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How does the Sun work?

http://sohowww.nascom.nasa.gov/data/realtime-update.html
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The Sun is a god fueled by human sacriÞce

How does the Sun work?
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• Since the 19th Century it was clear that the Sun 
could not be fueled by chemical reactions.

• 1904 : Rutherford suggests radioactive decay as a 
possible internal source of heat in the Sun.

• 1920 : Arthur Eddington proposes nuclear fusion of 
Hydrogen into Helium as the production mechanism 
of energy in the Sun.

• 1939 : Hans Bethe writes down the details of energy 
production in stars.

The harmless truth
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CNO  cyclepp  fusion chain

pp chain is main energy 
production mechanism 

for low-mass main 
sequence stars (<1.5Mo).

~99% of SunÕs energy from pp chain.

.
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~1011 cm-2 s-1

Flux at Earth:

pp Chain Details 
and Energy Spectra

Very small interaction 
cross-sections: mean 

free path >>Ro.

Excellent probes for the 
interior of the Sun
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Detecting Solar Neutrinos

• Low interaction rates ~0.1-1 events per 
ton of target.

• Low energy, mostly <10 MeV.

• Need detectors with low threshold and 
low background.

• Located at deep underground sites to 
shield from cosmic rays.
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Radiochemical
Charged current interactions in target, 

producing isotopes with half-lives ~days that 
can be removed through chemical procedures

37Cl + νe
37Ar + e-

Eth =  814 keV τ1/2 = 35 d

71Ga + νe
71Ge + e-

Eth =  232 keV τ1/2 = 11 d

Homestake

SAGE, GALLEX

Only sensitive to νe

Gives an integrated count over an energy threshold
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Water Cherenkov 14
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FIG. 25: Energy-correlated systematic uncertainties. The
solid, dotted, and dashed lines show the uncertainties of the
8B spectrum, the energy scale, and the energy resolution, re-
spectively.

Energy(MeV) 5-5.5 5.5-6 6-6.5 6.5-7 7-7.5 7.5-20

Trig e ! ± 2.4 ± 0.9 ± 0.1 - - -
(a) ± 2. ± 1.75 ± 1.5 ± 1.25 ± 1.0 -
(b) - - - ± 0.25 ± 0.25 ± 0.25
Small cluster hits cut ± 2. ± 2. ± 2. - - -
External event cut ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1
Fiducial volume (vertex shift) ± 0.5 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1
BG shape ± 0.2 ± 0.8 ± 0.2 ± 0.2 ± 0.2 ± 0.2
Sig.Ext. ± 2.1 ± 0.7 ± 0.7 ± 0.7 ± 0.7 ± 0.7
Cross section ± 0.2 ± 0.2 ± 0.2 ± 0.2 ± 0.2 ± 0.2
Total ± 4.3 ± 3.0 ± 2.6 ± 1.5 ± 1.3 ± 0.8

TABLE V: Energy-uncorrelated systematic uncertainty on
the observed spectrum shape in %.

ties are listed in Table V. To obtain the e! ect
on the energy spectral shape, relative di! er-
ences of each uncertainty between each energy
bin are studied. For example, the uncertainty
of the fiducial volume due to the vertex shift
is 0.54% in total, and the relative di! erences
are obtained as 0.1% for 5.5-20 MeV region,
but 0.5% for 5.0-5.5 MeV region with the tight
fiducial volume. These uncertainties are taken
into account in the oscillation analysis without
correlations.

H. Total Flux Result

Recoil electrons from elastic solar ν-electron scatter-
ing are strongly forward-biased. SK-III statistically sep-
arates solar ν’s from background with an unbinned like-
lihood fit to the directional distribution with respect to
the Sun. For a live time of 548 days of SK-III data, from
5.0 to 20.0 MeV, the extracted number of signal events is
8132+133

−131(stat.) ±186(sys.). The corresponding 8B flux
is obtained using the 8B spectrum of [10] to be:

(2.32± 0.04(stat.)± 0.05(sys.))× 106 cm−2sec−1.

This result is consistent with SK-I (2.38±0.02(stat.)±
0.08(sys.) × 106 cm−2sec−1) and SK-II (2.41 ±
0.05(stat.)+0 .16

−0.15(sys.) × 106 cm−2sec−1). The SK-I and
II values are recalculated using the 8B spectrum of [10].
Figure 26 shows the angular distribution of extracted

solar neutrino events.
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FIG. 26: The angular distribution of the solar neutrino final
sample events. The dotted line seen under the peak in the
solar direction represents background contributions.

I. Energy Spectrum

The recoil electron energy spectrum is obtained from
5.0 to 20.0 MeV in 21 bins. The definition of the energy
bins is given in Table VI, which shows the observed and
expected event rates. Figure 27 shows the observed en-
ergy spectrum divided by the SSM(BP2004) [7] without
oscillation. The line in the Figure 27 represents the total
SK-III average (flat data/SSM prediction without neu-
trino oscillation e! ect). The χ2 value is 27.1/20 dof for
the flat prediction and 26.8/20 dof for the prediction with
the best fit neutrino oscillation parameters obtained by
the global solar analysis (see Section IVC). This result
indicates no significant spectral distortion.

IV. OSCILLATION ANALYSIS WITH SK-III
RESULT

Oscillations of solar neutrinos have been studied by nu-
merous experiments. The results from such experiments
have placed increasingly stringent constraints on the mix-
ing angle between neutrino mass and flavor eigenstates
as well as on the neutrino mass di! erence.
In section IVB, the result of the two-flavor neutrino

oscillation analysis using SK-I,II,III data is presented.

Detect charged particles from the 
emission of Cherenkov radiation

Energy of charged particle from number 
of Cherenkov photons produced.

Can reconstruct position 
and direction of particle 

from orientation of 
Cherenkov cone

Relatively low photon 
yield, effective threshold 

~5 MeV SKIII
arXiv:1010.0118
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νx + e- νx + e- Elastic scattering
Dominated by νe

If heavy water (D2O)

νe + D 2H + e-

νx + D H + n + νx

Only sensitive to νe

Sensitive to all ßavors

Super-K
50 kton H2O

SNO
1 kton D2O

Water Cherenkov
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Organic Liquid Scintillator
High light yield ~104 photons per MeV 

Light is isotropic, no directionality, spectroscopy

Main limitation are radioactive backgrounds < 3 MeV
Well established puriÞcation techniques

Position 
reconstruction

Pulse shape 
discrimination

νx + e- νx + e-

Only ES interaction:

2

The low energy backgrounds in the detector have been

suppressed to unprecedented levels [11], making Borexino

the first experiment capable of making spectrally resolved

measurements of solar neutrinos at energies below 1MeV.

We have previously reported a direct measurement of the
7Be solar neutrino flux with combined statistical and sys-

tematic errors of 10% [12]. Following a campaign of de-

tector calibrations and a 4-fold increase in solar neutrino

exposure, we present here a new 7Be neutrino flux mea-

surement with a total uncertainty less than 5%. For the

first time, the experimental uncertainty is smaller than

the uncertainty in the Standard Solar Model (“SSM”)

prediction of the 7Be neutrino flux [13]1.

The new result is based on the analysis of 740.7 live

days (after cuts) of data which were recorded in the pe-

riod from May 16, 2007 to May 8, 2010, and which cor-

respond to a 153.6 ton·yr fiducial exposure.
The experimental signature of 7Be neutrino inter-

actions in Borexino is a Compton-like shoulder at

∼660 keV. Fits to the spectrum of observed event ener-

gies are used to distinguish between this neutrino scatter-

ing feature and backgrounds from radioactive decays [12].

Two independent fit methods were used, one which is

Monte Carlo based and one which uses an analytic de-

scription of the detector response. In both methods,

the weights for the 7Be neutrino signal and the main

radioactive background components (85Kr, 210Po, 210Bi,

and 11C) were left as free parameters in the fit, while

the contributions of the pp, pep, CNO, and 8B solar neu-

trinos were fixed to the SSM-predicted rates assuming

MSW neutrino oscillations with tan
2 θ12=0.47

+0.05
−0.04 and

∆m2
12=(7.6±0.2)×10−5 eV2 [14]. The impact of fixing

these fluxes was evaluated and included as a systematic

uncertainty. The rates of 222Rn, 218Po, and 214Pb sur-

viving the cuts were fixed using the measured rate of
214Bi-214Po delayed coincidence events. The Monte Carlo

method also includes external γ-ray background, which

makes it possible to extend the fit range in this method

to higher energies. The energy scale and resolution were

floated in the analytic fits, while the Monte Carlo ap-

proach automatically incorporates the simulated energy

response of the detector.

The stability of each fit method was studied by repeat-

ing the fits with slightly varied fit characteristics (e.g.

fit range and histogram binning) and different methods

of data preparation. The latter included changing the

method used to estimate the event energies, and varying

the pulse shape analysis (“PSA”) technique [15] used to

remove 210Po and other α events between a highly effi-

1 Throughout this Letter we use the high metallicity SSM predic-
tions from the “GS98” column in Table 2 of [13] as our reference
SSM. For comparison, the 7Be neutrino flux predicted by the low
metallicity model (also given in [13]) is 8.8% lower than the high
metallicity prediction.
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FIG. 1. Two example fitted spectra; the fit results in the leg-
ends have units [counts/(day·100 ton)]. Top: A Monte Carlo
based fit over the energy region 270–1600 keV to a spectrum
from which some, but not all, of the α events have been re-
moved using a PSA cut, and in which the event energies were
estimated using the number of photons detected by the PMT
array. Bottom: An analytic fit over the 290–1270 keV energy
region to a spectrum obtained with statistical α subtraction
and in which the event energies were estimated using the to-
tal charge collected by the PMT array. In all cases the fitted
event rates refer to the total rate of each species, independent
of the fit energy window.

cient statistical subtraction method [12] and a cut-based

technique which removes a fraction of the α events with

a very small loss of β events. The example spectra shown

in Fig. 1 illustrate the stability of our fit procedure; the
8B neutrino and 214Pb, 222Rn, and 218Po background

spectra are small on the scale of the plots and are not

shown. The results of these and other fits using different

permutations of the fit characteristics and data prepara-

tion techniques described above were averaged to obtain

the central values reported in Table I; the spread between

the results is included in the systematic uncertainty.

TABLE I. Average Fit Results [counts/(day·100 ton)].
7Be 46.0±1.5(stat)+1 .5

! 1.6(syst)
85Kr 31.2±1.7(stat)±4.7(syst)
210Bi 41.0±1.5(stat)±2.3(syst)
11C 28.5±0.2(stat)±0.7(syst)

BX
arXiv:1104.1816
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Stainless steel sphere 13.7m φ

External water tank 18m φ 

Nylon inner vessel 8.5m φ

Nylon outer vessel 11.0 m φ

Fiducial volume 6.0m φ 

2200 Thorn EMI 8" PMTs
(1800 with light collectors
400 without  light collectors)

Scintillator

Buffer

Water

Rope tendons

Steel plates in 
concrete for extra
shielding-
10m x 10m x 10cm
 4m x 4m x 4cm

Exterior instrumented water 
tank 

(Cherenkov detector)

898 tons of quenched 
scintillator as buffer

278 tons of active scintillator

Fiducial Mass ~ 75 tons

Organic Liquid Scintillator
Borexino

KamLAND and SNO+ are similar in design (~1 kton)

Count rate in FV above 14C end point is 10-8 Bq kg-1

109 less radioactivity than natural water!
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Detector Coverage
Scintillator
Gallium Chlorine Water

13



• Radiochemical experiments discovered Solar 
Neutrinos (1960s). The Sun is powered by 
nuclear fusion!

• Kamiokande measured solar νe 8B neutrinos 
(1980s).

• But  detected νe ßux ~1/3 of expected: ÒThe 
Solar Neutrino ProblemÓ

• SNO measured (2000) the total νe and νx ßux 
from 8B neutrinos demonstrating neutrino 
oscillations.

The Past
14



The Past
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Solar neutrinos undergo oscillations in their path from Sun to Earth;
Preferred region of the oscillation parameter space  is the so-

�' m2 =7.6 10-5 eV2; tg2�T=  0.468

The Past

Oscillations parameters Δm2 and tan2θ constrained from 
solar + KamLAND reactor data

MSW-LMA solution
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The Present 2009-2011
• Is MSW-LMA correct? How well can we test 

the model?

• Physics beyond the Standard Model can affect 
the features of the Pee dependence on neutrino 
energy.

• Probe the Pee transition region.

• How well are solar neutrino ßuxes predicted by 
the SSM? Two competing models High and Low 
Metallicity.

17



Other possible scenarios

A. Friedland et al. / Physics Letters B 594 (2004) 347–354 353

Fig. 3. The predicted KamLAND spectrum (top) and the
time-averaged solar neutrino survival probability (bottom) for the
LMA-0 best-fit point. For comparison, the standard LMA-I survival
probability is also given. Refer to the text for details.

First, if the SNO experiment lowers its energy thresh-
old, it may be able, with sufficient statistics, to look
for the upturn expected for the LMA-I solution. The
absence of the upturn would indicate the presence
of NSI, or some other new physics. Second, the ex-
pected 7Be flux in the case of LMA-0 is lower, and
the difference could be detected by the Borexino ex-
periment (or by the future solar phase of KamLAND).
Third, the small value of!m2 could be detected in the
KamLAND spectrum data. The predicted spectra for
LMA-I (standard interactions) and LMA-0 are shown
in Fig. 3 (top). It can be seen that the two are differ-
ent at high energy where LMA-0 predicts more events.
Thus, to make the discrimination it is necessary to both
collect enough data and have a reliable calculation of
the antineutrino flux for Eν̄ ! 6 MeV. Finally, as evi-
dent from Fig. 3, the two solutions make dramatically
different predictions for a pep experiment [44].

While an observation consistent with the standard
LMA-I solution would allow placing a very effective
constraint on the neutrino–matter interactions, a dis-
covery of a deviation consistent with the NSI signal
would have truly profound particle physics implica-
tions. For example, according to Refs. [8,9], such in-
teraction could be due to the operator of the form

M−4 l̄R(H †"σL)(L̄"σH)lR ∝ v2M−4(ν̄ν)(l̄RlR).

For this operator to have an effect on the solar neutrino
survival probability, the coefficient ∝ v2M−4 must
not be too small, i.e., the scale of new physics M

must not be much higher that the weak scale (Higgs
vev v). Thus, by looking for the NSI signatures in
solar/reactor neutrinos the experiments could in fact
be probing new physics at the TeV scale.
In summary, the present-day loose bounds on some

of the neutrino interaction parameters introduce a se-
rious uncertainty in the value of !m2 extracted from
solar and KamLAND data, allowing for a new, discon-
nected solution. These uncertainties might be elimi-
nated in the next several years, as more data are col-
lected and analyzed by solar and KamLAND exper-
iments. The constraints on the neutrino interactions
presented here will be further extended. On the other
hand, deviations from the SM neutrino interactions
could indicate the presence of radically new physics.
We urge experimentalists to consider these points in
their data analysis.
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8B neutrinos
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FIG. 2: Summary of measurements of the 8B flux using neutrino-electron scattering: this work KamLAND, Kamiokande II [11, 12], Super
Kamiokande I [5], Super Kamiokande II [6], Super Kamiokande III [13], SNO D2O [7, 10], SNO Salt [8, 10], SNO NCD [9], and Borexino
[14]. The SNO neutral current measurements [9, 10] are shown for reference with closed triangles.

fore. The effect of using the oscillation parameters from the
global analyses in [13, 26] were investigated but do not change
the result due to the large flux and cross section uncertainties.

In addition to these neutrino interactions, we expect a small
background from atmospheric neutrino interactions. Assum-
ing a flat spectrum, we use the candidate events in the range
of 20 MeV to 35 MeV to extrapolate the atmospheric neutrino
contribution in the signal region, and find 2.0±2.0 events.

A background from positrons from inverse beta decay in-
duced by reactor antineutrinos is tagged by coincidence with
delayed neutron capture γ-rays. The mean capture time in
KamLAND is ! 207µs. The tagging cuts are: a delayed en-
ergy cut, 2.04 MeV<E<2.82 MeV, to select the 2.2 MeV n-p
capture γ; a timing cut, 0.5µs<∆T<660µs; and a position
cut, ∆R<1.6m. ∆T and ∆R refer respectively to the time and
distance between the prompt positron and delayed capture γ.
The tagging efficiency is 0.940±0.006. The reactor antineu-
trino flux at KamLAND is dominated by Japanese power re-
actors, we calculate the flux and spectrum using data provided
by the Japanese power companies and a simplified reactor
model [27]. The residual background is 1.6±0.1, where the
uncertainty in the neutrino oscillation parameters is included.

The total background, broken down in Table II, is estimated
to be 157.3±23.6 events. While 8Li has the largest produc-
tion rate, 11Be, due to its long half-life (τ1/ 2 = 13.8 s), is the
largest contribution to the total background.

After applying all the cuts, 299 electron recoil candi-
dates are found in the ROI in the 123 kton-day exposure.
Subtracting the 157.3±23.6 background events gives a 8B
rate of 1.16±0.14(stat)±0.21(syst)events per kton-day which
is consistent with our prediction including neutrino oscil-
lation. If we neglect neutrino oscillation, assume a pure
νe flux, and correct for the 5.5 MeV threshold, the mea-
sured rate corresponds to a spectrum integrated flux of
ΦES = 2.17±0.26(stat)±0.39(syst)" 106 cm! 2s! 1.

A second analysis of this data uses an unbinned maximum
likelihood fit to the 8B candidate energy spectrum. The nor-

malization of the individual backgrounds are allowed to vary
but are constrained by a penalty to the expected value. The
best-fit rate is 1.49±0.14(stat)±0.17(syst)events per kton-
day, with a goodness-of-fit of 49%. Once again assuming a
pure νe flux, this corresponds to a spectrum integrated flux
of ΦES = 2.77±0.26(stat)±0.32(syst)" 106 cm! 2s! 1. Fig. 1
shows the energy spectrum of the candidate events with the
best-fit solar neutrino and background spectra. This anal-
ysis does not include the small change in the shape of
the neutrino spectra due to oscillation. Including this ef-
fect does not significantly change the best-fit rate, ΦES =
2.74±0.26(stat)±0.32(syst)" 106 cm! 2s! 1, with a goodness
of fit of 57%.

The KamLAND result is compared to other measurements
of the total 8B flux through neutrino-electron elastic scat-
tering in Fig. 2. For this comparison the reported statis-
tical and systematic errors are added in quadrature. The
mean of the experiments, weighted by their uncertainties, is
ΦES = 2.33±0.05 " 106 cm! 2s! 1 . This is dominated by the
very precise Super-Kamiokande water-Cherenkov measure-
ment. The reduced χ2/NDF is 6.6/ 8 where the KamLAND
Rate + Energy result and the Borexino E>3 MeV result are
used in the calculation.

A key prediction of the LMA-MSW solution to the so-
lar neutrino problem is the expected transition from matter-
dominated to vacuum-dominated oscillations, depending on
the neutrino energy and the region of the solar interior probed
by the neutrinos as they journey out of the sun. A general fea-
ture is that the survival probability, defined as the ratio of the
oscillated νe-flux to the unoscillated flux, tends to increase
with decreasing solar neutrino energy. This effect is the re-
sult of neutrino species (8B, 7Be, pp, etc.) either moving off,
or being produced in a region not satisfying the MSW reso-
nance condition. These neutrinos are then described by vac-
uum oscillation. The curve in Fig. 3 shows the ratio of the
expected neutrino-electron elastic scattering rates with and
without oscillation calculated using the AGSS09-SSM. The

arXiv:1106.0861v3

Lowering energy threshold to see 
increase in Pee at lower energies.

All current observations consistent with expectations:

2010 : SNO (3.5 MeV, Phase I and II), Borexino (3 MeV)
2011 : KamLAND (5.5 MeV),  SNO (Phase III), SKIII (5 MeV)
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• Large ßux: 100 times larger than 8B.

• Flux predicted with 7% uncertainty.

• Mono-energetic E = 862 keV.

7Be neutrinos
2

The low energy backgrounds in the detector have been

suppressed to unprecedented levels [11], making Borexino

the first experiment capable of making spectrally resolved

measurements of solar neutrinos at energies below 1MeV.

We have previously reported a direct measurement of the
7Be solar neutrino flux with combined statistical and sys-

tematic errors of 10% [12]. Following a campaign of de-

tector calibrations and a 4-fold increase in solar neutrino

exposure, we present here a new 7Be neutrino flux mea-

surement with a total uncertainty less than 5%. For the

first time, the experimental uncertainty is smaller than

the uncertainty in the Standard Solar Model (“SSM”)

prediction of the 7Be neutrino flux [13]1.

The new result is based on the analysis of 740.7 live

days (after cuts) of data which were recorded in the pe-

riod from May 16, 2007 to May 8, 2010, and which cor-

respond to a 153.6 ton·yr fiducial exposure.
The experimental signature of 7Be neutrino inter-

actions in Borexino is a Compton-like shoulder at

∼660 keV. Fits to the spectrum of observed event ener-

gies are used to distinguish between this neutrino scatter-

ing feature and backgrounds from radioactive decays [12].

Two independent fit methods were used, one which is

Monte Carlo based and one which uses an analytic de-

scription of the detector response. In both methods,

the weights for the 7Be neutrino signal and the main

radioactive background components (85Kr, 210Po, 210Bi,

and 11C) were left as free parameters in the fit, while

the contributions of the pp, pep, CNO, and 8B solar neu-

trinos were fixed to the SSM-predicted rates assuming

MSW neutrino oscillations with tan
2 θ12=0.47

+0.05
−0.04 and

∆m2
12=(7.6±0.2)×10−5 eV2 [14]. The impact of fixing

these fluxes was evaluated and included as a systematic

uncertainty. The rates of 222Rn, 218Po, and 214Pb sur-

viving the cuts were fixed using the measured rate of
214Bi-214Po delayed coincidence events. The Monte Carlo

method also includes external γ-ray background, which

makes it possible to extend the fit range in this method

to higher energies. The energy scale and resolution were

floated in the analytic fits, while the Monte Carlo ap-

proach automatically incorporates the simulated energy

response of the detector.

The stability of each fit method was studied by repeat-

ing the fits with slightly varied fit characteristics (e.g.

fit range and histogram binning) and different methods

of data preparation. The latter included changing the

method used to estimate the event energies, and varying

the pulse shape analysis (“PSA”) technique [15] used to

remove 210Po and other α events between a highly effi-

1 Throughout this Letter we use the high metallicity SSM predic-
tions from the “GS98” column in Table 2 of [13] as our reference
SSM. For comparison, the 7Be neutrino flux predicted by the low
metallicity model (also given in [13]) is 8.8% lower than the high
metallicity prediction.
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FIG. 1. Two example fitted spectra; the fit results in the leg-
ends have units [counts/(day·100 ton)]. Top: A Monte Carlo
based fit over the energy region 270–1600 keV to a spectrum
from which some, but not all, of the α events have been re-
moved using a PSA cut, and in which the event energies were
estimated using the number of photons detected by the PMT
array. Bottom: An analytic fit over the 290–1270 keV energy
region to a spectrum obtained with statistical α subtraction
and in which the event energies were estimated using the to-
tal charge collected by the PMT array. In all cases the fitted
event rates refer to the total rate of each species, independent
of the fit energy window.

cient statistical subtraction method [12] and a cut-based

technique which removes a fraction of the α events with

a very small loss of β events. The example spectra shown

in Fig. 1 illustrate the stability of our fit procedure; the
8B neutrino and 214Pb, 222Rn, and 218Po background

spectra are small on the scale of the plots and are not

shown. The results of these and other fits using different

permutations of the fit characteristics and data prepara-

tion techniques described above were averaged to obtain

the central values reported in Table I; the spread between

the results is included in the systematic uncertainty.

TABLE I. Average Fit Results [counts/(day·100 ton)].
7Be 46.0±1.5(stat)+1 .5

! 1.6(syst)
85Kr 31.2±1.7(stat)±4.7(syst)
210Bi 41.0±1.5(stat)±2.3(syst)
11C 28.5±0.2(stat)±0.7(syst)

BX
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FIG. 4. Spectrum S, subtracted night and day spectra in
the enlarged FV. The fit is performed with the residual
210Po spectrum and the 7Be spectrum. The fit results are
in cpd/100 t and the fit region is between 250 and 800 keV.
The blue curve is the shape of the 7Be spectrum used in the
fit, in arbitrary units. The residual 7Be is too small to be
shown.

We now discuss the implications of the di! erent sets

of solar neutrino data in the determination of the solar

neutrino parameters. We consider first the analysis of

the day-night Borexino data. We computed the expected

day–night asymmetry taking into account the Borexino

exposure function (see Fig. 1), and then compared to the

experimental number. The region excluded by the 7Be

day–night data at 99.73% c.l. is shown as the hatched red

region in the left panel of Fig. 6 and corresponds to the

range of " m2 between ∼ 10! 8 and 2 · 10! 6 eV2. In par-

ticular, we find that the minimum day–night asymmetry

computed in the LOW region (defined above) is 0.117,

which is more than 8.5σ away from our measurement.

Next, we add the other Borexino results, namely the
7Be total rate [12], the 8B total rate (0.217 ± 0.038

(stat) ± 0.008 (syst)) cpd/100 t, and 8B spectral shape

(5 bins from 3 to 13 MeV) [14]. This Borexino global fit

takes into account the experimental errors (the system-

atic and statistical errors summed in quadrature) and the

theoretical errors in the total rates, including the corre-

lation of the 7Be and 8B theoretical fluxes [15]. We have

considered the most up-to-date calculations of the high

metallicity SSM fluxes [16] and we have included the cor-

related errors in the bins due to the uncertainty in the 8B

neutrino spectrum, energy threshold, and energy resolu-

tion [14] in predicting the 8B neutrino recoil spectrum.

In Fig. 5 we show the results of this analysis. Borex-

ino data uniquely identifies the LMA-MSW solution at

90% c.l. The best fit point is " m2 = 2.3 10! 5 eV2,

tan2θ = 0.33.

Finally, we discuss the global analysis of all solar neu-

trino data without and with Borexino data taking the
7Be and 8B neutrino fluxes as free parameters. We in-

clude the radiochemical data [1], the Super-Kamiokande

phase I and III data [2], and the SNO LETA data and

phase III rates [3]. The left panel of Fig. 6 shows the

68.27, 95.45 and 99.73% c.l. allowed regions by the all

non-Borexino solar neutrino data. The best fit point is in

the LMA region (" m2 = 5.3 ·10! 5 eV2 and tan
2 θ =0.47)

and a small portion of the LOW region is still allowed at

" χ2 = 11.83.

The right panel of Fig. 6 shows the same c.l. al-

lowed regions by all solar neutrino data, including all

the Borexino data [12, 14]. The LMA region is slightly

modified (new best fit point is " m2 = 5.3 10! 5 eV2 and

tan
2 θ = 0.46), but the LOW region is strongly excluded

at " χ2 > 190. Therefore, after the inclusion of the

Borexino day–night data, solar neutrino data alone can

single out the LMA solution with very high confidence.

This result does not use KamLAND data [4] and there-

fore does not assume CPT symmetry.

In this letter, we have assumed two neutrino oscillations

(θ13 = 0). We have checked that the inclusion of the

third family does not change any of the conclusions and

will be published in [13]. Our day-night asymmetry mea-

surement is also very powerful in testing mass varying

neutrino flavor conversion scenarios. For the parameters

chosen to fit all neutrino data as in [17], we find that

the day–night asymmetry of the 7Be flux excludes this

model at more than 20σ.
In conclusion, we have searched for the day–night asym-

metry of the count rate due to the 862 keV 7Be solar neu-

FIG. 5. Neutrino oscillation analysis of Borexino data alone.
The LMA region is favored at 90% c.l.. We show the
68.27 and 90% c.l. allowed regions. The best fit point is
! m2 = 2.3 10−5 eV2, tan2θ = 0.33.
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FIG. 2. The global experimental constraints on the low energy
solar Pee. For the

7Be point, which shows the current result,
the inner (red) error bars show the experimental uncertainty,
while the outer (blue) error bars show the total (experimen-
tal + SSM) uncertainty. The remaining points were obtained
following the procedure in [18], wherein the survival probabil-
ities of the low energy (pp), medium energy, and high energy
(8B) solar neutrinos are obtained, with minimal model de-
pendence, from a combined analysis of the results of all solar
neutrino experiments. To illustrate Borexino’s effect on the
low energy Pee measurements, the green (dashed) points are
calculated without using the Borexino data. The MSW-LMA
prediction is also shown for comparison; the band defines the
1-σ range of the mixing parameter estimate in [14], which
does not include the current result.

47.5± 3.4 counts/(dayá100 ton) in Borexino). The ra-
tio of our measurement to the SSM prediction gives
f7Be=0.97± 0.09.

Finally, we have used our new result to update the
global experimental constraint on the other low energy
solar neutrino ßuxes by performing a global analysis in
which the 8B, 7Be, CNO, and pp ßuxes were left as
free parameters, following [19]. Under the luminosity
constraint, we Þnd Φpp=(6.06+0.02

−0.06)×1010 cm−2s−1 and
ΦCNO<1.3×109 cm−2s−1 at 95% C.L. Expressed as a
fraction of the SSM predicted ßuxes these correspond
to fpp=1.013+0.003

−0.010 and fCNO<2.5 at 95% C.L. The lat-
ter limits the CNO contribution to the solar luminosity
to <1.7% (95% C.L.). Both the precision of thepp ßux
determination and the constraint on the CNO ßux are
improved by approximately a factor of two by our new
result.

We have presented a measurement of the interaction
rate of 862 keV 7Be solar neutrinos in Borexino with a
total uncertainty less than 5%. This precise measure-
ment has also improved our experimental understanding
of the other low energy solar neutrinos. The Borexino
measurements have allowed us to test and validate the
MSW-LMA model in the vacuum oscillation regime and
at the lower energy edge of the transition region with
unprecedented precision.
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Measured rate uncertainty smaller than ßux uncertainty

Result consistent with MSW-LMA. 5σ from no oscillation

+ Global solar analysis

pp ßux: 
(6.06+0.02)x1010 cm-2s-1

-0.06

CNO ßux:
<1.3x109 cm-2s-1

Absence of Day/Night asymmetry supports MSW-LMA and strongest 
constraint on matter effects on ~1 MeV neutrinos 

<1% uncertainty in pp ßux
CNO ßux limit 2.5 times High Z prediction

Total ßuxes
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pep and CNO neutrinos
• Tests of MSW-LMA with 7Be limited due to 

uncertainty in solar ßux.

• pep ßux predicted with higher precision, 1.2% 
uncertainty. Allows for more stringent tests of 
oscillation models. Also mono-energetic.

• CNO ßuxes directly related to Solar Metallicity. 
Allows to discern between High Z and Low Z 
models.

• Fluxes 10 times smaller than 7Be. End points 1-2 
MeV. 11C is the dominant background in Borexino.
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Cosmogenic 11C

Reconstructed μ entry/exit points

Reconstructed position of neutron

Reconstructed position of 11C

Track of the parent μ.

Neutrons within 
1.6 ms after μ.

11C candidates within 
2 h after μ.

Can use space + time 
correlation with μ + n to 

veto regions of the detector 
with higher 11C background:

Three-fold coincidence 
(TFC)  technique

23
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TFC decreases 11C rate to 
~10% of its original value 

with ~50% loss of exposure. 

Limiting background is 
now internal 210Bi.

11C suppression in Borexino

Pulse shape parameter
-0.6 -0.4 -0.2 0 0.2

E
v
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n
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10

210

Pulse shape parameter distribution in 0.9 - 1.8 MeV

Data

-e

+e

Best Fit
Formation of positronium and 
multiple energy deposits from 

annihilation γÕs lead to different 
reconstructed emission time proÞles.

β-/β+ Pulse Shape discrimination
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No oscillation hypothesis disfavored at 96% C.L.

Statistical signiÞcance 
of pep measurement 

97% C.L.

CNO ßux limit 1.4 times High Z prediction
Results consistent with MSW-LMA and SSM
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The Future

• BorexinoÕs Þrst evidence for pep strengthens the 
prospects for organic liquid scintillator detectors.

• For a precise measurement of pep and a 
measurement of CNO ßux, lower backgrounds 
are necessary.

• In deeper sites 11C production will be suppressed 
due to lower cosmic ray ßux.

• 210(Pb)Bi background can only be reduced through 
puriÞcation.
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Borexino Phase II
• Since July, 2010 we have undertaken a series of puriÞcation 

campaigns to decrease radioactive backgrounds.

• Nitrogen stripping has been successful at removing 85Kr. No 
evidence since January.

• Moderate success at removing 210Pb(Bi) by Water 
Extraction.

• Operations on-going and hope to decrease 210Bi signiÞcantly 
and possibly 210Po.

• Decrease of 210Po may be necessary to obtain an 
independent estimate of 210Bi contamination and a more 
precise measurement of CNO ν rate [arXiv:1104.1335v1].
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SNO+
276 C. Kraus, S.J.M. Peeters / Progress in Particle and Nuclear Physics 64 (2010) 273–277

Fig. 3. Simulated SNO+ energy solar neutrino spectrum.

developing calibration systems andmethods that will enable an excellent calibration of the detector energy response, which

is critical for the double beta decay measurement. It is of the utmost importance to understand the shapes in detail.

4. Neutrino physics topics (other then 0!"" )

4.1. Solar neutrinos

The measurement of the survival probability of the electron neutrinos produced by the pep process in the sun is very

sensitive to Non-Standard Interactions (NSI) [3]. The pep neutrinos are especially interesting, as the theoretical uncertainty

on the total flux of this process is relatively small. The pep line is expected to be well observable, assuming backgrounds

that have been achieved by Borexino and/or KamLAND (see Fig. 3). The most significant backgrounds are
40
K and

210
Bi. The

former can be constrained due to its spectral features, whereas the amount of
210

Bi present can be inferred by the measured
210

Po alpha peak. Assuming currently achieved backgrounds by other experiments, the pep signal can be measured to about

5% after 3 kilotonne-years of exposure.

The measurement of the CNO neutrino flux has recently gained in a lot of interest, as it has the potential to shed light on

the solar metallicity problem [4]. The CNO signal can be measured to about 8% after 3 kilotonne-years of exposure.

4.2. Reactor anti-neutrinos

Anti-neutrinos can be detected via the inverse beta-decay process in SNO+. There are a few reactor complexes that

mostly contribute to the anti-neutrino flux at SNO+: Pickering, Darlington and Bruce. The baselines for these two reactors

are longer than the typical KamLAND baseline. This results in the fact that spectral features from neutrino oscillations are

shifted to higher energy. This particular arrangement of reactors happens to create a distinctive spectral feature in SNO+,

which is beneficial for extracting the oscillation parameters for [5].

4.3. Geo anti-neutrinos

Anti-neutrinos are also produced in radiogenic heat production inside the earth. The KamLAND experiment has observed

these anti-neutrinos [6]. Further, more detailed observation of these neutrinos could provide important information about

models of this heat production [7].

SNO+ has two main advantages over KamLAND. Firstly, SNO+ is expected to have a reactor neutrino background that

is four times lower than for KamLAND, therefore the signal to background ratio increases. Secondly, SNO+ is located in a

relatively well-understood and well-studied geology of the surrounding rock.

4.4. Supernova neutrinos

The observation of neutrinos from supernova would give us a handle on a lot of important information [8]. SNO+ is

planning to rejoin the SuperNova Early Warning system (SNEWs) [9]. SNO+ would see an approximately equal amount of

charged current, as well as neutral current interactions. The nominal signal for a supernova at a distance of 10 kpc would be

642 events.

Can the 210Bi 
background be lower 

than Borexino?

>3 times larger than 
Borexino

At SNOLAB, ~2x 
deeper than Gran 

Sasso, no 11C

If successful will make the Þrst precision 
measurement of the pep neutrino ßux (~5%)
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pp neutrinos
• Predicted by SSM with smallest uncertainty <1%

• High rate >1 event per day per ton, lowest energy.

• Highest precision test to the standard SSM + 
LMA-MSW.

• Very hard to detect in organic liquid scintillator 
detectors due to irreducible 14C background.

• LENS: Indium-loaded LS has a delayed tag.

• XMASS, CLEAN: noble liquids, high light yield, no 
intrinsic natural radioactivity.
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Conclusion
• 40 years of Science with Solar Neutrinos.

• 8B neutrino results published by 4 collaborations in last two 
years.

• Latest 7Be measurement by Borexino in agreement with 
MSW-LMA. High-precision test.

• First evidence of pep neutrinos by Borexino opens the door 
for future tests.

• Borexino Phase II could measure the CNO ßux and solve 
The Solar Metallicity Problem.

• SNO+ could measure the pep ßux precisely, stringent test on 
MSW-LMA. 
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