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•  ASTROPHYSICS	  (comparison	  with	  predicEons	  of	  the	  SSM)	  
The	  standard	  Solar	  Model	  predicts	  the	  neutrino	  fluxes	  and	  their	  spectrum	  
	  

………….	  see	  later…..	  

•  PARTICLE	  PHYSICS	  (neutrinos	  oscillaEons)	  
	  
	  
	  
	  
	  
	  

Why	  detecEng	  solar	  neutrinos?	  

The	   “solar	   neutrino	   problem”	   has	   provided	   one	   of	  
the	  first	  hints	  towards	  neutrino	  oscillaEons.	  
	  
Now	  we	   know	   that	   neutrinos	   oscillate	   in	   their	   path	  
from	  Sun	  to	  Earth	  
	  
	  
	  
	  
	  

"LMA Solution"

Δm2 = 7.6 ⋅10−5 eV 2

tg2ϑ = 0.468

O p e n 	   i s s u e s : 	   p r e c i s i o n	  
measurements	   of	   solar	   neutrino	  
sources	  at	  low	  energies	  probe	  Pee	  in	  
the	   vacuum	   to	   ma[er	   transiEon	  
region	   which	   is	   sensiEve	   to	   new	  
physics;	  

ν	  
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The	  Solar	  Standard	  Model	  and	  the	  Neutrino	  fluxes	  

proton-‐proton	  chain	  
(	  ~	  99%	  of	  the	  sun	  energy)	  

CNO	  cycle	  
(	  ≈1%	  of	  the	  sun	  energy)	  
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How	  can	  we	  study	  solar	  neutrinos	  
in	  real	  Eme?	  
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Borexino is a low energy threshold (∼ 200 keV) real 
time experiment 

It	  is	  possible	  to	  disEnguish	  the	  different	  neutrino	  contribuEons: 	  

Detec0on	  principle	  
	  
elasEc	  sca[ering	  (ES)	  on	  electrons	  

x xe eν ν− −+ → +

≈100	  tons	  
Ultra	  high-‐
purity	  liquid	  
scin0llator	  
PC+PPO	  

	  

Unlike Cherenkov light, the scintillation light is emitted isotropically; this means that the ν 
induced events can’t be distinguished from other γ/β events due to natural radioactivity. 
 
Signal to noise ratio: 
In order to have a signal to noise ratio on the order of 1, the 238U (and 232Th) intrinsic 
contamination can’t exceed 10-16 g/g! (this means 9-10 orders of magnitude less radioactive 
then anything on Earth) 

Several techniques have been  
applied: 
 
•  Distillation,  
•  Water extraction,  
•  Nitrogen stripping,  
•  ecc….. 

Unprecedented low levels of background 
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Core	  of	  the	  detector	  



Borexino	  al	  LNGS	  

300	   tons	   of	   liquid	   scinEllator	  
(PC+PPO)	   contained	   in	   a	   nylon	  
vessel	  of	  4.25	  m	  radius	  

1000	   tons	   of	   ultra-‐pure	   buffer	  
liquid	   (pure	   PC)	   contained	   in	   a	  
stainless	   steel	   sphere	   of	   7	   m	  
radius	  

2000	   tons	   of	   ultra-‐pure	   water	  
contained	  in	  a	  cylindrical	  dome	  

2200	  photomulEplier	  tubes	  poinEng	  towards	  the	  
center	   to	   view	   the	   light	   emi[ed	   by	   the	  
scinEllator	  

200	   photomulEplier	   tubes	  mounted	   on	   the	   SSS	  
poinEng	  outwards	  to	  detect	   light	  emi[ed	  in	  the	  
water	  by	  muon	  scrossing	  the	  detector	  

ν 

ν 

e-‐	  
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Borexino Detector and Plants 

Borexino 

CTF 

LNGS

Laboratori Nazionali  
del Gran Sasso 

(LNGS) 
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18 m 
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water filling Scintillator filling May 15th, 2007 

From Aug 2006 From Jan 2007 

Hight purity water 

Liquid scintillator Low Ar and Kr N2 

Nylon vessels inflated, filled with 
water and replaced with scintillator 
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Borexino’s	  history	  

2007	   2010	   2012	   2015	  Phase	  I	   Phase	  II	  

1°	  PurificaEon	  

2°	  PurificaEon	  

•  7Be-‐ν:	  1st	  observaEon	  
and	  precise	  
measurement	  (5%);	  

•  Day/Night	  asymmetry;	  

•  pep-‐ν:	  1st	  observaEon;	  

•  8B-‐ν	  at	  low	  threshold;	  

•  CNO-‐ν:	  best	  limit	  

•  pp-‐ν:	  1st	  observaEon	  in	  
real	  Eme	  

•  Seasonal	  modulaEon	  of	  
7Be	  signal	  

Improved	  radiopurity	  	  
	  
85Kr	  rate	  compaEble	  with	  0	  
210Bi	  reduced	  by	  a	  factor	  ≈	  3;	  
232Th	  and	  238U	  negligible;	  
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From	  raw	  data	  to	  neutrino	  signal	  

Example of 7Be neutrino line ν	  flux	  as	  predicted	  by	  SSM	  

ν	  signal	  in	  Borexino	  

7Be monochromatic 
line at 0.862 MeV 

ν x + e− →ν x + e−

Maximum ES of e- 0.662 MeV Warning: we have to take into account 
the energy resolution of the detector 

Compton-like recoil 
spectrum 

Results	  of	  Borexino	  Phase	  I	  
(above	  14C	  end-‐point	  )	  
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pp	  

7Be 

pep	  

CNO 8B	  
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Expected	  Spectrum	  
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Data:	  Raw	  Spectrum	  (Before	  any	  Cuts)	  
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Data:	  Fiducial	  Volume	  Cut	  (100	  tons)	  
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Data:	  α/β	  Stat.	  SubtracEon	  
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Data:	  Final	  Comparison	  
192 days 
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192 Days
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Estimated 1σ Systematic Uncertainties* [%] 

Expected 7Be interaction rate for 
MSW-LMA oscillations: 

tonscpd 100/448 ±

tonscpdsyststat 100/4349 ±±

tonscpd 100/444 ± Low  Metallicity 

High Metallicity 

We have to add the systematic error: 

After 740 live days and a calibration campaign Borexino published the new result 
on 7Be rate with a total error at 4.6% (SSM prediction at 7%) 

46.0 ±1.5(stat) +1.5
−1.6

(syst) cpd /100 tons
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pep	  neutrinos	  (indirect	  constraint	  on	  pp	  neutrino	  flux)	  
	  

CNO	  neutrinos	  (direct	  indicaEon	  of	  metallicity	  in	  the	  Sun’s	  core)	  

Cosmogenic 11C

µ + 12C→ µ + n + 11C

Three-‐fold	  coincidence	  (TFC)	  technique:	  
Using	  	  

space	  
Eme	  correlaEon	  with	  μ	  	  
n	  	  

to	  veto	  regions	  of	  the	  detector	  with	  higher	  11C	  
background	  

Total	  fluxes	  from	  direct	  
measurement:	   pep	  flux:	  	  (1.6	  ±	  0.3).108	  cm-‐2s-‐1	  

CNO	  flux:	  	  	  <	  7.4.108	  cm-‐2s-‐1	  
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pep-‐ν	  

CNO-‐ν	  
SSM	  pep	  flux:	  	  (1.44	  ±	  0.02).108	  cm-‐2s-‐1	  

11C à  11B + e+ + νe 
t~30min 

n + p à d + γ
τ∼260µs   



Results	  of	  Borexino	  Phase	  II	  
pp-‐	  neutrinos	  

Why	  studying	  pp	  neutrinos?	  
	  
•  they	  provide	  a	  direct	  glimpse	  into	  the	  main	  

fusion	   process	   (produced	   in	   the	   primary	  
nuclear	  reacEon	  of	  the	  pp-‐cycle);	  

•  they	   represent	   about	   90%	   of	   the	   solar	  
luminosity	  in	  neutrinos.	   SOLAR	  (IN)VARIABILITY	  

	  
photons	   take	   ≈	   105	   years	   to	   travel	   from	  
the	  center	  of	  the	  Sun	  to	  the	  surface	  while	  	  
neutrinos	  take	  only	  few	  seconds	  
	  
	  
	  
	  
This	   allow	   to	   verify	   the	   stability	   of	   the	  
Sun	  on	  the	  105	  years	  0me	  scale;	  

γ vs. ν
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pp-‐neutrinos	  (0-‐0.42)	  MeV	  induce	  electron-‐recoils	  up	  to	  ≈	  300	  keV	  

nPMTs	  

-‐-‐-‐-‐-‐Borexino	  Phase	  I	  (May	  2007-‐May	  2010)	  
-‐-‐-‐-‐-‐Borexino	  Phase	  II	  (Jan	  2012-‐Mar	  2012)	  

Expected	  spectrum	  
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≈	  200	  keV	  

Region	  dominated	  by	  	  
	  

•  14C	  -‐	  Signal/Background	  	  ≈	  10-‐5	  
	  

Below	  ≈150	  keV	  (≈60	  nPMTs)	  14C	  is	  overwhelming	  
	  

•  Pile-‐up	  of	  14C	  



In	  order	  to	  disentangle	  the	  signal	  from	  the	  background	  we	  need	  a	  spectral	  fit	  	  

We	  have	  to	  determine	  independently	  the	  rate	  of	  the	  two	  main	  backgrounds	  
(14C	  and	  pile-‐up	  of	  14C)	  in	  order	  to	  constrain	  them	  in	  the	  fit	  procedure.	  

•  14C	   rate	   determined	   from	   an	   independent	   class	   of	   events	   less	  
affected	  by	  the	  trigger	  threshold;	  

	  
	  

•  Pile-‐up	   of	   14C	   rate	   and	   shape	   determined	   by	   a	   data-‐driven	  
method	  (syntheEc	  pile-‐up);	  

14C rate = (40 ±1) Bq/100tons

Pile−up rate (14C-14C) = (154 ±10) cpd /100tons

pp−ν rate =144±13(stat)±10(sys) cpd /100tons

predicted rate SSM (HM ) + MSW (LMA) =132± 2 cpd /100tons
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14C	  	  

Pile-‐up	  of	  14C	  	  



what	  next?	  

A	  new	  calibra0on	  campaign	  will	  take	  place	  this	  year	  for	  a	  complete	  analysis	  of	  Phase	  II	  in	  
order	  to	  further	  reduce	  systemaEc	  uncertainEes	  

•  Improve	  measurements	  (reduced	  errors)	  obtained	  so	  far;	  

•  A[empt	  to	  measure	  neutrino	  from	  CNO-‐cycle;	  

•  Plus	  others	  non-‐solar	  neutrinos	  measurements	  (Geo-‐neutrinos.	  ArEficial	  ν-‐sources).	  

Thank	  you	  
for	  your	  a[enEon	  
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