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Nuclear  astrophysics  white  paper  
open  ques6ons  related  to  neutrinos

•  3.1:	
  Origin	
  of	
  the	
  elements	
  

�  How	
  can	
  the	
  observa@ons	
  of	
  solar	
  and	
  supernova	
  neutrinos	
  
be	
  exploited	
  toward	
  a	
  deeper	
  understanding	
  of	
  stellar	
  burning	
  
mechanisms?	
  

�  What	
  is	
  the	
  contribu@on	
  of	
  neutrino	
  driven	
  winds	
  in	
  core	
  
collapse	
  supernovae	
  to	
  nucleosynthesis?	
  And	
  what	
  role	
  do	
  
neutrino	
  proper@es	
  play?	
  

•  3.2:	
  How	
  stars	
  work	
  
�  What	
  is	
  the	
  composi@on	
  and	
  low	
  energy	
  neutrino	
  flux	
  of	
  the	
  
sun?	
  

•  3.3:	
  Explosions	
  of	
  core	
  collapse	
  supernova	
  and	
  long	
  GRBs	
  
�  What	
  is	
  the	
  neutrino	
  and	
  gravita@onal	
  wave	
  signal	
  from	
  CC	
  
SNe?	
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Nuclear  astrophysics  white  paper  
open  ques6ons  related  to  neutrinos

•  3.4:	
  Compact	
  object	
  binary	
  mergers	
  and	
  short	
  GRBs	
  

�  What	
  is	
  the	
  nucleosynthesis	
  output	
  of	
  neutron	
  stars	
  -­‐	
  neutron	
  
star	
  and	
  neutron	
  star	
  -­‐	
  black	
  hole	
  mergers	
  and	
  how	
  is	
  it	
  
affected	
  by	
  neutrino	
  physics?	
  

•  3.7:	
  Big	
  bang	
  nucleosynthesis	
  
�  Will	
  the	
  combina@on	
  Big	
  Bang	
  nucleosynthesis	
  studies	
  with	
  
new	
  precision	
  measurements	
  of	
  anisotropies	
  in	
  the	
  cosmic	
  
microwave	
  background	
  and	
  improved	
  nuclear	
  reac@on	
  rates	
  
reveal	
  new	
  par@cle	
  physics?	
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Solar  neutrinos

Theory	
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Solar  pp  chain  reac6ons
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99.75%	
   0.25%	
  

86%	
   14%	
  

99.89%	
   0.11%	
  

p	
  +	
  p	
  →	
  2H	
  +	
  e+	
  +	
  νe	
  

2H	
  +	
  p	
  →	
  3He	
  

p	
  +	
  p	
  +	
  e-­‐	
  →	
  2H	
  +	
  νe	
  

3He	
  +	
  p	
  →	
  α	
  +	
  e+	
  +	
  νe	
  3He	
  +	
  α	
  →	
  7Be	
  3He	
  +	
  3He	
  →	
  α	
  +	
  2p	
  

7Be	
  +	
  e-­‐	
  →	
  7Li	
  +	
  νe	
   7Be	
  +	
  p	
  →	
  8B	
  

7Li	
  +	
  p	
  →	
  α	
  +	
  α	
   8B	
  →	
  8Be	
  +	
  e+	
  +	
  νe	
  

8Be	
  →	
  α	
  +	
  α	
  	
  

2.4×10-­‐5	
  



Solar  CNO  chain  reac6ons
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Solar  neutrino  energy  spectrum
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Standard  solar  model  predic6ons
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Main  sources  of  uncertainty

•  7Be	
  

�  opacity	
  (3.2%)	
  
�  S34	
  (2.8%	
  ),	
  S	
  factor	
  for	
  3He	
  +	
  α	
  	
  
�  S33	
  (2.5%)	
  

•  8B	
  
�  opacity	
  (6.8%)	
  
�  diffusion	
  (4.2%)	
  
�  S17	
  (3.8%)	
  

•  CNO	
  (13N,	
  15O)	
  
�  S1,14	
  (6%,	
  8%)	
  
�  diffusion	
  (4%,	
  5%)	
  
�  opacity	
  (5%,	
  6%)	
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Solar  neutrinos

Measurements	
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8B  solar  neutrino  flux
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AGS05	
  GS98	
  
Predic@ons	
  

SNO	
  Measurement	
  ​
5.25±0.16↓

−0.013↑+0.011 	
  



Solar  neutrino  oscilla6ons
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Measured	
  directly	
  

Rela@ve	
  to	
  solar	
  model	
  

	
  	
  
	
  	
  Haxton	
  W.	
  et	
  al.	
  Ann.	
  Rev.	
  Astron.	
  Astrophys.	
  (2013)	
  



Evidence  of  maMer  effects


13
Super-­‐K	
  collabora@on,	
  	
  PRL	
  112,	
  091805	
  (2014)	
  



Solar  neutrinos

Outstanding	
  ques@ons	
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What  is  the  solar  core  metallicity?

•  Essen@ally	
  this	
  is	
  the	
  same	
  ques@on	
  as	
  what	
  is	
  the	
  Sun’s	
  
CNO	
  neutrino	
  flux?	
  
	
  
​𝜙(​  ↑15 O)/𝜙​(​  ↑15 O)↑SSM  = ​[​𝜙(​  ↑8 B)/𝜙​(​  ↑8 
B)↑SSM  ]↑0.729 ​𝑥↓𝐶+𝑁 	
  
	
  
where	
   ​𝑥↓𝐶+𝑁 	
  is	
  the	
  primordial	
  core	
  abundance	
  of	
  C	
  +	
  N	
  	
  

•  Systema@c	
  uncertain@es	
  
�  0.6%(solar	
  model)	
  
�  2.7%(diffusion)	
  
�  9.9%(nuclear).	
  Need	
  factor	
  2	
  improvment	
  in	
  low	
  energy	
  
extrapola@on	
  of	
  the	
  rate	
  7Be(p,γ),	
  14N(p, γ)	
  

�  3.2%(θ12)	
  

15

W.C.	
  Haxton,	
  R.G.	
  Hamish	
  Robertson,	
  and	
  Aldo	
  M.	
  Serenelli,	
  
Annu.	
  Rev.	
  Astron.	
  Astrophys	
  51,	
  21	
  (2013)	
  
	
  



What  is  the  solar  core  metallicity?

•  This	
  measurement	
  is	
  fundamental	
  (from	
  Wick	
  Haxton)	
  

�  probes	
  the	
  primordial	
  gas	
  from	
  which	
  our	
  solar	
  system	
  
formed	
  

�  the	
  first	
  opportunity	
  in	
  astrophysics	
  to	
  directly	
  compare	
  
surface	
  and	
  deep	
  interior	
  (primordial)	
  composi@ons	
  

�  could	
  help	
  mo@vate	
  “standard	
  solar	
  system	
  models”	
  that	
  
would	
  link	
  solar	
  ν	
  physics,	
  solar	
  system	
  forma@on,	
  planetary	
  
astrochemistry	
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What  is  the  total  solar  luminosity  
measured  with  neutrinos?

•  It	
  would	
  be	
  significant	
  to	
  compare	
  the	
  Sun’s	
  photon	
  
luminosity	
  (known	
  to	
  0.01%)	
  and	
  ν	
  luminosity,	
  at	
  the	
  level	
  
set	
  by	
  nuclear	
  physics	
  uncertain@es	
  (1%)	
  

•  Measure	
  pp	
  or	
  pep	
  neutrinos	
  to	
  an	
  accuracy	
  of	
  <1%	
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Are  there  non-­‐standard  neutrino  
interac6ons?
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Friedland	
  and	
  Shoemaker,	
  arXiv:1207.6642	
  



Solar  neutrinos

Future	
  experiments	
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Super-­‐K

•  Currently	
  opera@ng	
  

•  Con@nues	
  to	
  measure	
  8B	
  
solar	
  neutrinos	
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Borexino

•  Currently	
  opera@ng	
  

•  Improved	
  measurement	
  of	
  
pep	
  and	
  7Be	
  solar	
  neutrinos	
  

•  Improve	
  purity	
  to	
  go	
  aler	
  
CNO	
  solar	
  neutrinos	
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Aler	
  re-­‐purifica@on	
  2012-­‐2013	
  	
  
(with	
  11C	
  cuts)	
  	
  

From	
  F.	
  Calaprice’s	
  talk	
  at	
  Solar	
  
Neutrinos	
  at	
  Jin	
  Ping	
  



SNO+

•  Under	
  construc@on	
  

•  Chosen	
  to	
  priori@ze	
  double	
  
beta	
  decay	
  

•  Hopefully	
  sensi@ve	
  to	
  pep,	
  
7Be,	
  and	
  CNO	
  solar	
  
neutrinos	
  

•  Sensi@vity	
  at	
  2	
  years	
  
�  pep	
  6.5%	
  
�  8B	
  5.4%	
  
�  7Be	
  2.8%	
  
�  pp	
  A	
  few	
  %?	
  
�  CNO	
  ~	
  15%?	
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Assuming	
  ini@al	
  Borexino-­‐level	
  
backgrounds	
  are	
  reached	
  



LENS

•  Currently	
  running	
  mini	
  LENS	
  
(125	
  L)	
  

•  50	
  ton.yr	
  LENS	
  could	
  
measure	
  the	
  pp	
  solar	
  
neutrino	
  flux	
  to	
  ~3%	
  

•  Need	
  to	
  be	
  able	
  to	
  calibrate	
  
the	
  reac@on	
  rate.	
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CLEAN

•  Currently	
  building	
  
miniCLEAN	
  	
  

•  40	
  ton	
  fiducial	
  liquid	
  Ne	
  
detector	
  could	
  measure	
  pp	
  
solar	
  neutrino	
  flux	
  to	
  ~2%	
  
with	
  5	
  years	
  of	
  running.	
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Supernova  neutrinos

Introduc@on	
  

25




SN  neutrinos


26
B.	
  Dasgupta	
  et	
  al.	
  PRL	
  103,	
  051105,	
  2009	
  

νe	
  
νμ	
  



Relic  SN  neutrinos
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FIG. 1. (Color online) Joint limits on the time-integrated lu-
minosity Lν and the spectrum average energy ⟨Eν⟩ for electron
antineutrinos. The two contours are the allowed regions at 90%
C. L. from the SN 1987A analysis of Ref. [5] and our shaded
region corresponds to the SK 90% C. L. upper limit on the DSNB
flux [16].

Fig. 1, taken from the full spectrum analysis of Ref. [5] (those
authors assumed a Maxwell-Boltzmann thermal emission
spectrum). We show only the 90% C. L., which is appropriate
for this level of precision, to avoid cluttering the figures.

At least three puzzling features of the SN 1987A data still
stand out. First, the fits to the Kam-II and IMB data for
the neutrino emission parameters barely overlap, due to the
disagreement on the spectra [5,6]. Second, the results disagree
with the canonical expectations [5,6], conservatively indicated
by point D in Fig. 1. This corresponds to a neutron star binding
energy of 3 × 1053 erg, assumed shared equally among the
six flavors, and an effective received ν̄e temperature of about
5 MeV. Both the Kam-II and IMB data allow very high lumi-
nosities, perhaps reflecting a larger neutron star binding energy
and/or a violation of its assumed equipartition among flavors.
Both, but especially Kam-II, allow very low average energies,
especially if neutrino mixing with higher-temperature flavors
is taken into account (i.e., with temperatures possibly as large
as 8 MeV). Third, both the Kam-II and IMB results are in
significant disagreement with model-independent tests of the
angular distributions of the detected events [17,18,20].

We emphasize that the Kam-II and IMB results are roughly
consistent with each other and theory; still, there are puzzling
issues raised which cannot be answered without new data.
Also, all supernovae may not be alike, and the DSNB results
will reveal the average neutrino emission parameters of super-
novae, possibly more relevant for cosmological applications.
We therefore stress that the adoption of SN 1987A as a template
for DSNB studies is undesirable.

III. SK DSNB LIMIT

To predict the DSNB flux, one needs only the core-collapse
supernova rate as a function of redshift z, convolved with
the neutrino emission per supernova, taking into account
redshift effects [10–13]. At present, the former is calculated
from the measured star formation rate and the stellar initial
mass function, which determines the fraction of stars that end
their lives as core-collapse supernovae. We base our results
primarily on the GALEX star formation rate data [14], for
which the normalization uncertainty is now at the ≃30% level.
This yields results similar to those of the Concordance Model
of Ref. [13], which was shown to be consistent with the latest
measured star formation, thermonuclear (type Ia) supernova,
and core-collapse supernova (types II, Ib, and Ic) rates, as well
as other data, and which predicts a DSNB flux just below the
present SK limit. (See also the more recent Ref. [15].) The
DSNB prediction thus depends first on a purely astronomical
factor, which is already measured well and will ultimately be
precisely and unambiguously measured through direct data on
the supernova rate versus redshift (note that optically failed
supernovae with substantial neutrino emission would increase
the core-collapse rate) [13]. The second factor, the average
neutrino emission per supernova, must be measured directly,
and this is our focus.

In 2002, SK reported their DSNB flux upper limit for
electron antineutrinos with a detection energy threshold of
18 MeV as 1.2 cm−2 s−1 (90% C. L) through nondetection of
excess counts above background fluctuations [16]. Due to the
rising background and falling signal with increasing energy,
almost all of the statistical power derives from the first two
bins in Fig. 2, which is why the SK flux limit was the same
for DSNB models with different spectral shapes. With the
present statistics, it is enough to use just these two bins to
limit the signal, noting that the other bins fix the background
normalization. While at the time of the SK analysis, the
DSNB models differed significantly in their normalization,
the latest astronomical data greatly restricts this freedom,
and will eventually eliminate it, modulo the differences in
neutrino emission per supernova that we want to test. Thus
it now makes sense to reinterpret the SK event rate limit
(≃2 yr−1 in 18–26 MeV [16]) in terms of the supernova
electron antineutrino emission parameters, the time-integrated
luminosity and average energy. The result of our analysis is that
the shaded region in Fig. 1 is excluded. (We assumed a thermal
emission spectrum of the form used in Ref. [6], taking α = 3,
which corresponds to a somewhat “pinched” spectrum.) This
does not yet reach the allowed regions deduced from the SN
1987A data, but it is encouragingly close. Neutrino mixing can
blend the initial ν̄e spectrum with higher-energy ν̄µ/ν̄τ spectra.
We are limiting an effective composite spectrum, which will
be dominated by the harder spectrum [10]. Thus our analysis is
conservative, in that with neutrino mixing, the interpretation of
the DSNB bound would be more constraining (e.g., Ref. [13]).

Beyond the two supernova neutrino emission parameters
used here, there is also the question of the spectrum shape,
and whether it is distorted from thermal by being “pinched”
or “antipinched” [6]. The SK energy threshold of 18 MeV
is used in Ref. [16] is high, especially noting that redshifts
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FIG. 2. (Color online) DSNB detection spectra for selected
parameters (solid and dashed curves), efficiency-corrected SK data
(points with error bars), and detector background (solid steps), all in
counts per 4 MeV, per year, per SK fiducial volume. The values for
the representative points A, B, C, and D are given in Table I. SK is
so far sensitive only to the dark shaded region above 18 MeV due to
high backgrounds at lower energies (not shown). With the addition
of gadolinium, these backgrounds in the range 10–18 MeV would be
removed, and that shown reduced by a factor ∼5, opening up also the
light shaded region for analysis [8,9].

z <∼ 1 are relevant; the SK limit is thus based on energies
≃20–40 MeV in emission, where the spectrum uncertainties
are largest. Indeed, this is part of the motivation for lowering
the SK energy threshold, so that the detected events would
correspond to emission from the better-understood spectrum
peak region.

One can get more insight by examining three points, A,
B, and C, shown in Fig. 1 and Table I, which are at the
edge of detectability. We also consider a point D, which
is often regarded as the canonical values for ν̄e emission
before neutrino mixing. The DSNB spectra for these points
are shown in Fig. 2, together with the SK data and background
expectations (dominantly from the decays of sub-Čerenkov
muons produced by atmospheric neutrinos). The three points
A, B, and C correspond to almost equal yields (comparable to

TABLE I. The values for the points A, B, C (near the SK upper
bound) and D (canonical values) of the figures.

Point ⟨Eν⟩ [MeV] Lν [1052 erg] Sensitivity

A 11 32 Average energy
B 15 10 Both variables
C 25 3.5 Integrated luminosity

D 15 5 Lowered sensitivity

the fluctuations in the backgrounds) in 18–26 MeV, where the
present SK sensitivity is greatest. The point D produces fewer
signal events and is safely allowed. Note that these spectra are
quite different at lower energies. Thus it is clear that in order
to make the necessary progress over the present background-
limited search, SK must reduce both the background rates and
the energy threshold.

The points A, B, and C, besides representing three very
different possibilities, are also the most favorable for being
probed by SK in the near term. (Below, we discuss the outlook
for models with a lower neutrino emission per supernova.)
These points are chosen just with respect to what is allowed by
the DSNB, deliberately not taking into account other possible
constraints, so that the impact of our results can be clearly seen.
Additionally, it is important to keep an open mind about what
the true parameters are, given that (a) numerical supernova
models fail to explode [1], and (b) it remains possible that SN
1987A was very different from an average supernova.

Points A and C are relatively extreme, compared to the
more canonical point D. However, possibilities like A might
occur if the neutron star binding energy and the fraction of
this energy carried away by ν̄e (i.e., a violation of the usually
assumed equipartition of the energy among the six flavors)
are both larger than expected [1]; more directly, A is very
close to part of the IMB allowed region for the SN 1987A
data. Possibilities like C correspond to a temperature of about
8 MeV, which is within the range considered in many papers,
especially if neutrino mixing is taken into account.

IV. GADOLINIUM-ENHANCED SK SENSITIVITY

In SK, DSNB ν̄e would be detected by the inverse beta
reaction ν̄e + p → e+ + n on free protons [17]. At present,
this is a (positron) singles search, for which there are very
large background rates [16]. With dissolved gadolinium,
SK could also detect the neutron via its radiative capture
("Eγ ≃ 8 MeV), which would give a tight temporal and
spatial coincidence for the signal events [8,9]. This would
reduce the sub-Čerenkov muon decay background shown in
Fig. 2 by a factor ∼5, and would remove the spallation
backgrounds in the range 10–18 MeV; below about 10 MeV,
the reactor ν̄e signal suddenly becomes dominant [8,9]. We
emphasize that SK would be working well within its design
range when detecting these positrons and neutron captures, i.e.,
at these energies the detection efficiency is very high, nearly
constant, and well-measured through calibrations. In contrast,
in the detection of neutrinos from SN 1987A, both Kam-II
and especially IMB had events detected at energies where the
efficiency was low and/or varying quickly [3].

Besides increasing the signal rate and improving the ability
to test the DSNB spectral shape, the capability for neutron
tagging could allow a rate-limited, instead of background-
limited, search, so that the sensitivity could improve linearly
with detector exposure. To examine the prospects for a
gadolinium-enhanced SK, we again consider the four points
in Table I. For each, we simulate the expected neutrino spectra
over a 5-year period (i.e., 5 times the yields shown in Fig. 2,
noting the background reduction). We fit the spectra of DSNB

015803-3
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Outstanding  SN  neutrino  ques6ons

•  What	
  is	
  the	
  temperature	
  and	
  luminosity	
  for	
  𝜈𝑒,	
   ​𝜈 𝑒,	
  and	
  
𝜈𝑥?	
  

•  Can	
  we	
  see	
  evidence	
  of	
  collec@ve	
  oscilla@ons?	
  

•  Can	
  we	
  determine	
  the	
  neutrino	
  mass	
  hierarchy?	
  

•  Can	
  we	
  see	
  evidence	
  of	
  neutroniza@on?	
  

28




Supernova  neutrinos

Experiments	
  

29




Water  Cerenkov

•  Sensi@ve	
  to	
  

�  ​𝜈 𝑒	
  spec.	
  and	
  flux	
  through	
  neutron	
  inverse	
  beta	
  decay	
  
�  𝜈𝑒	
  spec.	
  and	
  flux	
  from	
  electron	
  scasering	
  

•  Super-­‐K	
  is	
  currently	
  opera@ng	
  and	
  should	
  see	
  1000’s	
  of	
  
neutrinos	
  from	
  a	
  typical	
  galac@c	
  SN	
  

•  Hyper-­‐K	
  is	
  under	
  considera@on	
  

•  Gadzooks	
  will	
  add	
  Gd	
  to	
  Super-­‐K	
  allowing	
  sensi@vity	
  to	
  
neutrons	
  and	
  therefore	
  relic	
  neutrinos	
  

30




Liquid  scin6llator

•  Sensi@ve	
  to	
  

�  ​𝜈 𝑒	
  spec.	
  and	
  flux	
  through	
  neutron	
  inverse	
  beta	
  decay	
  
�  𝜈𝑥	
  spec.	
  and	
  flux	
  from	
  proton	
  scasering	
  

•  KamLAND	
  is	
  currently	
  opera@ng	
  should	
  see	
  100’s	
  of	
  
neutrinos	
  from	
  a	
  typical	
  galac@c	
  SN	
  

•  Borexino	
  is	
  currently	
  opera@ng	
  should	
  see	
  ~100	
  neutrinos	
  
from	
  a	
  typical	
  galac@c	
  SN	
  

•  SNO+	
  is	
  under	
  construc@on	
  should	
  see	
  100’s	
  of	
  neutrinos	
  
from	
  a	
  typical	
  galac@c	
  SN	
  

•  Idea	
  for	
  a	
  very	
  large	
  water	
  based	
  liquid	
  scin@llator	
  
detector	
  (WbLS)	
  	
  

31




Liquid  Ar

•  Sensi@ve	
  to	
  

�  𝜈𝑒	
  spec.	
  and	
  flux	
  

•  LBNE	
  has	
  CD1	
  but	
  final	
  detector	
  configura@on	
  is	
  s@ll	
  
uncertain	
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IceCube

•  Sensi@ve	
  to	
  @me	
  spectrum	
  
mostly	
  of	
   ​𝜈 𝑒	
  

33


IceCube	
  collabora@on,	
  
A&A	
  535,	
  A109	
  (2011)	
  



Summary

•  Neutrino	
  experiments	
  have	
  confirmed	
  our	
  basic	
  model	
  of	
  
solar	
  fusion.	
  

•  To	
  measure	
  metalicity	
  of	
  solar	
  core	
  we	
  should	
  measure	
  the	
  
solar	
  neutrino	
  flux	
  from	
  CNO	
  cycle	
  to	
  5%	
  accuracy.	
  

•  To	
  measuring	
  solar	
  luminosity	
  using	
  neutrinos	
  we	
  should	
  
measure	
  the	
  solar	
  neutrino	
  flux	
  from	
  the	
  pp	
  or	
  pep	
  reac@ons	
  
to	
  an	
  accuracy	
  of	
  1%.	
  

•  Solar	
  neutrino	
  experiments	
  have	
  also	
  allowed	
  us	
  to	
  
understand	
  neutrino	
  oscilla@ons.	
  They	
  could	
  be	
  a	
  sensi@ve	
  
test	
  of	
  non-­‐standard	
  interac@ons.	
  

•  Given	
  the	
  long	
  @me	
  between	
  galac@c	
  SN,	
  SN	
  burst	
  detectors	
  
normally	
  have	
  another	
  primary	
  purpose.	
  We	
  should	
  have	
  
many	
  detectors	
  sensi@ve	
  to	
  different	
  reac@ons	
  to	
  not	
  only	
  
learn	
  about	
  SN	
  physics,	
  but	
  also	
  neutrino	
  physics.	
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