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Scientific Motivation
§ Exploration of

the solar interior

- fusion rates (pp,CNO)
- solar metallicity
…

§ Investigation of

neutrino oscillations

- 3-flavor oscillations
- matter effects
- non-standard phenomena
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Solar neutrino spectrum
§ based on Standard Solar Model (SSM)
(SSM uncertainties on flux)
RESEARCH ARTICLE
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Figure
1 | Solar
neutrino energy spectrum. The flux (vertical
scale)spectroscopy
is given in

under the vastly more abundant 14C, which is a bof 156 keV. In spite of its tiny isotopic fraction in
lator (14C/12C < 2.7 3 10218), 14C b-decay is resp
detector triggering rate (,30 counts s21 at our c
old). The 14C and pp neutrino energy spectra are,
able in the energy interval of interest.
The 14C rate was determined independently fr
by looking at a sample of data in which the event
followed by a second event within the acquisition
This second event, which is predominantly due t
from hardware trigger-threshold effects and can
the rate and the spectral shape of this contamina
rate of 40 6 1 Bq per 100 t. The error accounts for
to detector response stability in time, uncertain
shape27, and fit conditions (Methods).
An important consideration in this analysis we
occurrences of two uncorrelated events so closely
CNO and are measured as a single eve
not be separated
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Solar neutrino oscillations: MSW-LMA

vacuum
oscillations
E<1MeV

veàve survival probability

Solar neutrino oscillations are observed via ne survival probability:

matter
oscillations
E>5MeV

à Three distinctive regions:
vacuum oscillations, transition region, matter-dominated oscillations
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Solar n experiments: Observational windows
Scintillator

H2O
Chlorine
Gallium

§ radiochemical: Gallium, Chlorine à integral measurements
§ Water Cherenkov à directionality, high threshold
§ Liquid Scintillator à sub-MeV threshold, lower target mass
Michael Wurm (Mainz)
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Spectroscopic measurement of Pee(E)
ne flux measurement of spectral components allows to map out Pee(E):
sub-MeV region: Borexino
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>3MeV: SNO+Super-K
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BOREXINO detector layout

Fiducial volume: 100t
defined by software cut

Inner Detector

Active volume
270t of liquid scintillator (PC)
in nylon vessel of R=4.25 m

Inactive buffer volume
shielding of external g-rays

Outer Detector

Stainless steel sphere
radius: 6.85 m
2212 inward-facing PMTs
Outer muon veto
2.1 kt of water, R=9m
208 PMTs
muon-Cherenkov veto
Michael Wurm (Mainz)
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BOREXINO detector specifications
§ Solar neutrino detection
elastic ne-scattering
§ Energy resolution
~500 p.e. per MeV
à ΔE/E ~ 5% @ 1 MeV
§ Energy threshold
instrumental: ~50 keV
analysis:
~150 keV
§ Spatial reconstruction
from photon time-of-flight
à Δx ~ 10 cm @ 1 MeV
à fiducial volume cut
Michael Wurm (Mainz)
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Background reduction
Borexino visible energy spectrum

Number of photoelectrons

Michael Wurm (Mainz)

Solar neutrino spectroscopy

9

Solar neutrino rates from spectral fit
Fit of signal and background spectra to
the data spectrum to extract neutrino rates
§ Primary requirement: radiopurity
§ Residual background level: ~1 (day.ton)-1
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Solar neutrino spectroscopy

10

crust. Rubidium is an alkali chemically close to potassium but typically
2,000–4,000 times less abundant in the crust. Under these assumptions,
and using the measured 40K (t1/2 5 0.125 3 1010 yr; 0.0117% isotopic
abundance) activity in the fiducial volume, that is, ,0.4 c.p.d. per 100 t at
the 95% confidence level18, the 87Rb activity in the Borexino scintillator
can be constrained to be much less than 0.1 c.p.d. per 100 t, which is neg7Be from
ligible for this analysis. A deviation
the crustal isotopic
ratio by a factor
analysis
(2007/11)
of 100 would still keep this background at ,1 c.p.d. per 100 t.
The solar pp neutrino interaction rate measured by Borexino is 144 6
13 (stat.) 6 10 (syst.) c.p.d. per 100 t. The stability and robustness of the
measured pp neutrino interaction rate was verified by performing fits
with a wide range of different initial conditions. The absence of pp solar
neutrinos is excluded with a statistical significance of 10s (Methods).
Once statistical and systematic errors are added in quadrature and the
latest values of the neutrino oscillation parameters25 are taken into account, the measured solar pp neutrino flux is (6.6 6 0.7) 3 1010 cm22 s21.
This value is in good agreement with the SSM prediction9 (5.98 3 (1 6
0.006) 3 1010 cm22 s21). It is also consistent with the flux calculated
by performing a global analysis of all existing solar neutrino data, including the 8B, 7Be and pep fluxes and solar neutrino capture rates31,32.
Finally, the probability that pp neutrinos produced in the core of the
Sun are not transformed into muon or tau neutrinos by the neutrino
oscillation mechanism is found to be P(ne R ne) 5 0.64 6 0.12, providEnergy
[keV]
ing a constraint on the Mikheyev–Smirnov–Wolfenstein
large-mixingangle (MSW-LMA) solution25,33,34 in the low-energy vacuum regime
(Methods).

BOREXINO low-energy results
2/d.o.f.

= 172.3/147

pp : 144 ± 13 (free)
: 46.2 ± 2.1 (constrained)
pep : 2.8 (fixed)
CNO : 5.36 (fixed)
214Pb: 0.06 (fixed)

210Po:

583 ± 2 (free)
39.8 ± 0.9 (constrained)
Pile-up: 321 ± 7 (constrained)
210Bi: 27 ± 8 (free)
85Kr: 1 ± 9 (free)

7Be
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Outlook

Pee,vac

The proton–proton fusion reaction in the core of the Sun is the keystone
process for energy production in the Sun and in Sun-like stars. The observation of the low-energy (0–420 keV) pp neutrinos 0.62±0.11
produced in this
reaction was possible because of the unprecedentedly low level of radioactivity reached inside the Borexino detector. The measured value is in
7 of both the0.51±0.07
very good agreement with the predictions
high-metallicity
and the low-metallicity SSMs. Although the experimental uncertainty
does not yet allow the details of these models to be distinguished, this
measurement strongly confirms our understanding of0.62±0.17
the Sun. Future
Borexino-inspired experiments might be able to measure solar pp neutrinos with the level of precision (,1%) needed to cross-compare photon

pp
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Figure 3 | Fit of the energy spectrum between 165 and 590 keV. a, The bestfit pp neutrino component is shown in red, the 14C background in dark
purple and the synthetic pile-up in light purple. The large green peak is 210Po
a-decays. 7Be (dark blue), pep and CNO (light blue) solar neutrinos, and 210Bi
(orange) are almost flat in this energy region. The values of the parameters
(in c.p.d. per 100 t) are in the inset above the figure. b, Residuals. Error bars, 1s.

Michael Wurm

Be

pep

Energy [keV]

Solar neutrino spectroscopy

2 8 AU G U S T 2 0 1 4 | VO L 5 1 2 | N AT U R E | 3 8 5

11

SNO and Super-Kamiokande

1kt D2O
22.5kt H2O
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New SK-IV analysis
number of events [a.u.]

spallation cut
cosmogenic
isotopes

Solar neutrino event selection
§ Spallation cut: correlation to parent muons

accidentals
10
5
distance to muon track [m]
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New SK-IV analysis
number of events [a.u.]

spallation cut
cosmogenic
isotopes

Solar neutrino event selection
§ Spallation cut: correlation to parent muons
§ Fiducial volume cut

accidentals
10
5
distance to muon track [m]

fiducial volume cut
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New SK-IV analysis
number of events [a.u.]

spallation cut
cosmogenic
isotopes

accidentals

Solar neutrino event selection
§ Spallation cut: correlation to parent muons
§ Fiducial volume cut
§ Multiple Scattering Goodness (MSG)
for low-energy gamma BG rejection

10
5
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New SK-IV analysis
number of events [a.u.]

spallation cut
cosmogenic
isotopes

accidentals
10
5
distance to muon track [m]

Solar neutrino event selection
§ Spallation cut: correlation to parent muons
§ Fiducial volume cut
§ Multiple Scattering Goodness (MSG)
for low-energy gamma BG rejection
§ Directional fit

MSG

fiducial volume cut

e-

reconstructed direction

g
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SK-IV electron recoil spectrum
ES data spectrum divided by SSM predicted shape for 8B-n’s à sensitive to Pee(E)

ratio

sin2q12
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SK-IV electron recoil spectrum
ES data spectrum divided by SSM predicted shape for 8B-n’s à sensitive to Pee(E)

MSG! new
low-energy
data points

ratio

sin2q12
spectral
upturn
sensitive
to Dm221
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Current status of Pee(E) from solar data

vacuum
oscillations
E<1MeV
matter
oscillations
E>5MeV

à full agreement with basic MSW-LMA scenario
Michael Wurm
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Results on solar mixing parameters (1)
à oscillation fit driven by Pee measurement of high-energy 8B neutrinos

SNO+SK
SNO

Michael Wurm
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Results on solar mixing parameters (2)

all solar
KamLAND
combined

à Solar results still dominate q12, KamLAND results Dm221
à Solar data: mixing parameters still dominated by SK+SNO
à +KamLAND: tension in the best-fit value for Dm221: 5x10-5 vs. 7x10-5 eV2
Michael Wurm
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Motivations to improve on Pee(E)

§ Resolve Dm221 inconsistency between solar and KamLAND data
§ Better
EARCH
ARTICLE constrain Pee(E) in transition region
Borexino-data only

MSW-LMA
expectation

measurement. The violet band corresponds to the 61s prediction of
ded Data Figure 2 | Survival probability of electron-neutrinos
Michael
Wurm
Solar
neutrino
MSW-LMA solution25. It is calculated for the 8B solar neutrinos, 22
ced by the different nuclear reactions in the Sun. All the numbers are thespectroscopy

Motivations to improve on Pee(E)

§ Resolve Dm221 inconsistency between solar and KamLAND data
§ Better
EARCH
ARTICLE constrain Pee(E) in transition region à sensitivity to new physics?
Borexino-data only

NSI?
Steriles?

MSW-LMA
expectation

measurement. The violet band corresponds to the 61s prediction of
ded Data Figure 2 | Survival probability of electron-neutrinos
Michael
Wurm
Solar
neutrino
MSW-LMA solution25. It is calculated for the 8B solar neutrinos, 23
ced by the different nuclear reactions in the Sun. All the numbers are thespectroscopy

How to improve?
§ More accurate results on low-E data

Borexino Phase-2 data (4++ years)RESEARCH ARTICLE
¨ ultra-low background conditions
¨ efforts to reduce convection in target

§ Day/night modulation in 8B-n rate

?

current SK data shows evidence
à provides sensitivity to Dm221

§ Lower threshold on 8B neutrinos

in large liquid scintillator detectors
à elastic scattering data to 2 MeV?

§ Utilize Charged-Current detection

Extended Data Figure 2 | Survival probability of electron-neutrinos
for direct measurement of n energy,
produced by the different nuclear reactions in the Sun. All the numbers are
Borexino (this paper for pp, ref. 17 for Be, ref. 18 for pep and ref. 19
e.g. via 13C or isotope loading (7Liforfrometc.)
B with two different thresholds at 3 and 5 MeV). Be and pep neutrinos are
7

8

7

mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

à water-based scintillator talk by Bob Svoboda
Michael Wurm
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measurement. The violet band corresponds to the 61s predic
the MSW-LMA solution25. It is calculated for the 8B solar neu
considering their production region in the Sun which represe
other components well. The vertical error bars of each data po
represent the 61s interval; the horizontal uncertainty shows
energy range used in the measurement.
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Borexino purification campaign (2010-12)

H2 O
distillation

loop-mode purification
- extract at the bottom
- refill at the top
- try to keep re-mixing
inside low

BOREXINO
scintillator
target

2) water extraction
washing LS with
ultrapure water
à removes 210Pb
à adds 210Po?

1) nitrogen purging
bubbling LS with
ultra-pure nitrogen
à removes 85Kr

LAKN
Michael Wurm
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The pp neutrino spectral component is clearly distinguished from those
of 85Kr, 210Bi, CNO and 7Be, all of which have flat spectral shapes in the
energy region of the fit. Most of the pp neutrino events are buried

Events (c.p.d. per 100 t per keV)

Borexino radiopurity in Phase II (pp-n)

14

New thermal insulation for Borexino
slide by N. Rossi

temperature

Time development of temperature sensors

time

à stabilize temperature gradient to stop convection à BG stabilization (CNO/pep)
Michael Wurm
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How to improve?
§ More accurate results on low-E data

Borexino Phase-2 data (4++ years)RESEARCH ARTICLE
¨ ultra-low background conditions
¨ efforts to reduce convection in target

§ Day/night modulation in 8B-n rate

?

current SK data shows evidence
à provides sensitivity to Dm221

§ Lower threshold on 8B neutrinos

in large liquid scintillator detectors
à elastic scattering data to 2 MeV?

§ Utilize Charged-Current detection

Extended Data Figure 2 | Survival probability of electron-neutrinos
for direct measurement of n energy,
produced by the different nuclear reactions in the Sun. All the numbers are
Borexino (this paper for pp, ref. 17 for Be, ref. 18 for pep and ref. 19
e.g. via 13C or isotope loading (7Liforfrometc.)
B with two different thresholds at 3 and 5 MeV). Be and pep neutrinos are
7

8

7

mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

à water-based scintillator talk by Bob Svoboda
Michael Wurm
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measurement. The violet band corresponds to the 61s predic
the MSW-LMA solution25. It is calculated for the 8B solar neu
considering their production region in the Sun which represe
other components well. The vertical error bars of each data po
represent the 61s interval; the horizontal uncertainty shows
energy range used in the measurement.
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8B

day/night-modulation and Dm221

MSW-LMA Day-Night-effect
predicts re-generation of 8B electron n‘s
when crossing the Earth matter potential

qz

à size of effect depends on value of Dm221
day

night

solar
+KL

à New SK-IV data

§ first evidence (3s)

for non-zero effect:
ADN = (-3.6±1.6±0.6) %

§ amplitude of asymmetry
favors lower solar Dm221
over KamLAND value

Michael Wurm
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How to improve?
§ More accurate results on low-E data

Borexino Phase-2 data (4++ years)RESEARCH ARTICLE
¨ ultra-low background conditions
¨ efforts to reduce convection in target

§ Day/night modulation in 8B-n rate

?

current SK data shows evidence
à provides sensitivity to Dm221

§ Lower threshold on 8B neutrinos

in large liquid scintillator detectors
à elastic scattering data to 2 MeV?

§ Utilize Charged-Current detection

Extended Data Figure 2 | Survival probability of electron-neutrinos
for direct measurement of n energy,
produced by the different nuclear reactions in the Sun. All the numbers are
Borexino (this paper for pp, ref. 17 for Be, ref. 18 for pep and ref. 19
e.g. via 13C or isotope loading (7Liforfrometc.)
B with two different thresholds at 3 and 5 MeV). Be and pep neutrinos are
7

8

7

mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

à water-based scintillator talk by Bob Svoboda
Michael Wurm
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measurement. The violet band corresponds to the 61s predic
the MSW-LMA solution25. It is calculated for the 8B solar neu
considering their production region in the Sun which represe
other components well. The vertical error bars of each data po
represent the 61s interval; the horizontal uncertainty shows
energy range used in the measurement.
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Low-threshold analyses of 8B neutrinos
electron recoil (ES) spectra of SK-IV, SNO and Borexino:
fraction of SSM

8B

SK-IV
SNO-LETA
BX

1

0.8

0.6

0.4

0.2

0

2

4

[3–5] MeV data
point of Borexino: à
low statistics (100t)
Michael Wurm
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Upcoming large-scale detectors:
SNO+ (1kt), JUNO (20kt) , RENO-50 (18kt) ...
Solar neutrino spectroscopy
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How to improve?
§ More accurate results on low-E data

Borexino Phase-2 data (4++ years)RESEARCH ARTICLE
¨ ultra-low background conditions
¨ efforts to reduce convection in target

§ Day/night modulation in 8B-n rate

?

current SK data shows evidence
à provides sensitivity to Dm221

§ Lower threshold on 8B neutrinos

in large liquid scintillator detectors
à elastic scattering data to 2 MeV?

§ Utilize Charged-Current detection

Extended Data Figure 2 | Survival probability of electron-neutrinos
for direct measurement of n energy,
produced by the different nuclear reactions in the Sun. All the numbers are
Borexino (this paper for pp, ref. 17 for Be, ref. 18 for pep and ref. 19
e.g. via 13C or isotope loading (7Liforfrometc.)
B with two different thresholds at 3 and 5 MeV). Be and pep neutrinos are
7

8

7

mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

à water-based scintillator talk by Bob Svoboda
Michael Wurm
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measurement. The violet band corresponds to the 61s predic
the MSW-LMA solution25. It is calculated for the 8B solar neu
considering their production region in the Sun which represe
other components well. The vertical error bars of each data po
represent the 61s interval; the horizontal uncertainty shows
energy range used in the measurement.
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Conclusions
§ Solar neutrinos played important role in discovery of oscillations
§ MSW-LMA vacuum and matter regions well understood,
but mild tension with KamLAND data

§ New oscillation/neutrino physics might wait in the transition region!
à several access ways:
8
¨ low-threshold (CC?) and day/night effect in B neutrinos
¨ pep-neutrino line

§ Running detectors (Borexino, SK) are still able to contribute
§ New detectors upcoming: SNO+, JUNO, ...
§ Many new ideas:
¨
¨

doped/directional scintillators: LENS, THEIA ...
noble liquids: CLEAN (LNe), DARWIN (LXe), Argo (LAr) ...

Michael Wurm
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Thank you!

Backup slides
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New result on q13

all solar
KamLAND
combined
SBLRN
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CC detection of 8B on 13C
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