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homogeneous composition of gases, with hydrogen burning taking place in
the center of the star. The models then evolve the state of the star to the

present age, using the following assumptions:

e The Sun is in hydrostatic equilibrium. This implies the Sun is rela-
tively stable, and is no longer using gravitational collapse as a source

of energy.

e The energy transport inside the Sun occurs only by photons and con-

vection.
e The Sun’s source of energy is nuclear fusion.
e Changes in elemental abundances are only caused by fusion reactions.

The inputs to this solar model include the nuclear cross sections for the
reactions occurring in the center of the Sun, the radiative opacities for pho-
tons, the initial elemental abundances (fixed by observations of the current
values at the solar surface), and the equation of state for the solar interior.
The model is evolved in time to the current age of the Sun, and the observed
solar parameters (Table 1.1) are compared to the modeled results. An accu-
rate solar model will result in a radius, mass and luminosity that agree with
these observed parameters.

These solar models also treat the fusion reaction which power the Sun. For
a star such as the Sun, 99% of the energy produced by nuclear fusion proceeds
through the proton-proton (pp) chain, shown in Figure 1.1. The reactions

are labeled with relative probabilities, as well as the names of the neutrinos

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 1.1: Observed solar parameters[2, 3, 4].

| Parameter | Value |
Radius (6.96 +0.01) x 10° m
Mass (1.9889 £ 0.0003) x 10% kg
Luminosity | (3.84 £ 0.02) x 10 ergs/sec
Age (4.57 £0.02) x 10° yr

produced. Nearly 100% of the time, the pp chain starts with primary proton-
proton reaction, two protons forming a deuterium, a positron and a neutrino.
These highly abundant, yet low energy neutrinos are the “pp” neutrinos. The
other source of deuterium is the rare three body reaction labeled “pep”, also
producing a neutrino. The deuterium produced quickly picks up a proton
to form 3He. The chain branches from here into three competing reactions,
each with a unique endpoint. 86% of the time, the 3He will find another like
particle and creates a helium nucleus (*He, an « particle) and 2 protons (pp-
I), which will re-enter the chain from the top. A very small fraction of the
time (0.00002%) the 3He will pick up another proton to form *He with the
creation of a “hep” neutrino (HeP). The remaining 14% of the the 3He will
react with a previously formed *He nucleus to create “Be. The majority of
"Be undergoes an electron capture to form “Li, and the so-called ?Be neutrino
(pp-II). The 7Li quickly captures a proton and forms two « particles. A small
fraction of "Be will capture a proton to form 8B, which quickly beta decays
to an excited state of ®Be, releasing the energetic B neutrino (pp-III). The
8Be* quickly decays to two a particles.

The remaining 1% of energy results from the CNO cycle, where carbon,

nitrogen and oxygen present in the solar interior serve as catalysts for the
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Figure 1.1: Schematic overview of pp chain fusion reactions that turn 4
protons into a helium nucleus (a).

conversion of 4 protons into a helium nucleus. As this represents such a small
fraction of the energy produced by the Sun, it is not discussed further here,
but is included in the solar models.

For this analysis, the solar model of Bahcall and Pinsonneault (BP98)[11]
is used as the standard solar model (SSM). This model includes the effects
of helium and heavier elements diffusion to the center of the Sun[3]. This
model is used to obtain the overall flux of each type of neutrino in the pp chain
(Table 1.2), as well as the spectral shape of each neutrino (Figure 1.2). This
solar model also makes predictions for the density profile as a function of solar
radius, and is shown in Figure 1.3. The distribution production points for
each type of neutrino as a function of solar radius is shown in Figure 1.4. The

neutrino fluxes and energy spectrum are used to make detailed simulations
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Table 1.2: Total solar neutrino fluxes from the BP98 solar model[11]. In-
cluded are the 1o uncertainties.

Reaction Source | Flux (x10%cm=2s71)
PP 5.96 £ 0.06
"Be (4.80 £ 0.43) x 107
pep (1.39 £ 0.01) x 1072
8B (5.1533-28) x 10~*
hep 2.10 x 1077

of neutrino interactions in the detector, while the solar density profile and
neutrino production distributions are used in models of neutrino propagation
in the Sun.

Super-Kamiokande, as a water Cherenkov detector, is only sensitive to
the 8B and hep solar neutrinos, as shown in Figure 1.2. The pp, "Be, and
pep neutrinos all have energies below 2 MeV, and are undetectable in a
water detector given their low energy, and the detector background rates at
these energies. 8B and hep neutrinos are the only types energetic enough to
create recoil electrons above the high energy threshold of a water detector,
and this analysis will concentrate exclusively on these two neutrino types.
Unfortunately, the ®B and hep are the rarest and most uncertain of the solar
neutrinos produced.

The dominate uncertainty in the 8B flux is in the cross section for the
"Be(p,7)®B reaction. At low energies, this cross section is parameterized
by[6]:

o(E) = S1+(E)E~te~™(E) (1.2)

where E is the center-of-mass kinetic energy. Sy7 is the S-factor for the
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Figure 1.3: Density profile of the Sun as a function of solar radius from the

BP98 solar model.
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Figure 1.4: Neutrino production in the Sun as a function of solar radius for
the 4 types of neutrinos produced by the pp chain[4].

"Be(p,7)®B reaction, n = Z;Ze?vL.

and v is the relative velocity of the
reaction partners. The value of (S;7) is measured in the laboratory at ener-
gies much higher than those present in the center of the Sun. The solar value
of 57 is obtained by extrapolating these measurements to lower energies, and
this extrapolation results in the largest source of uncertainty for the B neu-
trino lux. The BP98 solar model has adopted an Sy7 value of 193¢V -b (with
3o errors)[7]. The uncertainty in this value represents a ~10% uncertainty
in the 8B flux. As this termination of the pp chain occurs only 0.02% of the
time, this uncertainty does not impact the total solar luminosity. The only
observable impact of changing this cross section is to change the expected
8B neutrino flux.

Although the contributions from the hep neutrinos are expected to be

much smaller than the 8B, the uncertainties in the hep flux are much larger.

The source of this uncertainty is in the cross section for the *He(p,e* + v.)*He
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reaction. No uncertainty in the hep flux of solar neutrinos is provided for the
BP98 flux, but some estimates of this uncertainty indicate that a factor of
~20 in the hep flux would not be unreasonable[8]. Since the hep neutrinos
extend to higher energies (~19 MeV), beyond the endpoint of the 3B neutri-
nos (~15 MeV), they can complicate measurements of the neutrino spectrum
at high energies. This complication is typically accommodated by treating

the hep contribution as a free parameter.

1.2 Previous Solar Neutrino Observations

Prior to the observations at SK, three distinct types of solar neutrino
experiments have been operated. Each type of detector is sensitive to a
different range of neutrino energies, due to the different energy thresholds of
the target material used. These different target materials include chlorine,
water and gallium.

Since the cross section for neutrino interaction by the weak interaction is
small, large number of targets are required to obtain just a few interactions.
This requires that the detectors for solar neutrinos be large to allow detection
of these elusive particles. These detectors are also built deep underground
to shield them from the large cosmic ray flux at the Earth’s surface which
would otherwise obscure the detection of neutrinos.

1.2.1 Homestake Chlorine Detector

The first successful measurement of neutrinos from the Sun was performed
by the Homestake chlorine detector[9]. The detector is located in the Homes-
take gold mine in Lead, South Dakota at a depth of 4200 mwe (meters water

equivalent). The detector consists of a cylindrical tank containing 615 metric
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tons (390,000 1) of liquid tetrachloroethylene (C.Cly), a dry cleaning fluid.
The detector is sensitive to solar neutrinos through the inverse beta decay

reaction:

Cl+ve = TAr4e. (1.3)

This reaction has an energy threshold of 0.814 MeV, making the detector
sensitive to 3B, "Be, pep, and hep neutrinos. The natural abundance of 37Cl
is 24.2%.

To make these measurements, data are collected in runs of 1-3 months
in length. During these runs, 37Ar is allowed to build up in the detector
and at the end of the run, the 37Ar produced is swept from the detector by
bubbling He gas through the tank volume. The 37Ar is chemically isolated
in a cryogenically cooled absorber and is counted in a proportional counter,
as it decays by emission of Auger electrons with a 35 day half life. During
each run, a small amount of 36Ar or 38Ar carrier gas is added to the detector
to measure the extraction efficiency, which is typically about 95%.

The Homestake detector has been measuring the flux of neutrinos since
1970. As of 1994[10], the detector had found a measured rate of 37Ar pro-
duction of

0.478 £ 0.030(stat.) & 0.029(sys.) *’Ar atoms per day.

Or in terms of solar neutrino units (SNU),

2.56 & 0.16(stat.) &+ 0.16(sys.) SNU,

where:

1 SNU = 1 capture per 10°% targets per sec.
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The expected rate from the BP98 solar model is:
7.7 15 SNU.

The measured signal is only 33% of the expected rate. This deficit of the
observed solar neutrino signal when compared with solar models is known as

the “solar neutrino problem”.

1.2.2 Kamiokande Water Cherenkov Detector

The solar neutrino problem stood for almost 20 years before another ex-
periment was able to make an independent measurement of neutrinos from
the Sun. The Kamiokande detector[12] was upgraded in 1987, lowering the
detectors threshold enough to ailow the detection of solar neutrinos. Kami-
okande was located in the Kamioka Mine, in Gifu, Japan at a depth of 2700
mwe. The detector contained a fiducial mass of 680 metric tons of water.
This volume was monitored by 948 photo-multiplier tubes, each 50 cm in
diameter, located on the walls of the cylindrical detector. Since Kamiokande
was a water Cherenkov detector, it was only sensitive to the highest energy
8B and rare hep neutrinos. Kamiokande detected neutrinos by the elastic

scatter of electrons in the water,

v+e = UV +e. (1.4)

The scattered electron is detected by the emission of Cherenkov light. As
the direction of the electron is well correlated with the arrival direction of
the incoming neutrino, measurement of the solar neutrino flux is performed
by observing the excess of events over background coming from the direction
of the Sun. In Kamiokande III, the minimum electron energy detectable

was 7.5 MeV. Kamickande II and Kamiokande III performed solar neutrino
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observations covering all of solar cycle 22 (Jan 1987-Feb 1995) and found a

measured 8B neutrino flux[13] of

2.80 % 0.19(stat.) & 0.33(sys.) x 10%/em?/sec

The expected flux from the BP98 solar model is
5.153398 x 10%/em?/sec
The Kamiokande observations are significant for two reasons. First, they
confirmed the existence of the solar neutrino problem, by measuring ~50%
of the expected rate. Second, by the nature of the observation, they con-
firmed that these events are truly coming from the Sun. The design of

Super-Kamiokande was based on knowledge gained during the operation of

Kamiokande.

1.2.3 The Gallium Detectors

The chlorine and water detectors have been unable to measure the most
predominate part of the solar neutrino flux, the low energy pp neutrinos.
With an endpoint of 420 keV, the pp neutrinos require a different detection
method. Two detectors using gallium, the SAGE and GALLEX experiments,
began taking data in the early 1990’s. Both experiments detect solar neutri-

nos by the inverse beta decay reaction:

MGa+v, = "Ge+e. (1.5)
This reaction has an energy threshold of 233 keV, making it sensitive to a
large portion of the primary pp solar neutrino flux. The "*Ge decays with a
half life of 11.43 days.

The SAGE detector[14] located at the Baksan Neutrino Observatory in

the Northern Caucasus Mountains of Russia began taking data in 1990. The
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detector uses nearly 60 tons of metallic gallium. As in the chlorine detector,
a quantity of "*Ge is allowed to build up in the detector over an exposure
period of ~1 month. The Ge is chemically extracted and counted in a
proportional counter to measure the flux of solar neutrinos. After nearly 8
years of operation, the observed "?Ge production rate is found to be[l14]:

67.2372(stat.)¥3-5(sys.) SNU.

The overall efﬁ;:iency of the measurement has been checked with an in-
tense neutrino source of 31Cr. 5!Cr decays by electron capture to %'V with
neutrino energies of 751 keV (90.1%) and 426 keV (9.9%). The source ac-
tivity used is 517 kCi. The ratio of the expected to the measured "'Ge
production rate is used as the measure of the overall efficiency and is found
to be 0.95 & 0.11(stat.)}3:92(sys.)[15].

The GALLEX experiment[16] is located in the Gran Sasso underground
laboratory outside Rome, Italy and began taking data in 1991. The detector
uses 30.3 tons of gallium in a GaCl3-HCl solution. Exposures of ~20 days
are taken before a chemical extraction is performed. The extracted 1Ge is
counted in a proportional counter. The measured “1Ge production rate after
5 years of observation is found to be[17]: ;

" -

77.5 + 6.2(stat.)¥ 33 (sys.) SNU.

The overall efficiency of the GALLEX detector was also checked using a 31Cr
neutrino source, and is found to be 1.04 3 0.12[18].
The expected rate of the BP98 solar model for the gallium detectors is:

1298 SNU,

with 69.6 SNU from the primary pp neutrinos alone.
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The gallium detectors measure ~50% of the expected rate and again
confirm the existence of the solar neutrino problem, even when the flux of pp
neutrinos is measured. The measured rates are only large enough to account
for the expected pp neutrino contributions, the rate of which is strongly tied

to the solar luminosity.

1.3 Solutions to the Solar Neutrino Problem

Four experiments have now verified the existence of a “solar neutrino
problem”. Solutions to the solar neutrino problem typically fall into one
of two types. The first type of solution involves changing the solar model,
and adopting a model with different input parameters, or different dynamic
prescriptions. The second type of solution involves changing the physics of
neutrinos, not the solar models. In this case, the standard model is altered

to allow non-conservation of neutrino flavor, and neutrino oscillations.

1.3.1 Modification of Solar Models

The modification of solar models, to create so-called non-standard solar
models, has been suggested as a solution for the solar neutrino problem. This
involves modification of model inputs, such as the S;7 factor from above, or
modification of model dynamics, such as reducing the central temperature of
the Sun, to decrease the expected flux of neutrinos from the Sun.

Hata and Langacker[19, 20] have compared the resulting fluxes from a
group of these non-standard solar models to the measured rates from the
four experiments described above. Their analysis uses the dependence of the
8B and 7Be neutrino fluxes on the production of "Be and the resulting com-

petition between proton capture and electron capture for “Be. The relative
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Figure 1.5: The constraints on the "Be and B fluxes, measured relative to
the standard solar model fluxes, from the combined results of the gallium,
chlorine and water experiments at the 90% (shaded area), 95% (dot-dash
line), and 99% (dot-dot-dash line)[20]. Also shown are the results from the
standard and non-standard solar models. The power law dependence ex-
pected from changing the Sun’s central temperature is also included (dashed
line). References for the listed solar models can be obtained in Reference [20].

amounts of these two neutrino fluxes should be related, depending on the
central temperature of the Sun. The hep neutrinos are not considered in
this analysis, as their contribution to the measured fluxes is too small to be
relevant. Figure 1.5 presents the results of their analysis, showing the ratio
of modeled "Be flux to the SSM value versus the ratio of the modeled 8B flux
to the SSM value for many non-standard solar models. These solar models
typically follow a predicted trend based on a central temperature power law,
meaning if the central temperature is reduced, both the “Be and B neutrino

fluxes are decreased.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

Also shown in Figure 1.5 are the results from combining the measured
fluxes from the four experiments, shown as confidence level contours, predict-
ing a 8B flux of ~0.5 the SSM value, and a "Be neutrino flux of —0.5 x SSM.
This non-physical result of a negative “Be flux is driven by the contradictory
results found in the experimental resuits. The Kamiokande experiment is
sensitive only to the 8B neutrinos, and is used to fix the 8B flux. The gallium
experiments are sensitive to pp, ‘Be, and ®B neutrinos, but only detect a
signal large enough to cover the pp and ®B contribution, which is required
to maintain the observed solar luminosity. The chlorine detector, sensitive
to both Be and ®B neutrinos, detects a flux lower than the value predicted
by the Kamiokande ®B-only result. When these results are combined, a neg-
ative, and non-physical, “Be flux is the only way to reconcile these results.
This result is not significantly altered if any single detector type is dropped
from this analysis[20].

This contradiction of the solar models with the experimental results seems
to indicate that changing the solar model is not the correct answer to the

solar neutrino problem.

1.3.2 Neutrino Oscillations

The second proposed resolution to the solar neutrino problem involves
neutrino oscillations. If neutrinos have mass, then the non-conservation of
neutrino flavor is allowed and a fraction of the electron-type neutrino flux
created in the Sun could change to another type in transit to the Earth. When
this mixture of neutrino types arrived at the detectcrs here on Earth, they

would register a lower flux, as these detectors are less sensitive, or completely
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insensitive, to other neutrino types. This changing of flavor is known as
neutrino oscillations. Neutrino oscillations require a mass difference between
the two mixed neutrino states, which implies that at least one of the neutrino
masses be non-zero. This type of neutrinc oscillation is known as vacuum
oscillations.

The presence of matter can also influence the oscillation of neutrinos. As
was first pointed out by L. Wolfenstein[21], and developed by S.P. Mikheyev
and A.Y. Smirnov{22], electron type neutrinos experience an extra interaction
potential in the presence of electrons that is not present for the muon and tau
type neutrinos. Electron neutrinos can interact with electrons by the Neutral
Current (NC) and Charged Current (CC) interactions, while the muon and
tau neutrinos are limited to NC interactions. This so-called MSW effect can
change the oscillation picture for electron type neutrinos in the presence of
matter.
1.3.2.1 Vacuum Oscillations

[f there are mass differences among the neutrino types, then the flavor

eigenstate can be expanded in terms of mass eigenstates:

lve > = ailvy > 4as|ve > +az|v; > (1.6)

where:

[vi > = (¢ =1,2,3) neutrino mass eigenstates
a; = coupling constants, where /a?+ a3 +af =1

If, as a simplifying approximation, the oscillation between only two states is
considered, then the relation between the flavor states (v. and v,) and the

mass states (v, and v,) can be written as:
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(i) = (= @me)(2)=v(2)  on
where 8 is the mixing angle between the two states. If 8 is zero, then no
mixing takes place, where maximal mixing occurs for 8 of F.

The time dependence of the mass eigenstates is obtained by solving the
time-dependent Schrodinger equation:
.d (v v
a(n) == (2) 4
where H is the vacuum Hamiltonian operator, which is diagonal for the mass

eigenstates, with eigenvalues of:
ms
E;=\pP+m? ~ p+ =

E+

12

i =

It is assumed that the momentum (p) of the states are equal and that
the masses of the eigenstates are much smaller than the neutrino energy

(m: < F). The time evolution of the mass eigenstates can then be written

( 5:8 ) - ( e—;&t e—gszt ) ( 28 _ 8% ) (1.10)

In terms of the flavor eigenstates, this is rewritten:
ve(t) _ e"Eit 0 -1 [ ve(t=0)
( vu(t) ) = v ( 0 e ) U lue=0 ) @

These time evolved flavor eigenstates are used to obtain the probability that

as:

a v, state at t = 0 is still a v. at some later time t:
P(v. = ve;t) = 1 —sin®26sin® [—;'(Ez - El)t] (1.12)

In terms of a distance traveled, L, and defining Am? = m3 — m%:
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2
P(v. = ve; L) = 1 —sin®20sin® [Am L]

Am2[eV?]|L{m]
E[MeV] ] (1.13)

= 1 — sin? 26 sin? [1.27

Similarly, the probability that a v, state at t = 0 is a v, after traveling a

distance L is given by:

27,172
Pve 2y, L) = sin? 20 sin? [1.27Am [eV ]L[m]]

E[MeV] (1.14)
The oscillation probabilities are functions of the distance traveled (L), the
neutrino energy (&), the difference of the squared neutrino masses (Am?),
and the mixing angle (¢). The values of L and E are set by the Earth-Sun
distance and the incident neutrino spectrum, respectively. The values of Am?

and @ are so far undetermined. From this probability, an oscillation length

(Losc) can be derived:

4nE 548 E[MeV]

Lose = ST
Am? Am?2[eV?]

] (1.15)

Vacuum oscillation will occur in vacuum, or in matter, but the behavior of
electron type neutrinos will be changed in the presence of matter by the

MSW effect.

1.3.2.2 MSW Matter Oscillations
When electron type neutrinos are propagating in matter, they experience
an added potential, not experienced by the muon or tau type neutrinos. This

added charged current interaction potential with electrons is expressed as:

V. = V2GgN. (1.16)

where Gr is the Fermi coupling constant, and N, is the electron number

density. When this potential is added to the time-dependent Schrddinger
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equation for two component neutrino oscillation (Eqn 1.8), the following is

obtained:

208) - [ (3 8)e (5 ()

After the removal of a common overall phase, this can be rewritten as:

4 ( :‘((g ) _ ( —8m cos 20 + V2GFN, 4% sin 20 ) ( ve(t) )

dt A‘t—'g,z sin 26 %’"Tz cos 24 vu(t)
(1.17)

In the case of constant electron density, this equation can be diagonalized
and recast in the form of Eqn 1.7:

() = (S =) (F)  ew
where v/ are the mass eigenstates in matter, and 6, is the matter mixing

angle defined by:
sin 26

tan26,, = ———————— 1.19
A S cos 20 — %!j—i ( )
0
where Lg is the neutrino interaction length for CC interactions:
2 2
[, = 2T _ Vor (1.20)

‘/e GFN e
The matter mixing angle will become resonant when cos 26 = %’—(’)’L This is
the resonant condition, and electron type neutrinos will experience maximal

mixing at the resonant electron density:

- Am? cos 26

Neres, = ———r 1.21
: WoleM (1.21)

This maximal mixing at the resonant density can occur even for small values
of the vacuum mixing angle (#). The probability that a v, is converted to a

v, after traveling in matter a distance L is now written:
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P(ve = v,;L) = sin®26,,sin® (ZL) (1.22)
where:
sin 26,,
m = osc\ ~ - o 1.
L L ( sin 20 ) (1.23)

These constant electron density solutions are also valid in matter of vari-
able density if the changes in the electron density happens on a distance scale
much larger than the matter oscillation length (L,,). For the general case of
variable electron density, Eqn 1.17 is solved numerically.

Qualitatively, neutrino propagation in matter with a falling electron den-
sity (for example, as a neutrino travels from the center of the Sun to the
vacuum of space) can be viewed as a level crossing problem. From Eqn 1.18,
the relation between one matter mass state (v3*) and the matter flavor states
can be traced as a function of electron density:

|3 >~ lve > Density >> resonance
lv3* >~  (|ve > +|v, >)/V2  Density ~ resonance

lvgt >~ sin@|v. > +cosf|y, > Density < resonance

This is illustrated in Figure 1.6, where a v, formed in the center (high electron
density region) of the Sun will be primarily a v3* state. As the neutrino
propagates out of the Sun, through a region of falling electron density, this
v3* can adiabatically change to a near full v, state. Even for small vacuum
mixing angles, this can severely deplete the amount of electron neutrinos
reaching the surface of the Sun. This same effect can regenerate the v, flux

inside the Earth for some values of Am2 and sin® 24.
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