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The neutrinos from the Sun

Hans Bethe (1939) predicted that stars (like the Sun) produce their energy by nuclear fusion
reactions, mainly of hydrogen and helium (see the fusion processes in the Sun and the neutrino
fluxes, as described by the Standard Solar Model, below). These processes produce a big number
of neutrinos which carry away ~ 3% of the energy as kinetic energy. Since neutrinos interact
weakly with matter, they escape essentially undisturbed from the production region and their
detection provides a way to probe the core of astar.
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The solar neutrino problem

The predictions about how the Sun burns were confirmed when Ray DavisQr adiochemical chlorine
experiment in Homest ake (1964) detected neutrinos from the Sun. While this was a big success
for solar science, the measured neutrino flux was lower than expected; later, the solar neutrino
flux measured in the late 800 by the following experiments, radiochemical gallium-based
(GALLEX, SAGE) and water €erenkov (Kamiokande), was consistently lower than expected. This
gave rise to the so-called Golar neutrino problemO the total solar neutrino rate as well as it®
energy spectrum from all the experiments couldn® be made consistent with each other, with the
available solar models and with the Standard Model of particle physics.

Helioseismological measurements coupled with data from second generation solar neutrino
experiments (SuperK, GNO, SNO) seem to validate the predictions for the solar neutrino flux
and energy spectrum given by the Standard Solar Model (SSM), while preferring new, non-
standard, neutrino physics f or explaining t he measured solar neutrino deficit.

The preferred scenario implies that neutrinos have mass and that their weak and mass
eigenstates don® coincide; this allows solar neutrinos, which have the electron leptonic fl avour
when produced, to oscillat e to anot her flavour.



Neutrino oscillations

Neutrino oscillations were first hypot hesized by Bruno Pontecorvo in 1967. | f neutrinos (at least
one) have mass, it® possible that mass and weak eigenstates don® coincide; mixing between
flavours then becomes possible. I n the simplest case of two-flavour vacuum oscillations, the
suvival probability of an electron neutrino depends on its energy, on the mixing angle 6 with the
ot her flavour and on the dif ference of their relative masses squared as f ollows:
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Wolf enstein, Mikheyev and Smirnov (MSW) noticed how oscillations could be enhanced by the
presence of matter. The phase of a travelling neutrino wave, which is e in the vacuum, is
af fected by index of refraction n of the medium in which it propagates and becomes e "X, For
neutrinos propagating in ordinary matter, the overall phase change, the same for all flavours and
given by neutral current interactions with electrons and nucleons, can be neglected; electron
neutrinos interact with the electrons ont heir path through charged current interaction, and t hus
pick up an extra phase change, proportional to the forward scattering cross-section on electrons.
The oscillation length will then still depend on the neutrino energy E, the mixing angle 6 and the
squared mass dif f erence dm?, but in a more complex way and it will also depend on the electron

density N, in the medium as f ollows: .
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Crossing the solar interior, v@ of different energies can encounter matter shells with the right
density to cause resonant conversion to anot her flavour; regeneration could occur while neutrinos
cross the earth@® core.



The current picture (pre-SNO)

The data from the solar neutrino experiments to date are not enough to identify one set of
oscillation parameters uniquely. The prevailing (most probable) picture is that of mixing between
ve and v, ., . (or equivalently mass states v; and v,) and, from at mospheric neutrino data, of mixing
between v, and v, (mass states v, and v,;, with dm?;,c dm?,;). For the solar neutrino sector,
because of the two very distinct mass differences, it is appropriate to consider 2-neutrino
ascillation scenarios; there are some regions which represent the best fit to the data while
taking the latest predicted solar neutrino fluxes (BP2000). The following plots show t hese most
probable regions and the survival probabilities for electron neutrinos on Earth as a function of
energy for the different solutions (from Bahcall 2000). They don® take into account the
possibility of oscillation into sterile neutrinos.
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The current picture (post-SNO)

The recent SNO measurement of the charged current interaction rate, and the spectral shape
measurement s performed by SuperK have added tighter constraints to the overall fit. While the
most likely solutions seem to be point towards large mixing (LMA and LOW), there® no unanimous
agreement that small mixing angle (SMA) solutions, vacuum oscillations or oscillations to sterile
neutrinos are excluded at the 3o level (see plots below).
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The Borexino experiment

Borexino is areal-time, unsegment ed detector for sub-MeV solar neutrino spectroscopy.

| ts active component is a large spherical volume of organic liquid scintillator; the energy of the
electrons in the active target which undergo elastic scattering with the incoming neutrinos (see
figure) istransferred to the scintillator molecules and then released as light and detected by ~
2000 photomultiplier tubes.

The use of a scintillator allows to detect lower energy neutrinos than can be done with water- €
erenkov detectors, at the cost of losing the directional information of the single events. The
advant age over radiochemical detectorsis to detect each event inreal-time.

The main goal of the experiment is to detect and measure the rate of the monoenergetic 862
keV "Be neutrinos for which there seems to be no room if no new physics is to be assumed; t hese
neutrinos give a Compton-like energy spectrum for the scattered electron with a maximum
energy of 664 keV.The detection energy window for Borexino is 250-800 keV (energy of the
scattered electron), the lower threshold being determined by the *C content in the scintillat or
(B-decay with 156 keV maximum kinetic energy, ~ 8000 years mean lif e).

Borexino is sensitive to all three neutrino

Vet Vet Ve ¢ flavours, but the cross-section for electron
neutrinos is ~ 6 times higher than f or muon
or tau types due to the contribution of the

o 1 N
Zs 4+ W w,T Ug charged-current channel.
o

According to the neutrino fluxes predicted
by the SSM, Borexino expects ~ 50 solar
€ C € Ve neutrino events/ day.



Borexino at a glance

Layer ed, onion-like structure f or Borexino Design 2200 8" Thorn EMI PITs

progr essive shielding f rom external Sl (1200w Mt cotccwrs

radioact ivity

Nylon Sphere
8.5m@

Muon veto:
200 outward-

Active Scintillator region (300 tons) poinfirg FhiTs
pseudocumene (1,2,4-trimet hylbenzene)
+ PPO (2,5-diphenyloxazole) 1.5 g/ |

contained in a nylon sphere

100 ton
fiducial volume

Nylon film
Rn barrier

| nner Buffer region (900 tons)
pseudocumene

+ DMP (dimet hylphthalate) 5 g/ |
contained in a stainless st eel sphere
Houses a second, larger nylon sphere
used as aradon barrier

Water Buffer region (2200 tons)
ult rapure wat er

Buffer

2200 PMT® pointing inwar ds ‘\ 2 Wocing Strings \ .
Stainless Steel Water Tank Steel Shielding Plates

200 Pmt@for wat er buffer region 18m @ 8m x 8m x 10cm and 4m x 4m x 4cm




Expected neutrino rates in

The table shows t he expected neutrino events
per day in Borexino from the various solar
sources in the case of no oscillation (SSM)
and for large and small mixing angle scenarios.
The assumed recoil eletron energy window is
0.25-0.8 MeV, 400 photoelectrons/ MeV is the
expected signal and a fiducial volume of 100
tons is used in the calculation. The solar
neutrino fluxes are those given in BP2000 and
the SMA and LMA values are the best fit
values reported by Fogli et al. (hep-
ph/ 0106247).

Without oscillations, ~ 50 events/day would
be expected. |f any oscillation takes place,
the rate will be lower, reaching ~ 15
events/ day for SMA and even less in the case
of total conversion to sterile neutrinos
(unlikely). Large mixing angle solutions (LMA
and LOW) would give ~ 35 events/day. For
the 100 ton fiducial volume, 1 SNU = 2.85
event s/ day in Borexino.

Borexino

Neutrino Source SSM SMA LMA
pp 0.58 0.58 0.44
“Be (2 lines) 42.05 11.70 27.49
pep 197 0.57 123
5B 0.08 0.06 0.04
hep 0.002 104 7°10-5
BN 3.56 105 211
50 4.85 136 3.08
7E 0.06 0.02 0.04
Total 53.15 15.33 34 .42




Large mixing angle solutions

The most recent experimental data
say that with great probability
there® maximal mixing between v,
and v,.. While the total rate in
Borexino for the LMA and LOW
solutions is comparable, they can be
disentangled by measuring the
day/ night variations in the solar
neutrino flux. Due to the smaller
mass square difference that
characterizes the LOW scenario,
neutrinos that have emerged from
the Sun converted into either v, or v,
could be reconverted into v, after
crossing the dense core of the Earth.
A measurement of a day/night
asymmetry of {hg neutrino rate,
definedas 2~ Nib

would be clear evidence towards the
LOW solution; on the other hand, if
no asymmetry is observed, the LOW
region in parameter space would be
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What can the total rates say?

Although in light of the recent Yearly averaged total rates (night +day)
results from SNO, neutrino normalized to the SSM values
oscillations involving large mixing S
between v, and v, . (LMA ans LOW)

are the most probable, there® no 4
redundancy of solar neutrino data
(see, for example, the remarks by
Bahcall, hep-ex/ 0106086). 10
Borexino can discriminate between

small and large mixing angle with 10
the measurement of the total rate. >
The reason for thisis that for the 2
SMA solution the neutrinos in the =
energy range of Borexino are Ad
highly suppressed. As can be seen
in the plot, the total rate for large

SMA
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their best fit gives the following survival probability for electron neutrinos:

< P >ee= 034—016

Borexino and the other experiments

| nthe af orementioned paper by Fogli et al., the SuperK and SNO data are considered alone,
in a model independent way: if only oscillations into active neutrinos are considered (i.e. v,—v

.2, the data are in excellent agreement with the predicted 8B neutrino flux (BP2000) and

+0.51

(99% C.L.)

As shown in the first plot (below, on the left). The plot on the right shows the electron
neut rino survival probability as a function of energy for various oscillation solutions.

¢exp(BB) / ¢SSM(GB)

Active Solar Neutrinos Oscillations after SNO results

SSM

99% C.L. |

K + SNO data

+0.51

<P>,=0.34_

1.5

<P..>

Neutrino Survival Probability at Earth

Neutrino Energy (MeV)



Ga (SNU)

Cl (SNU)

The series of plots below compares the results expected from Borexino to the results of the

ot her solar neutrino experiments.

The published solar neutrino rates for chlorine, gallium (average of GALLEX and SAGE), SuperK
and SNO (CConly) are plotted against the expected Borexino rates for v, suppression f actor of
0.65,! year of datataking and a 10% systematic error (yellow ellipses). The expected rates for
various oscillation scenarios are also shown (white ellipses). The contours represent the 99%
CL.and all rates are in SNU.
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Discovery potential for Borexino

Borexino discovery potential compared with
Borexino has the ability to

discriminate among the preferred N . | | ! ]
solutions of the solar neutrino 08 ™~ 1o oscillation point ]
problem. The discovery potential is .

best appreciated with the following 0.8 - LOW -

plot, whose axes are the total rate - LVA |

and the day/night asymmetry; o7 i 0 . |
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Conclusions

Borexinoisthe first real-time detector for solar neutrinos below 1 MeV.

Borexino will come online at the beginning of next year and has the potential to
discriminate between the only two neutrino oscillation scenarios, LMA and LOW, that
following the most recent experimental results seem to be left as solutions to the solar
neutrino puzzle; this goal will be pursued by searching evidence of a day/ night asymmetry
inthe neutrino rate. | f an asymmetry is to be found, then the LOW solution would be the
nat ural explanation; no asymmetry would give evidence for the LMA solution.

Borexino will also be able to exclude regions of parameter space, if this will turn out to
be really the case in the end, that only recently have been turned into the least likely, via
the direct measurement of the absolute flux of the "Be solar neutrinos.

| n order to reach its goals, Borexino is pioneering large-scale, ultra-low background
techniques that will most certainly pave the way for many underground and particle
astrophysics experimentsinthe future.



