,	Janka (2020)



Overall: what key MeV neutrino detection signatures 
should experimentalists focus their effort on in DUNE?


