PROCEEDINGS

OF SCIENCE

Solar neutrinos: from their production to their
detection

Lino Miramonti*
Universiti£j degli Studi di Milano and Istituto NazionaleRisica Nucleare
E-mail: Lino. Mranonti @i .infn.it

Nuclear fusion reactions take place in the core of the Suro@meighborhood star, hydrogen is
being fused into helium in the proton-proton chain reactiowhich four protons are fused and
two of them undergo a beta decay to become neutrons, refepssitrons and neutrinos. More
than 40 years ago it was suggested to detect solar neutdrtesttthe validity of solar models.
The first measurement of the neutrino flux took place in the eltake mine in South Dakota in
1968. The experiment detected only one third of the expdtirdalue, giving birth to the Solar
Neutrino Problem. Since then different experiments weikt ipuorder to understand the origin
of this discrepancy. Now we know that neutrinos undergoliasicin phenomena and change
their nature while travelling from the core of the Sun to Baithanks to neutrinos detection it is
possible to infer and to prove how the Sun shines.

This paper introduces solar neutrino physics from a hisépoint of view from its beginning to
our days.
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1. "Our” star: the Sun

The Sun is is a medium-sized star and by far the biggest celestial body inanegstem. Its
distance from the Earth is about 150 million kilometers. With a diameter of 139Rii@eters,
that corresponds to 109 Earth diameters, it appears to have an arigelaf about 0.5 degrees.
All planets orbit around the Sun because of its enormous gravity. It hassa of about 210°3%g
(accounting for about 99.86% of the total mass of the solar system) thatsponds to about
333000 times the Earth’s mass. The effective surface temperature ig<&R80 (putting it in the
G2 spectral class). The characteristics of the Sun are summarized in table 1

Characteristics of the Sun.
Mass (Earth=1) 332,800
Mean diameter (10m) 1392
Rotation period 26-37d
Mean distance to Earth (3km) | 149
Density 1.41
Surface gravitym/s? 274

Table 1: Characteristics of the Sun.

Spectroscopy measurements show that hydrogen makes up about #4écSafn, while he-
lium makes up about 6% of the solar material, and all the other elements maket @13,
0.11% of this quantity is composed by oxygen, carbon, and nitrogen ta#t@three most abun-
dant "metals®. In the Sun there are also traces of neon, sodium, magnesium, aluminum,, silicon
phosphorus, sulfur, potassium, and iron. The previous quotedragas are by relative number
of atoms. If one uses the percentage by mass, one finds that hydroges upa/8.5% of the mass
of the Sun, helium 19.7%, oxygen 0.86%, carbon 0.4%, iron 0.14%, anatllee elements are
0.54%.

Starting from the center of the Sun and moving outwards we can distinguisie gecradiative
zone and a convective zone. The core accounts for about 10% wfase of the Sun and is where
energy, from nuclear fusion, is generated. Due to the enormous amiognatvity compression the
core is very hot and dense. At these high temperatures and densitlearmfuision takes place.
The Sun’s core is at about 15.5 million K and it is about 150 times denser thi@n. W he radiative
zone is where the energy is transported from the core to the colder oyes lay photons. The
radiative zone includes approximately 85% of the Sun’s radius. Theectivg zone is where
energy in the outer 15% of the Sun’s radius is transported by the bulk mdtigesdn a process
called convection.

2. How the Sun shines

As we said, the core of the Sun reaches temperaturesld5 - 10°K; at these temperatures
nuclear fusion can occur transforming 4 hydrogen nuclei into 1 heliuotens [1], [2]. One

1In astronomy any atom heavier than helium is called a "metal" atom
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helium nucleus has a mass that is smaller than the combined masses of thedimgehynuclei.
This missing masss converted into the energy which is released by Sun.

The net reaction is:

4.1H —%He+energy (2.1)

The combined mass of of ¥ is 6.6943- 10-27kg, which is heavier than the mass ofHe at
6.6466 10 2’kg. The difference is @477-102’kg (~ 0.7%). Using Einstein’s equatioB = mc,
we find that each fusion release®477-10-27kg- (3-108m/s)? = 4.3- 10~12] that is 267 MeV ?

Each second about 600 million tons of hydrogen are converted into &36umillion tons
of helium-4. The remaining 4 million tons (actually 4.26 million tons) are converteden&ygy
including radiation in the form of light. The current luminosity of the Sun.BA8- 1075w .

3. What about neutrinos?

In the previous reaction (2.1) we started with 4 protons and ended up with @udleus
which is composed of 2 protons and 2 neutrons. This means we had tetrarsprotons into 2
neutrons; in this inverse beta decay a proton (see eq. 3.1) becomesanreruitting a positron
and an electron neutring.

p—n+et+ve (3.1)

According to the Standard Model of particle physics, there are 3 typesuifinos but in this
reaction only an electron neutrino is emitted.

3.1 From protons to helium nucleus: The ppl chain

By far the most important reaction in the Sun is the proton-proton chain readtie first step
involves the fusion of two hydrogen nucléil (protons) into deuteriurfiH, releasing a positron as
one proton changes into a neutron and a neutfillor'H —2 H +e* + ve+0.42MeV.3 After this
first reaction the deuterium produced can fuse with another hydrogaodaoice a light isotope of
helium,3He: °H +1H —3 He+ y+ 5.49MeV. Finally, after millions of years, two of the helium
nuclei 3He produced can fuse together to make the common helium isdtdpereleasing two
hydrogen nuclei; this last fusion happensirB5% of the caséHe+3He —* He+'H +1H +
12.86 MeV and is named PPI chain.

The 5.5 MeV gamma rays are absorbed by only a few millimeters of solar plasiniem
re-emitted again in random directions and at slightly lower energy. The gaaysdake 10000 to
170000 years to reach the surface of the Sun. Each gamma ray cre#tedcore of the Sun is
converted into several million of visible light photons (some eV) beforemsganto space. The
photons escape as visible light.
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Figure 1: Neutrino energy spectrum emitted in the +1 H reaction. Neutrinos emitted in this reaction
have energy extending from\NdeV to 0.42 MeV.

Figure 1 shows the spectrum of neutrinos emitted in*ther! H reaction. In this reaction
we have 3 bodies in the final state; this means that the emitted neutrino (like the@ldas a
continuous spectrum extending fromM&V to the Q-value of the reaction, that isi@ MeV.

3.2 From protons to helium nucleus: The ppll and pplll chains

The PPI chain just described is not the only one in which protons fuseler tw form helium
nuclei. For instance, oncé#e s produced it can capture a proton (this happens with a very small
probability) and directly create’ e emitting a positron and an electron neutrino. Or, with a much
higher probability, & 15%)°3He can interact with #He and form’Be; this last can capture a1
(= 99.9%) or a'H (=~ 0.1%) in order to form’Li or 8B respectively. Thé€Li captures a proton
and creates twoHe; ‘Li +1H —* He+*He; this chain is named PPII chain. TAB decays beta
8B* 8 Be+et + ve and®Be —* He+*Hethis chain is named PPIII chain.

At the beginning of the proton-proton chain, the reactidn-'H —2 H + e + v+ 0.42MeV
happens with a probability 6t 99.77%, in the remnent 0.23% the three body reaction can occur
'H+4+e +'H —2 H + ve. Figure 2 summarizes the different paths of the pp chain. The figure
also shows the different neutrino contributichsFigure 3 shows the neutrino energy spectrum as

2leV~ 1.6-10719

3The positron immediately annihilates with one of the hydrogen’s electrodstheir mass energy is carried off by
two gamma ray photons™ + e~ — 2y+ 1.022MeV.

4Solar neutrinos are labeled according to the reaction in which they are engipiettutrinos are the ones emitted
in the pp fusion, pe pneutrinos the ones emitted in the three bodies fugiep hepneutrinos in the proton capture of
3He, "Beneutrinos in the electron capture @eand®B neutrinos emitted in the decay #8*. While neutrinos emitted
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Figure 2: Th efigure shows the different paths with the different naotcontribution of the pp chain (see
text).
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Figure 3: Neutrino energy spectrum as predicted by the Solar StarMad#| (SSM).

predicted by the Solar Standard Model (SSM).

3.3 From protons to helium nucleus: The CNO cycle

The pp chain is not the only reaction that transforms protons into helium.tar bke the Sun
about 98% of the energy is created in pp chain; the remaining 1-2% ofd¢héecrenergy is given
by the CNO cycle. The CNO cycle becomes the dominant source of eneggrinheavier than
the Sun. In this cycle there is also an emission of neutrinos (dashed lineria 8ju

in reactions that have three bodies in the final state have a continuoususpeanging from 0 to the Q-value of the
reaction pp, 8B andhep; neutrinos emitted in reactions that have two bodies in the final state amcrihmmatic pep
and’Be), see figure 2.
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4. How to detect Solar Neutrinos?

There are two possible ways to detect solar neutrinos: radiochemicatiegnts and real
time experiments.

In radiochemical experiments the reactions involve isotopes which interad&ogon neutri-
nos produce other radioactive isotopes and an electron.

Vet+o X =2, Y +e (4.1)

The production rate of the daughter nucleus is given by

N /CD(E)U(E)dE 4.2)

where®(E) is the solar neutrino fluxg (E) is the cross section of solar neutrinos &ha the
number of target atoms.

With a typical neutrino flux of 18vcm2s1 and a cross section of about Tcn? we need
about 18° target atoms (that correspond to ktons of matter) to produce one evatdye

5. Homestake: The first solar neutrino detector

The first solar neutrino experiment took place in the Homestake gold mine i Sakota
[3]. The detector consisted in a large tank containing 615 tons of liquichjmeoethylene, which
was chosen because it is rich in chlorine.The experiment operated cargindmm 1970 until
1994,

Neutrinos were detected via the reaction:

Ve+37Cl =% Ar+ e (5.1)

The energy threshold of this reactionHg, = 814keV allowing the detection ofBe and®B
but notpp neutrinos which, as we said, have a maximum energy4# RleV.

The 3’Ar isotopes are radioactive and decay by electron capture withy ®f about 35 days
into 3’CI*:

STAr+e =3 Cl + ve (5.2)

Once a month, after bubbling helium through the tank, ¥ atoms were extracted and
counted. The number of atoms created was only about 5 atorfbfoer month in 615 tons
CoCly.

The number of detected neutrinos was about 1/3 lower than expected ByldreStandard
Model. This discrepancy is the essence of the Solar Neutrino Problei) (8hich has been for
many years an important problem among physicists.
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6. Possible explanations to the SNP

There are three possible explanations to the Solar Neutrino Problem. 3tenié is to con-
sider that the Standard Solar Model is not correct; but solar modelddeavetested independently
by helioseismology (that is the science that studies the interior of the Sunkigidoeat its vibration
modes), and the standard solar model has passed all tests so fad, imlestandard solar models
seem very unlikely. The second one is to consider that Homestake cowldhg, i.e. the Home-
stake detector could be inefficient its reactions would not have beeicig@dorrectly. After all,
to detect a handful of atoms per week in more than 600 tons of material isreztsy task. The
third one, and the strangest hypothesis, is to consider that somethingnisapthe neutrinos while
travelling from the core of the Sun to the Earth.

7. Kamiokande and SuperKamiokande: Real time detection

The first real time solar neutrino detector, Kamiokande, was built in Jap882-83 [4]. It
consisted in a large water CherenRaletector for a total mass of 3000 tons of pure water. In real
time neutrino experiments scientists study the bluish light produced by the elesirattered by
an impinging neutrino 7.1. In the Kamiokande the light is recorded by 100tphdtiplier tubes
(PMT).

Vx+e7 — Vx+e7 (71)

The energy threshold of the reaction in KamiokandEgjs= 7.5 MeV so only®B neutrinos
and hepneutrinos are detected. At the beginning of '90s a much bigger detecsobuith, the
SuperKamiokande, where the active mass was of 50000 tons of puresested by 11200 PMTSs.
In the SuperKamiokande the energy threshold was lowerég,te 5.5 MeV [5].

As we have seen radiochemical experiments integrate in time and in eneayysbdbey are
slow and need time to produce measurable results. This causes the lossrofindn about single
individual energy values. However, unlike radiochemical experimémteeal time experiments
it is possible to obtain single values and therefore a spectrum energy taydistirthe different
neutrino contributions. Furthermore, given that the scattered electronaimaithe same direction
of the impinging neutrino, it is possible to infer the direction of the origin of theming neutrino
and so to point at its source. This proved that neutrinos actually cometfi@un.

The number of detected neutrinos was about 1/2 lower than the numbeyesfted neutrinos,
aggravating the Solar Neutrino Problem.

8. Looking for pp neutrinos: Gallex and SAGE

Until 1990 there were no observations of the initial reaction in the nucledoriichain (i.e.
the detection o p neutrinos). pp neutrinos are less model-dependent and hence more robust to

5Cherenkov radiation is an electromagnetic radiation emitted when a chpagécle passes through matter at a
speed greater than the speed of light in that medium. The charged sapatbgize the molecules of that medium,
which then turn back rapidly to their ground state, emitting radiation in the feaviolet. The radiation is emitted
under a cone shaped zone; its angle depends on the velocity of thedhmgicle and the refraction index of the
medium.
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prove the validity of the Solar Standard Model. Two radiochemical expetsweere built in order
to detect solapp neutrinos; both employing the reaction:

Ve+'tGa—"t Get+ e (8.1)

The energy threshold of this reactiorfg, = 233keV.

In the Gallex experiment, located at the Gran Sasso underground latyareltaly, 30 tonnes
of natural gallium were employed [6] [7], while in the soviet-american expent, located in the
Baksan underground laboratory, there were 50 tons of metallic gallium [8]

Calibration tests with an artificial neutrino sour®€r confirmed the efficiency of both de-
tectors. Once again the measured neutrino signal was smaller than prégitckedstandard solar
model & 60%).

All experiments detected fewer neutrinos than expected from the SSNg 2adnd figure 5
summarizes the observed vs expected ratio for all experiments.

Homestake 34+0.03
Super-K 046+ 0.02
SAGE 0594-0.06
Gallex and GNO (®8+0.05

Table 2: observed vs expected ratio in the four experiment (befor® Sée later).

9. What happens to neutrinos?

9.1 neutrino oscillations

Neutrinos have the peculiar property that their flavour eigenstates dmimaide with their
mass eigenstates. Flavor eigenstaigs,, v; are different from mass eigenstates v-, vz [9].
Flavour eigenstates can be expressed in terms of mass eigenstate sybtéce anrsa.

The neutrino flavour stateg, v,,, v; are related to the mass statasv,, vs by linear combi-
nation:

Ve Vi
Ve | =U | w2 (9.1)
VT V3

U is the Pontecorvo-Maki-Nakagawa-Sakata matrix and is the analog of the rG#trix in
the hadronic sector of the Standard Model. This effect is known asimewiscillations.

There are three mixing angle8i», 613, 623; but since one of the three mixing angles is very
small (i.e. 613), and because two of the mass states are very close in mass compared talthe th
for solar neutrinos we can restrict the six neutrino cases to only 2 cade®asider the oscillation
betweerve < vy, vr.

The probability of an electron neutrino produced at O to be detected as a muon or tau
neutrino is:



Solar neutrinos Lino Miramonti

0.8¢

Vo P,

0T
06"

05—

Survival probability for

0.4

03—

0.2 1 PR | i FE———
10
Neutrino Energy [MeV]

Figure 4: Survival probability vs energy of an electron neutrino & te be detected as a muon or tau
neutrino.

P(Ve — Vyr) = SinF 20 sir? i”E’ZL (9.2)

This probability depends upon two experimental parameters that are thecéiftam the neu-
trino source to detectdr (in km) and the energy of the neutrinegin GeV) and two fundamental
parameters that an? = m2 — mg (eV?) and sirf 26.

So, for a given energlg and a detector at distantet is possible to determine the two funda-
mental parameter8 andAn?.

9.2 The Mikheyev Smirnov Wolfenstein Effect (MSW) or Matter Effect

Neutrino oscillations can be enhanced by traveling through dense haftee Sun is made
of up/down quarks and electrons; all neutringsv,,, v; can interact through neutral current (NC)
equally, but only electron neutrinag can interact through charge current (CC) scatteripg
e — Wx+e . This means that the interactionwfis different fromv, andv; [10] [11].

9.3 Neutrino survival probability

As we have already pointed out, the probability of an electron neutrinaupeatiat = 0 to be
detected as a muon or tau neutrino after a certain distance depends omgts €oe high energy
neutrinos flavour change is dominated by matter oscillations, while for lovggmeutrinos flavour
change is dominated by vacuum oscillations. The regime transition betweenmarscillations
and matter driven oscillations is expected betweer2MeV. See figure 4.

10. Detecting all neutrino types: The Sudbury Neutrino Obsevatory

The Sudbury Neutrino Observatory (SNO) is a neutrino observatoagdddn Creighton Mine
in Sudbury, Canada. It was turned on in May 1999 to detect solar nesiitimough their interac-
tions with 1000 tons of heavy water viewed by 9600 photomultiplier tubes.

The advantage of this detector is to detect CC and NC fluxes independEitly [

6The core of the Sun has a density of about 801 3.
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In the charged current interaction, the impinging neutrino converts thieameaf the heavy
water deuteron into a proton (eq. 10.1). This reaction is possible onlyeciren neutrinos.

Ve+d— p+p+e (10.1)

In the neutral current interaction, the neutrino dissociates the deutereaking it into its
constituent neutron and proton (eq. 10.2). This reaction is possibld fawrino flavour types.

As we can see in equation 10g8c is given only fromg,, while for ¢gyc is given of all neutrino
typesq,., @, Q.-

e = @ (10.3)
WNC = @ T @, + B,
In equation 10.4 we reporte the measured flux and in equation 10.5 weaadpertotal flux
calculated with the solar standard model (BPS07).

@ = 1687335 (stat) 0 98 (syst) - 10P cnr2s 2
(10.4)
e = 4.9470 2 (stat) 538 (syst) - 10° cm2s L

(47+05)-1Pcm 25! (10.5)

The measured flux via NC reaction is comparable with the one expected femryttwhile
the ratio between the measured flux g and viagyc is: % = % ~ % confirming that actually
Ve are converted into, andv; during their voyage from the core of the Sun to the surface of the
Earth where they are detected.

Figure 5 reports the summary of all solar neutrino experiments. All expetitisee” fewer
neutrinos than expected by SSM except for the Sandbury Neutrinalb@g/ experiment in case
of neutral currents.

Electron neutrinose oscillate into non-electron neutring, andv; with parameter&mg, =
7.6-10 %eV2 and sirf 291, = 0.87 corresponding to the Large Mixing Angle (LMA) of the Mikheyev
Smirnov Wolfenstein effect.

If we plot the survival probability vs energy (see figure 4) we cangedze two regions, as we
said in the previous paragraph. For high energy neutrinos flavumgehia dominated by matter
oscillations, while for low energy neutrinos flavour change is dominatedabywm oscillations.
The regime transition is expected between 1-2 MeV.

11. To measure in real time below 1 MeV: The Borexino detector

As we have pointed out in previous paragraphs, real time experimentswltoweconstruct
the complete spectrum and hence to disentangle the different electromoeaintributions.

Borexino is able to measure neutrino coming from the Sun in real time with lovgegifer
200keV) and high statistic [13]. The detection principle is based on elastic scattétByan

10
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Figure 5: Summary of all Solar neutrino experiments.

electrons in very high purity liquid scintillator contained in a nylon balloon surded by different
shielding media of decreasing radiopurity. The active fiducial massli80tons’.

The main goal of Borexino is to obtain a direct measure in the low energyrredithe neu-
trino spectrum and in particuldBe neutrinos. Beside this, it will be able to measure for the first
time the neutrinos coming from CNO cycle therefore trying to solve the solarlmbdmical con-
troversy. One fundamental input of the Standard Solar Model is the metadiiditye Sun. A lower
metallicity implies a variation in the neutrino flux with reductione#0% for CNO neutrino flux.

A direct measurement of the CNO neutrinos rate could help to solve this gerdgyogiving a di-
rect indication of metallicity in the core of the Sun. Furthermore, Borexinols @momeasure the
survival probability for both low energy and high energy neutrinos withgame detector.

12. Conclusion

More than 40 years have passed since the first detection of neutrinosgcérom the Sun
took place. The lack of neutrinos compared with the ones expected fromhebey raised the
solar neutrino problem. Since then different experiments were built, atltbeeworld, to solve
this mystery. Now we know that neutrinos undergo oscillations changingribgire during their
voyage from the core of the Sun to our detectors. Thanks to their natautinos can bring

"The v induced events cannot be distinguished from ofhery events due to natural radioactivity. The neutrino
signal is on the order of some tens of events/day/100 tons above thlitelshorder to have a signal to noise ratio on the
order of 1 the’38 and?32T hintrinsic contamination cannot exceed 18g/g. This corresponds to a radioactivity 9-10
orders of magnitude lower than anything on Earth.

11
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information about the engine that powers our star telling us how stars sHimnelong race is not
over yet end and some open questions remain to be solved.
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