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The neutrinos from the SunThe neutrinos from the Sun
Hans Bet he (1939) pr edict ed t hat  st ar s (like t he Sun) pr oduce t heir  ener gy by nuclear  f usion
r eact ions, mainly of  hydr ogen and helium (see t he f usion pr ocesses in t he Sun and t he neut r ino
f luxes, as descr ibed by t he St andar d Solar  Model, below). These pr ocesses pr oduce a big number
of  neut r inos which car r y away ~ 3%  of  t he ener gy as kinet ic ener gy. Since neut r inos int er act
weakly wit h mat t er , t hey escape essent ially undist ur bed f r om t he pr oduct ion r egion and t heir
det ect ion pr ovides a way t o pr obe t he cor e of  a st ar .
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The solar neutrino problemThe solar neutrino problem
The pr edict ions about  how t he Sun bur ns wer e conf ir med when Ray DavisÕ r adiochemical chlor ine
exper iment  in Homest ake (1964) det ect ed neut r inos f r om t he Sun. While t his was a big success
f or  solar  science, t he measur ed neut r ino f lux was lower  t han expect ed; lat er , t he solar  neut r ino
f lux measur ed in t he lat e 80Õs by t he f ollowing exper iment s, r adiochemical gallium-based
(GALLEX, SAGE) and wat er  �er enkov (Kamiokande), was consist ent ly lower  t han expect ed. This
gave r ise t o t he so-called Òsolar  neut r ino pr oblemÓ: t he t ot al solar  neut r ino r at e as well as it Õs
ener gy spect r um f r om all t he exper iment s couldnÕt be made consist ent  wit h each ot her , wit h t he
available solar  models and wit h t he St andar d Model of  par t icle physics.

Helioseismological measur ement s coupled wit h dat a f r om second gener at ion solar  neut r ino
exper iment s (Super K, GNO, SNO) seem t o validat e t he pr edict ions f or  t he solar  neut r ino f lux
and ener gy spect r um given by t he St andar d Solar  Model (SSM), while pr ef er r ing new, non-
st andar d, neut r ino physics f or  explaining t he measur ed solar  neut r ino def icit .

The pr ef er r ed scenar io implies t hat  neut r inos have mass and t hat  t heir  weak and mass
eigenst at es donÕt  coincide; t his allows solar  neut r inos, which have t he elect r on lept onic fl avour
when pr oduced, t o oscillat e t o anot her  f lavour .



Neutrino oscillationsNeutrino oscillations
Neut r ino oscillat ions wer e f ir st  hypot hesized by Br uno Pont ecor vo in 1967. I f  neut r inos (at  least
one) have mass, it Õs possible t hat  mass and weak eigenst at es donÕt  coincide; mixing bet ween
f lavour s t hen becomes possible. I n t he simplest  case of  t wo-f lavour  vacuum oscillat ions, t he
suvival pr obabilit y of  an elect r on neut r ino depends on it s ener gy, on t he mixing angle θ wit h t he
ot her  f lavour  and on t he dif f er ence of  t heir  r elat ive masses squar ed as f ollows:

Wolf enst ein, Mikheyev and Smir nov  (MSW) not iced how oscillat ions could be enhanced by t he
pr esence of  mat t er . The phase of  a t r avelling neut r ino wave, which is e-ipx in t he vacuum,  is
af f ect ed by index of  r ef r act ion n of  t he medium in which it  pr opagat es and becomes e-inpx. For
neut r inos pr opagat ing in or dinar y mat t er , t he over all phase change, t he same f or  all f lavour s and
given by neut r al cur r ent  int er act ions wit h elect r ons and nucleons, can be neglect ed; elect r on
neut r inos int er act  wit h t he elect r ons on t heir  pat h t hr ough char ged cur r ent  int er act ion, and t hus
pick up an ext r a phase change, pr opor t ional t o t he f or war d scat t er ing cr oss-sect ion on elect r ons.
The oscillat ion lengt h will t hen st ill depend on t he neut r ino ener gy E, t he mixing angle θ and t he
squar ed mass dif f er ence δm2, but  in a mor e complex way and it  will also depend on t he elect r on
densit y Ne in t he medium as f ollows:

Cr ossing t he solar  int er ior , νÕs of  dif f er ent  ener gies can encount er  mat t er  shells wit h t he r ight
densit y t o cause r esonant  conver sion t o anot her  f lavour ; r egener at ion could occur  while neut r inos
cr oss t he ear t hÕs cor e.
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The current picture (pre-SNO)The current picture (pre-SNO)
The dat a f r om t he solar  neut r ino exper iment s t o dat e ar e not  enough t o ident if y one set  of
oscillat ion par amet er s uniquely. The pr evailing (most  pr obable) pict ur e is t hat  of  mixing bet ween
νe and νµ or  τ (or  equivalent ly mass st at es ν1 and ν2) and, f r om at mospher ic neut r ino dat a, of  mixing
bet ween νµ and ντ (mass st at es ν2 and ν3, wit h δm2

12ς δm2
23). For  t he solar  neut r ino sect or ,

because of  t he t wo ver y dist inct  mass dif f er ences, it  is appr opr iat e t o consider  2-neut r ino
ascillat ion scenar ios; t her e ar e some r egions which r epr esent  t he best  f it  t o t he dat a while
t aking t he lat est  pr edict ed solar  neut r ino f luxes (BP2000). The f ollowing plot s show t hese most
pr obable r egions and t he sur vival pr obabilit ies f or  elect r on neut r inos on Ear t h as a f unct ion of
ener gy f or  t he dif f er ent  solut ions (f r om Bahcall 2000). They donÕt  t ake int o account  t he
possibilit y of  oscillat ion int o st er ile neut r inos.



The current picture (post-SNO)The current picture (post-SNO)
The r ecent  SNO measur ement  of  t he char ged cur r ent  int er act ion r at e, and t he spect r al shape
measur ement s per f or med by Super K have added t ight er  const r aint s t o t he over all f it . While t he
most  likely solut ions seem t o be point  t owar ds lar ge mixing (LMA and LOW), t her eÕs no unanimous
agr eement  t hat  small mixing angle (SMA) solut ions, vacuum oscillat ions or  oscillat ions t o st er ile
neut r inos ar e excluded at  t he 3σ level (see plot s below).

f r om Bahcall, Gonzalez-Gar cia and Pe–a-Gar ay, hep-ph/ 0106258f r om Fogli, Lisi, Mont anino and Palazzo
hep-ph/ 0106247



The The Borexino Borexino experimentexperiment
Bor exino is a r eal-t ime, unsegment ed det ect or  f or  sub-MeV solar  neut r ino spect r oscopy.
I t s act ive component  is a lar ge spher ical volume of  or ganic liquid scint illat or ; t he ener gy of  t he
elect r ons in t he act ive t ar get  which under go elast ic scat t er ing wit h t he incoming neut r inos (see
f igur e) is t r ansf er r ed t o t he scint illat or  molecules and t hen r eleased as light  and det ect ed by ~
2000 phot omult iplier  t ubes.
The use of  a scint illat or  allows t o det ect  lower  ener gy neut r inos t han can be done wit h wat er - �
er enkov det ect or s, at  t he cost  of  losing t he dir ect ional inf or mat ion of  t he single event s. The
advant age over  r adiochemical det ect or s is t o det ect  each event  in r eal-t ime.

The main goal of  t he exper iment  is t o det ect  and measur e t he r at e of  t he monoener get ic 862
keV 7Be neut r inos f or  which t her e seems t o be no r oom if  no new physics is t o be assumed; t hese
neut r inos give a Compt on-like ener gy spect r um f or  t he scat t er ed elect r on wit h a maximum
ener gy of  664 keV.The det ect ion ener gy window f or  Bor exino is 250-800 keV (ener gy of  t he
scat t er ed elect r on), t he lower  t hr eshold being det er mined by t he 14C cont ent  in t he scint illat or
(β-decay wit h 156 keV maximum kinet ic ener gy, ~ 8000 year s mean lif e).
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Bor exino is sensit ive t o all t hr ee neut r ino
f lavour s, but  t he cr oss-sect ion f or  elect r on
neut r inos is ~ 6 t imes higher  t han f or  muon
or  t au t ypes due t o t he cont r ibut ion of  t he
char ged-cur r ent  channel.

Accor ding t o t he neut r ino f luxes pr edict ed
by t he SSM, Bor exino expect s ~ 50 solar
neut r ino event s/ day.



BorexinoBorexino at a glance at a glance

Layer ed, onion-like st r uct ur e f or
pr ogr essive shielding f r om ext er nal
r adioact ivit y

Act ive Scint illat or  r egion (300 t ons)
pseudocumene (1,2,4-t r imet hylbenzene)
+ PPO (2,5-diphenyloxazole) 1.5 g/ l
cont ained in a nylon spher e

I nner  Buf f er  r egion (900 t ons)
pseudocumene
+ DMP (dimet hylpht halat e) 5 g/ l
cont ained in a st ainless st eel spher e
Houses a second, lar ger  nylon spher e
used as a r adon bar r ier

Wat er  Buf f er  r egion (2200 t ons)
ult r apur e wat er

2200 PMTÕs point ing inwar ds
200 Pmt Õs f or  wat er  buf f er  r egion



Expected neutrino rates in Expected neutrino rates in BorexinoBorexino
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The t able shows t he expect ed neut r ino event s
per  day in Bor exino f r om t he var ious solar
sour ces in t he case of  no oscillat ion (SSM)
and f or  lar ge and small mixing angle scenar ios.
The assumed r ecoil elet r on ener gy window is
0.25-0.8 MeV, 400 phot oelect r ons/ MeV is t he
expect ed signal and a f iducial volume of  100
t ons is used in t he calculat ion. The solar
neut r ino f luxes ar e t hose given in BP2000 and
t he SMA and LMA values ar e t he best  f it
values r epor t ed by Fogli et  al. (hep-
ph/ 0106247).
Wit hout  oscillat ions, ~ 50 event s/ day would
be expect ed. I f  any oscillat ion t akes place,
t he r at e will be lower , r eaching ~ 15
event s/ day f or  SMA and even less in t he case
of  t ot al conver sion t o st er ile neut r inos
(unlikely). Lar ge mixing angle solut ions (LMA
and LOW) would give ~ 35 event s/ day. For
t he 100 t on f iducial volume, 1 SNU = 2.85
event s/ day in Bor exino.



Large mixing angle solutionsLarge mixing angle solutions

    Year ly aver aged night  t ime and day t ime
r at es, nor malized t o t he SSM values

The most  r ecent  exper iment al dat a
say t hat  wit h gr eat  pr obabilit y
t her eÕs maximal mixing bet ween νe
and νµ,τ. While t he t ot al r at e in
Bor exino f or  t he LMA and LOW
solut ions is compar able, t hey can be
disent angled by measur ing t he
day/ night  var iat ions in t he solar
neut r ino f lux. Due t o t he smaller
mass squar e dif f er ence t hat
char act er izes t he LOW scenar io,
neut r inos t hat  have emer ged f r om
t he Sun conver t ed int o eit her  νµ or  ντ
could be r econver t ed int o νe af t er
cr ossing t he dense cor e of  t he Ear t h.
A measur ement  of  a day/ night
asymmet r y of  t he neut r ino r at e,
def ined as

would be clear  evidence t owar ds t he
LOW solut ion; on t he ot her  hand, if
no asymmet r y is obser ved, t he LOW
r egion in par amet er  space would be
excluded.
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What can the total rates say?What can the total rates say?

Alt hough in light  of  t he r ecent
r esult s f r om SNO, neut r ino
oscillat ions involving lar ge mixing
bet ween νe and νµ,τ (LMA ans LOW)
ar e t he most  pr obable, t her eÕs no
r edundancy of  solar  neut r ino dat a
(see, f or  example, t he r emar ks by
Bahcall, hep-ex/ 0106086).
Bor exino can  discr iminat e bet ween
small and lar ge mixing angle wit h
t he measur ement  of  t he t ot al r at e.
The r eason f or  t his is t hat  f or  t he
SMA solut ion t he neut r inos in t he
ener gy r ange of  Bor exino ar e
highly suppr essed. As can be seen
in t he plot , t he t ot al r at e f or  lar ge
mixing angle is ~ t wice t hat  in t he
case of  small mixing angle.
The ÒislandsÓ super imposed t o t he
isor at e lines (aver aged over  one
year ) ar e t he best  f it s not
including t he Sno dat a.

Year ly aver aged t ot al r at es (night  + day)
nor malized t o t he SSM values



Borexino Borexino and the other experimentsand the other experiments
I n t he af or ement ioned paper  by Fogli et  al., t he Super K and SNO dat a ar e consider ed alone,
in a model independent  way: if  only oscillat ions int o act ive neut r inos ar e consider ed (i.e. νe→ν

µ,τ), t he dat a ar e in excellent  agr eement  wit h t he pr edict ed 8B neut r ino f lux (BP2000) and
t heir  best  f it  gives t he f ollowing sur vival pr obabilit y f or  elect r on neut r inos:

(99% C.L.)

As shown in t he f ir st  plot  (below, on t he lef t ). The plot  on t he r ight  shows t he elect r on
neut r ino sur vival pr obabilit y as a f unct ion of  ener gy f or  var ious oscillat ion solut ions.
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The ser ies of  plot s below compar es t he r esult s expect ed f r om Bor exino t o t he r esult s of  t he
ot her  solar  neut r ino exper iment s.
The published solar  neut r ino r at es f or  chlor ine, gallium (aver age of  GALLEX and SAGE), Super K
and SNO (CC only) ar e plot t ed against  t he expect ed Bor exino r at es f or  νe suppr ession f act or  of
0.65, !  year  of  dat a t aking and a 10% syst emat ic er r or  (yellow ellipses). The expect ed r at es f or
var ious oscillat ion scenar ios ar e also shown (whit e ellipses). The cont our s r epr esent  t he 99%
C.L. and all r at es ar e in SNU.



Discovery potential for Discovery potential for BorexinoBorexino

As shown in t he pr evious plot s,
Bor exino has t he abilit y t o
discr iminat e among t he pr ef er r ed
solut ions of  t he solar  neut r ino
pr oblem. The discover y pot ent ial is
best  appr eciat ed wit h t he f ollowing
plot , whose axes ar e t he t ot al r at e
and t he day/ night  asymmet r y;
f r om t his diagr am, it  can be seen
t hat  a 10-15% dif f er ence in t he
neut r ino r at e would be evidence
f or  t he LOW solut ion, even in t he
absence of  a measur ement  of  t he
absolut e r at e, f or  which t he most
st r ingent  r adiopur it y r equir ement s
ar e of  f undament al impor t ance.



ConclusionsConclusions

Bor exino is t he f ir st  r eal-t ime det ect or  f or  solar  neut r inos below 1 MeV.

Bor exino will come online at  t he beginning of  next  year  and has t he pot ent ial t o
discr iminat e bet ween  t he only t wo neut r ino oscillat ion scenar ios, LMA and LOW, t hat
f ollowing t he most  r ecent  exper iment al r esult s seem t o be lef t  as solut ions t o t he solar
neut r ino puzzle; t his goal will be pur sued by sear ching evidence of  a day/ night  asymmet r y
in t he neut r ino r at e. I f  an asymmet r y is t o be f ound, t hen t he LOW solut ion would be t he
nat ur al explanat ion; no asymmet r y would give evidence f or  t he LMA solut ion.

Bor exino will also be able t o  exclude r egions of  par amet er  space, if  t his will t ur n out  t o
be r eally t he case in t he end, t hat  only r ecent ly have been t ur ned int o t he least  likely, via
t he dir ect  measur ement  of  t he absolut e f lux of  t he 7Be solar  neut r inos.

I n or der  t o r each it s goals, Bor exino is pioneer ing lar ge-scale, ult r a-low backgr ound
t echniques t hat  will most  cer t ainly pave t he way f or  many under gr ound and par t icle
ast r ophysics exper iment s in t he f ut ur e.


