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Borexino experiment in hall C at LNGS 
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Outlook 

  Borexino has started the taking data in May 2007; 

  Borexino Phase I (May 2007 - May 2010)  produced several results: 
small summary of the main achievements; 

  Borexino Phase II after 6 cycles of purification with water extraction 
performed between May 2010 and August 2011: radiopurity levels; 

In this presentation I will focus on 
•  Recently published results on Borexino Phase I/II data-set; 

•  SOX project: search for sterile neutrinos with Borexino with 51Cr and 
144Ce (NEW!!) sources planned for 2015; 
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Summary of Phase I (May 2007 – May 2010) 

  Solar neutrino program: 
  the first pep-neutrino detection and the best limit on CNO neutrino (2012); 
  7Be –neutrino rate with 5% pecision and its null day/night asymmetry (2011+2x 2008); 
  8B -neutrino rate measurement with T = 3 MeV threshold (2010); 

  First observation of geo-neutrinos (2010); 
  Limits on several rare or exotic processes; 
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Radiourity of Borexino in Phase II 

•  after 6 cycles of purification with water extraction performed between May 2010 and 
August 2011: 

1) 85Kr: strongly reduced:  consistent with zero cpd/100 ton from the spectral fit; 

2) 210Bi :  reduced from ~70 cpd/100 tons to  ~20 cpd/100 ton;  

3) 238U (from 214Bi - 214Po tagging)   < 1.2 10‐19 g/g at 95% C.L. 

4) 232Th: < 1.2 10-18 g/g at 95% C.L. (2 events  in ~600 days) 

5) 210Po decaying, currently about 120 cpd/100 ton 

6) Radon: (5.8 + 1.2) 10-2 cpd/100 ton 
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Recent Borexino publications 

1.  Measurement of geo-neutrinos from 1353 days of Borexino, Phys. Lett. B 722 
(2013) 295-300. 

2.  Cosmogenic backgrounds in Borexino at 3800 m water-equivalent depth, JCAP 
1308 (2013) 049. 

3.  New limits on heavy sterile neutrino mixing in 8B-decay obtained with the 
Borexino detector, Phys. Rev. D 88 (2013) 072010. 

4.  Lifetime measurements of 214Po and 212Po with CTF liquid scintillator detector at 
LNGS, Eur. Phys. J. A49 (2013) 92. 

5.  SOX: Short distance neutrino Oscillations with BoreXino, JHEP 1308 (2013) 038. 
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Geo-neutrinos:�
antineutrinos from the decay of 238U, 232Th,40K in the Earth

7 

Main goal: determine the contribution of the radiogenic heat to the total surface heat flux, 
which is an important margin, test, and input at the same time for many geophysical and geochemical 
models of the Earth; 

Further goals: tests and discrimination among geological models, study of the mantle homogeneity, 
insights to the processes of the Earth’formation…..  

Abundance of radioactive elements  fixes the amount of radiogenic heat (nuclear physics); 
Mass and distribution of radiogenic elements  geo-neutrino flux (cca 106 cm-2 s-1); 
From measured geo-neutrino flux to radiogenic heat…. 

Eν>1.8 MeV 

•    “prompt signal” 
e+:   energy loss + annihilation 

•  “delayed signal” 
n capture after thermalization   
and 2.2 γ

1.8 MeV 

40K  
below  
threshold 
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Previous result: G. Bellini et al. Phys. Lett. B 687 (2010) 299 with 252.6 ton-year exposure after cuts; 

New result:  G. Bellini et al. Phys. Lett. B 722 (2013) 295 with  (613 + 26) ton-year after cuts ; 

Event selection (MC defined efficiency: 0.84 ± 0.01):  46 golden anti-neutrino candidates 

• Qprompt > 480 p.e. and Qdelayed (860,1300) p.e. (1 MeV ~ 500 p.e.), ΔR < 1m, Δt  (20 – 1280 µs),  
• Gattidelayed < 0.015 (must be “β-like”), 2 s veto after muons passing ID and 2 ms veto after external muons 

 Large Fiducial Volume: distance from the vessel > 25 cm 
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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

Reactor  

Geo  

46 golden coincidences 

Background not due to reactors is very small 

Geo-neutrinos in Borexino�
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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

•  Un-binned maximal likelihood fit with unconstrained geo and reactor components; 

•  Nreactor = 31.2-6.1
+7 in agreement with expectation of 33.3 ± 2.4 events after oscillations; 

1 TNU = 1 event / 1032 target protons / year 
Cca 1 event / 1 kton / 1 year with 100% eff 
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Fixed Th/U mass ratio to chondritic value of 3.9:  
Ngeo = 14.3 ± 4.4 events   
Sgeo = 38.8 ± 12.0 TNU 

Th/U ratio free in the fit: 
S(238 U)= 26.5  ± 19.5  TNU 
S(232 T) = 10.6  ±  12.7 TNU 

Best fit value compatible 
with chondritic value 
but the error is still large 
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Fig. 5. Q prompt light yield spectrum of the 46 prompt golden anti-neutrino candi-
dates and the best fit with free U (blue) and Th (cyan) contributions. The yellow
area isolates the total contribution of geo-ν̄es. Dashed red line/orange area: reactor-
ν̄e signal from the fit. The contribution of background from Table 2 is almost negli-
gible and is shown by the small red filled area. The conversion from p.e. to energy
is approximately 500 p.e./MeV. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this Letter.)

Fig. 6. The 68.27, 95.45, and 99.73% C.L. contour plots of the STh and SU signal rates
expressed in TNU units. The black point indicates the best fit values. The dashed
blue line represents the chondritic Th and U ratio.

expected geo-reactor anti-neutrino. In a similar unbinned maximal
likelihood fit of our 46 golden anti-neutrino candidates we have
added another fit component, Ngeo-react, while constraining Nreact
to the expected value of (33.3 ± 2.4) events. All other fit details
were as above, including fixed chondritic mass Th/U ratio. We set
the upper limit on the geo-reactor power 4.5 TW at 95% C.L.
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Fig. 3. Geo-neutrino signal Sgeo in Borexino (solid line) with ±1σ uncertainty
(dashed lines) compared with the predicted values. The ±1σ band of Sgeo(LOC +
ROC) crustal contribution [6] is summed with Sgeo(Mantle) according to seven BSE
models: a) Javoy et al. [31], b) Lyubetskaya and Korenaga [30], c) McDonough and
Sun [29], d) Allegre et al. [27], e) Palme and O’Neil [26], f) Anderson [25], g) Tur-
cotte and Schubert [24]. Red (blue) segments correspond to “high” (“low”) models
obtained with two extreme distribution of U and Th in the mantle as described in
the text, based on [6]. On the x-axis we show the total uranium mass predicted by
each BSE model in the primordial mantle. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this Letter.)

geo-neutrino rate, we can infer the contribution of the mantle,
Sgeo(Mantle) = (15.4 ± 12.3) TNU.

On the basis of cosmochemical arguments and geochemical ev-
idences, the different Bulk Silicate Earth (BSE) models predict the
chemical composition of the Primitive Mantle of the Earth subse-
quent to the metallic core separation and prior to the crust–mantle
differentiation. The predicted amount of U and Th in the mantle
can be obtained by subtracting their relatively well known crustal
abundances from the BSE estimates. The mantle geo-neutrino sig-
nal on the Earth surface depends not only on the absolute abun-
dances of the radioactive elements but also on their distribution
in the present mantle. For a fixed mass of U and Th, the ex-
treme cases of Sgeo(Mantle) are obtained by distributing their
abundances either homogeneously in the mantle (so-called high
model) or in an enriched layer close to the core–mantle bound-
ary (so-called low model) [34,35]. In this perspective our results
are summarized in Fig. 3, which is obtained by combining the ex-
pected geo-neutrino signal from the crust (LOC + ROC) with those
from different BSE models reported in Table V of [6]. The current
result cannot discriminate among the different BSE models.

We have performed a combined analysis of our result with that
of KamLAND [4] in order to extract the Sgeo(Mantle). First, the cor-
responding LOC + ROC crustal contributions taken from [6] and
[33], respectively, were subtracted from the measured Sgeo sig-
nal: Sgeo(Crust) = (23.4± 2.8) TNU for Borexino and Sgeo(Crust) =
(25.0 ± 1.9) TNU for KamLAND. Then, a spherically symmetric
mantle was assumed. The best fit value for the mantle signal com-
mon for both sites is Sgeo(Mantle) = (14.1 ± 8.1) TNU.

The Earth releases radiogenic heat, Hgeo, together with geo-
neutrinos in a well fixed ratio, however the observed geo-neutrino
signal depends both on the abundances of the individual radioac-
tive elements and on their distribution inside the Earth. To ex-
tract the radiogenic heat power from a measured Sgeo is therefore
model dependent. We have calculated the expected Sgeo(U + Th)
as a function of the radiogenic heat produced by U and Th,
Hgeo(U+Th), for the Borexino and KamLAND sites (see Fig. 4), and
compared it to the Borexino and KamLAND [4] results. The allowed
regions between the red and blue lines in the plane Sgeo(U + Th)
and Hgeo(U+ Th) contain models consistent with geochemical and
geophysical data. For each total mass of U and fixed Th/U ratio, the
maximal geo-neutrino signal (red line) can be obtained by maxi-
mizing the radiogenic material in the crust and allowing uniform
distribution in the mantle. Similarly, the minimal signal (blue line)

Fig. 4. The signal SU+Th from U and Th geo-neutrinos as a function of radiogenic
heat production rate HU+Th in Borexino (top) and KamLAND (bottom). Details in
text. (For interpretation of the references to color in this figure, the reader is re-
ferred to the web version of this Letter.)

is obtained for the minimal radiogenic mass in the crust with the
rest concentrated in a thin layer at the bottom of the mantle. The
expected signal from the crust is taken from Table V of [6]. We
have chosen as a reference the BSE model from [29], predicting
that the silicate Earth contains m(U) = (0.8 ± 0.1) × 1017 kg with
mass ratios Th/U = 3.9 and K/U = 12000. The green regions are
allowed by the BSE model [29]. The arrow “Min” indicates the
contribution of the crust only. The arrow for the fully radiogenic
model indicates 39.3 TW: it assumes that the total Earth surface
heat flux of (47 ± 2) TW [38] is completely due to radiogenic heat
from U, Th, and K. Taking the relative proportions from the BSE
of [29], we get that in a fully radiogenic Earth, U, Th, and K pro-
duce 19.1, 20.2, and 7.7 TW, respectively.

We have performed another unbinned maximal likelihood fit
of our 46 golden candidates in which the individual contribu-
tions from the 238U and 232Th chains were fitted individually (see
Fig. 5), with all other fit details as above. The best fit values are
NTh = (3.9 ± 4.7) events and NU = (9.8 ± 7.2) events, correspond-
ing to STh = (10.6 ± 12.7) TNU and SU = (26.5 ± 19.5) TNU and
ν̄e fluxes (above 0 MeV) of φ(Th) = (2.6 ± 3.1) × 106 cm−2 s−1

and φ(U ) = (2.1 ± 1.5) × 106 cm−2 s−1. The 68.27, 95.45, and
99.73% C.L. contour plots of STh versus SU are shown in Fig. 6.
Although our data is compatible within 1σ with only 238U signal
(and STh = 0) or only 232Th signal (and SU = 0), we note that the
best fit of the Th/U ratio is in very good agreement with the chon-
dritic value.

A geo-reactor with thermal power <30 TW and 235U : 238U =
0.76 : 0.23 composition was suggested by Herndon [36]. It is as-
sumed to be confined in the central part of the Earth’s core within
the radius of about 4 km [37]. We have produced MC spectra of the

Radiogenic heat 

Geo-neutrinos in Borexino: implications�

KamLAND                          Borexino                          

LOC LOC 

ROC ROC 

!"#$"%&'$(%)*+ ,'"%&'$(%)*+ ,'"-./)$(%)*+

0
)
/
1*
'
+2
(3
/
)
*+
45
6
7
8+Mantle signal 

PRD 88 (2013) 33001 

L.L. & S. Zavatarelli: Adv. High En. Phys. (2013) 425693. 

10 



Cosmogenic background in Borexino at 3800 m 
water-equivalent depth, JCAP 1308 (2013) 049. 
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New limits on heavy sterile neutrino mixing in 8B-decay 
obtained with the Borexino detector,  Phys. Rev. D 88 (2013) 072010 
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Mixing parameter vs νH-mass: 
Areas inside the lines are excluded: 
1: Borexino 
2: reactor experiments 
3: from pion decay 

If heavy νH’s with mass  > 2 me are produced in 
the Sun via the decay 8B  8Be + e+ + νH in a 
side branch of pp chain, they would undero the 
observable decay into a light neutrino: 
νH  νL  +  e- + e+ 
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Lifetime measurements of 214Po and 212Po with CTF liquid 
scintillator detector at LNGS, Eur. Phys. J. A49 (2013) 92. 

• CTF served as an ultrasensitive tool for measuring the radioactivity levels 
unreachable by any other existing method. At the end of 2012 it was dismounted 
to host Dark Side.  
•  measurements with 222Rn (214Po), and 232Th and 220Rn (212Po) inserted in the 
CTF in 2011-2012; 

•  study of decay times of 214Po and 212Po isotopes through 214/212Bi(beta) – 
214/212Po(alpha) decay coincidences: 

• Long acquisition time window of ~7 mean lives; 
• Excellent signal-to-background ratio > 1000;  

• Large statistics; 

•  mean lifetime of 214Po = 236.00 + 0.42 (stat) + 0.15 (sys) µs; 
•  mean lifetime of 212Po = 425.1 + 0.9 (stat) + 1.2 (sys) ns. 13 



• Science motivations:
•  Search for sterile neutrinos or other  short-distance effects on Pee;
• Measurement of Weinberg angle θW at low energy (~ 1 MeV);
•  Improved limits of the neutrino magnetic moment;
• Measurement of the vector gV and axial gA  current coefficients at low energy;

• Technology
• Neutrino source: 51Cr 
• Anti-neutrino source: 144Ce

• Project:
•  ERC advanced grant for 51Cr (M. Pallavicini INFN-Genova);
•  ERC starting grant for 144Ce (T. Lasser APC-Paris: NEW: this project has 

recently moved from KamLAND/CeLAND to Borexino);
•  Additional funding from INFN, USA, Germany;

14 

SOX: Short distance νe Oscillations with BoreXino 



• Concept is the same as in Gallex 1994 (source is currently in Italy)
•  ~36 kg, 50Cr enriched at 38% irradiated in a high neutron flux reactor:
•  Candidate reactors: USA (OakRidge) and Russia (Mayak);
•  190 W/MCi from photons;
•  ~few μSv/h on surface (required < 100);
•  careful thermal design to handle 10 MCi (2 kW);

15 

Gallex 
1994 

51Cr 

W 

51Cr 

Source Production
τ

(days)
Decay�
mode

Energy
[keV]

Mass
[kg/MCi]

Heat
[W/kCi]

51Cr
νe

Neutron irradiation of 50Cr 
in reactor

Φn ≳ 5. 1014 cm-2 s-1

40
EC

γ 320 keV (10%)
750(90%)
430(10%)

0.011 0.19

51Cr νe source 
νe – e- scattering 
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Source Production
τ

(days)
Decay�
mode

Energy
[MeV]

Mass
[kg/MCi]

Heat
[W/kCi]

144Ce-144Pr
anti-νe

Chemical extraction from 
spent nuclear fuel

411 β- <2.9975 0.314 7.6

144Ce – 144Pr anti-νe source:  
Eν>1.8 MeV 

144Ce 144Pr 

Detection threshold of 1.8 MeV 
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Location for both sources: Borexino pit  

8.25 m from the detector center  



• Total counts: standard “disappearance” experiment
• Total number of events depends on θ14 and (weakly) from Δm214
• Sensitivity depends on:

•  Statistics (source activity)
•  Error on activity (in particular) and on efficiency (FV cut for 51Cr)

• The relatively short life-time of 51Cr yields useful time-events correlation
•  The background is constant while the signal is not.

• Spatial waves [C.. Grieb et al., Phys. Rev. D75: 093006 (2007)]
• With expected Δm2 ~ 1 eV2 and ~ 1 MeV energy, the wavelength is smaller 

than detector size (~11 m max) and bigger than resolution (~ 15 cm)
•  The distribution of events as a function of distance to source shows waves;
• Direct measurement of Δm142 and θ14
•  Very powerful and independent. Does not depend on knowledge of source 

activity. 

• The two techniques can be combined in a single counts-waves fit. 
18 

Data analysis: two techniques 
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Sensitivity plot for 144Ce source in the pit  
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Sensitivity plot for 51Cr source in the pit  

10 MCi;  1% precision in source activity; 1% in FV determination
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Near future and conclusions 

•  Borexino Phase II: data with improved radiopurity 
•  pp-solar neutrino rate measurement to be completed soon: major 
progress in the analysis, how to treat 14C and its pile-up; 
• Study of the improved pep and CNO measurement ongoing; 
• 51Cr ad 144Ce source measurements (in the Borexino pit) estimated for 
2015: which source first? The one which will be ready first!  
• DAQ with 51Cr: few months 
• DAQ with 144Ce: 1.5 year 
• Long term: after completion of the solar neutrino program, possible SOX 
phase C with 144Ce source placed inside the detector: improved sensitivity 
but some HW changes required; 
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Backup 



Other low energy neutrino physics 
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10 MCi 

5 MCi 

Magnetic moment 

Reactors
μ < 6 10-11μB (90% CL)

Borexino (solar)
μ < 6 10-11μB (90% CL) 

Weinberg angle:  δ(sin2ϑW)=2.6% 

• With both sources (SOX-A and B or C)
•  Independent measurement of gv e ga 
•  Test of SM EW running at very low energy
•  Standard Model

•  gV = -1/2 + 2 sin2ϑW = -0.038
•  ga = -1/2 = 0.5 

CHARM II (1994)
νμ  ES su e-   E ~ 10 GeV 

SOX A+C 



• Waves may be detected in the distribution of events �
as a function of the distance from source

• With waves, both parameters can be measured
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Ideal curves 
Borexino Background - No fluctuations 

Full Geant4 simulation - example 
Borexino Background 

Reactor anomaly central value 

1 σ 
3 σ 


