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Вопросы, обсуждаемые в докладе
l Измерение потока солнечных нейтрино CNO цикла в 

Borexino

l Анализ данных эксперимента Borexino по поиску 
потока 40K гео-𝜈
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Измерение потока CNO нейтрино в Borexino

В 2020 году на конференции Neutrino-2020 было 
объявлено об измерении потока CNO нейтрино 
детектором Borexino. 
Двумя анализами получены значения:

CA: 5.6 ± 1.6 cpd / 100t PC

MV:  7.2    cpd / 100t PC

Nature 587, 577 (2020); arXiv: 2006.15115 

-1.7
+3.0

Почему такая 
разница?
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Измеренный Borexino спектр за 664 дня
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Figure 2: Energy distribution of Borexino events (black
points) and spectral fit (magenta). CNO-⌫, 210Bi , and
pep-⌫ are highlighted in solid red, dashed blue, and dot-
ted green, respectively. All other components are in
grey. The yellow band represents the region with the
largest signal-to-background ratio for CNO-⌫.

trons is a rather featureless continuous distribution
that extends up to 1517 keV (see Fig. 2). In this
work, the three CNO neutrino components (Fig. 1)
were treated as a single contribution by fixing the ra-
tio between them according to the SSM prediction.
Several backgrounds contribute to the same energy
interval with a rate comparable to or larger than the
signal. An elaborate multivariate fit, needed to disen-
tangle all the contributions, follows a procedure sim-
ilar to that adopted in [6, 15, 20] and described in
Appendix.

The CNO analysis is a↵ected by two additional
complications: the similarity between the CNO-⌫ re-
coil electron and the 210Bi �� spectra and the strong
correlation of both with the pep-⌫ recoil electron
spectrum. In addition, the data are polluted by cos-
mogenic 11C in the high energy part of the CNO
spectrum. The three-fold-coincidence (TFC) tagging
technique for 11C described in [15] is essential to make
the CNOdetection possible.

As discussed at length in [21], the sensitivity to
CNO neutrinos is low unless the 210Bi and pep-⌫ rates
are constrained in the fit. The pep-⌫ rate can be
constrained at the level of 1.4% using the solar lu-
minosity1, robust assumptions on the pp to pep neu-
trino rate ratio, existing solar neutrino data [22, 23],
and the most recent oscillation parameters [24]. The
other main background for the CNO-⌫ measurement
comes from the � decays of 210Bi [21]. Bismuth-210
has a short half-life (5.013 days) but its decay rate is

1The luminosity of the Sun depends very weakly on
CNOneutrinos, so the constraint is robust independently of
any reasonable assumption on the role of CNOneutrinos in the
Sun.

supported by 210Pb through the sequence:

210Pb
��

������!
22.3 years

210Bi
��

���!
5 days

210Po
↵������!

138.4 days

206Pb .

(1)
We note that the endpoint energy of the 210Pb �-
decay is 63.5 keV, well below the analysis threshold
(320 keV). Therefore, the determination of the 210Bi
content must rely on measuring 210Po [25]. The ↵
particles from 210Podecay, selected event-by-event by
means of pulse-shape discrimination, are ideal tracers
of 210Bi , although the technique works only if secular
equilibrium in sequence (1) is achieved. It is hence
crucial to understand under what conditions such an
equilibrium is established.
Since 2007, the data have shown that out-of-

equilibrium components of 210Powere present in the
fiducial volume. A dedicated e↵ort was implemented
to study and ultimately remove these components,
reaching su�cient equilibrium in one sub-volume of
the detector, which made the result reported in this
paper possible. We distinguish between a scintilla-

tor
210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in time and
in equilibrium with 210Bi, and a vessel component
(210PoV).2 The origin of 210PoV for this dataset is
understood to be 210Pb deposited on the inner sur-
faces of the vessel. The daughter 210Po may detach
and move into the scintillator by di↵usion or following
slow convective currents. It is important to note that,
as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because
the rate of 210Bi observed in the scintillator has not
significantly changed over several years.
The di↵usion coe�cient of radon in the scintilla-

tor is of the order of 2⇥ 10�9m2/s [26]. Taking this
value to be similar for polonium, the average distance
travelled by a 210Po atom in one half-life is of the or-
der of 20 cm, significantly less than the minimum dis-
tance between the vessel and the FV (approximately
1m). We can conclude that the e↵ect of di↵usion is
negligible for both 210Po and 210Bi . However, Borex-
ino data show that slow convective currents caused
by temperature gradients and variations may indeed
carry the 210Po into the FV. The same e↵ect does not
occur for the short-lived 210Bi , which decays before
reaching the FV.
Prior to 2016, Borexino was neither equipped with

thermal insulation nor active temperature control.
Convective currents were substantial, because of sea-
sonal temperature variations and human activities af-

2Another component of 210Po , well visible in the data after
the initial filling of 2007 and the purification campaigns of 2011,
has completely decayed away and is not relevant here.
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Counting Analysis (CA)

Figure 5: Left. Counting analysis. The vertical axis is the number of events allowed by the data for CNO-⌫ and
backgrounds in ROI; on the left, the CNO signal is minimum and backgrounds are maximum, while on the right, CNO
is maximum and backgrounds are minimum. It is clear from this figure that CNO cannot be zero. Right. CNO-⌫ rate
negative log-likelihood profile directly from the multivariate fit (dashed black line) and after folding in the systematic
uncertainties (black solid line). Histogram in red: CNO-⌫ rate obtained from the counting analysis. Finally, the blue,
violet, and grey vertical bands show 68% confidence intervals (C.I.) for the SSM-LZ and SSM-HZ [2, 21] predictions and
the Borexino result (corresponding to black solid-line log-likelihood profile), respectively.

pep neutrino rate is constrained to (2.74 ± 0.04) cpd
per 100 t by multiplying the standard likelihood with
a symmetric Gaussian term. The upper limit to
the 210Bi rate obtained from eq. 3 is enforced asym-
metrically by multiplying the likelihood with a half-
Gaussian term, i.e., leaving the 210Bi rate uncon-
strained between 0 and 11.5 cpd per 100 t .

The reference spectral and radial distributions
(PDFs) of each signal and background species to be
used in the multivariate fit are obtained with a com-
plete Geant4-based Monte Carlo simulation [15, 31].

The results of the multivariate fit for data in which
the 11C has been subtracted with the TFC technique
are shown in Fig. 2. The p-value of the fit is good
(0.3) demonstrating the fair agreement between data
and the underlying fit model. The corresponding neg-
ative log-likelihood for CNO-⌫, profiled over the other
neutrino fluxes and background sources, is shown in
Fig. 5 (dashed black line in the right panel). The
best fit value is 7.2 cpd per 100 t with an asymmetric
confidence interval of -1.7 cpd per 100 t and +2.9 cpd
per 100 t (68% C.L., statistical error only), obtained
from the quantile of the likelihood profile.

We have studied several possible sources of sys-
tematic error following an approach similar to the
one used in [6, 15]. We have investigated the impact
of varying fit parameters (fit range and binning) on
the result by performing 2500 fits in di↵erent con-
ditions and found it to be negligible with respect
to the CNO statistical uncertainty. We also consid-
ered the e↵ect of di↵erent theoretical 210Bi shapes

from [32, 33, 34] and found that the CNO result is
robust with respect to the selected one [32]. Di↵er-
ences are included in the systematic error. We have
performed a detailed study of the impact of possible
deviations of the energy scale and resolution from the
Monte Carlo model: non-linearity, non-uniformity,
and variation in the absolute magnitude of the scintil-
lator light yield have been investigated by simulating
several million Monte Carlo pseudo-experiments with
deformed shapes and fitting them with the regular
non-deformed PDFs. The magnitude of the deforma-
tions was chosen to be within the range allowed by
the available calibrations [35] and by two ”standard
candles” (210Po, 11C) present in the data. The over-
all contribution to the total error of all these sources
is -0.5/+0.6 cpd per 100 t.

Other sources of systematic error investigated
in the previous precision measurement of the pp

chain [6], such as, fiducial volume, scintillator den-
sity, and lifetime were found to be negligible with
respect to the large CNO statistical uncertainty.

The log-likelihood profile including all the errors
combined in quadrature is shown in Fig. 5, right
(black solid line). The asymmetry of the profile is
due to the applied half-Gaussian constraint on the
210Bi , see eq. (3). Thanks to this 210Bi constraint,
the profile is relatively steep on the left side of the
minimum. The shallow shape on the right side of the
profile reflects the mild sensitivity to distinguish the
spectral shapes of 210Bi and CNO. From the corre-
sponding profile-likelihood we obtain a 5.1� signifi-

6

Result corroborated by a simplified Counting 
Analysis

We perform a counting analysis in a Region of
Interest (ROI) determined maximizing a S/B Figure
of Merit and using an analytical modeling of the
detector response. Number of expected events 

of 210Bi and pep neutrinos in 
the ROI is calculated 
according to the same 
bounds used in the MV fit

For the other species we 
use a reference response 
model of the detector

Systematics are obtained as the width of the distribution of the CNO rate after
varying parameters on 104 Toy-MC realizations where we determine the number of
CNO events by subtracting all the other species from the total events in the ROI.

Consistent 
signal 
detection

G. Ranucci - First detection of solar neutrinos from CNO cycle with Borexino 212020 Jun 23

The multivariate fit fully exploits all the information contained in the
data and substantially enhances the CNO significance 
Poster: “Counting analysis of Borexino Phase-III data for the detection of CNO solar neutrinos“ Riccardo Biondi #93 session 2

Result corroborated by a simplified Counting 
Analysis

We perform a counting analysis in a Region of
Interest (ROI) determined maximizing a S/B Figure
of Merit and using an analytical modeling of the
detector response. Number of expected events 

of 210Bi and pep neutrinos in 
the ROI is calculated 
according to the same 
bounds used in the MV fit

For the other species we 
use a reference response 
model of the detector

Systematics are obtained as the width of the distribution of the CNO rate after
varying parameters on 104 Toy-MC realizations where we determine the number of
CNO events by subtracting all the other species from the total events in the ROI.

Consistent 
signal 
detection

G. Ranucci - First detection of solar neutrinos from CNO cycle with Borexino 212020 Jun 23

The multivariate fit fully exploits all the information contained in the
data and substantially enhances the CNO significance 
Poster: “Counting analysis of Borexino Phase-III data for the detection of CNO solar neutrinos“ Riccardo Biondi #93 session 2

5.6 ± 1.6 cpd / 100t PC
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Multivariate Fit (MV)
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Figure 2: Energy distribution of Borexino events (black
points) and spectral fit (magenta). CNO-⌫, 210Bi , and
pep-⌫ are highlighted in solid red, dashed blue, and dot-
ted green, respectively. All other components are in
grey. The yellow band represents the region with the
largest signal-to-background ratio for CNO-⌫.

trons is a rather featureless continuous distribution
that extends up to 1517 keV (see Fig. 2). In this
work, the three CNO neutrino components (Fig. 1)
were treated as a single contribution by fixing the ra-
tio between them according to the SSM prediction.
Several backgrounds contribute to the same energy
interval with a rate comparable to or larger than the
signal. An elaborate multivariate fit, needed to disen-
tangle all the contributions, follows a procedure sim-
ilar to that adopted in [6, 15, 20] and described in
Appendix.

The CNO analysis is a↵ected by two additional
complications: the similarity between the CNO-⌫ re-
coil electron and the 210Bi �� spectra and the strong
correlation of both with the pep-⌫ recoil electron
spectrum. In addition, the data are polluted by cos-
mogenic 11C in the high energy part of the CNO
spectrum. The three-fold-coincidence (TFC) tagging
technique for 11C described in [15] is essential to make
the CNOdetection possible.

As discussed at length in [21], the sensitivity to
CNO neutrinos is low unless the 210Bi and pep-⌫ rates
are constrained in the fit. The pep-⌫ rate can be
constrained at the level of 1.4% using the solar lu-
minosity1, robust assumptions on the pp to pep neu-
trino rate ratio, existing solar neutrino data [22, 23],
and the most recent oscillation parameters [24]. The
other main background for the CNO-⌫ measurement
comes from the � decays of 210Bi [21]. Bismuth-210
has a short half-life (5.013 days) but its decay rate is

1The luminosity of the Sun depends very weakly on
CNOneutrinos, so the constraint is robust independently of
any reasonable assumption on the role of CNOneutrinos in the
Sun.

supported by 210Pb through the sequence:

210Pb
��

������!
22.3 years

210Bi
��

���!
5 days

210Po
↵������!

138.4 days

206Pb .

(1)
We note that the endpoint energy of the 210Pb �-
decay is 63.5 keV, well below the analysis threshold
(320 keV). Therefore, the determination of the 210Bi
content must rely on measuring 210Po [25]. The ↵
particles from 210Podecay, selected event-by-event by
means of pulse-shape discrimination, are ideal tracers
of 210Bi , although the technique works only if secular
equilibrium in sequence (1) is achieved. It is hence
crucial to understand under what conditions such an
equilibrium is established.
Since 2007, the data have shown that out-of-

equilibrium components of 210Powere present in the
fiducial volume. A dedicated e↵ort was implemented
to study and ultimately remove these components,
reaching su�cient equilibrium in one sub-volume of
the detector, which made the result reported in this
paper possible. We distinguish between a scintilla-

tor
210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in time and
in equilibrium with 210Bi, and a vessel component
(210PoV).2 The origin of 210PoV for this dataset is
understood to be 210Pb deposited on the inner sur-
faces of the vessel. The daughter 210Po may detach
and move into the scintillator by di↵usion or following
slow convective currents. It is important to note that,
as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because
the rate of 210Bi observed in the scintillator has not
significantly changed over several years.
The di↵usion coe�cient of radon in the scintilla-

tor is of the order of 2⇥ 10�9m2/s [26]. Taking this
value to be similar for polonium, the average distance
travelled by a 210Po atom in one half-life is of the or-
der of 20 cm, significantly less than the minimum dis-
tance between the vessel and the FV (approximately
1m). We can conclude that the e↵ect of di↵usion is
negligible for both 210Po and 210Bi . However, Borex-
ino data show that slow convective currents caused
by temperature gradients and variations may indeed
carry the 210Po into the FV. The same e↵ect does not
occur for the short-lived 210Bi , which decays before
reaching the FV.
Prior to 2016, Borexino was neither equipped with

thermal insulation nor active temperature control.
Convective currents were substantial, because of sea-
sonal temperature variations and human activities af-

2Another component of 210Po , well visible in the data after
the initial filling of 2007 and the purification campaigns of 2011,
has completely decayed away and is not relevant here.
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Какое значение точнее 5.6 cpd или 7.2 cpd ?
Почему на одних и тех же данных получены разные 
значения?
Как эти значения соотносятся с 4.9 cpd – HZ ?

Была использована неправильная форма 
спектра для CNO нейтрино ?!

Существует еще какой-то спектр, не учтенный 
в анализе и искажающий спектр CNO ?!
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Графики из работы Phys. 
Rev. D100, 082004, 2019

simulated data using the same response functions
adopted for fitting the real experimental data, using both
analytical and MC procedures. The simulated data of the
pseudoexperiments are obtained from a random sampling

of PDFs produced with the full Borexino MC, including
solar neutrino interaction rates as predicted by the HZ/LZ–
SSM and with the rates of the different background
components compatible with the final results presented

5 6 7 8

5 6 7 8

sγExt.

1 2 3 4

(pep)ν

(pep)ν
1 2 3 4

45 50

Be)7(ν

Be)7(ν
45 50

10 15 20

Bi210

Bi210
10 15 20

0 5 10

Kr85

Kr85
0 5 10

2 2.5

C (sub)11

C (sub)11

Rate (cpd/100 ton)

2 2.5

100 150 200
(pp)ν

C
 (

su
b)

11

R
at

e 
(c

pd
/1

00
 to

n)

2

2.5

K
r

85

0

5

10

B
i

21
0

10

15

20

B
e)

7 (ν

45

50

(p
ep

)
ν

1

2

3

4

sγ
E

xt
.

5

6

7

8

(pp)ν
100 150 200

5− 0 5 10 15

5− 0 5 10 15
(CNO)ν

2 3 4
(pep)ν

(pep)ν
Rate (cpd/100 ton)

2 3 4

0 10 20 30

Bi210

(p
ep

)
ν

R
at

e 
(c

pd
/1

00
 to

n)

2

3

4

(C
N

O
)

ν

5−
0
5

10
15

Bi210
0 10 20 30

FIG. 5. The figure shows the distributions of the interaction rates (cpd=100 ton) of solar ν and of the background species as they result
from the MC fit of pseudo-experiments simulated with the same exposure as the experimental data discussed in this paper. The fit is
performed in the entire LER region and, as in the real data analysis, penalty terms are added in the likelihood to constrain the values of the
14C and pileup rates within the measured ones. It is interesting to note the correlation between the pp and 85Kr rates, physically driven by
the fact that a not negligible portion of the 85Kr spectrum lies in the energy region around about 200 keVwhere we are sensitive to the pp νs
signal. In the left plot, 6700 pseudoexperiments have been generated assuming the RCNO according to HZ-SSM and fitted imposing a
constraint on RCNO to the same value. The same MC PDFs have been used to simulate and fit data, so these plots show only uncertainties
due to statistical fluctuations and the effects of the correlations among the various components. The top right inset represents the results of
the fit of 10000 pseudo-experiments fitted with the MC method while keeping the RCNO free but constraining the Rpp=Rpep ratio to
(47.7! 0.8) (HZ-SSM [3,26]). ConstrainingRpp=Rpep to the LZ-SSM prediction, 47.5! 0.8, gives consistent results. The study included
all the background and neutrino species: here we only show those components that mostly influence the sensitivity to CNO neutrinos.

SIMULTANEOUS PRECISION SPECTROSCOPY OF … PHYS. REV. D 100, 082004 (2019)

082004-11
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Можно сделать вывод, что присутствует еще какой-
то спектр, который складывается со спектром CNO
и искажает его форму.

Например, это может быть спектр геонейтрино 40K



Детектор Borexino может, в принципе,
видеть антинейтрино и нейтрино от 40K

10
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Как зарегистрировать нейтрино от 40K?

Реакция упругого рассеяния на электронах

𝜈e (𝜈e) + e- 𝜈e (𝜈e) + e-

11

PHYSICS OF PARTICLES AND NUCLEI  Vol. 46  No. 2  2015

LOOKING FOR ANTINEUTRINO FLUX FROM 40K 187

40Ca emitting beta!particle and antineutrino with
boarder energy 1.311 MeV. In 10.55% of events there
is K!capture on exiting level of 40Ar with emitting
monoenergetic neutrino 44 keV and then emitting
gamma when coming to base state of 40Ar with energy
1.46 MeV. In 0.2% K!capture leads to coming in base
state of 40Ar with emitting 1.5 MeV monoenergetic
neutrino.

We calculated 40K antineutrino spectrum corre!
sponding to beta!spectrum shown at Fig. 2 [3, 12].
Our beta!spectrum differs from experimental one but
can be used for estimation effect in a detector of
antineutrino. At first approximation one does not
need to use weak magnetism corrections for
antineutrino spectrum that are large enough for beta!
particles but small for antineutrinos. That is why we
dont use any corrections for antineutrino spectrum,
they are shown at Fig. 3.

3. NEUTRINO DETECTOR

We regard as detector target liquid organic scintil!
lator. In BOREXINO detector they use scintillator on
base of Pseudocumene (PC), but in KamLAND
detector on base of mineral oil. In some modern
detectors they propose to use scintillator on base of
Linear alkyl benzene (LAB). In Table 1 we show num!
bers of Carbon, Hydrogen and electrons containing in
1000 t of LAB and PC.

Antineutrinos from 40K are registered through the
reaction of elastic scattering of antineutrinos on target
electrons

(1)

Cross section of reaction (1) is written as

(2)

where E and T antineutrino energy and electron recoil

energy correspondingly,  = 4.308 × 10–45 cm2, x2 =

sin2
θW = 0.232.

4. EARTH MODELS TESTING

To do calculations we have chosen the Earth model
like concentric spheres according to seismic data.
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Fig. 2. Beta!spectra for 40K: (1) experimental measurement
including background; (2) beta!spectrum after subtracting
background and corrected on detector response function.

Fig. 3. Neutrino spectrum from 40K according to decay
scheme shown at Fig. 1 ((1) neutrinos, (2) antineutrinos);
Y!axis shows probability of producing (anti)neutrino per
MeV per one decay of 40K.

Table 1. Abundance of H, C and electrons in 1000 t linear
alkyl benzene and pseudocumene

1000 t LAB PC

Formulae C18H30 C9H12 

H 7.465 × 1031 6.013 × 1031

C 4.479 × 1031 4.510 × 1031

Electrons 3.434 × 1032 3.307 × 1032

1E+2

1E–5
1.61.41.20.80.40 0.60.2 1.0

Energy, MeV
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Спектры CNO нейтрино и спектр 
антинейтрино 40K (электроны отдачи)

12



Схема распада 40K

40K19

40Ca20

40Ar18

ec 43.5 keV 10.66%

Eg  1460.82 keV

ec 1504.4 keV 0.06%

b- 1310.89 keV 89.28%

Natural isotopic abundance 0.0117%

Тепловыделение в Земле

BSE: aK = 0.024%   - 5 TW

aK = 1.0%  - 208 TW

От Солнца поступает 118 000 TW

T1/2 = 1.248 ·109 лет

13



𝜈̅e

𝜈e
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Полный поток антинейтрино и нейтрино от 40K в 
виде электронов отдачи

𝜈e

𝜈̅e
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Предсказанные и наблюденные значения 
спектра CNO с добавкой спектра 40K

CA  Eeff = 800 кэВ
MV Eeff = 560 кэВ

2004.02533 [hep-ph]

2007.07371 [hep-ph]

Известия РАН. Серия 
физическая, т. 85, 
№4, 566, 2021 
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Наш анализ экспериментального спектра, 
полученного коллаборацией Borexino за 664 
дня измерений

17



Рисунок 2 из работы Phys. Rev. D 101, 012009 (2020) был оцифрован для 
использования в анализе.

Оцифрованы все компоненты спектра (всего 10): 210Po, 210Bi, pep, 7Be, 
CNO, 85Kr, 11C, 8B, внешний фон 1 и внешний фон 2.
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Figure 2: Energy distribution of Borexino events (black
points) and spectral fit (magenta). CNO-⌫, 210Bi , and
pep-⌫ are highlighted in solid red, dashed blue, and dot-
ted green, respectively. All other components are in
grey. The yellow band represents the region with the
largest signal-to-background ratio for CNO-⌫.

trons is a rather featureless continuous distribution
that extends up to 1517 keV (see Fig. 2). In this
work, the three CNO neutrino components (Fig. 1)
were treated as a single contribution by fixing the ra-
tio between them according to the SSM prediction.
Several backgrounds contribute to the same energy
interval with a rate comparable to or larger than the
signal. An elaborate multivariate fit, needed to disen-
tangle all the contributions, follows a procedure sim-
ilar to that adopted in [6, 15, 20] and described in
Appendix.

The CNO analysis is a↵ected by two additional
complications: the similarity between the CNO-⌫ re-
coil electron and the 210Bi �� spectra and the strong
correlation of both with the pep-⌫ recoil electron
spectrum. In addition, the data are polluted by cos-
mogenic 11C in the high energy part of the CNO
spectrum. The three-fold-coincidence (TFC) tagging
technique for 11C described in [15] is essential to make
the CNOdetection possible.

As discussed at length in [21], the sensitivity to
CNO neutrinos is low unless the 210Bi and pep-⌫ rates
are constrained in the fit. The pep-⌫ rate can be
constrained at the level of 1.4% using the solar lu-
minosity1, robust assumptions on the pp to pep neu-
trino rate ratio, existing solar neutrino data [22, 23],
and the most recent oscillation parameters [24]. The
other main background for the CNO-⌫ measurement
comes from the � decays of 210Bi [21]. Bismuth-210
has a short half-life (5.013 days) but its decay rate is

1The luminosity of the Sun depends very weakly on
CNOneutrinos, so the constraint is robust independently of
any reasonable assumption on the role of CNOneutrinos in the
Sun.

supported by 210Pb through the sequence:

210Pb
��

������!
22.3 years

210Bi
��

���!
5 days

210Po
↵������!

138.4 days

206Pb .

(1)
We note that the endpoint energy of the 210Pb �-
decay is 63.5 keV, well below the analysis threshold
(320 keV). Therefore, the determination of the 210Bi
content must rely on measuring 210Po [25]. The ↵
particles from 210Podecay, selected event-by-event by
means of pulse-shape discrimination, are ideal tracers
of 210Bi , although the technique works only if secular
equilibrium in sequence (1) is achieved. It is hence
crucial to understand under what conditions such an
equilibrium is established.
Since 2007, the data have shown that out-of-

equilibrium components of 210Powere present in the
fiducial volume. A dedicated e↵ort was implemented
to study and ultimately remove these components,
reaching su�cient equilibrium in one sub-volume of
the detector, which made the result reported in this
paper possible. We distinguish between a scintilla-

tor
210Po component (210PoS) sourced by 210Pb in

the liquid and assumed to be stable in time and
in equilibrium with 210Bi, and a vessel component
(210PoV).2 The origin of 210PoV for this dataset is
understood to be 210Pb deposited on the inner sur-
faces of the vessel. The daughter 210Po may detach
and move into the scintillator by di↵usion or following
slow convective currents. It is important to note that,
as explained in details below, there is no evidence of
210Pb itself leaching out from those surfaces, because
the rate of 210Bi observed in the scintillator has not
significantly changed over several years.
The di↵usion coe�cient of radon in the scintilla-

tor is of the order of 2⇥ 10�9m2/s [26]. Taking this
value to be similar for polonium, the average distance
travelled by a 210Po atom in one half-life is of the or-
der of 20 cm, significantly less than the minimum dis-
tance between the vessel and the FV (approximately
1m). We can conclude that the e↵ect of di↵usion is
negligible for both 210Po and 210Bi . However, Borex-
ino data show that slow convective currents caused
by temperature gradients and variations may indeed
carry the 210Po into the FV. The same e↵ect does not
occur for the short-lived 210Bi , which decays before
reaching the FV.
Prior to 2016, Borexino was neither equipped with

thermal insulation nor active temperature control.
Convective currents were substantial, because of sea-
sonal temperature variations and human activities af-

2Another component of 210Po , well visible in the data after
the initial filling of 2007 and the purification campaigns of 2011,
has completely decayed away and is not relevant here.
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Значения параметров подгонки спектра
при 𝜒2 = 157.3

Параметр

подгонки

Компонента Интеграл в

диапазоне

320-2675 кэВ

Скорость

счета R,

1/(д 100 т)
p0 pep 962.1 2.74 ± 0.04

p1 7Be 11079.3 47.7 ± 0.8

p2 11C 703.5 1.6 ± 0.1

p3 210Po 21780.8 260 ± 3

p4 210Bi 1849.4 11.5 ± 1.3

p5 85Kr 2156.6 6.8 ± 1.8

p6 CNO 1825.7 7.2 + 3 – 1.7

p7 Ext. bkg 1 1058.2 4.9 ± 0.8

p8 Ext. bkg 2 488.1 2.3 ± 0.6

p9 8B 107.2 0.23 19



Повторенный анализ измеренного Borexino
спектра со своими фонами

Спектр линеен в 
шкале ф.э.
162 точки спектра с 
шагом 5 ф.э.
𝜒2 = 157.266 на 152 dof
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Добавление 40K в анализ
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Как перейти в шкалу фотоэлектронов?

В работе PHYS. REV. D 100, 082004 (2019) описан алгоритм пересчета энергии в 

наблюдаемое число ф.э.

1. вычисляется наблюдаемая энергия с учетом тушения света в сцинтилляторе и 

добавления черенковского света.

2. Вычисляется среднее число ф.э., соответствующее этой энергии.

3. Размывается это значение по Пуассоновскому закону с вычисленной шириной.
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Сравнение спектра электронов отдачи для 
нейтрино 7Be в шкале ф.э.
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Сплошная – из 
статьи Борексино,
Пунктир – наш 
расчет

Nh, ph.e.
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Полный поток антинейтрино и нейтрино от 40K

𝜈e

𝜈̅e

24



Спектр 40К в шкале фотоэлектронов 
Борексино
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𝜒2 = 154.71 на 152 dof

CNO 5.0
40K 13; 5.5%

26

40K – свободный параметр, CNO – модельно выбираемый (3 – 5),
3.5 – малая металличность (LZ), 4.9 – большая (HZ).



Результат проверки гипотезы о наличии 40K
скорости счета, Ri 1/(d x 100 t)

pep 7Be 11C 210Bi 85Kr CNO 40K (%) Фон 1 Фон 2 c2

1 2.74 46.6 ± 1.7 1.6 ± 0.1 8.7 ± 8.6 4.2 ± 3.6 3 8.6 ± 11.2 
(3.7)

4.9 2.5 157.148

2 2.74 47.0 ± 1.7 1.5 ± 0.1 5.5 ± 8.2 3.8 ± 3.5 4 10.8 ± 10.9 
(4.6)

4.9 2.5 155.831

3 2.74 47.3 ± 1.7 1.5 ± 0.1 2.6 ± 7.9 3.6 ± 3.3 5 12.9 ± 10.5 
(5.5)

4.9 2.5 154.710
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Заключение
l Эксперимент Borexino приводит данные об измерении потока 

CNO нейтрино, в которых значение потока принимает значения 
отличающиеся на одно ст.откл. (5.6 ± 1.6 и 7.2).

l Выполнен анализ данных Borexino с введением потока 40K.

l Получено значение скорости счета событий, вызванных потоком 
антинейтрино и нейтрино от 40K, в детекторе Борексино: ~ 8 – 13
событий /день на 100 т.

l Значение 𝜒2 оказывается меньше при найденном значении 
событий от 40K, чем без него. Данные о скорости счета CNO 
нейтрино согласуются между собой (5.6 и 5.0).

l Найденное значение скорости счета соответствует 4 – 5 % 
содержанию калия в Земле. 
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Выводы 
• Данных одного эксперимента недостаточно, чтобы сделать 
окончательный вывод об измерении спектра антинейтрино (и 
нейтрино) от 40K.

• Необходимо создание нового детектора такого же типа, что и 
Borexino, но с меньшими собственными фонами и большей 
статистикой. То есть он должен иметь более чистую пленку, лучшее 
энергетическое разрешение и более глубокое залегание.

• Необходимо измерить в независимом эксперименте спектр 
солнечных нейтрино CNO цикла. Для этого подходит детектор с 
мишенью из 115In (LENS).

• Необходим поиск ядер, подходящих для измерения спектра 
антинейтрино 40K. Подходит 3Не, но у него слишком малое 
содержание в естественной смеси.
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Радиоактивное тепло: 238U, 232Th, 40K,… (геонейтрино)

Из доклада M. Chen на 
Neutrino Geoscience 2019



Из доклада M. Chen на 
Neutrino Geoscience 2019



Что из геонейтрино уже измерено ?

34
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KamLAND, Nature 2005

1910.09321[hep-ex]

A. Gando, et al., 
KamLAND
Collaboration, Phys. 
Rev. D 88 (2013) 
033001 

35Figure 13: Schematic view of the KamLAND detector (courtesy of KamLAND collaboration)

⌫e fluxes at the detector of �(U) = (2.7± 0.7)⇥ 106 cm�2s�1 for the U chain and �(Th) = (2.3± 0.6)⇥
106 cm�2s�1 for the Th chain, respectively. Here statistical and systematic uncertainties are summed
in quadrature. Borexino observes a non-zero geoneutrino contribution in the experimental data with
the 5.9� significance. The null hypothesis for geoneutrino observation has a probability of 3.6⇥ 10�9.

6.1.4 Future

The Borexino detector will continue to accumulate data for at least another year, until the end of 2020.
By the end of 2018 available statistics was increased by ⇠40%, compared to the 2015 analysis. The
collaboration plans to improve the performance of the muon-veto cut following KamLAND’s approach.
This should save about 9% of livetime, and 13% of exposure can be recovered by increasing the FV (by
reducing the excluded outer shell to 10 cm) and decreasing the lower energy cut for the delayed event.
About 4% of exposure can be recovered by including pairs of events occurring below the lower time
cut of 20 µs excluded in previous analyses. Increasing the statistics and using the optimized selection
cuts will make it possible to reduce the uncertainty of the total geoneutrino flux measurement from the
actual 26% down to ⇠20% [161].

6.2 KamLAND experiment

KamLAND is a reactor antineutrino experiment with a 180 km baseline, perfectly suited to the search
for neutrino oscillations in the so-called large mixing angle (LMA) parameter region; at these parameters
the expected oscillation length roughly corresponds to 100 km.

The KamLAND detector is located in the Kamioka mine in Japan. Its design is similar to that of
the Borexino detector (see Fig. 13). A dome-like stainless steel structure with a cylinder base 18 m in
diameter is filled with 3.2 kt of ultrapure water. A 9-m-radius stainless steel sphere placed inside the
cylinder divides the detector into two volumes: external, serving as a water Čerenkov detector of cosmic
muons, and internal, containing the neutrino target within a transparent vessel with 135-µm-thick walls
with the total volume of 1171±25 m3. The Inner Vessel (IV) supported by a network of Kevlar ropes

44

Объем мишени ~1150 м3

жидкого сцинтиллятора 
на основе 
минерального масла
или 1000 т

Чувствительная область –
600 т



KamLAND

Figure 16: Left: visible energy spectrum of ⌫e candidates prompt event shown separately for 3 data-
taking periods, signed as Period I, Period II and Period III from top to bottom. The visible energy
spectra of ⌫e candidate events in the geoneutrino energy range are shown in the insets with a finer
binning. The very top panel shows the energy dependence of the ⌫e selection e�ciency for each period.
Right: energy spectrum of the ⌫e events in the geoneutrino region for the total data set up to 2013.
Bottom panel: data together with the best-fit background and geoneutrino contributions. The shaded
area corresponds to the background and geoneutrino contributions. The middle panel presents the
observed geoneutrino spectrum after subtraction of other contributions. The dashed and dotted lines
show the best-fit U and Th spectral contributions, respectively, and the blue shaded area corresponds
to the estimation using the geological model [175]. The upper inset shows the selection e�ciency curve.
(Figures from [172]).
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2013

1130 IBD события за 3901 дня

164 +- 26.5 geo

34.9 TNU

1910.09321[hep-ex]

A. Gando, et al., KamLAND
Collaboration, Phys. Rev. D 88 (2013) 
033001 
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Borexino

Borexino Collaboration Phys. Rev. D 101, 012009 
(2020); 1009.02257 [hep-ex]
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Figure 11: Sketch of the Borexino detector (courtesy of Borexino collaboration).

The amount of light produced by external �-rays originating from the PMTs and surrounding materials
is quenched below the trigger level, hence avoiding the processing of these events and preventing the
trigger electronics overloading.

The bu↵er is further subdivided into two regions by a second transparent nylon vessel 11.5 m in
diameter, or outer vessel (OV), made of the same material as IV, and preventing 222Rn emanated by the
external materials (steel, glass, PMT materials) from being transported close to the IV with convective
fluxes. Since the PC/PPO solution is slightly lighter (about 0.4%) than the PC/DMP solution, the IV
is anchored to the bottom (”south pole” of the SSS) with a set of nylon strings. The bu↵er between the
IV and the SSS provides shielding against external backgrounds. The choice of PC as a bu↵er material
is based on the fact that it matches both the density and the refractive index of the scintillator, thus
reducing the buoyancy force for the nylon vessel and avoiding optical mismatch that otherwise would
complicate the vertex reconstruction of events.

The SSS is placed inside a large dome-like water tank (WT) filled with ultra-pure water that provides
shielding from high energy � rays and neutrons emerging from the surrounding rock. The tank has a
cylindrical base with a diameter of 18 m and a hemispherical top with a maximum height of 16.9 m.
Since the densities of the bu↵er and LS are ⇠12% below the water density, the SSS is anchored to the
ground by 20 steel legs to compensate for the mechanical stress caused by ⇠150 t of buoyancy force. The
muon flux, although reduced by a factor of 106 by the 3800 m.w.e. depth of the Gran Sasso Laboratory,
is of the order of 1 m�2h�1, corresponding to about 4300 muons per day crossing the detector. This flux
causes the background well above the Borexino requirements, and muons identificaton system is needed
with e�ciency providing a strong reduction factor of about 104. Therefore, the WT is designed as a
Čerenkov muon detector and muon tracker (outer detector, OD) with additional 208 PMTs, The OD is
particularly important for detecting muons skimming the central detector and inducing signals in the
energy region of interest for neutrino physics. In order to maximize the light collection e�ciency, the
SSS and the interior of the WT surface are covered with a layer of Tyvek, a white paper-like material
made of polyethylene fibers.

Pure PC is a scintillator itself, but an addition of a small quantity of PPO greatly improves the
time response and shifts the emission wavelength spectrum to higher values, thus better matching
the PMT photocathode quantum e�ciency maximum. The PC/PPO solution adopted as a liquid
scintillator satisfies specific requirements: high scintillation yield (⇠ 104 photons/MeV), high light
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Объем мишени 300 м3 или 
280 т жидкого сцинтиллятора 
на основе PC
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FIG. 48. Results of the analysis of 154 golden IBD candidates. (a) Spectral fit of the data (black points with Poissonian errors)
assuming the chondritic Th/U ratio. The total fit function containing all signal and background components is shown in brownish-
grey. Geoneutrinos (blue) and reactor antineutrinos (yellow) were kept as free fit parameters. Other non-antineutrino backgrounds
were constrained in the fit. (b) Similar fit as in (a) but with 238U (dark blue) and 232Th (cyan) contributions as free and independent
fit components. (c) The best fit point (black dot) and the contours for the 2D coverage of 68, 99.7, (100 - 5.7 ⇥ 10�5)%, and
(100 - 1.2 ⇥ 10�13)%, (corresponding to 1, 3, 5, and 8�, respectively), for Ngeo versus Nrea assuming Th/U chondritic ratio. The
vertical lines mark the 1� bands of the expected reactor antineutrino signal (solid - without “5 MeV excess”, dashed - with “5 MeV
excess”). For comparison, the star shows the best fit performed assuming the 238U and 232Th contributions as free and independent
fit components. (d) The best fit (black dot) and the 68, 95.5, and 99.7% coverage contours (corresponding to 1�, 2 �, and 3�
contours) NTh versus NU. The dashed line represents the chondritic Th/U ratio.
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2019

154 IBD события за 3262.74 дня

51.9 +- 9 geo
92.5 +- 11 reactor
3.3 +-1.6 atmospheric
6 other bkgs

46.3 TNU

Borexino Collaboration Phys. Rev. D 101, 012009 
(2020); 1009.02257 [hep-ex]
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40K геонейтрино пока не измерены.

Ищутся методы регистрации, но считается, 
что поток 40K очень мал, потому что калия в 
Земле мало ~0.024%

Но…
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Вспомним про измерения детектора Борексино



Возражения против большого содержания 
калия в Земле

1. Острова в океане, образованные мантийными 
извержениями. Мантия обеднена на три порядка калием.

2. Содержание 40Ar в атмосфере (99.6%). Он весь от 40K, и 
весь вышел за миллиарды лет из недр. И его мало!

3. Земля была бы до сих пор расплавлена.
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Ответы на поставленные вопросы
Откуда известно с какой глубины пришла порода, 
образовавшая острова? Определить это невозможно. 
Сейчас существует точка зрения, что на поверхности 
оказываются породы с предыдущих эпох, которые каким-
то образом выползли (были вынесены) на поверхность. 

Вопрос надо ставить по-другому – почему эти породы 
обеднены калием? Наверняка найдутся ответы.

1.
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Ответы на поставленные вопросы
Рассмотрим 40Ar и спросим – а весь ли он вышел?

В атмосфере Земли присутствуют три изотопа аргона: 36Ar (0.3365%),  
38Ar (0.0632%) и 40Ar (99.6003%). 

Масса атмосферы (5.1352 ± 0.0003)·1018 кг.

Количество ядер 40Ar в атмосфере 1.074·1042 Доля распадов 40K в 40Ar
10.72%. 
Начальное количество ядер 40K в Земле 1.09·1043 на момент 
образования Земли.
С учетом его распадов за время существования 8.75·1041 на сегодня. 
Итого 5.81·1016 кг, а в пересчете на природный калий 4.97·1020 кг. 

Получаем aK = 0.008% < 0.024% (BSE)

Вывод: не весь аргон еще вышел. Какая часть вышла? 1/100?

2.
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Ответы на поставленные вопросы
Действительно, Земля бы расплавилась и была бы до сих 
пор расплавлена, если бы не было других способов 
теплопередачи кроме кондуктивного. 

Есть еще способы передачи тепла, например, горячими 
газами, идущими сквозь трещины в коре. Мы наблюдаем 
такую передачу в глубоких шахтах, где температура в 
верхних слоях оказывается выше, чем в нижних.

Если еще представить теплопередачу за счет выхода 
водорода из глубинных слоев, то Земля могла и совсем не 
плавиться. Плавятся только подкоровые области, где идут 
химические экзотермические реакции от встречи 
различных элементов.

3.
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