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The BOREXINO detector 

Outer Detector 

Inner Detector 

Buffer region 

Inner Vessel 
100 tons FM 



BOREXINO:  
view of the Inner Detector 



Average depth: 
 3800 m.w.e. 

Minimum depth: 
 3000 m.w.e. 

Cosmic rays flux: 
 reduced by 106 

The Gran Sasso Underground Laboratory 

BOREXINO loca0on 



Borexino Liquid Scin;llator 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BOREXINO Ancillary Facili;es 

•  Coun;ng Test Facility 
•  Purifica;on plants for PC 

•  dis0lla0on column 
•  water extrac0on column 
•  stripping column 

•  Purifica0on plant for Master 
Solu0on 

• Steering water extrac0on 
• Dis0lla0on column 
• Stripping column 

• Filling sta0ons 
• Loading/Unloading plant 



BOREXINO Filling Strategy 



What do we measure? 

•  Timing: 0me distribu0on of hit PMTs 
– This define the vertex posi0on of scin0lla0on 
signals 

•  Energy: calorimetric measurement of energy 
released by neutrinos or backgrounds 



Muons detec;on 

•  Muons are iden0fied by  
–  the outer (Cherenkov light) 99.5% eff. 
–  the inner detector (pulse shape analysis) ≥99.9% eff 

•  Muons can produce neutrons and cosmogenic 
radioac0ve isotopes on 12C 

•  Muon rate in BOREXINO: ~0.05µ/s 



Calibra;on system 



Calibra;on measurements 

Three calibra0on campaigns with 
•  α, β,γ and n sources  
•  One external 208Tl source 

Source deployed on‐axis and off‐axis 

Careful study of: 
•  Scin0llator light response 
•  Energy scale 2‐3% in FV 
•  Posi0on reconstruc0on algorithm 

2% in FV 



Data reduc;on 

No muons + 
no correlated 

FV (<3m) 

FV(|z|<1.7m) 

Pulse shape 



Solar Neutrinos 



Looking at the Sun through neutrinos 

•  The Sun shines by burning H fuel 
4p ‐> 4He+2e++2νe+(24.69+2∙1.022)MeV 

•  Electroweak processes in the core of the Sun produce 
electron neutrinos 

•  Neutrinos 0me scale ~ 500 

•  Photons 0me scale takes ~104‐105 yr to reach the 
surface 



Solar Neutrinos Sources: pp chain 

€ 

p + p→ d + e+ + ν e + 0.42 MeV

€ 

p + e− + p→ d + ν e +1.442 MeV

€ 

p + d→3He + γ + 5.494 MeV

€ 

3He+3He→4He + p + p +12.860 MeV

€ 

3He+4He→7Be + γ +1.586 MeV

€ 

7Be + e−→7Li + ν e + 0.862 MeV

€ 

7Be + p→8B + γ + 0.137 MeV

€ 

7Li + p→24He +17.347 MeV

€ 

8B→8Be* + e+ + ν e +15.04 MeV

€ 

8Be* →24He + 3.03 MeV

~85%  ~15% 

~0.02% 

~0.4% 

S33  S34 

See C. Broggini at this mee0ng for details on astrophysical factors measurements in LUNA 



Solar Neutrinos Sources: CNO chain 

€ 

p+12C→13N + γ

€ 

13N→13C + e+ + ν e +1.199 MeV

€ 

p+13N→14N + γ

€ 

p+14N→15O+ γ

€ 

15O→15N + e+ + ν e +1.732 MeV

€ 

p+15N→16O+ γ

€ 

p+15N→24He+12C

€ 

p+16O→17F + γ

€ 

p+17O→24He+14N

€ 

17F→17O+ e+ + ν e +1.740 MeV

~10‐2 

S1,14 



Solar Standard Model  
conflict with helioseismology 

Taken from W. Haxton and A. Serenelli, arXiV:0902.0036 

Conflict might be due to some wrong basic assump0on in the SSM 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found 



Solar Neutrino Spectrum ‐ BPS08(HZ) 

8B(11%) 

pp(1%) 

15O(+17
‐16
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17F(+19‐17%)
 

13N(15 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φBe ∝ S33
−0.43S34

+0.86(Z /X)+0.62Op−1.49diff +0.69L+3.40
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Solar Neutrino Measurements 

Experiment Sources contributing to rate Rexp / RTh 
 [Rexp ] 

Homestake 
Eth=0.814 keV 

7Be(13.1%)+pep(2.7%)+ 
CNO(2.4%)+8B(81.8%) 

0.31±0.03 CC 
[2.56±0.23 SNU*] 

GALLEX/GNO/SAGE 
Eth=0.233 keV 

pp(55%)+7Be(28.3%)+ 
pep(2.3%)+ 
CNO(3.4%)+8B(11%) 

0.53±0.05 CC 
[67.6±5.12 SNU] 

Super-Kamiokande 
Eth=5 MeV 

8B(100%) 0.451±0.017 ES 

SNO 
Eth=5 keV 

8B(100%) 0.28±0.01 CC 
0.88±0.05 NC 

BOREXINO 
Eth=0.2 keV 

7Be(100%) 0.65±0.07 ES 
[49±5 cpd/100ton] 

* 1SNU = 10‐36 s‐1 



Solar Neutrinos + Reactor Neutrinos global fit 

Oscil.
 parameters 

Best-fit 
[10-5 eV2] 

3σ 

δm12
2 7.6 7.1-8.3 

sin2θ12 0.32 0.26-0.4 



Why do we study solar neutrinos today? 

•  Probe neutrino propaga0on proper0es 
through high density maper  

•  Probe the physics of stars 
– Neutrinos vs photons luminosity 
– pp vs CNO contribu0on to solar energy 

•  SSM CNO predicts <1%  

– Metallicity, opacity and other proper0es 



Survival probability for solar neutrinos 
inside the Sun 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Solar neutrino signal in BOREXINO 

Expected solar neutrino spectrum in BOREXINO 

pp (133 cpd/100t) 

7Be (50 cpd/100t) 

13N 

15O  (CNO=5.1 cpd/100t)  

8B (0.5 cpd/100ton) 

pep (2.7 cpd/100t) 



It is a maker of background 

•  7Be rate ~50 cpd/100ton 

•  1ppt 232Th = 4.06×10‐6 Bq/kg 
•  1ppt 238U = 12.4×10‐6 Bq/kg 

•  Assuming 100% eff. for α/β discrimina0on and for removing correlated 
decays (Bi‐Po fast β-α decays), one needs contamina0ons at the level 
of 10‐16 g/g to have ~ 50 cpd/100ton from U and Th 

•  S/B≈1 with a purity of ~10‐4 μBq/kg 

Moreover, 
•  85Kr (Qβ=0.687MeV), 39Ar(Qβ=0.565MeV), 210Bi(Qβ=1.162MeV) at 1cpd/

100tons will give 1.5 cpd/100tons in [0.25,0.8] MeV  



Irreducible Background Sources 

•   14C (Qβ=0.156 MeV) : ≈7 Hz [0.1,0.2]MeV 

•  Cosmogenic [see T. Hagner et al. Astrop. Phys. 14 (2000) 33] 



Borexino Expected Solar ν Spectrum  

Spectrum with irreducible backgrounds 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Some features of the observed 
spectrum 

14C spectrum 

α  peak 

7Be shoulder 

11C spectrum 



210Po in Borexino 

τ=202 ± 5 days

•  Chain: 210Pb(β;τ=32yr) ‐>210Po(α;τ=199.6days)‐>210Bi 
•  210Po not in equilibrium 
•  not clear origin (PPO, par0culate etc) 



Measurement of 7Be solar neutrinos 

Φ(7Be) = (5.18 ± 0.51) × 109 cm‐2 s‐1 

Cosmogenic 11C 

CNO neutrinos 

192 live days 

Free parameters:  
LY, 7Be, 11C, 85Kr, CNO+210Bi, 210Po 

7Be : 49 ± 3stat ± 4sys cpd/100tons 

Systema0cs: 6% energy scale, 6% 
 Fiducial  Volume 

No oscilla0on hypothesis rejected  
at 4σ 

11C : measured/expected ≈ 1.6 

85Kr : consistent with delayed  
coincidences meas. 

210Bi+CNO/CNO ≈ 4 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8B neutrinos in Borexino 

•  Measure 8B neutrino spectrum on ES 
interac0ons in 100 tons FM above 3 MeV 

> 3 MeV 

For details see M. Buizza at this mee0ng 



8B solar neutrino measurements 



Measurement of the Electron Neutrino 
Survival probability 



Day‐Night regenera0on 

Global LMA 



Day‐Night asymmetry for 7Be rate 

Be7 signal region 

€ 

ADN =
N −D

(N + D) /2
= 0.007 ± 0.073 (stat)

For more details see M. Buizza at this mee0ng 



Probing the energy genera;on:  
SSM w/o the luminosity constraint 

•  Before Borexino: 
–  fpp=1.34+0.25‐0.38 
–  fBe=0.28+0.74‐0.28  w/ CNO fixed 
–  fBe=0.18+1.0‐0.18  
–  Lν/Lsun=1.3±0.3 

•  Aqer Borexino: 
–  fBe=1.02±0.10 
–  fpp=1.04+0.16‐0.19 
–  LCNO < 8% (3σ) 
–  Lν/Lsun=1.0±0.2 

fBe poorly determined 



Probing the SSM w/ the luminosity 
constraint 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Aqer Borexino: 

fpp=1.005+0.008‐0.017 
LCNO < 6% (3σ) 



Tagging pep/CNO neutrinos 

Cylindrical cut  
Around muon-track 

Spherical cut  
around neutron  
Capture to reject 11C event 

Neutron 
production 

Muon track 

Borexino coll: CNO and pep neutrino spectroscopy in Borexino: 
 measurement of the deep‐underground producGon of  cosmogenic 11C in  
an organic liquid scinGllator,  
Phys. Rev. C 74, 045805 (2006). 

Need to reduce 11C 
background 



Electron an0‐neutrinos 



The Earth shines  
in electron anti-neutrinos (geo-ν) 

Decay Emax  
[MeV] 

Q 
[MeV] 

Q - <Eν> 
[MeV] 

kg-1 s-1 W kg-1 

238U->206Pb+8α+6e-+6νe
 3.25 51.7 47.7 7.41×107 0.94×10-4 

232Th->208Pb+6α+4e-+4νe
 2.25 42.7 40.4 1.62×107 0.26×10-4 

40K->40Ca+e-+νe (89%) 1.311 1.311 0.59 2.30×108 0.22×10-4 
40K + e ->40Ar+e-+νe (11%) 0.044 1.505 1.461 0.28×108 0.67×10-5 

How many geo-ν? 

We need to know how much U, Th and K on Earth  



Topology of the an0‐ν event 

e+ 

γ

an0‐ν 

ΔRprompt-delayed < 1m 

Δtprompt-delayed ~ 256µs

target LS 
~1.6 1031 p 

p 
n 



The Earth’s Crust 
•  We know for a fact that the 

Crust contains Heat Producing 
Elements (HPE) 

•  Empirical determination of HPE 
abundances in the crust 

•  We use a 2°×2° mesh model 
with different layers (UC, MC, 
LC) CRUST 2.0 model 

    200 km scale 

•  mC(U) ~ 0.3×1017 kg 
•  Lν(U)  ~ 2×1024 s-1 

•  Hν(U) ~ 3 TW 



A reference model:  
the Bulk Silicate Earth 

•  Earth global composition from chondritic meteorites 

•  Use geochemical arguments to account for loss and 
fractioning during planet formation 

•  Obtain composition of primitive mantle before crust 
formation 

•  BSE gives total m(U) and a(Th):a(U):a(K)~4:1:12000 

•  mBSE(U) ~ 0.8×1017 kg;  mMantle(U) ~ mBSE(U) – mCrust(U) 



For comparison 

Lν(Sun) ~ 1.8×1038 s-1 

Lν(SNelectron anti-ν) ~ 3×1057 s-1    

Geo-ν luminosity and flux 
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Detection of geo-ν 

•  Golden channel: inverse-beta decay 
– Strong tagging in massive Liquid Scintillators with 

prompt and delayed signals 
– Threshold: 1.806 MeV 
– Only U and Th geo-ν can be detected 

•  Running experiments 
– KamLAND(since 2005) and Borexino(since 2010) 



 Spectroscopy of geo-ν signal 
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Geo-ν as a probe of the Earth’s 
interior 

Goals of geo-ν observations 

•  What is the fraction of radiogenic heat on Earth 
–  Total heat from the Earth ~ 46 TW 
–  BSE predicts about ~40% from HPE 

•  What is the abundance of the Heat Producing 
Elements 

•  How much U and Th is in the mantle 

•  Any contribution from the Core? 



Backgrounds 

1.  Anti-neutrinos from reactors 

2.  Possible sources of fake anti-ν events  
(prompt + delayed): 

  Background induced from (α,n) and (γ,n) 
interactions 
  Mainly from 13C(α,n)16O 

  Muons 
  β-n emitters such as 9Li and 8He 
  High energy neutrons 

  Accidental coincidences 
  Need high radiopurity 



Reactors in the World 

Borexino  KamLAND 



Reactor an;‐ν’s with Borexino 

Nosc / Nstd 
CHOOZ 
KamLAND 
BOREXINO 
Future proposal 



Muon‐induced Backgrounds 

µµ 
µ

µ

n 

n 
n 

n,9Li,8He 

rock 



Exposure: 
252.6 ton-year 

10% deadtime included  
comes from 2s veto 
to remove cosmogenic 
background  

Detected 21  
anti-ν events 

Summary of Backgrounds for the 
case of Borexino 

Expect: 2.5+0.3
-0.5 geo-ν/(100ton-year) 

Table 2: Estimated backgrounds for the ν̄e ’s. Upper limits
are given at 90% C.L.

Source Background
[events/(100 ton·yr)]

9Li–8He 0.03±0.02
Fast n’s (µ’s in WT) <0.01
Fast n’s (µ’s in rock) <0.04
Untagged muons 0.011±0.001
Accidental coincidences 0.080±0.001
Time corr. background <0.026
(γ,n) <0.003
Spontaneous fission in PMTs 0.0030±0.0003
(α,n) in scintillator 0.014±0.001
(α,n) in the buffer <0.061
Total 0.14±0.02

muon crossing the liquid scintillator active volume.
The veto inefficiency on the background from β−–
neutron emitters is 3 · 10−5. We tagged fifty-
one (51) 9Li–8He candidates falling within the ν̄e

cuts in coincidence with a positive signal from the
above veto, corresponding to a measured 9Li–8He
rate of 15.4 events/(100 ton·yr). The residual 9Li–
8He background after the muon cut is equal to
0.03±0.02 events/(100 ton·yr).

Fast neutrons can mimic ν̄e events: recoiling pro-
tons scattered by the neutron during its thermaliza-
tion can fake a prompt signal, and the thermalized
neutron capture on a proton produces a 2.22 MeV
γ–ray delayed signal. Fast neutrons contributing to
our background can be produced by muons either
crossing the Borexino WT or interacting in the rock
around the detector.

We reject more than 99.5% of fast neutrons orig-
inated within the WT with a 2 ms veto following
each muon crossing the WT but not the SSS. We
have identified two (2) candidates faking a ν̄e event
in coincidence with muons crossing the WT. Thus,
the background from undetected muons crossing
the WT is estimated as <0.01 events/(100 ton·yr)
with a 90% C.L.

Fast neutrons originated by muons in the rocks
surrounding the detector have an average energy
of 〈E〉∼90 MeV and can penetrate for a few me-
ters inside the detector, and eventually reach the
active scintillator target. The background rate
from these events was studied with a MC simu-

lation, which used as input the energy spectrum
of fast neutrons reported in Ref. [25] for the spe-
cific case of LNGS. We estimate this background at
<0.04 events/(100 ton·yr) with a 90% C.L.

Muons are typically identified and rejected by the
OD, but can also be distinguished from a point–like
scintillation event by the pulse shape analysis of the
ID signal. Several categories of muons which might
have gone undetected or not identified as muons,
were studied in detail and the possibility that they
cause a false ν̄e event was considered.

First, primary muons can mimic the prompt sig-
nal and a muon–induced neutron a delayed sig-
nal. This background is strongly suppressed, since
muons depositing a visible energy below 8MeV (our
range of interest, see Fig. 1), cross the WT and the
buffer region without entering the scintillator: the
probability that the muon-induced neutron is de-
tected and falls within our cuts is negligible. Out
of 0.7 millions detected buffer muons, eighteen (18)
ν̄e candidates were selected, 2.5 · 10−5 per muon.

Second, pairs of muon–induced neutrons follow-
ing unrecognized muons can also simulate ν̄e events.
Most muons producing more than one detected neu-
tron have crossed the scintillator and are hence
tagged with very high efficiency. In addition, many
muon–induced neutrons are produced with multi-
plicity higher than two. The requirement that,
within a 2ms window, every ν̄e candidate is nei-
ther preceded nor followed by another event with
neutron-like energy strongly suppresses this back-
ground.

The estimated combined background from
muon-neutron and neutron-neutron coincidences is
0.011±0.001 events/(100 ton·yr).

We determined the background from acciden-
tal coincidences by using an off–time coinci-
dence window of 2–20 s. By simple scaling, in
the 1260 µs wide time window used in the ν̄e

search, the number of accidental coincidences is
0.080±0.001 events/(100 ton·yr).

To ensure the absence of any unknown time-
correlated background we performed a detailed
study using an off–time coincidence window of
2 ms–2 s. We conclude that no significant time-
correlated events are included in the data sam-
ple, with a limit of <0.026 events/(100 ton·yr) at
90% C.L.

Radioactivity in the nylon vessels, in the PMTs
and, in the stainless steel can induce (γ,n) and
spontaneous fission reactions which produce MeV
neutrons and hence mimic ν̄e’s events. On the basis

5
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Figure 3: Light yield spectrum for the positron prompt
events of the 21 ν̄e candidates and the best-fit with Eq. (5)
(solid thick line). The horizonal axis shows the number of
p.e. detected by the PMTs. The small filled area on the
lower left part of the spectrum is the background. Thin
solid line: reactor–ν̄e signal from the fit. Dotted line (red):
geo–ν̄e signal resulting from the fit. The darker area isolates
the contribution of the geo–ν̄e in the total signal. The con-
version from p.e. to energy is approximately 500 p.e./MeV.

nation in the buffer was measured by counting α’s
from a sample of buffer fluid prepared in a vial and
lowered at the center of the Counting Test Facil-
ity of Borexino [26]. We obtained an upper limit
of < 0.67mBq/kg at 90% C.L. for the contamina-
tion from 210Po in the buffer, an upper limit which
is many orders of magnitude above the measured
210Po contamination in the scintillator. A shal-
low radial cut is very effective in removing pos-
sible background originating from the buffer, due
to the short distance of thermalization of the low-
energy (α,n) neutrons. We estimate via MC simu-
lations that the radial cut reduces 14-fold the back-
ground induced by 210Po in the buffer, correspond-
ing to an upper limit for this background of < 0.061
events/(100 ton·yr) at 90% C.L.

Table 2 summarizes all expected backgrounds ob-
tained by scaling from 252.6 ton·yr fiducial exposure
to 100 ton·yr for the sake of clarity. Independent
errors are summed in quadrature. In conclusion, we
expect 0.15±0.02 events/(100 ton·yr)background
events in the Borexino search for ν̄e’s.

A total of twenty-one (21) ν̄e’s candidates pass
all selection cuts described above. The spatial
and time distributions of the candidates is uniform
within the limited statistics of the observed sam-
ple. The expected number of background events,
in the present data set is 0.44±0.07. The signal to
background ratio in the ν̄e’s Borexino search is an

unprecedented ∼50:1.

As shown by our MC (see Fig. 2), the light yield
spectrum of the prompt events below 1,300 p.e. in-
cludes 100% of the geo–ν̄e signal and only 34.7%
of the reactor–ν̄e signal. No geo–ν̄e are expected
above 1,300 p.e. We note from Fig. 3 that of the to-
tal of twenty-one (21) candidates, fifteen (15) are in
the geo–ν̄e energy window below 1,300 p.e. and six
(6) have a light yield exceeding 1,300 p.e. The 50:1
signal to background ratio and the clear separation
of the two ν̄e sources in the light yield spectrum
of the prompt event permit a clear identification
and separation of the number of events belonging
to each source, and allow to establish observation
of the geo–neutrinos, as described below.

Experimental evidence of reactors ν̄e disappear-
ance and oscillations has been reported by the Kam-
LAND collaboration on a mean base line of ap-
proximately 200 km [27, 9]. Based on our cal-
culation of anti–ν̄e fluxes from reactors, in the
reactor–ν̄e window (Qprompt>1,300 p.e.) we expect
16.3±1.1 events in absence of neutrino oscillations
and 9.4±0.6 events in presence of neutrino oscilla-
tions with parameters as determined in Ref. [21].
The expected background in the reactor–ν̄e win-
dow is 0.09±0.06. We observe in the reactor–ν̄e

window six (6) events, and we conclude that our
measurement of reactor–ν̄e is statistically compati-
ble with the expected signal in presence of neutrino
oscillation. A statistical analysis excludes the no-
oscillation hypothesis at 99.60% C.L.

In the geo–ν̄e window (Qprompt<1,300 p.e.) we
expect 5.0±0.3 events from reactors (under the hy-
pothesis of oscillations with the mixing parameters
quoted above) and 0.31±0.05 background events.
We observe in the geo–ν̄e window fifteen (15) can-
didates.

The hypothesis that the excess of events is due
to a statistical fluctuation of the background plus
the reactor events is rejected at the 99.95% C.L.

Finally, we determine our best estimate of
the geo–ν̄e and of the reactor–ν̄e rates with an
unbinned maximum likelihood analysis of the
twenty-one (21) observed ν̄e candidates. Of maxi-
mal interest is the light yield of the prompt events
of the candidates, which, as shown above, permits
to disentangle the two classes of events. We define
the log-likelihood function as [28, 29]:
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Summary of geo-neutrino 
measurements 

Experime
nt 

Reference Geoneutrino 
events 

Geoneutrino 
flux for U 
[106 cm-2 s-1] 

Predicted 
flux for U 
[106 cm-2 s-1] 

KamLAND 
(2005) 

Nature 436, 
499 

25+19
-18 5.6+4.3

-4.0 3.7+2
-1.6 

KamLAND 
(2008) 

PRL 100, 
221803 

73±27 4.2±1.6 3.7+2
-1.6 

Borexino 
(2010) 

PLB 687, 299 9.9+4.1(+14.6)
-3.4(-8.2) 7.1+2.9(+10.6)

-2.4(-5.8) 4.2+2.1
-1.9 

KamLAND 
(2010) 

Neutrino 
2010 

106+29
-28 4.3±1.2 3.7+2

-1.6 



Combined analysis of geoneutrino observations:  
KamLAND2008 + Borexino2010 

•  The time of  multi-experiment geo-ν 
observations and global analysis has come  

   (see Fogli, Lisi, Palazzo, Rotunno, arXiv:
1006.1113) 

•  Free parameters:  
oscill. pars + {RBX(U), RBX(Th), RKL(U), RKL(Th)}  

•  Marginalize oscill. pars 
 4 d.o.f. 
 Use RBX(Th)/RBX(U) = RKL(Th)/RKL(U) : 3 d.o.f 
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Neutrinos from SN in BOREXINO 



Stellar collapse and ν emission 

 4 phases: 
•  Infall: free‐fall 0me scale: (3π/32Gρ)1/2 ~ 100ms 

•  Falling material on inner s;ff core and bounce 

–  Shock wave in outer core 
–  Early emission of νe: e‐p ‐> nνe 

•  Accre;on and delayed shock revival ~ 500ms 
–  e+ + n ‐> p + an0‐νe 
–  e+ + e‐‐>νi + an0‐νi 

•  Cooling ~10s 
–  e+ + n ‐> p + an0‐νe and e‐ + p ‐> n + νe 
–  e+ + e‐‐>νi + an0‐νi 

PROMPT EMISSION 

LATE THERMAL 
EMISSION 



Neutrino Luminosi;es 



SN Neutrino Oscilla;ons  

€ 

Fe
0 → Fe = PeeFe

0 + PµeFµ
0 + PτeFτ

0

Fe = PeeFe
0 + (1− Pee )Fx

0  with Fx
0 = Fµ

0 = Fτ
0

2Fx + Fe = 2Fx
0 + Fe

0

  

€ 

For normal hierarchy with θ13 >1

Fe = cos2θ12Fe
0 + sin2θ12Fx

0 ≈ 0.7Fe
0 + 0.3Fx

0

Fe = sin2θ13Fe
0 + cos2θ13Fx

0 ≈ Fx
0



Galac;c SN vs distance to the Sun 

Plot adapted from Mirizzi, Raffelt and Serpico, JCAP 
0605,012(2006) 

15% 

x 4 sta0s0cs 

97% 



Detec;on channels 

CC  NC  ES 

€ 

ν e + n→ e− + p

€ 

ν e + p→ e+ + n

€ 

ν e + (A,Z)→ e+ + (A,Z −1)

€ 

ν e + (A,Z)→ e− + (A,Z +1)

€ 

ν + p→ν + p

€ 

ν + (A,Z)→ν + (A,Z)*

€ 

ν + (A,Z)→ν + (A,Z)*

€ 

ν + (A,Z)→ν + (A,Z)

€ 

ν x + e− →ν x + e−



Cross‐sec;ons for a LS detector 

€ 

ν e + p→ e+ + n
ν + p→ν + p

ν e+12C→ e++12B
ν e+

12C→ e−+12N
ν+12C→ν+12C*

ν e + e− →ν e + e−

ν x + e− →ν x + e−



Expected events in Borexino 

No oscilla;ons  Oscilla;ons NH  Oscilla;ons IH 

Golden ch.  67  78  101 

<E> for golden ch. 
[MeV] 

25  30.5  39 

CC on 12C‐>12B 
CC on 12C‐>12N 

2 
0.5 

3 
9 

6 
6 

ES  5  5  5 

NC on 12C  9 + 8(an0‐ν) 

νp 64 



The ν+p channel: measurement of Tx 

•  The golden ch. gives the temperature of an0‐νe 
•  This NC ch. can give the temperature of  νx 
•  Due to quenching only the contribu0on from νx can be 

measured 

€ 

Events ∝  4 EB

6
 

 
 

 

 
 
σ

Tx

First proposed by J. Beacom et al., PRD66:033001, 2002  



Proton quenching in the 
neutrino‐proton interac0on 

•  Measure proton quenching in the LS 
•  Make use of AmBe source calibra0ons 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Conclusions 



Conclusions on solar neutrinos 

•  First measurement of 7Be solar neutrino flux performed at 
10% level 

•  First  8B solar ν  detec;on in liquid scint. (16% at present) 
•  Pee measured at  low and high energy : 2σ effect at present 

•  Coming next : 
–  Reduced systema0c error at 5% 
–   tagging of cosmogenic background to aim to detect pep/CNO 

neutrinos even with a large uncertainty 
•  Use future measurement to solve conflict between SSM 

and helioseismology 
–  Use correla0ons 
–  Solve inverse problem 



Conclusions from geo-ν observations

1.  First observation of geo-neutrinos in Borexino (4.2σ) 
1.  Large signal-to-noise ratio 
2.  Results limited ONLY by present statistics 

2.  First measurement of electron anti-neutrino disappearance 
on a base line of ~1000km (2.9σ) from Borexino 

3.  Combined analysis (KamLAND2008+Borexino2010) at 
present gives 
1.   5σ evidence 
2.  At 1σ hint for a mantle contribution 
3.  Th/U ratio in broad agreement with chondritic expectation 



Conclusions on SN neutrinos in 
BOREXINO 

•  Together with LVD and ICARUS offers a third 
possibility to detect SN neutrinos at the same 
underground site 

•  Due to the high radiopurity is the only 
detector at present which can probe the 
neutrino‐proton ES and determine both Tx and 
Lx. Limited by sta0s0cs. 


