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The Potential of Precise Solar Neutrino 
Spectroscopy

❏   The past: what we have learned

❏   Precision measurements and future experiments

❏   The present: what is being done now,
     where there are questions  
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Figure 2: Flux of 8B solar neutrinos is divided into !µ/!! and !e flavors by
the SNO analysis. The diagonal bands show the total 8B flux as predicted
by the SSM (dashed lines) and that measured with the NC reaction in SNO
(solid band). The widths of these bands represent the ±1" errors. The
bands intersect in a single region for #(!e) and #(!µ/!! ), indicating that
the combined flux results are consistent with neutrino flavor transformation
assuming no distortion in the 8B neutrino energy spectrum.
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I.  The past:  1968 (Cl) → 1998 (Super-K atmos) → 2002 (SNO NC)

solar ν story:   a ν detection idea → nuclear physics discoveries that made 
the idea practical (×10000) → a solar model → experiment showing solar 
ν anomalies → helioseismology → MSW mechanism → ν discoveries
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Fig. 1.— Some of the principal events in the early development of the solar neutrino problem. The
experimental upper limit is indicated by the think black curve and the range of theoretical values by
the cross-hatched region. The units are captures per target atom per second (10−36 capture/target
atom/s = 1 SNU). (Viewgraph: R. Davis jr., circa 1971.)

that the principal neutrino absorption cross section on chlorine was twenty times larger than
previously calculated due to a super-allowed nuclear transition to an excited state of argon.

If you have a good idea today, it likely will require many committees, many years, and
many people in order to get the project from concept to observation. The situation was
very different in 1964. Once the decision to go ahead was made, a very small team designed
and built the experiment; the entire team consisted of Ray, Don Harmer (on leave from
Georgia Tech), and John Galvin (a technician who worked part-time on the experiment).
Kenneth Hoffman, a (then) young engineer provided expert advice on technical questions.
The money came out of the chemistry budget at Brookhaven National Laboratory. Neither
of us remember a formal proposal ever being written to a funding agency. The total capital
expenditure to excavate the cavity in the Homestake Gold Mine in South Dakota, to build
the tank, and to purchase the liquid was 0.6 million dollars (in 1965 dollars).

During the period 1964-1967, Fred Reines and his group worked on three solar neutrino
experiments in which recoil electrons produced by neutrino interactions would be detected
by observing the associated light in an organic scintillator. Two of the experiments, which
exploited the elastic scattering of neutrinos by electrons, were actually performed and led
to a (higher-than-predicted) upper limit on the 8B solar neutrino flux. The third exper-

The interplay between measurements and the solar model: the effort 
to accurately estimate the Sun’s central temperature began with the 
1962 work of Caltech’s  Bahcall, Iben, and Sears  -- if hot enough, the 
solar neutrino flux could be dominated by νs detectable in Cl

Davis’s sketch: the Cl experiment’s “reach” vs solar model predictions



The Standard Solar Model

•  One-dimensional integration that begins at zero-age, with an assumed
   initial composition, evolved to today, 4.6 b.y. later

•  Designed to reproduce properties of the core and radiative interior,
   not the more complicated physics of the convective zone :
       ◊ hydrostatic equilibrium: gravity vs. electron gas pressure gradient       
       ◊ energy generation by 4p➝4He (pp chain, 1% via CN cycle)
       ◊ energy transport by convection(surface) and radiation (interior)

•  The model depends on ∼ 19 parameters that must be supplied, along
   with uncertainties:  pp chain (99%) and CN cycle (1%) cross sections, 
   key metallicities (C, N, O, Ne, Mg, Si, S, Ar, Fe),  the luminosity, opacity, 
   age, and diffusion coefficient

•  Metal abundances (A>5) determined from both meteoritic (refractory) 
   and photospheric (volatile) data; the mass fraction in metals ≅ Z  
   



Fixing the zero-age composition 

•  Standard picture of pre-solar contraction, evolution 
       ◊ sun forms from a primordial gas cloud: pre-ZAMS Hayashi phase: 
           cool, highly opaque, large internal temperature gradients, slowly
           contracting -- conditions where transport is convective
       ◊ radiative core grows from the center outward, convection
           dominates a surface envelope,  core and surface no longer mix -- 
           Henyey phase
       ◊ ZAMS:  thermonuclear energy generation compensates emissions

•  The SSM assumes that the Hayashi phase fully mixes the sun and thus 
   that the radiative and convective zones will be chemically identical
       ◊ as H+He+Z=1, two conditions needed to fix ZAMS composition
       ◊ Z fixed to contemporary abundances:  volatile elements from
           photospheric absorption lines;  others from meteoritic abundances,
           assumed representative the primordial gas
       ◊ H/He fixed by condition that luminosity reproduced at 4.6 b.y.      



Model tests:

•  Solar neutrinos:  direct measure of core temperature to ∼ 1%

•  Helioseismology:  inversions map out the local sound speed 
       ◊ prior to 2000, the SSM - helioseismology concordance was
           considered a significant confirmation on the model
       ◊ acoustic modes sensitive to the depth of the convective 
           zone and surface He abundance



Solar neutrino tests:   probe SSM 1) nuclear cross sections;  2) core
temperature;  3) temperature profile.  Competition among the three cycles
a very sensitive probe of central temperature, reflecting the exponential
tunneling through Coulomb barriers
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Fig. 1.— The pp-chain for hydrogen burning. The relative termination rates of competing

reactions correspond to the BPS08(AGS) SSM.

a neutrino 
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each cycle
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were incompatible with SSM ν temperature dependences



Helioseismology tests:  the measurement and analysis of Doppler shifts 
of photospheric absorption lines.   Typical amplitudes and velocities for 
solar-surface waves are ∼30m and ∼0.1m/s  (so τ ∼  5 minutes)

Turbulence within Sun’s 
convective zone acts as a 
random driver of sound 
waves propagating 
through the gas

Specific frequencies are 
enhanced as standing 
waves -- normal modes
whose frequencies 
depend on solar physics

n=14 l=20 m=16 p-mode (acoustic) 



the turning-point defined by:
with cutoff frequency

standing waves probing 
selected depths for special
frequencies

so large-l acoustic modes
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      c(r) derived from mode inversion, compared to SSM, circa 2000

Bahcall:  agreement at 0.2% over 80% of Sun a more severe test than the νs 



II.  The present program

•  Borexino

•  Super-K IV: low-energy measurements

•  SNO low-energy-threshold analysis (LETA)

•  theory, helioseismology
      



ppI ppII ppIII

7Li + p 2 4He 8B 8Be* + e+ +

7Be + e- 7Li + 7Be + p 8B +

99.89% 0.11%

3He + 4He 7Be +3He + 3He 4He + 2p

86% 14%

2H + p 3He +
99.75% 0.25%

p + p 2H + e+ + p + p + e- 2H +

SNO, Super-K physics has been 
extracted from 0.01% of the available flux



ppI ppII ppIII

7Li + p 2 4He 8B 8Be* + e+ +

7Be + e- 7Li + 7Be + p 8B +

99.89% 0.11%

3He + 4He 7Be +3He + 3He 4He + 2p

86% 14%

2H + p 3He +
99.75% 0.25%

p + p 2H + e+ + p + p + e- 2H +

Borexino now making the first direct 
measurement of the low-energy  flux



•  Filled 5/16/07, detection reaction is 

•  7Be neutrino signal: recoil electrons with kinetic energy < 0.668 MeV

•  Resolution:                                              , or  8-9% near 0.7 MeV

•  Trigger: events with energy above ∼ 250 keV  

In principal: precise spectroscopy of the low-E ν spectrum.  In practice,

• ambient backgrounds, which grow rapidly at low E
      ◊  radon-associated (environmental) backgrounds 
      ◊  long-lived activities associated with CR μs, e.g.,  11C -- a 20.4 minute
           beta source, 1.47 MeV kinetic energy release

• small volume, ∼ 0.3 ktons

νx + e→ ν�
x + e�

σ(T ) ∼ 0.8 MeV
�

T/MeV
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3.0–16.3 MeV 5.0–16.3 MeV
Rate [cpd/100 t] 0.22±0.04±0.01 0.13±0.02±0.01
!ES

exp [106 cm!2s!1] 2.4±0.4±0.1 2.7±0.4±0.2
!ES

exp/!
ES
th 0.88±0.19 1.08±0.23

Table V: Measured event rates in Borexino and comparison
with the expected theoretical flux in the BPS09(GS98) MSW-
LMA scenario [10].
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Figure 8: Electron neutrino survival probability as function
of the neutrino energy, evaluated for the 8B neutrino source
assuming the BPS09(GS98) Standard Solar Model [11–13]
and the oscillation parameters from the MSW-LMA solution
"m2=7.69!10!5 eV2 and tan2 !=0.45 [24]). Dots represent
the Borexino results from 7Be and 8B measurements. The
error bars include also the theoretical uncertainty of the ex-
pected flux from the Standard Solar Model BPS09(GS98).

!µ!! =
d!µ-"
dTe

(E" , Te) ·Ne ·
d"e

dE"
(E"). (7)

where Te and E" are the electron and neutrino energies,
and !x (x=e,µ-") are the cross sections for elastic scatter-
ing for di!erent flavors. T0=3MeV is the energy threshold
for scattered electrons, corresponding to a minimum neu-
trino energy of E0=3.2MeV, Ne is the number of target
electrons, and d"e/dE" is the di!erential 8B solar neutrino
flux [27].
Using the above equation, we obtain P ee=0.29±0.10 at

the mean energy of 8.9MeV for 8B neutrinos. Borexino is
the first experiment to detect in real time, and in the same
target, neutrinos in the low energy, vacuum dominated- and
in the high energy, matter enhanced-regions. Borexino al-
ready reported a survival probability of 0.56±0.10 for 7Be
neutrinos, at the energy of 0.862MeV [9]. The distance
between the two survival probabilities is 1.9 !.
Future precision measurements of 7Be and 8B (and, possi-

bly, pep) neutrinos in Borexino could provide an even more
stringent test of the di!erence in Pee for low- and high-
energy neutrinos predicted by the MSW-LMA theory: as-
suming other 4 years of data taking, and to reduce the
overall uncertainty on 7Be neutrino rate at 5%, the distance

Threshold !ES
8B

[MeV] [106 cm!2 s!1]
SuperKamiokaNDE I [3] 5.0 2.35±0.02±0.08
SuperKamiokaNDE II [2] 7.0 2.38±0.05+0.16

!0.15

SNO D2O [4] 5.0 2.39+0.24
!0.23

+0.12
!0.12

SNO Salt Phase [25] 5.5 2.35±0.22±0.15
SNO Prop. Counter [26] 6.0 1.77+0.24

!0.21
+0.09
!0.10

Borexino 3.0 2.4±0.4±0.1
Borexino 5.0 2.7±0.4±0.2

Table VI: Results on 8B solar neutrino flux from elastic scat-
tering, normalized under the assumption of the no-oscillation
scenario reported by SuperKamiokaNDE, SNO, and Borex-
ino.

between the two survival probabilities can be improved at 3
!.
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of the MSW oscillation parameters. Results from the un-
constrained fit are given in Sec. 15.1 and from the energy-
dependent fit to the !e survival probability in Sec. 15.2.
This new method for directly extracting the form of the
!e survival probability from the signal extraction fit pro-
duces results that are straightforward to interpret. A
direct comparison can be made of the shape of the ex-
tracted survival probability to model predictions, such as
the LMA-predicted low-energy rise.
Sec. 15.3 describes the measurements of the neutrino

oscillation parameters. As has been observed in a number
of recent publications [42–44], the di!erent dependence of
the !e survival probability on the mixing parameters "12
and "13 between solar and reactor neutrino experiments
means that a comparison of solar data to reactor antineu-
trino data from the KamLAND experiment allows a limit
to be placed on the value of sin2 "13. The new precision
achieved with the LETA analysis in the measurement of
tan2 "12 results in a better handle on the value of sin2 "13
in such a three-flavor oscillation analysis. Results of this
analysis are presented in Sec. 15.3, including a constraint
on the value of sin2 "13.

15.1. Unconstrained Fit

Our measurement of the total flux of active 8B solar
neutrinos, using the NC reaction ("NC) is found to be:

• Binned-histogram method

"binned
NC = 5.140+0.160

!0.158(stat)
+0.132
!0.117(syst)! 106 cm!2 s!1

• Kernel estimation method

"kernel
NC = 5.171+0.159

!0.158(stat)
+0.132
!0.114(syst)! 106 cm!2 s!1

This represents +4.0
!3.8% total uncertainty on the flux,

which is more than a factor of two smaller than the best
of previous SNO results. The statistical uncertainty has
been reduced by nearly

"
2, to 3.1%. However, the largest

improvement is in the magnitude of the systematic un-
certainty, which has been reduced from 7.3% and 6.3% in
previous analyses of Phase II [8] and Phase III [9] data,
respectively, to 2.4% (taking the average of the upper
and lower values).
Figure 27 shows a comparison of these results to those

from previous analyses of SNO data. Note that the
8B spectral shape used in the previous Phase I and
Phase II analyses [45] di!ers from that used here [38].
The bands represent the size of the systematic uncer-
tainties on each measurement, thus illustrating the im-
provements achieved with this analysis.
Throughout this analysis, the quoted ‘statistical’ un-

certainties represent the uncertainty due to statistics of
all signals and backgrounds in the fit, with correlations
between event types taken into account. Therefore, they
include uncertainties in the separation of signal events
from backgrounds in the fits. For example, the statisti-
cal uncertainties on the quoted results for "NC include
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FIG. 27: (Color online) Total 8B neutrino flux results using
the NC reaction from both unconstrained signal extraction fits
in comparison to unconstrained fit results from previous SNO
analyses. ‘LETA I’ refers to the binned-histogram method
and ‘LETA II’ to the kernel estimation method.

both the Poisson uncertainty in the number of NC events,
and covariances with other event types. This is di!erent
from previous SNO analyses, in which the background
events were not included in the signal extraction fits and
any uncertainty in the level of background events was
propagated as an additional systematic uncertainty.
The two independent signal extraction fit techniques

are in excellent agreement, both in the central NC flux
value and in the magnitude of the uncertainties. The
result from the binned-histogram method is quoted as
the final unconstrained fit result for ease of comparison
to previous analyses, which used a similar method for
PDF creation.
This result is in good agreement with the prediction

from the BS05(OP) SSM of 5.69!106 cm!2 s!1 [46], to
within the theoretical uncertainty of ±16%. It is also
in good agreement with the BS05(AGS,OP) model pre-
diction of 4.51!106 cm!2 s!1 ± 16% [46], which was con-
structed assuming a lower heavy-element abundance in
the Sun’s surface.
The extracted CC and ES electron spectra from both

signal extraction fits, in terms of the fraction of one
unoscillated SSM, using the BS05(OP) model flux of
5.69!106 cm!2 s!1 [46], are shown in Figure 28. An un-
suppressed, undistorted spectrum would correspond to
a flat line at 1.0. A greater suppression is observed for
CC events than ES, since the ES spectrum includes some
contribution from !µ and !! whereas CC is sensitive only
to !e. Both spectra are consistent with the hypothesis of
no distortion. The results from the two independent sig-
nal extraction fits are again in excellent agreement for
both the central fit values and the uncertainties.
Figure 29 shows the CC electron spectrum extracted

from the binned-histogram signal extraction fit with the
errors separated into the contributions from statistical
and systematic uncertainties. As for the NC flux re-

SNO low-energy
 analysis: 3.5 MeV

threshold,
combined analysis

of I+II

SNO         I.    D2O:  I             d(n,γ)t                 Nov99 - May01
phases       II.   salt                   35Cl(n,γ)36Cl         Jul01-Sep03
                III.  3He counters     3He(n,p)t              Nov04-Nov 06

ϕNC = 5.140(1 ± 0.039) 

φNC

�
I
II

�
=

�
4.94± 0.21(stat)± 0.36(sys)
5.54± 0.32(stat)± 0.35(sys)

�
× 106 /cm2s



SuperK         SKI            40% coverage             1996-2001
phases          SKII           19% coverage              2002-2005
                     SKIII           40% coverage             2006-2008
                   SKIV           electronics upgrade    2008-

φSK




I
II
III



 =




2.38± 0.02(stat)± 0.08(sys)
2.41± 0.05(stat)± 0.16(sys)
2.32± 0.04(stat)± 0.05(sys)



× 106 /cm2s

SuperK IV + low-energy-threshold goals:  R. Wendell



What we have learned:

1. parameters

Two-flavor global analysis with KamLAND

which one can compare to SSM predictions

δm2
12 = 7.59+0.20

−0.21 × 10−5 eV2

θ12 = 34.06+1.16
−0.84 degrees

φ(8B) =
�
5.046+0.169

−0.152(stat)+0.107
−0.123(syst)

�
× 106 cm−2s−1

BPS08(OP; GS) 5.95× 10
6

cm
−2

s
−1

BPS08(OP; AGS) 4.72× 10
6

cm
−2

s
−1



14Solar neutrino observation in SK

Observed electron energy spectrum
divided by the expectation from 8B neutrino 

So far, no apparent energy distortion is observed.
*) Lowest energy bin ( 4.5-5.0 MeV ) is not used in the neutrino oscillation analysis.

Consistent with flat

Preliminary
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FIG. 28: (Color online) Extracted a) CC and b) ES electron
spectra as a fraction of one unoscillated SSM (BS05(OP)),
from both signal extraction fits, with total uncertainties. The
final 12–20 MeV bin in the kernel estimation fit is plotted at
the mean of the spectrum in that range. Both spectra are
consistent with the hypothesis of no distortion (a flat line).

sult, the uncertainties are dominated by those due to
statistics (which includes the ability to distinguish sig-
nal from background). This demonstrates the e!ect of
the significant improvements made both in the determi-
nation of the individual systematic uncertainties, as pre-
sented in previous sections, and in the improved treat-
ment of the dominant systematic uncertainties, whereby
the self-consistency of the data itself was used to further
constrain the allowed ranges of these parameters. It is
worth noting that correlations between bins, which are
not shown, tend to reduce the significance of any ob-
served shape. Fitting to an undistorted spectrum (the
flat line on Fig. 29) gives a !2 value of 21.52 for 15 de-
grees of freedom, which is consistent with the hypothesis
of no distortion. The prediction for the Te! spectrum
for CC events taken from the best fit LMA point from a
previous global analysis of solar data [9] is also overlaid
on Fig. 29. The !2 value of the fit of the extracted spec-
trum to this prediction is 22.56 for 15 degrees of freedom,
demonstrating that the data are also consistent with the

LMA prediction.
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FIG. 29: (Color online) Extracted CC electron spectrum
as a fraction of one unoscillated SSM (BS05(OP)) from the
binned-histogram signal extraction fit, with the uncertain-
ties separated into statistical (blue bars) and systematic (red
band) contributions. The predictions for an undistorted spec-
trum, and for the LMA point !m2

21 = 7.59 ! 10!5 eV2

and tan2 !12 = 0.468 (taken from a previous global so-
lar+KamLAND fit [9] and floating the 8B flux scale) are over-
laid for comparison.

The one-dimensional projections of the fits in each ob-
servable parameter from the binned-histogram signal ex-
traction are shown for each phase in Figures 30 and 31.
Of particular note is the clear ES peak observed in the
cos "! fits for both phases (Figs. 30(c) and 31(c)), demon-
strating the extraction of ES events over the integrated
energy spectrum, even with the low 3.5 MeV threshold.
The error bars represent statistical uncertainties; system-
atic uncertainties are not shown. Figure 32 shows the
one-dimensional projection in Te! from Phase II (as in
Fig. 31(a)) but with the fitted contributions from indi-
vidual signal types separated into six categories: CC, ES,
and NC neutrino events, internal backgrounds (within
the D2O volume), external backgrounds (in the AV, H2O,
and PMTs) and hep neutrino events.
The !2 for the one-dimensional projections of the fit are
given in Table XVIII. These were evaluated using statis-
tical uncertainties only and are, therefore, a conservative
test of goodness-of-fit in the one-dimensional projections.
In all dimensions, the final result is a good fit to the data.
Table XXII in Appendix A shows the extracted num-

ber of events for the neutrino fit parameters from the
binned-histogram signal extraction fit, with total statis-
tical plus systematic uncertainties.
Table XIX shows the total number of background

events extracted by each signal extraction in each phase,
and a breakdown of the number of background neutron
events occurring within each region of the detector. The
two methods are in good agreement based on expecta-
tions from studies of Monte Carlo-generated ‘fake’ data
sets. For comparison, the total number of events in each

 

SNO LETA

Super-K III

2. spectral distortion

 none yet apparent

Flat:    χ2 = 21.52/15 dof
LMA:  χ2 = 22.56/15 dof
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The dominant systematics in the fits were ‘floated’
using di!erent approaches: in the kernel method
they were floated directly, whereas an iterative like-
lihood scan was used in the binned-histogram ap-
proach.

• PMT !-" constraint

In the binned-histogram method, a constraint on
the total number of PMT events was implemented
using a bifurcated analysis of the data (Sec. 13.3),
whereas no constraint was applied in the kernel
method.

That these independent approaches give such similar re-
sults demonstrates the robust nature of the analysis and
the final results.

15.2. Survival Probability Fit

Under the assumption of unitarity (for example, no os-
cillations between active and sterile neutrinos), the NC,
CC, and ES rates can be directly related. Based on this
premise, a signal extraction fit was performed in which
the free parameters directly described the total 8B neu-
trino flux and the #e survival probability. This fit there-
fore produces a measure of the total flux of 8B neutrinos
that naturally includes information from all three inter-
action types. Applying this approach, the uncertainty
on the flux was reduced in comparison to that from the
unconstrained fit (Sec. 15.1). The total flux measured in
this way ("8B) is found to be:

"8B = 5.046+0.159
!0.152(stat)

+0.107
!0.123(syst)! 106 cm!2 s!1,

which represents +3.8
!3.9% total uncertainty. This is the

most precise measurement of the total flux of 8B neutri-
nos from the Sun ever reported.
The survival probability was parameterized as a

quadratic function in E! , representing P day
ee , and a linear

day/night asymmetry, as defined in Eqs. (22) and (23) of
Sec. 14.4. The best-fit polynomial parameter values and
uncertainties are shown in Table XXVI, and the correla-
tion matrix is shown in Table XXVII, both presented in
Appendix A. For all the extracted parameters, the total
uncertainty is dominated by that due to statistics.
Figure 34 shows the RMS spread in the best fit survival

probabilities, P day
ee (E!) and P night

ee (E!), and day/night
asymmetry, A(E!). The bands were computed by sam-
pling the parameter space 1000 times, taking into account
the parameter uncertainties and correlations. Overlaid
on Fig. 34 are the predicted shapes of the day and night
survival probabilities and the day/night asymmetry for
the best-fit point from a previous global analysis of solar
data [9].
The advantage of this direct parameterization for

the survival probability is that model testing becomes
straightforward. We can test the goodness-of-fit to an
undistorted spectrum by setting c1 = c2 = 0.0 in Eq. 23,

and we can test the goodness-of-fit to a model with no
day/night asymmetry by setting a0 = a1 = 0.0 in Eq. 22.
Requiring both simultaneously, we find a #$2 = 1.94 for
4 degrees of freedom, demonstrating that the extracted
survival probabilities and day/night asymmetry are con-
sistent with the hypothesis of no spectral distortion and
no day/night asymmetry. For comparison, the #$2 value
of the fit to the LMA point shown in Fig. 34 is 3.9 for 4
degrees of freedom, showing that the data are also con-
sistent with LMA.
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FIG. 34: (Color online) Best fit and RMS spread in the (a)
P day
ee (E!), (b) P night

ee (E!), and (c) A(E!) functions. The sur-
vival probabilities and day/night asymmetry for the LMA
point !m2

21 = 7.59 ! 10!5 eV2 and tan2 !12 = 0.468, taken
from a previous global solar+KamLAND fit [9], are shown for
comparison.

This method for parameterizing the day/night asym-
metry di!ers from previous SNO analyses, which quoted
an asymmetry for each interaction type:

A = 2
(%N " %D)

(%N + %D)
, (35)

where %D and %N are the interaction rates measured for
the day and night data sets, respectively. A combined

      SNO LETA day-night signal

ASNO

DN = 0.037± 0.040

ASK

DN = −0.056± 0.031(stat)± 0.013(sys)

3. day-night signals

(should emerge at low E)
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FIG. 38: (Color) Two-flavor oscillation parameter analysis for
a) global solar data and b) global solar + KamLAND data.
The solar data includes: SNO’s LETA survival probability
day/night curves; SNO Phase III integral rates; Cl; SAGE;
Gallex/GNO; Borexino; SK-I zenith and SK-II day/night
spectra.

eters, tan2 !12 and !m2
21. The regions obtained with all

solar data are consistent with the SNO-only data and
show an extension of the space towards larger values of
tan2 !12 when sin2 !13 is allowed to vary. In contrast,
the three-flavor KamLAND contours show an extension
towards smaller values of tan2 !12.
Figure 40 shows the confidence regions in the

(tan2 !12, sin
2 !13) space. The directionality of the

contours explains the excellent agreement of tan2 !12
between the solar and KamLAND experiments when
sin2 !13 is allowed to vary in the fit.
Tables XX and XXI summarize the oscillation param-

eter results from the various two- and three-flavor os-
cillation analyses, respectively. When all solar experi-
ments are combined with data from the KamLAND re-
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FIG. 39: (Color) Solar and KamLAND oscillation parameter
analysis for a) a two-flavor oscillation hypothesis and b) a
three-flavor hypothesis. The solar data includes SNO’s LETA
survival probability day/night curves, SNO Phase III integral
rates, Cl, SAGE, Gallex/GNO, Borexino, SK-I zenith and
SK-II day/night spectra. The !2 is minimized with respect
to all undisplayed parameters, including sin2 "13 and !8B.

actor antineutrino experiment in a two-flavor fit, the best
fit point is found to be at !12 = 34.06+1.16

!0.84 degrees and
!m2

21 = 7.59+0.20
!0.21 ! 10!5 eV2. The uncertainty on the

mixing angle has been noticeably reduced in compari-
son to SNO’s previous analyses, resulting in the world’s
best measurement of !12 to date. The global value of
"8B from this fit is extracted to a precision of +2.38

!2.95%.
The combination with KamLAND in a three-flavor fit
has allowed us to constrain sin2 !13, giving a value of
sin2 !13 = 2.00+2.09

!1.63!10!2. This implies an upper bound
of sin2 !13 < 0.057 (95% C.L.).

global two-flavor
solar neutrino analysis
(SNO, SK, Cl, SAGE, 

Gallex/GNO, Borexino)
combined with

KamLAND

the large-angle solution

IIIa.  High-precision physics: weak interactions



….or is it simply ignoring !13 ?

Sin 2Sin 2!!1313= 0= 0

Sin 2Sin 2!!1313= 0.1= 0.1

Sin 2Sin 2!!1313= 0= 0

Sin 2!13= 0.1

from Balantekin

Pee ∼ cos4 θ13 sin2 θ12

Pee ∼ cos4 θ13

�
1− sin2 2θ12 sin2 δm2

12L

4E

�
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FIG. 38: (Color) Two-flavor oscillation parameter analysis for
a) global solar data and b) global solar + KamLAND data.
The solar data includes: SNO’s LETA survival probability
day/night curves; SNO Phase III integral rates; Cl; SAGE;
Gallex/GNO; Borexino; SK-I zenith and SK-II day/night
spectra.

eters, tan2 !12 and !m2
21. The regions obtained with all

solar data are consistent with the SNO-only data and
show an extension of the space towards larger values of
tan2 !12 when sin2 !13 is allowed to vary. In contrast,
the three-flavor KamLAND contours show an extension
towards smaller values of tan2 !12.
Figure 40 shows the confidence regions in the

(tan2 !12, sin
2 !13) space. The directionality of the

contours explains the excellent agreement of tan2 !12
between the solar and KamLAND experiments when
sin2 !13 is allowed to vary in the fit.
Tables XX and XXI summarize the oscillation param-

eter results from the various two- and three-flavor os-
cillation analyses, respectively. When all solar experi-
ments are combined with data from the KamLAND re-
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FIG. 39: (Color) Solar and KamLAND oscillation parameter
analysis for a) a two-flavor oscillation hypothesis and b) a
three-flavor hypothesis. The solar data includes SNO’s LETA
survival probability day/night curves, SNO Phase III integral
rates, Cl, SAGE, Gallex/GNO, Borexino, SK-I zenith and
SK-II day/night spectra. The !2 is minimized with respect
to all undisplayed parameters, including sin2 "13 and !8B.

actor antineutrino experiment in a two-flavor fit, the best
fit point is found to be at !12 = 34.06+1.16

!0.84 degrees and
!m2

21 = 7.59+0.20
!0.21 ! 10!5 eV2. The uncertainty on the

mixing angle has been noticeably reduced in compari-
son to SNO’s previous analyses, resulting in the world’s
best measurement of !12 to date. The global value of
"8B from this fit is extracted to a precision of +2.38

!2.95%.
The combination with KamLAND in a three-flavor fit
has allowed us to constrain sin2 !13, giving a value of
sin2 !13 = 2.00+2.09

!1.63!10!2. This implies an upper bound
of sin2 !13 < 0.057 (95% C.L.).

SNO 3-flavor global analysis

sin2 θ13 < 0.057 (95%)

sin2 θ13 = 2.00+2.09
−1.63 × 10−2

a hint of an effect



1.  Solar metallicity uncertainties
                    
•  described previously SSM assumption of a homogeneous zero-age
    Sun, and procedure followed for determining metallicity
 
•  metals influence solar dynamics: free-bound transitions important to 
   opacity, influencing c(r):  different 
   metal affect different solar regions

•  abundances for volatile metals
   determined from photospheric
   absorption lines

•  data the same, but analyses 
   improved to take into account 3D
   structure, velocities of photosphere
      

IIIb.  High-precision physics:  SSM properties

Pasadena, July 2007 Sun and Pop. I stars

Solar atmosphereSolar atmosphere
Dynamic and 3D due to convection
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Pasadena, July 2007 Sun and Pop. I stars

Averaged line profilesAveraged line profiles

1D vs Sun

3D vs Sun

No micro- and macroturbulence needed in 3D!

Averaged line profiles
(from Asplund 2007)

•  spread in abundances from
   different C, O lines sources
   reduced from ~ 40% to 10%                 

•  but abundances significantly reduced Z:  0.0169 ⇒ 0.0122 

•  makes sun more consistent with similar stars in local neighborhood

•  lowers SSM 8B  flux by ∼ 20%       
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Fig. 1.— Relative sound-speed di!erences, !c/c = (c!! cmodel)/cmodel, between solar models
and helioseismological results from MDI data. The vertical error bars show the 1" error in
the inversion due to statistical errors in the data. The horizontal error bars are a measure of

the resolution of the inversions, defined as the distance between the first and third quartile
points of the averaging kernels (approximately the half-width in radius of the measurement

in regions of good resolution).

As discussed in Basu, Pinsonneault, and Bahcall (2001), the e!ect of mixing in the

radiative zone of the Sun would be in the direction to reconcile the meteoritic and solar
photospheric lithium abundances and to bring the computed surface helium slightly closer

to the measured value. Such models have a somewhat shallower solar surface convection
zone and the overall agreement with the sound speed data is comparable, or slightly less
good, than models without extra mixing.

4.2. Comparisons for model BP04+ : new heavy element abundances

Figure 1 shows the dramatic lack of agreement between the helioseismological sound

speeds and the values predicted by the BP04+ solar model, which uses the new heavy ele-
ment abundance determinations (Allende Prieto, Lambert, & Asplund 2001; Allende Prieto,
Lambert, & Asplund 2002; Asplund et al. 2004; Asplund et al. 2000; Asplund 2000). The

Bahcall, Basu, Pinsonneault, Serenelli 2004

convective 
zone

old (GS 1998)
abundances

new (AGS 2005) 
abundances

But adverse consequences for helioseismology 



depleted gas

radiative
core?

convective zone
2.6% of Sun’s mass?

protoplanetary disk:
the last 5% of gas

lots of details omitted but:
   •  magnitude of discrepancy missing ∼ 50 M⊕ of convective zone metal
   •  during late stages of solar system formation 40-90 M⊕ of excess metal
      sequestered in planets

   •  potentially could affect a key assumption of the SSM
   •  raises the question of whether there could be chemical signatures in
      stars indicating they host planets ⇒  planet-hunting tool

  

metal-enriched grains, dust condensed in
disk midplane, incorporated in planets



Figure 5: Elemental abundances measured in the tropospheres of Jupiter (cir-
cles) and Saturn (squares) in units of their abundances in the protosolar nebula.
The elemental abundances for Jupiter are derived from the in situ measurements
of the Galileo probe (e.g. Maha!y et al. 2000; Atreya et al. 2003). Note that the
oxygen abundance is considered to be a minimum value due to meteorological
e!ects (Roos-Serote et al. 2004). The abundances for Saturn are spectroscopic
determination (Atreya et al. 2003 and references therein). The solar or pro-
tosolar abundances used as a reference are from Lodders (2003). The arrows
show how abundances are a!ected by changing the reference protosolar abun-
dances from those of Anders & Grevesse (1989) to those of Lodders (2003).
The horizontal dotted lines indicate the locus of a uniform 2- and 4-times solar
enrichment in all elements except helium and neon, respectively.

17

Galileo data, from Guillot  AREPS 2005

known metal enrichments in Saturn, Jupiter are 4-7 × solar, established 
over ∼ last 106 years of solar system disk evolution



refractory elements condense

H2O condenses



•  bottom line for us:  this must be resolved by measurement,  and νs 
   are emerging as a unique tool for probing geophysical interiors
 
•  first opportunity: a direct comparison between photospheric 
   and solar-core measurements of C, N
   in SNO+

The rate in SNO+ can be compared with an event rate of 38 events per
1032 proton-years in KamLAND, as derived from values given in Araki et al.
(2005) and Enomoto et al. (2005). The SNO+ detector would be located in a
region surrounded by thick continental crust. This results in a greater geo-
neutrino signal rate in SNO+. Oceanic crust is thin and relatively depleted in
uranium and thorium, in comparison. The consequence is a somewhat lower
geo-neutrino signal rate in KamLAND, which is in the vicinity of both
continental crust and oceanic crust rock.

The geological region around SNO+ is known as the Canadian Shield. It
is an old mass of continental crust rock that is fairly uniform and well
understood. Because of the mining activity occurring around Sudbury, the
local geology has been extensively studied. Because of this knowledge, one
might be able to calculate the local contribution to the geo-neutrino rate
reasonably accurately. Hence, a SNO+ geo-neutrino measurement could
reveal the uranium and thorium content of the deep Earth – one would be
subtracting from the total SNO+ signal a known, local contribution, to get
at the amount of radioactivity deeper in the Earth (e.g. in the mantle).

Figure 2. The existing SNO acrylic vessel, showing the ropes that hold up the acrylic vessel.
SNO+ requires engineering a system to hold down a buoyant acrylic vessel filled with
q = 0.86 g/cm3 liquid scintillator.

225GEO-NEUTRINOS IN SNO+

SNOLab’s 2 kilometer depth:  
factor-of-70 reduction in long-lived 
cosmogenic 11C, to 0.1 c/d/100 tons, 
compared to Borexino

➝ 7% CNO flux measurement possible

➝ 11% determination of solar core 
            abundance of C+N

(uses SK’s high-precision 8B measurement as a “thermometer”)

WH & A Serenelli, Ap J 687 (2008) 678
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2.  Can continued:  high-precision ν experiments in conjunction with
     helioseismology to unravel solar composition.  The physics:
                    
•  specific helioseismology modes probe the sun at specific depths
 
•  c(r)2 ∼ p(r)/ρ(r) depends on the opacity (controls energy transport)

•  specific metals dominate the opacity at specific depths, too, because
   in free-bound transitions there is a connection between the Bohr atom
   energy levels of the metal and the temperature of plasma electrons

   the combination of this physics with pp-chain ν measurements leads to
   other interesting solar interior constraints

plasma electron

bare nucleus bound electron

free-bound
transition

pe ∼ 45 keV pγ ∼ ωγ ∼ 2 keV

�pbound� ∼ 45 keV



Summary

•  The original goal of solar ν spectroscopy was testing the theory of
   main-sequence stellar evolution and solar fusion
 
•  New ν physics derailed that program

•  Now                  are known to 3%, and will be further refined

•  Gave the example the SNO+ CN ν measurement of the core C+N 
   abundance to an accuracy 3×  better than possible from astrophysics
          - further improvements will come:  SNO+ ➝ LENA
          - other abundance constraints can also be obtained

•  This is an important reason for keeping solar νs a consideration in the
   design of large detectors:  the combination of precise ν spectroscopy
   and helioseismology can tell us a lot about the solar interior.  May be
   our only opportunity to probe the interior of a solar-system body
   quantitatively

e.g., one can independently constrain the key abundance combination that
is causing all trouble in helioseismology in the upper radiative zone

δm2
12, θ13
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The factor S(E), defined by this equation is referred to as the astrophysical 
S-factor, and

For charged-particle induced reactions, the cross section can be expressed as:

CROSS SECTION AND ASTROPHYSICAL SCROSS SECTION AND ASTROPHYSICAL S--FACTORFACTOR
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Logarithmic scale:
a few orders of 
magnitude !

Only nuclear effects
(no Coulomb)

Linear scale

“Easier” extrapolation !
But attention:
electron screening effect, 
subthreshold resonances …

is the Sommerfeld parameter, Z1 and Z2 are the charge numbers of the 
interacting nuclei, h is the reduced Planck constant

How to extrapolate 
to astrophysical 
energies?

The nuclear physics discovery:
 the Sun produces high-energy νs

In1959 Holmgren & Johnston 
measured the cross section 
for 3He(α,γ)7Be, finding it
was ∼1000 times larger than 
expected

This reaction opened two 
new pathways for the Sun to 
synthesize He, both 
producing νs sufficiently 
energetic to excite Cl 



How does this probe the SSM?   For a spherical star

Introduce adiabatic indices describing power-law behavior of p, T with ρ

Define a total derivative

Write down the equations for

motion:                                            continuity: 

gravitational potential:

energy conservation: 

where     is the energy flux.      Static interior solution ⇒ SSM
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•  Now look for a variation around the SSM solution

   where displacements are small, 

•  Plug into the stellar evolution equations (see Balantekin, WH nucl-th9903038)

     ◊ try normal mode solution

     ◊ introduce the adiabatic sound speed c,                   
  
     ◊ and the field 

and one finds that the equations reduce to a Schroedinger-like form
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ω2eff>0 propagating          ω2eff<0 damped

an eigenvalue problem, governed by two frequencies

the bouyancy frequency

               vanishes in the convective zone,  ∼constant in radiative zone

acoustic cutoff frequency 

               propagating modes are those where one does not “see” a
               change in the density over a wavelength

p-modes:  surface modes,  

different modes propagate to different depths depending on l
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KamLAND and solar best fit values are not the same!
CPT-violation? Other new physics?

two-flavor
some tension?



At !m2
31 = 2.5x10-3 eV2,

  sin22"13 < 0.15

Current direct search limits

Allowed
region

critically important to the CP-violation signal in future LB studies:             JCP ∼ 0.2 sin 2θ13 sin δ
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Fig. 3.— Results from a Monte Carlo simulation of SSM where the 11 environmental pa-

rameters (see text) have been varied. The two left panels show the correlations between the

8B flux and the two CN-cycle neutrino fluxes 13N and 15O. The slopes of the correlations are

given in the plots, together with the 68.3% confidence level contours. On the right side panels

we show the residuals from the fits, 2.8% and 2.6% for the 13N and 15O fluxes respectively,

that determine the residual environmental uncertainty in Eqs. (10,14) respectively.

Monte Carlo SSM studies of 8B, 15O ν correlations



FIG. 4. Natural neutrino sources. The terrestrial !̄e flux and continuous flux of extragalactic
supernova neutrinos of all flavors are from Krauss et al. [12]. The solar (fusion) !e flux is the

standard solar result of Bahcall et al. [11]. The thermal solar neutrinos are for a single flavor.

spectrum contains a great deal of information on the temperature distribution within the
sun.

These remarks are made because the most likely opportunity for measuring the thermal
neutrino spectrum is a process that depends on flux density, not on total flux, and which
samples that flux at a precise energy, the resonant reaction

!̄e + e! + (A, Z) ! (A, Z " 1). (23)

This reaction has been discussed previously in connection with terrestrial !̄e sources [12].
Cross sections can be large in high Z atoms, where the electron overlap with the nucleus
is favorable. Because nuclear level widths are very narrow, this process samples the !̄e flux
density at a discrete energy. The are several possible candidate transitions with energies
between 2 and 20 keV. (One that has been studied in connection with neutrino mass mea-
surements is the decay of long-lived 163Ho to 163Dy, which has a positive q-value of less than
3 keV: either a neutrino mass or !̄e inducement of electron capture alters the atomic orbits
that participate in the capture.)

The heavy-flavor neutrino flux also contains interesting information: if the existence of
this flux were established, it would immediately impose kinematic mass limits of # 1 keV on
the !µ and !! . Unfortunately there is no obvious possibility for measuring these species. The
problem could well prove as di!cult as in the case of the cosmic microwave neutrinos, where
existing experimental bounds exceed the expected flux by about 15 orders of magnitude [14].
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As is the case with most sources of astrophysical neutrinos!

CMB + LSS?
bolometers?

scintillator and liquid
noble gas detectors

SNO+

HyperK/UNO

to greater than 1016 MeV


