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The plan
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Ø Lecture 1: the tale of solar neutrinos

Ø Lecture 2: how do neutrinos oscillate?

Ø Lecture 3: neutrino-nucleus cross sections
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Neutrinos in the Universe

Katz and Spiering, 2012
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Solar neutrino
fighting against the odds

… and winning

Quote stole from Bustamante

6/38



Where everything begins
The Sun is powered by the p-p chain

Detect these neutrinos?

Haxton et al., 2013
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First calculation

Ø 8B, 7Be neutrino flux
• the Standard Solar 

Model

Ø 𝜈! + 37Cl → 𝑒 + 37Ar

Ø 7.5 ± 3.3 SNU (1968)

Haxton et al., 2013
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First experiment

Ø Homestake Experiment

Ø 0.61	kton C2Cl4

Ø 𝜈! + 37Cl → 𝑒 + 37Ar

Ø Measured 3 SNU
bnl.gov
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Theory is wrong?
Refining the Solar Model

Most likely, the solar neutrino 
problem has nothing to do with 
particle physics.  It is a great triumph 
that astrophysicists are able to predict 
the number of 8B neutrinos to within 
a factor of 2 or 3…    -- Georgi
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Experiment is wrong?
Continuing effort
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New physics??
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New physics??
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SNO: the definitive test
Neutrino oscillation

sno.phy.queensu.ca
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SNO: the definitive test
Neutrino oscillation

sno.phy.queensu.ca
14/38

Ø 𝜈" + 𝑑 → 𝜈" + 𝑝 + 𝑛

Ø 𝜈! + 𝑑 → 𝑒 + 𝑝 + 𝑝

Ø 𝜈" + 𝑒 → 𝜈" + 𝑒



SNO: the definitive test
Neutrino oscillation

sno.phy.queensu.ca
14/38

SNO 2016



Solar neutrino
What do we know now
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Solar neutrino spectra

Borexino 2014
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Solar neutrino oscillation

Borexino 2014
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Solar neutrino detection
𝜈 + 𝑒 → 𝜈 + 𝑒

Super-Kamiokande
Water-Cherenkov

Borexino
Scintillator
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Shirley Li (SLAC)



Open questions

Vinyoles et. al., 2017
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Figure 2. Fractional sound speed difference in the sense
δc/c = (c! − cmod)/cmod. Grey shaded regions corresponds
to errors from the inversion procedure (see text for details).
Red shaded region corresponds to errors from the model vari-
ation which we chose to plot around the AGSS09met central
value (solid red line). An equivalent relative error band holds
around the central value of the GS98 central value (solid blue
line) which we do not plot for the sake of clarity. Dashed line
shows, for comparison, results for the older SFII-GS98 SSM.

traction of the sound speed profile is sensitive to un-
certainties in the measured frequencies, numerical pa-
rameters inherent to the inversion procedure and the
solar model used as a reference model for performing
the inversion. Such detailed analysis was carried out
in Villante et al. (2014), in which the SSM response to
varying input parameters was modelled using power-law
expansions and the three uncertainties related to the ex-
traction of δc/c from observed data were taken directly
from Degl’Innoccenti et al. (1997).
In this work, we use large MC sets of SSMs (Sect. 4)

to account for model errors and correlations instead of
using power-law expansions around a reference model.
The total error from all input parameters in SSMs is il-
lustrated in Fig. 2 as the shaded area embracing the B16-
AGSS09met curve. Note that in comparison to previous
estimates, e.g. Villante et al. (2014), errors are larger
due to the adoption of the larger opacity uncertainty.
It should also be noted that model errors are strongly
correlated across the solar radius.
The total error due to the three error sources linked

to δc/c inversion is shown in Fig. 2 as the grey shaded
area around 0. We have improved the calculation of
two of these error sources in comparison to results in
Degl’Innoccenti et al. (1997). The first one is the error
in δc/c resulting from propagating the errors in the ob-
served frequencies. This is now done on the basis of the
BiSON-13 dataset, a much more modern dataset with
smaller frequency errors. This is not a dominant error
source at any location in the Sun. More importantly,
however, is the dependence of the solar sound speed on
the reference model employed for the inversion. Pre-

GS98 AGSS09met

Case dof χ2 p-value (σ) χ2 p-value (σ)

YS +RCZ only 2 0.9 0.5 6.5 2.1

δc/c only 30 58.0 3.2 76.1 4.5

δc/c no-peak 28 34.7 1.4 50.0 2.7

Φ(7Be) + Φ(8B) 2 0.2 0.3 1.5 0.6

all ν-fluxes 8 6.0 0.5 7.0 0.6

global 40 65.0 2.7 94.2 4.7

global no-peak 38 40.5 0.9 67.2 3.0

Table 5. Comparison of B16 SSMs against different ensem-
bles of solar observables.

viously (Degl’Innoccenti et al. 1997; Basu et al. 2000),
this dependence was estimated by performing sound
speed inversions for a few solar models with different in-
put physics, but with fixed solar composition. Here, in-
stead, we resort to using two sets of 1000 SSMs originally
computed by Bahcall et al. (2006), with one set based
on GS98 and the other one on AGS05 (Asplund et al.
2005) solar compositions. In both cases, composition
uncertainties used for those datasets correspond to the
so-called “conservative” uncertainties and are, in fact,
about twice as large, or more, as those quoted in the cor-
responding spectroscopic results. In addition, all other
input parameters in SSM calculations have been varied.
For these 2000 models, inversions have been carried to
determine the solar sound speed profiles. The dispersion
of the results, as a function of radius, have been used to
derive the dependence of inferred solar sound speed on
the inversion reference model. An alternative, and more
consistent approach, would be to perform inversions for
all the models in our MC simulations, as was done in
Bahcall et al. (2006). This is a very time consuming
procedure because it is not fully automated and we de-
cided not to repeat it in the present paper. But our
approach, just described, makes use of a broad range of
SSMs and ensures a conservative estimate of this error
source. A comparison of our current estimates of un-
certainties with respect to previous estimates is shown
in Fig. 3, where solid and dashed lines depict currently
adopted and older errors respectively.
Using model and inversion uncertainties as described

above, we compare how well the predicted sound speed
profiles of B16-GS98 and B16-AGSS09met agree with
helioseismic inferences. For this, we use the same 30 ra-
dial points employed in Villante et al. (2014). We use
the models in the MC simulations to obtain the covari-
ance matrix for these 30 points and assume inversion
uncertainties at different radii as uncorrelated. We ac-
knowledge the latter is an assumption and we expect to
improve on it in the future. Results are shown in the
second row of Tab. 5. For 30 degrees-of-freedom (dof),
B16-GS98 gives χ2 = 58, or a 3.2σ agreement with data.

Solar metallicity problem Solar & reactor tension

Data from SK 2016
20/38



Solar metallicity

Standard 
Solar Model

Helio-
seismology

input

Solar 
neutrino 

fluxescompare output

compare output
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Solar metallicity problem

Vinyoles et. al., 2017

Two inconsistent sets of metallicities

How to solve it?
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Figure 2. Fractional sound speed difference in the sense
δc/c = (c! − cmod)/cmod. Grey shaded regions corresponds
to errors from the inversion procedure (see text for details).
Red shaded region corresponds to errors from the model vari-
ation which we chose to plot around the AGSS09met central
value (solid red line). An equivalent relative error band holds
around the central value of the GS98 central value (solid blue
line) which we do not plot for the sake of clarity. Dashed line
shows, for comparison, results for the older SFII-GS98 SSM.

traction of the sound speed profile is sensitive to un-
certainties in the measured frequencies, numerical pa-
rameters inherent to the inversion procedure and the
solar model used as a reference model for performing
the inversion. Such detailed analysis was carried out
in Villante et al. (2014), in which the SSM response to
varying input parameters was modelled using power-law
expansions and the three uncertainties related to the ex-
traction of δc/c from observed data were taken directly
from Degl’Innoccenti et al. (1997).
In this work, we use large MC sets of SSMs (Sect. 4)

to account for model errors and correlations instead of
using power-law expansions around a reference model.
The total error from all input parameters in SSMs is il-
lustrated in Fig. 2 as the shaded area embracing the B16-
AGSS09met curve. Note that in comparison to previous
estimates, e.g. Villante et al. (2014), errors are larger
due to the adoption of the larger opacity uncertainty.
It should also be noted that model errors are strongly
correlated across the solar radius.
The total error due to the three error sources linked

to δc/c inversion is shown in Fig. 2 as the grey shaded
area around 0. We have improved the calculation of
two of these error sources in comparison to results in
Degl’Innoccenti et al. (1997). The first one is the error
in δc/c resulting from propagating the errors in the ob-
served frequencies. This is now done on the basis of the
BiSON-13 dataset, a much more modern dataset with
smaller frequency errors. This is not a dominant error
source at any location in the Sun. More importantly,
however, is the dependence of the solar sound speed on
the reference model employed for the inversion. Pre-

GS98 AGSS09met

Case dof χ2 p-value (σ) χ2 p-value (σ)

YS +RCZ only 2 0.9 0.5 6.5 2.1

δc/c only 30 58.0 3.2 76.1 4.5

δc/c no-peak 28 34.7 1.4 50.0 2.7

Φ(7Be) + Φ(8B) 2 0.2 0.3 1.5 0.6

all ν-fluxes 8 6.0 0.5 7.0 0.6

global 40 65.0 2.7 94.2 4.7

global no-peak 38 40.5 0.9 67.2 3.0

Table 5. Comparison of B16 SSMs against different ensem-
bles of solar observables.

viously (Degl’Innoccenti et al. 1997; Basu et al. 2000),
this dependence was estimated by performing sound
speed inversions for a few solar models with different in-
put physics, but with fixed solar composition. Here, in-
stead, we resort to using two sets of 1000 SSMs originally
computed by Bahcall et al. (2006), with one set based
on GS98 and the other one on AGS05 (Asplund et al.
2005) solar compositions. In both cases, composition
uncertainties used for those datasets correspond to the
so-called “conservative” uncertainties and are, in fact,
about twice as large, or more, as those quoted in the cor-
responding spectroscopic results. In addition, all other
input parameters in SSM calculations have been varied.
For these 2000 models, inversions have been carried to
determine the solar sound speed profiles. The dispersion
of the results, as a function of radius, have been used to
derive the dependence of inferred solar sound speed on
the inversion reference model. An alternative, and more
consistent approach, would be to perform inversions for
all the models in our MC simulations, as was done in
Bahcall et al. (2006). This is a very time consuming
procedure because it is not fully automated and we de-
cided not to repeat it in the present paper. But our
approach, just described, makes use of a broad range of
SSMs and ensures a conservative estimate of this error
source. A comparison of our current estimates of un-
certainties with respect to previous estimates is shown
in Fig. 3, where solid and dashed lines depict currently
adopted and older errors respectively.
Using model and inversion uncertainties as described

above, we compare how well the predicted sound speed
profiles of B16-GS98 and B16-AGSS09met agree with
helioseismic inferences. For this, we use the same 30 ra-
dial points employed in Villante et al. (2014). We use
the models in the MC simulations to obtain the covari-
ance matrix for these 30 points and assume inversion
uncertainties at different radii as uncorrelated. We ac-
knowledge the latter is an assumption and we expect to
improve on it in the future. Results are shown in the
second row of Tab. 5. For 30 degrees-of-freedom (dof),
B16-GS98 gives χ2 = 58, or a 3.2σ agreement with data.

Compare to helioseismology
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Metallicity & neutrinos

Vinyoles et al., 2017

Measured branches

Better calculation needed

11

Currently, Φ(8B) and Φ(7Be) are the fluxes most
precisely determined experimentally, and can be used
to perform a simple test of the models. Further-
more, these are also the two fluxes from the pp-chains
that are most sensitive to temperature, i.e. to the
conditions in the solar core and the inputs in solar
models. In Serenelli et al. (2011), the agreement be-
tween SFII-GS98 and SFII-AGSS09met with solar fluxes
was virtually the same. The solar values determined
from experimental data in that work were Φ(8B) =
5 × 106 cm−2s−1 and Φ(7Be) = 4.82 × 109 cm−2s−1

with 3% and 4.5% uncertainties respectively. SFII-
GS98 yields Φ(8B) = 5.58(1± 0.14)× 106 cm−2s−1 and
Φ(7Be) = 5.00(1 ± 0.07) × 109 cm−2s−1, while SFII-
AGSS09met gives Φ(8B) = 4.59 × 106 cm−2s−1 and
Φ(7Be) = 4.56 × 109 cm−2s−1 with same fractional er-
rors as SFII-GS98. Experimental results for both Φ(8B)
and Φ(7Be) were right in between the predictions for the
two SSMs.
The new B16 generation of solar models, together

with the recent determination of solar fluxes by
Bergström et al. (2016) included in Table 6, leads to
some changes in this stalemate. On one hand, SSM
predictions for Φ(8B) and Φ(7Be) are reduced for
both GS98 and AGSS09met compositions by about 2%
with respect to previous SFII SSM due to the larger
p(p, e+νe)d rate (for Φ(8B) this is partially compensated
by the increase in the 7Be(p, γ)8B rate). On the other
hand, solar fluxes determined by Bergström et al. (2016)
results in a solar Φ(8B) that is about 3% higher than the
value used in Serenelli et al. (2011). Bergström et al.
(2016) includes in their analysis the Borexino Phase-2
data (BOREXINO Collaboration et al. 2014), the com-
bined analysis of all three SNO phases (Aharmim et al.
2013) and results from phase IV of Super-Kamiokande
(Super-Kamiokande Collaboration et al. 2016) all of
which were not available in 2011. Figure 4 reflects the
updated state of matters, and shows model and exper-
imental results normalized to the newly determined so-
lar values. Central values of B16-GS98 are closer to
the solar values, both for Φ(8B) and Φ(7Be), than B16-
AGSS09met fluxes. Both solar compositions lead to
SSMs, however, that are consistent with solar neutrino
fluxes within 1σ. A comparison between models and
solar data for these two fluxes yields χ2(GS98) = 0.2
and χ2(AGSS09met) = 1.45 (see Table 5). This cal-
culation includes model correlations obtained from the
MC simulations and the distribution of solar fluxes from
Bergström et al. (2016).
As discussed in Sect. 2.1, recent determinations of

S34(0) range between 5.42 × 10−4MeVb to 5.72 ×
10−4MeVb. We speculate here on the impact of adopt-
ing the slightly lower S34(0) value such as determined
by deBoer et al. (2014) (see Sect. 2.1). A 3.2% reduc-
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Figure 4. Φ(8B) and Φ(7Be) fluxes normalized to solar val-
ues (Bergström et al. 2016). Black circle and error bars: so-
lar values. Squares and circles: results for B16 (current) and
SFII (older) generation of SSMs respectively. Ellipses denote
theoretical 1σ C.L. for 2 dof.

tion in S34(0) leads to a decrease in Φ(8B) and Φ(7Be)
of about 2.7% and 2.8% respectively. This change leads
to χ2(GS98) = 0.13 (0.1σ) and χ2(AGSS09met) = 2.4
(1.0σ). In this hypothetical scenario agreement between
B16-AGSS09met and data is slightly larger than 1σ. Al-
though this would still be far from being too useful as
a discrimination test between solar models, this exer-
cise helps in showing that the few percent systematics
present in the determination of nuclear reaction rates
can still be a relevant source of difficulty in using neu-
trino fluxes as constraints to solar model properties.
The most important changes in the neutrino fluxes

occur for Φ(13N) and Φ(15O), in the CN-cycle. These
fluxes are potentially excellent diagnostics of properties
of the solar core. In particular, their dependence on
the metallicty is two-fold: through opacities much in
the same manner as pp-chain fluxes, and also through
the influence of the added C+N abundance in the solar
core. This latter dependence makes these fluxes a unique
probe of the metal composition of the solar core. The
expectation values in the B16 SSMs are about 6% and
8% lower than for the previous SFII models for Φ(13N)
and Φ(15O) respectively. This results from the combined
changes in the p+p and 14N+p reaction rates (Table 2).
CN fluxes have not yet been determined experimen-

tally. The global analysis of solar neutrino data per-
formed by Bergström et al. (2016) yields the upper lim-
its that we include in Table 6. The Borexino collabo-
ration, based on a different analysis of Borexino data
alone, has reported an upper limit for the added fluxes
Φ(13N) + Φ(15O) < 7.7 × 108cm−2s−1 (Bellini et al.
2012).
We close this section with a comparison of models and

solar data for all neutrino fluxes. χ2 values are 6.01 and
7.05 for B16-GS98 and B16-AGSS09met models respec-
tively and are also included in Tab. 5. This global com-
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Metallicity & neutrinos

Vinyoles et. al., 2017

Not measured: CNO neutrinos

Great potential at distinguishing metallicities
Why haven’t we measured them?

Giunti and Kim, 2007
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Obstacles for CNO 𝜈

Borexino 2014

Hopeless?

Borexino

CNO 
𝜈 + 𝑒 → 𝜈 + 𝑒

210Bi 𝛽 decay
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Open questions

Data from SK 2016
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Solar & reactor tension



Neutrino oscillation

Ø 𝑃!! = 1 − sin" 2𝜃 sin"(#$^"&
'
()

Ø 𝐿)*+ ~ 100 km

Average after L

Ø 𝑃!! = 1 − ,
" sin

" 2𝜃

Two-level system

Only measure 𝜃, not 𝛿𝑚^2
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Matter effect
Day-night asymmetry

Sensitive to 𝛿𝑚#

Vissani, 2017

sk.icrr.u-tokyo.ac.jp
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Obstacles for 8B 𝜈
Super-Kamiokande 12
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FIG. 17: Solar angle distribution for 3.49 to 19.5 MeV. θsun
is the angle between the incoming neutrino direction rν and
the reconstructed recoil electron direction rrec. θz is the solar
zenith angle. Black points are data while the histogram is
the best fit to the data. The dark (light) shaded region is the
solar neutrino signal (background) component of this fit.

the number of background events in the i-th energy bin,
respectively. Yi is the fraction of signal events in the i-
th energy bin, calculated from solar neutrino simulated
events. The background weights bij = βi(cos θsunij ) and
the signal weights sij = σ(cos θsunij , Eij) are calculated
from the expected shapes of the background and solar
neutrino signal, respectively (probability density func-
tions). The background shapes βi are based on the zenith
and azimuthal angular distributions of real data, while
the signal shapes σ are obtained from the solar neutrino
simulated events. The values of S and Bi are obtained
by maximizing the likelihood. The histogram of Fig. 17
is the best fit to the data, the dark (light) shaded region
is the solar neutrino signal (background) component of
that best fit. The systematic uncertainty for this method
of signal extraction is estimated to be 0.7%.

1. Vertex shift systematic uncertainty

The systematic uncertainty resulting from the fiducial
volume cut comes from event vertex shifts. To calcu-
late the effect on the elastic scattering rate, the recon-
structed vertex positions of solar neutrino MC events are
artificially shifted following the arrows in Fig. 3, and the
number of events passing the fiducial volume cut with
and without the artificial shift are compared. Fig. 18
shows the energy dependence of the systematic uncer-
tainty coming from the shifting of the vertices. The in-
crease below 4.99 MeV comes from the reduced fiducial
volume (smaller surface to volume ratio), not from an
energy dependence of the vertex shift. The systematic
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FIG. 18: Vertex shift systematic uncertainty on the flux. The
increase below 4.99 MeV comes from the tight fiducial volume
cut. (see text)

uncertainty on the total rate is ±0.2%.

2. Trigger efficiency systematic uncertainty

The trigger efficiency depends on the vertex position,
water transparency, number of hit PMTs, and response
of the front-end electronics. The systematic uncertainty
from the trigger efficiency is estimated by comparing Ni-
calibration data (see section II C) with MC simulation.
For 3.49-3.99 MeV and 3.99-4.49 MeV, the difference be-
tween data and MC is −3.43±0.37% and −0.86±0.31%,
respectively [12]. Above 4.49 MeV the trigger efficiency
is 100% and its uncertainty is negligible. The resulting
total flux systematic uncertainty due to the trigger effi-
ciency is ±0.1%.

3. Angular resolution systematic uncertainty

The angular resolution of electrons is defined as the an-
gle which includes 68% of events in the distribution of the
angular difference between their reconstructed direction
and their true direction. The MC prediction of the angu-
lar resolution is checked and the systematic uncertainty
is estimated by comparing the difference in the recon-
structed and true directions of LINAC data and LINAC
(see [9]) simulated events. This difference is shown in Ta-
ble IV for various energies. To estimate the systematic
uncertainty on the total flux, the signal shapes sang+ij and
sang-ij are varied by shifting the reconstructed directions of
the simulated solar neutrino events by the uncertainty in
the angular resolution. These new signal shapes are used
when extracting the total flux, and the resulting ±0.1%
change in the extracted flux is taken as the systematic
uncertainty from angular resolution.

Backgrounds

8B 𝜈
𝜈 + 𝑒 → 𝜈 + 𝑒

What are the backgrounds?
Super-K 2016
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Spallation backgrounds
Dominant background between 6 – 20 MeV

Cosmic-ray muon fluxes Spallation production

Gomez-Cadenas et al., 2012
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How to reject them?
Correlation with muons

Hopeless to do better?

Ø Cylinder cut for a few s
• muon rate 2 Hz  
(signal ~ 15 / day)

• isotope lifetime ~ 10 s

Ø Remove 90% backgrounds

Ø Lose 20% signals

3 m

40 m
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Solar neutrino
Going forward

32/38



Borexino: CNO 𝜈
Reject 210Bi

Ø 210Pb → 210Bi → 210Po→ 206Pb 
(22 yr)      (5 d)    (138 d)

• 210Pb long lived

• 210Po can be measured

• 210Bi can be extracted

Ø Equilibrium in decay chain is required

Summer 2017: stable T achieved!

Calaprice talk at 10th 
anniversary of Borexino
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Borexino 2022



Shirley Li (SLAC)

Super-K: 8B 𝜈
Reject spallation backgrounds

✘
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New background rejection
For each muon, small cut region → less signal loss 

→ longer cut in time → fewer backgrounds

Shirley Li (SLAC) 36/38



Koshio Neutrino 2022 talk



Shirley Li (SLAC)

Conclusions
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Ø We’ve learned a lot from solar neutrinos

Ø Interesting open questions remain

Ø Ongoing effort to better detect solar neutrinos



Questions?



Back up



Measured metallicities


