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Vorhergesagtes Sonnenneutrino-Spektrum 
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Figure 2
The solar neutrino fluxes and spectra predicted by the BSHP11 standard solar model (3).

and the total flux of 8B solar neutrinos through the neutral-current reaction

2H + νx → 1H + n + νx,

which is equally sensitive to all neutrino flavors. The flux measured by the neutral-current reaction
agreed well with the SSM prediction, whereas the charged-current measurement showed that νe

make up only approximately one-third of that flux. Thus, SNO showed that the νe s produced by the
solar fusion reactions undergo flavor change as they propagate to Earth. This finding meant that
the lower-than-predicted neutrino fluxes measured by the earlier neutrino experiments were due to
those experiments being either completely (chlorine and gallium) or primarily (water Cherenkov)
sensitive to νe s.

1.3. Neutrino Oscillations
The neutrino flavor change observed by the solar neutrino experiments, together with the results
of other experiments involving atmospheric neutrinos (17), reactor antineutrinos (18, 19), and
neutrinos produced by particle accelerators (20, 21), shows that neutrinos undergo flavor oscilla-
tions (22). Neutrino oscillations are well described in the literature (see, e.g., References 2 and 23
and references therein); here, we give only a brief summary.

1.3.1. Vacuum oscillations. Neutrino flavor oscillations can occur when neutrinos have nonzero
mass. If the neutrino flavor eigenstates are not aligned with the mass eigenstates, a neutrino pro-
duced in a flavor eigenstate (such as the νe s produced in the solar fusion reactions) is produced
in a superposition of mass eigenstates. As the superposition propagates, phase differences de-
velop between the mass eigenstate components, which change the apparent flavor content of the
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Sonnen-Neutrinos aus der Proton-Proton-Kette 
1H(p,e+ν)2H

3He(3He,2p)4He 3He(α,γ)7Be

7Be(e-,ν)7Li

7Li(p,α)4He

7Be(p,γ)8B

8B(e+ν)8Be*

8Be*(α)4He

2H(p,γ)3He
85 % 15 %

15 % 0.02 %

1H(p e-,ν)2H
99.75 % 0.25 %

3He(p,e+ν)4He

0.00003 %
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Sonnen-Neutrinos aus dem Bethe-Weizsäcker-Zyklus 
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Abschirmung der kosmischen Strahlung unter Tage (PDG) 
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Neutrinodetektoren für 7Be und 8B - Neutrinos 
SNO (Sudbury/Kanada): 
8B - Neutrinos, schweres Wasser 

Borexino (Gran Sasso/Italy): 
pp-, 7Be-Neutrinos, Flüssigszintillator 
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Nachweis von Neutrinos aus der Sonne (1) 

Ray Davis Jr. 
(Nobelpreis 2002) 

Homestake-Goldbergwerk (South Dakota / USA) 
1500 m unter Tage 
615 t Perchlorethylen (C2Cl4) als Detektor 
37Cl(νe,e-)37Ar   Schwelle Eν > 814 keV  

“Solares Neutrinoproblem”, 1972-2002 

p + p → 2H + e+ + νe 

Gemessen:  2.56±0.23 SNU  1 SNU = 10-36 Einfänge/(e- s) 

 

Sonnenmodell:  8.5 SNU 
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Nachweis von Neutrinos aus der Sonne (2) 

Sudbury Neutrino Observatory SNO (Kanada): 
 

    Schwerwasser-Tscherenkow-Zähler 
    1000 t D2O , 2100 m unter Tage 

ES = Elastic scattering:  νx + e-  → νx + e-  

NC = neutral current:  νx + 2H  → p + n + νx 

CC = charged current:  νe + 2H  → p + p + e- 

Tscherenkow-Kegel eines 
Elektrons, das schneller 
ist als die 
Lichtgeschwindigkeit im 
Medium (n=1.33). 
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Die Lösung des solaren Neutrino-Problems, 2002 

Sudbury Neutrino Observatory SNO (Kanada) weist direkt auch solare νµ, ντ nach. 
Konzentration auf Neutrinos mit > 5 MeV Energie (hauptsächlich aus 8B-Zerfall) 

Neutrino-Flüsse in 106/(cm2 s) 

ES:  νx + e-   → νx + e-  

NC:  νx + 2H → p + n + νx 

CC:  νe + 2H → p + p + e-
 

ΦES = 2.39 

ΦNC = 5.09 

ΦCC = 1.76 

Φe + Φµτ = 5.17±0.67 (stat.+syst.)  

(Experiment, SNO) 

Umformung 

Sonnenmodell: 4.72...5.94 
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Borexino-Detektor (pp- und 7Be-Neutrinos) 
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Figure 2
The solar neutrino fluxes and spectra predicted by the BSHP11 standard solar model (3).

and the total flux of 8B solar neutrinos through the neutral-current reaction

2H + νx → 1H + n + νx,

which is equally sensitive to all neutrino flavors. The flux measured by the neutral-current reaction
agreed well with the SSM prediction, whereas the charged-current measurement showed that νe

make up only approximately one-third of that flux. Thus, SNO showed that the νe s produced by the
solar fusion reactions undergo flavor change as they propagate to Earth. This finding meant that
the lower-than-predicted neutrino fluxes measured by the earlier neutrino experiments were due to
those experiments being either completely (chlorine and gallium) or primarily (water Cherenkov)
sensitive to νe s.

1.3. Neutrino Oscillations
The neutrino flavor change observed by the solar neutrino experiments, together with the results
of other experiments involving atmospheric neutrinos (17), reactor antineutrinos (18, 19), and
neutrinos produced by particle accelerators (20, 21), shows that neutrinos undergo flavor oscilla-
tions (22). Neutrino oscillations are well described in the literature (see, e.g., References 2 and 23
and references therein); here, we give only a brief summary.

1.3.1. Vacuum oscillations. Neutrino flavor oscillations can occur when neutrinos have nonzero
mass. If the neutrino flavor eigenstates are not aligned with the mass eigenstates, a neutrino pro-
duced in a flavor eigenstate (such as the νe s produced in the solar fusion reactions) is produced
in a superposition of mass eigenstates. As the superposition propagates, phase differences de-
velop between the mass eigenstate components, which change the apparent flavor content of the
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Borexino experiment

External water tank
Water

BufferBuffer

Scintillator

Stainless-steel sphere

Nylon outer vessel

Nylon inner vessel

Fiducial volume

Ropes

2,200 8-inch
photomultiplier
tubes

Steel plates
for extra shielding

Figure 4
The Borexino detector.

energy is 156 keV, finite resolution can produce background at higher energies. At the measured
14C level, the spectrum above 200 keV is relatively free of background.

The CTF detector established several background milestones for direct detection of solar
neutrinos with liquid scintillators. Internal backgrounds from 14C, uranium, and thorium met
base requirements, and 85Kr and 210Po were identified and reduced below the detection limit by
purification. External backgrounds were controlled by graded shielding within a water tank. The
innovative use of a thin balloon-like inner vessel to contain the scintillator minimized background
in the material in closest proximity to the scintillator, and offered mechanical and clean fabrication
advantages that would later be exploited in Borexino and in KamLAND.

3. THE BOREXINO DETECTOR
Figure 4 illustrates the main features of the Borexino detector. The active detector consists
of 278 tons of a standard two-component liquid scintillator composed of PC and PPO. The
scintillator is contained in a thin nylon vessel and shielded by two PC buffers separated by a
second nylon vessel. The scintillator and buffers are contained within a 13.7-m stainless-steel
sphere (SSS) that is housed in a 16.9-m domed water tank for additional shielding.

Neutrinos are detected by their elastic scattering on electrons in the liquid scintillator: ν + e− →
ν + e−. The scintillation light yield is a measure of the energy imparted to the electron but has
no sensitivity to direction. The scintillation photons are detected with an array of 2,200 PMTs
mounted on the inside surface of the SSS. With a light yield of 500 detected photons per MeV,
the energy resolution is approximately 5% at 1 MeV, and the position resolution is 10 to 15 cm. A
second array of PMTs inside the water tank provides an efficient detector of the Cherenkov light
produced by muons that pass through the water. For details about the detector, the interested
reader is referred to more detailed descriptions (42).

As in the CTF, the scintillator is shielded from external γ -rays by graded shielding, in this
case a combination of high-purity water and PC buffer fluids. Additional shielding against γ -rays
from the PMTs and the nylon vessel is accomplished by selecting an inner fiducial volume that is
shielded by more than 1 m of scintillator. The position of the scintillation event is determined by
a photon time-of-flight method. This strategy results in an external γ background that is small
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7Be, Energiespektrum im Szintillator 
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b

Figure 6
Two example fits to the Borexino data. (a) Fit that uses Monte Carlo–based component spectra and does not
use the full α statistical subtraction. (b) Fit that uses analytic component spectra; see Reference 50 for details.
The legend gives the fitted rates of the different species in counts (day 100 tons)−1.

distribution of the scintillation signal arising from the finite lifetime of ortho-positronium as well
as from the presence of annihilation γ -rays (which present a distributed, multisite event topology
and a larger average ionization density than that of e− interactions). The difference in pulse shapes
allows a statistical separation of the 11C β+ decays from neutrino-induced e− recoils and β− decays
(Figure 7b) (57).

The combination of the TFC and the pulse-shape discrimination allowed us to differentiate
11C strongly enough to extract the pep and CNO interaction rates (58). We extracted the neutrino
signals by using a multivariate fit that included the energy spectral shapes and the pulse-shape
and radial distributions of the events. The pep interaction rate was 3.1 ± 0.6(stat) ± 0.3(syst)
counts (day 100 tons)−1, and an upper limit of 7.9 counts (day 100 tons)−1 was placed on the
CNO interaction rate.

4.3. 8B Solar Neutrinos
Borexino performed a measurement of the 8B solar neutrino interaction rate with a 3-MeV
energy threshold (59), lower than that achieved in the previous water Cherenkov–based

326 Calaprice et al.
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Borexino, Reduktion des 11C-Untergrunds  
durch Dreifach-Koinzidenz 
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Figure 7
(a) Energy spectrum of the events in the fiducial volume (FV) before and after the threefold coincidence
(TFC) veto is applied. The solid and dashed blue lines show the data and the estimated 11C rate before any
veto is applied. The solid black line shows the data after the procedure, in which the 11C contribution (dashed
line) has been greatly suppressed. The next-largest background, 210Bi, and the e− recoil spectra of the best
estimate of the pep-ν rate and of the upper limit of the CNO-ν rate are shown for reference. Rates in the
legend have units of counts (day 100 tons)−1. (b) The pulse-shape discrimination parameter used to separate
residual 11C from electron recoil signals.

measurements. The dominant background to this measurement is the decay of cosmogenic
isotopes produced through spallation processes by cosmic-ray muons. The 3-MeV threshold was
set to exclude the 2.6-MeV γ -rays from the β decay of 208Tl in the PMTs and in the SSS. The
final spectrum of 8B neutrino–induced recoil electrons after all cuts and background subtraction
are performed is shown in Figure 8. The total 8B neutrino interaction rate in Borexino was
0.217 ± 0.038(stat) ± 0.008(syst) counts (day 100 tons)−1 for recoil electron energies (Teff ) >

3.0 MeV and 0.134 ± 0.022(stat)+0.008
−0.007(syst) counts (day 100 tons)−1 for Teff > 5.0 MeV. We note

that a 2-MeV detection threshold may be feasible for 8B neutrinos in Borexino (60).

4.4. Discussion of Borexino Solar Neutrino Results
Borexino was the first, and to date is the only, experiment capable of making spectrally re-
solved measurements of solar neutrino interactions below 3 MeV. The neutrino interaction rates
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Oszillationen solarer Neutrinos: Überlebenswahrscheinlichkeit Pee 
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Figure 9
Electron neutrino survival probability as a function of energy—the same as Figure 3, but with the Borexino
data added. The y axis has been slightly rescaled. Note the improved experimental constraint on Pee at low
energy: Even the precision of the low-energy “pp: all solar” point has been significantly improved by the
Borexino data. With the exception of the 8B data, Pee is determined by comparing measured fluxes with
standard solar model (SSM) predictions; the comparison thus tests both the Mikheyev–Smirnov–Wolfenstein
(MSW) oscillation model and the SSM. Abbreviation: NC, neutral current.

necessary to study these low neutrino fluxes are achievable, and that more precise measurements
may be possible in the future. The pep measurement provides an ideal probe of the transition
region, and the current measurement has already begun to constrain new physics models (e.g.,
References 26 and 28).

Finally, by simultaneously measuring the 7Be, 8B, and pep solar neutrinos, Borexino is in a po-
sition to map the transition between the matter-enhanced and vacuum-driven oscillation regimes
in a single experiment. The evidence for the transition from Borexino alone is currently 1.8 σ .

5. GEONEUTRINOS
The weak interaction of neutrinos allows them to travel great distances in matter without scatter-
ing. The possibility of exploiting this feature of neutrinos to probe the interior of the Earth has
been discussed for more than 40 years, starting with Eder (61) and Marx (62). Geoneutrinos are
antineutrinos emitted in the β decays of naturally occurring radioactive elements in the Earth,
principally elements in the 238U and 232Th decay chains and 40K. Until recently, knowledge of the
abundance of these heat-producing elements within the Earth has been based on indirect obser-
vations, such as the composition of certain rock formations and the composition of meteorites.
The recent detection of geoneutrinos by KamLAND (63) and Borexino (64) ushered in a new era
of exploring the interior of the Earth with neutrinos.

The heat produced by the Earth’s radioactive elements is believed to be a significant fraction
of the heat emitted by the Earth. This heat drives large-scale geological processes. The total
thermal power emitted by the Earth is estimated to be approximately 40 TW on the basis of
measurements of temperature gradients in ∼40,000 drill holes distributed around the globe. Direct
measurements of the abundance of the radioactive elements and the power they generate can
help to clarify the thermal history of the Earth, a topic of fundamental scientific importance
(65).
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Oszillationen von Reaktor-Neutrinos 15 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT
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where θ and "m2 are the oscillation parameters, NBG1∼2 the number of 9Li/8He backgrounds
floated with an constraint of χ2

BG(NBG1∼2) term, α1∼4 floating parameters to account for the
spectral effects of energy scale uncertainty, finite resolution, ν̄e spectrum uncertainty, and fiducial
volume error, respectively also constrained by the χ2

distortion(α1∼4) term. Figure 9 shows the
excluded region from the rate analysis and the allowed region from rate + shape analysis with
two different threshold data. Only two bands overlap with the LMA region [22] from solar

New Journal of Physics 6 (2004) 147 (http://www.njp.org/)
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Oszillationen von Reaktor-Neutrinos, KamLAND Japan (2003) 4 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT
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histogram is the expected operation in 2006 (Shika at 88 km increases by a factor
3). The height of the histogram shows the thermal power flux contribution at
Kamioka. Also shown as solid (!m2 = 7×10−5 eV2), dashed (3×10−5) and
dotted (1.4×10−4) lines are the survival probability of ν̄e as a function of distance
(all for sin2 2θ = 0.84). The probability is calculated for events above 2.6 MeV
in visible energy.

In the observation of reactor neutrinos, four fissile nuclei (235U, 239Pu, 238U and 241Pu) are
important and the others contribute only at the 0.1% level. Fission fragments from these nuclei
sequentially β decay and emit anti-electron–neutrinos. The purity of the ‘anti’ neutrinos is very
high and electron–neutrino contamination is only at the 10 ppm level above an inverse β decay
threshold, 1.8 MeV. These four nuclei release similar energy when they undergo fission [15] (235U
201.8 ± 0.5 , 239Pu 210.3 ± 0.6, 238U 205.0 ± 0.7 and 241Pu 212.6 ± 0.7 MeV). Thus, the fission
rate is strongly correlated with the thermal power output that is measurable at much better than 2%
even without any special care. Then, one fission causes about six neutrino emissions on average
and, therefore, the neutrino intensity can be roughly estimated to be ∼2 × 1020 ν̄e GW−1

th s−1.
Fission spectra reach equilibrium within a day above ∼2 MeV. This delay is a possible cause of
systematic error. Also, attention to the long-lived nuclei such as

106Ru
T1/2=372 d
−−−−−→ Rh −−−−−−−−→

Emax=3.541 MeV
Pd,

144Ce
T1/2=285 d
−−−−−→ Pr −−−−−−−−→

Emax=2.996 MeV
Nd

is necessary [16]. They affect the correlation between thermal power and neutrino flux at low-
energy region by <1% level.

The beta spectra from 235U, 239Pu and 241Pu have been measured with a spectrometer
irradiating thermal neutrons at ILL [17]. They fitted the observed beta spectra from 30
hypothetical beta branches and converted each branch to a neutrino spectrum [18]. In the case
of 238U, it does not undergo fission with thermal neutrons and only a theoretical calculation [19]
is available. This calculation traces 744 unstable fission products and obtains the corresponding
neutrino spectrum. The error on the calculated spectrum is larger than the measurement, but it

New Journal of Physics 6 (2004) 147 (http://www.njp.org/)
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Figure 6. Reactor neutrino event rate in 2002. The plots and line are the observed
and expected event rate, respectively, and the grey hatches are their average. The
structure in the expected rate reflects the change in the reactor operations.

is 99.95%, where Nno·osc and NBG are the mean number of expected signal and background (86.8
and 1, respectively) and x run possibilities constrained by the Gaussian term, σ is the systematic
and background total error

√
(86.8 × 0.064)2 + 12 = 5.66 and Nobs (= 54) is the observed number

of events. The possibility of observing less than 54 events with x expected is integrated for all
possible x; it gives 0.05% in this case. The ratio of observed to expected number of events is

R = Nobs − NBG

Nno·osc
= 0.611 ± 0.085 (stat) ± 0.041 (syst).

The expected signal for the 0.9 MeV threshold is 124.8 ± 7.5 events and the background rate
is 2.9 ± 1.1 events without the uncertain geo-neutrino contribution of ∼9 events. The observed
number of signal events (= 86), is consistent with the neutrino disappearance observed above
2.6 MeV. Figure 7 shows the observed ratios of reactor neutrino flux from KamLAND and
previous experiments. The band shows the allowed range of the oscillatory pattern from various
LMA parameters and the deficit at KamLAND is in good agreement with the LMA solution. This
evidence of neutrino disappearance supports the LMA solution of the solar neutrino problem and
all the other oscillation solutions are excluded at 99.95% CL under the CPT invariance. Also the
other exotic models (RSFP, neutrino decay, etc) cannot be the leading phenomena of the solar
neutrino problem. Adding the KamLAND results to the solar neutrino observations, the solar
neutrino problem has been finally solved and the LMA solution is found to be the right one.

The spectrum information in figure 8 helps to shrink the allowed region of the oscillation
parameters. An unbinned maximum likelihood method was applied using the following χ2:

χ2
rate+shape = χ2

rate(θ, $m2, NBG1∼2, α1∼4) − 2 log Lshape(θ, $m2, NBG1∼2, α1∼4)

+ χ2
BG(NBG1∼2) + χ2

distortion(α1∼4),

χ2
rate = (Nobs − Nosc(θ, $m2, α1∼4) − NBG1∼2)

2

σ2
stat + σ2

syst
,

New Journal of Physics 6 (2004) 147 (http://www.njp.org/)
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the period used for this work is 15.8 counts/day/ton. Backgrounds
from accidental coincidences and from (α, n) interactions were
evaluated according to the same methods as described in [3].

During the purification campaigns some radon did enter the
detector. The 222Rn has τ = 5.52 days and within several days
the correlated backgrounds disappear leaving in the detector the
corresponding amount of 210Pb. These transition periods are not
used for solar-ν studies, but, with special care can be used for
ν̄e studies. The 214Bi(β)–214Po(α) delayed coincidence has a time
constant very close to the neutron capture time in PC. The α parti-
cles emitted by the 214Po usually show a visible energy well below
the neutron capture energy window. However, in 1.04 × 10−4 or
in 6 × 10−7 of cases, the 214Po decays to excited states of 210Pb
and the α is accompanied by the emission of prompt gammas of
799.7 keV and of 1097.7 keV, respectively. In liquid scintillators,
the γ of the same energy produces more light with respect to an
α particle [22]. Therefore, for these (α + γ ) decay branches the
observed light yield is higher with respect to pure α decays and
is very close to the neutron capture energy window. We have ob-
served such candidates restricted to the purification periods, hav-
ing the corresponding increased Q delayed and positive (α-like) Gatti
parameter. In order to suppress this background to negligible lev-
els during the purification periods, we have increased (with respect
to [3]) the lower limit on Q delayed to 860 p.e. and applied a slight
Gatti cut on the delayed candidate as described above.

We have identified 46 golden anti-neutrino candidates passing
all the selection criteria described above, having uniform spatial
and time distributions. All prompt events of these golden candi-
dates have a negative G parameter, confirming that they are not
due to α’s or fast protons. The total number of the expected back-
ground is (0.70 ± 0.18) events (see Table 2). The achieved signal-
to-background ratio of ∼65 is high due to the extreme radio-purity
of Borexino scintillator and high efficiency of the detector shield-
ing.

In the energy region Q prompt > 1300 p.e., above the end-point
of the geo-neutrino spectrum, we observe 21 candidates, while the
expected background as in Table 2 is (0.24 ± 0.13) events. In this
energy window, we expect (39.9 ± 2.7) and (22.0 ± 1.6) reactor-
ν̄e events without and with oscillations, respectively. The expected
survival probability is therefore (55.1 ± 5.5)%, a value almost con-
stant for distances Lr > 300 km. We recall that for Borexino the
closest reactor is at 416 km and the mean weighted distance is
1200 km. We conclude that our measurement of reactor ν̄e ’s in
terms of number of events is statistically in agreement with the
expected signal in the presence of neutrino oscillations. The ratio
of the measured number of events due to reactor ν̄e ’s with respect
to the expected non-oscillated number of events is (52.0 ± 12.0)%.

We have performed an unbinned maximal likelihood fit of the
light yield spectrum of our prompt candidates. The weights of
the geo-neutrino (Th/U mass ratio fixed to the chondritic value of
3.9 [28]) and the reactor anti-neutrino spectral components were
left as free fit parameters. The main background components were
restricted within ±1σ around the expected value as in Table 2.
For the accidental background we have used the measured spec-
tral shape, while for the (α,n) background we have used an MC
spectrum. For the 9Li and 8He background we have used an MC
spectrum as well which is in agreement with the measured spec-
trum of 148 events satisfying our selection cuts as observed within
a 2 s time interval after muons passing the scintillator.

Our best fit values are Ngeo = (14.3 ± 4.4) events and Nreact =
31.2+7.0

−6.1 events, corresponding to signals Sgeo = (38.8±12.0) TNU2

2 1 TNU = 1 Terrestrial Neutrino Unit = 1 event/year /1032 protons.

Fig. 1. Q prompt light yield spectrum of the 46 prompt golden anti-neutrino candi-
dates and the best fit. The yellow area isolates the contribution of the geo-ν̄e in the
total signal. Dashed red line/orange area: reactor-ν̄e signal from the fit. Dashed blue
line: geo-ν̄e signal resulting from the fit. The contribution of background from Ta-
ble 2 is almost negligible and is shown by the small red filled area in the lower left
part. The conversion from p.e. to energy is approximately 500 p.e./MeV. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this Letter.)

Fig. 2. The 68.27, 95.45, and 99.73% C.L. contour plots for the geo-neutrino and the
reactor anti-neutrino signal rates expressed in TNU units. The black point indicates
the best fit values. The dashed vertical lines are the 1σ expectation band for Srea .
The horizontal dashed lines show the extremes of the expectations for different BSE
models (see Fig. 3 and relative details in text).

and Sreact = 84.5+19.3
−16.9 TNU. The measured geo-neutrino signal cor-

responds to overall ν̄e fluxes from U and Th decay chains of
φ(U ) = (2.4 ± 0.7) × 106 cm−2 s−1 and φ(Th) = (2.0 ± 0.6) ×
106 cm−2 s−1, considering the cross section of the detection in-
teraction (Eq. (1)) from [14]. From the lnL profile, the null geo-
neutrino measurement has a probability of 6 × 10−6. The data and
the best fit are shown in Fig. 1, while Fig. 2 shows the 68.27, 95.45,
and 99.73% C.L. contours for the geo-neutrino and the reactor anti-
neutrino signals in comparison to expectations. The signal from the
reactors is in full agreement with the expectations of (33.3 ± 2.4)
events in the presence of neutrino oscillations.

A contribution of the local crust (LOC) to the total geo-neutrino
signal, based on the local 3D geology around the LNGS laboratory,
was carefully estimated in [32] as Sgeo(LOC) = (9.7±1.3) TNU. The
contribution from the Rest Of the Crust (ROC), based on the recent
calculation by Huang et al. [33], results in the geo-neutrino sig-
nal from the crust (LOC + ROC) of Sgeo(Crust) = (23.4 ± 2.8) TNU.
Subtracting the estimated crustal components from the Borexino

Kernreaktoren 

Geoneutrinos 



Slide 18 
Daniel Bemmerer | 13. Vorlesung 13.07.2016 | Kosmologie und Astroteilchenphysik | http://www.hzdr.de 

Reaktorneutrino-Oszillationen: 
Daya Bay – Experiment in China, 2012 

The value of sin22!13 was determined with a "2 con-
structed with pull terms accounting for the correlation of
the systematic errors [28],

"2 ¼
X6

d¼1

½Md # Tdð1þ "þP
r
!d

r#r þ "dÞ þ $d'2

Md þ Bd

þ
X

r

#2
r

%2
r
þ

X6

d¼1

!
"2d
%2

d

þ $2
d

%2
B

"
; (2)

whereMd are the measured IBD events of the dth AD with
backgrounds subtracted, Bd is the corresponding back-
ground, Td is the prediction from neutrino flux, MC, and
neutrino oscillations [29], !d

r is the fraction of IBD con-
tribution of the rth reactor to the dth AD determined by
baselines and reactor fluxes. The uncertainties are listed in
Table III. The uncorrelated reactor uncertainty is %r

(0.8%), %d (0.2%) is the uncorrelated detection uncer-
tainty, and %B is the background uncertainty listed in
Table II. The corresponding pull parameters are
(#r,"d,$d). The detector- and reactor-related correlated
uncertainties were not included in the analysis; the abso-
lute normalization " was determined from the fit to the
data. The best-fit value is

sin 22!13 ¼ 0:092( 0:016ðstat:Þ ( 0:005ðsyst:Þ;

with a "2=NDF of 4:26=4 (where NDF is the number of
degrees of freedom). All best estimates of pull parameters
are within its 1 standard deviation based on the correspond-

ing systematic uncertainties. The no-oscillation hypothesis
is excluded at 5.2 standard deviations.
The accidental backgrounds were uncorrelated while the

Am-C and (#,n) backgrounds were correlated among ADs.
The fast-neutron and 9Li–8He backgrounds were site-wide
correlated. In the worst case where they were correlated in
the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic
uncertainty increased by 0.001.
Figure 4 shows the measured numbers of events in each

detector, relative to those expected assuming no oscilla-
tion. The 6.0% rate deficit is obvious for EH3 in compari-
son with the other EHs, providing clear evidence of a
nonzero !13. The oscillation survival probability at the
best-fit values is given by the smooth curve. The "2 versus
sin22!13 is shown in the inset.
The observed !&e spectrum in the far hall is compared to a

prediction based on the near-hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence
of neutrino oscillation. The ratio of the spectra is consistent
with the best-fit oscillation solution of sin22!13 ¼ 0:092
obtained from the rate-only analysis [31].
In summary, with a 43 000 ton–GWth–day live-time ex-

posure, 10 416 reactor antineutrinos were observed at the
far hall. Comparing with the prediction based on
the near-hall measurements, a deficit of 6.0% was
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Aufbau der Sonne (in Klammern: Observable) •  Korona 
 

•  Chromosphäre 
 

•  Photosphäre 
Fraunhofer-Linien  
 

•  Konvektionszone 
p-Moden (Helioseismologie) 
 

•  Strahlungszone 
 

•  Kern 
Neutrinos 
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Daten zur Sonne (1): Helioseismologie 

Satellit “SoHo” 
(Solar and 
Heliospheric 
Observatory) 

Fourierspektrum des  
GOLF-Instruments auf 
SoHo 

Computergenerierte stehende 
Wellen, p-mode ~3 mHz 
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Daten zur Sonne (2): Elementhäufigkeiten  
aus der modellgestützten Interpretation der Fraunhofer-Linien 

1D Modell - Beobachtung 

3-dimensionale Modelle der Photosphäre passen besser zur 
Beobachtung, liefern geringere Elementhäufigkeiten:  

 1D: 2.29% der Sonnenmasse sind “Metalle” (Li...U) 
 3D: 1.78% der Sonnenmasse sind “Metalle” (Li...U) 

3D Modell - Beobachtung 

M. Asplund 
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Das solare Häufigkeitsproblem: 
Widerspruch zwischen neuem Sonnenmodell und Helioseismologie 

Standard-Sonnenmodell, 
gerechnet mit 
verschiedenen 
Elementhäufigkeiten. 
 
Observable, die 
helioseismologisch 
überprüft werden können: 
 
•  cmod 

Schallgeschwindigkeit 

•  RCZ  
Tiefe der 
Konvektionszone 

•  YS  
Helium-Häufigkeit 
in der Photosphäre 

A. Serenelli 2011 

3D: AGSS 2009 RCZ=0.723 YS=0.232 
3D: CO5BOLD 2009 RCZ=0.717 YS=0.237 
1D: GS 1998 RCZ=0.713 YS=0.243 
Helioseismology RCZ=0.713±0.001  YS=0.249±0.004 
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Was kann die dritte Observable, also Neutrinos, beitragen? 
Bahcall‘sches Sonnenmodell, A. Serenelli et al. 2011: Zwei Versionen des Standard-Sonnenmodells 

Borexino 

SuperK, SNO 

Homestake 
Vorhergesagte Neutrinoflüsse aus dem  
Standard-Sonnenmodell: 
 
•  GS 1998 

Alte (<2005) Elementhäufigkeiten  
Konsistent mit Helioseismologie 
Φ(8B) = 5.58       Φ(15O) = 2.23 

•  AGS 2009 
Neue (>2005) Elementhäufigkeiten  
Nicht konsistent mit Helioseismologie 
Φ(8B) = 4.59       Φ(15O) = 1.56 

Neutrino-Flüsse in 106/(cm2 s) 
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u  7Be, 8B: Messdaten genauer als die Vorhersagen 

u  13N, 15O: Noch keine Messung 
 

Sonnenneutrino-Flüsse: Vorhersagen und Messdaten 
Neutrinoflüsse: 
Standard Solar Model;  
Antonelli et al., 1208.1356 
 
GS98 = 1D, hohe CNO-
Elementhäufigkeit 
 
AGSS09 = 3D, geringere 
CNO-Elementhäufigkeit 
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Woher kommen die großen Fehlerbalken in der Vorhersage? 

Unsicherheit im vorhergesagten 
Neutrinofluss, in Prozent 
 
Antonelli et al., 1208.1356 

Nuclear reaction rates 

3He(α,γ)7Be 
7Be(p,γ)8B 

14N(p,γ)15O 
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u  Niederniveau-Messlabor besteht seit 1982 
u  Platz in weiteren Stollen vorhanden 

Dresden, ehemalige Felsenkeller-Brauerei (Plauenscher Grund) 

u  12 Jahre alter 5 MV Beschleuniger 
u  Aus Konkursmasse gekauft (York) 
u  250 µA Ladestrom (2 Pelletketten) 
u  Cäsium-Sputterionenquelle: 100 µA H- und C- 

u  Gut geeignet für nukleare Astrophysik 

HZDR (Daniel Bemmerer et al.), 
TU Dresden (Kai Zuber et al.) 
u  Kernreaktionen in der Sonne 
u  Kohlenstoffbrennen in Supernovae Ia 
u  Ausbildung von Studierenden 
u  Internationale Nutzer mit eigenen Projekten 

12.07.2012 York

30.07.2012 HZDR

Felsenkeller


