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Abstract

This work discusses solar neutrinos, low energy atmospheric neutrinos and

supernova neutrinos. It is shown that the low energy atmospheric neutrino anomaly

can be explained by lip - lie or lip - IIr vacuum oscillations. Vacuum neutrino

oscillations, as well as matter enhanced neutrino oscillations can also solve the

solar neutrino problem. The vacuum oscillations solution to the solar neutrino

problem further predicts large seasonal variations in the solar 7Be neutrino flux.

Neutrino decay is also shown to be a possible solution to the solar neutrino

problem. Two explicit decay models are proposed, one in which the neutrinos are

Dirac particles, and the other in which the neutrinos are Majorana particles. It

is shown that both of these models can incorporate neutrino masses and mixings

in the right range to explain the low energy atmospheric neutrino oscillations by

lip - lie oscillations, and furthermore, the Majorana neutrino decay model predicts

a detectable solar ve flux.

Finally the expected neutrino :fluxfrom a galactic supernova is discussed, and

it is shown that such an event will result in large neutrino signals in the K-II,

SuperkamioKande, SNO and Borexino detectors. We further find that examination

of the time structure of these signals allows measurements of the lip and IIr masses

in the range 200 < eV < 45 keV) provided they are stable. Unstable neutrinos

can give rise to a time delayed ve signal, provided they decay into ve +J, where J

is a Majoron.
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Chapter 1

Introduction

The study of neutrinos of solar and astrophysical origin provides a means

of investigating neutrino properties which are inaccessible to purely terrestrial

experiments. This dissertation investigates neutrino fluxes from the Sun, from

cosmic ray interactions in the atmosphere and from galactic supernovae, with a

strong emphasis on solar neutrinos throughout. It is shown that neutrino mass,

mixing and decay can significantly affect neutrino fluxes from these sources, and

furthermore, can explain discrepancies between predicted astrophysical neutrino

fluxes and their observation in Earth attached detectors.

The Sun is predicted to produce a large, continuous flux of neutrinos in the

energy range 0.1 '" 15 Mev. These neutrinos propagate some 150 million kilome

ters from their point of production in the Sun to their detection in Earth bound

experiments. Over such an extraordinarily long baseline neutrino mass differences

as small as 10-5 electron volts (eV), mixings as small as 0.1% and decay lifetimes

as long as '" 2000 sec (at Ell =10 MeV) can significantly alter the Solar electron

neutrino flux and energy spectrum from what one would expect if the neutrino

were a massless particle.

Cosmic ray protons interacting with nuclei in the upper atmosphere produce

a large flux of electron and muon neutrinos on the Earth. While atmospheric

neutrino energies extend over many ordersof magnitude, it is the low energy (0.1-1

GeV) atmospheric neutrinos that are ofparticular interest, as the ratio of electron

type to muon type neutrinos produced in this energy range is believed to be well

understood. By noting the angle of arrival of atmospheric neutrinos in a detector,
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one can probe neutrino baselines extending from '" 15 km to fV 104 km. Small

neutrino masses (10-1_10-3 eV) can noticeably affect the observed ratio of muon

type to electron type neutrinos, as well as the angular dependence of atmospheric

neutrino events.

Another intense, but somewhat less predictable astrophysical neutrino source

is provided by galactic type-II supernova. Such an event is predicted to produce

a detectable flux of neutrinos and anti-neutrinos of all flavors. Estimations of the

frequency of such events vary, calculations based on nucleosynthesis arguments''

put the rate as high as one every 7 years, while arguments based on historical.

sightings31 give a galactic supernova rate ofless than oneevery30 years. Neutrinos

from galactic supernovae traverse distances on the order of 10,000 lightyears before

reaching the Earth, hence small neutrino masses can significantly alter the time

structure of the expected neutrino signal.

1.1 Outline

In chapter 2 the solar neutrino problem is summarized. The neutrino fluxes

predicted in the standard solar model (SSM) are given and the experimental.

techniques employed to measure these fluxes are described. The neutrino flux

measurements made by the 370 1, K-II, SAGE and Gallex detectors, are given, and

compared with the the SSM predictions. These are shown to be in disagreement,

and the assumption is made that the reconciliation of SSM predictions and ex

perimental results, and hence the solution to the solar neutrino problem, is to be

found in the intrinsic properties of the neutrino itself.

In chapter 3 we assume that the properties of'the neutrino include a finite rest

mass, and tha.t the mass eigenstates are not simultaneously diagonalizable with

the flavor eigenstates. It is shown that these assumptions lead to neutrino flavor

oscillation, which are described in detail. It is shown that long wavelength vacuum
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oscillations can reconcile the SSM and the experimental neutrino flux measure

ments, in addition, it is shown that this solution to the solar neutrino problem

makes testable predictions for future measurements of the solar neutrino flux. It

is also shown that neutrino vacuum oscillations provide an explanation of the

low energy atmospheric neutrino anomaly, the discrepancy between the predicted

and observed ratio of muon-type to electron type atmospheric neutrinos in the

energy range 0.1......1 GeV. Finally, the effect of matter on neutrino propagation is

considered. It is shown that neutrinos propagating through the Sun can undergo

resonant flavor conversion (the MSW effect) providing another possible solution to

the solar neutrino problem.

Chapter 4 considers the implications if one of the neutrino mass eigenstates

is unstable, leading to neutrino decay. It is shown that in-flight decay of solar

neutrinos is an allowed solution to the solar neutrino problem. This solution may;

however, be ruled out in the near future if the counting rates in the Sage and

Gallex 7lGa. experiments remain high. Two explicit models of neutrino decay are

developed, one in which the neutrino is a Dirac particle, and the other in which

the neutrino is a Majorana particle. It is shown that both of these models are

consistent with laboratory constraints and can incorporate masses and mixing in

the range required to explain the low energy atmospheric neutrino anomaly by

vacuum oscillations. In addition, the Majorana neutrino decay model predicts a

detectable flux of solar iie's.

Finally, in Chapter 5 the neutrino flux from a galactic supernova is consid

ered. It is shown that a large thermal neutrino signal will result in the K-II,

SuperKamiokande, SNO and Borexino detectors. It is shown that the neutrino

properties required to solve the solar neutrino problem can have a noticeable affect

on the supernova neutrino signal, in particle the time structure of the signal can

be significantly altered by in flight dispersion and/or decay of massive neutrinos.
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Chapter 2

Neutrinos From The Sun

At the turn of the century the source of the Sun's power was a mystery.

Helmholtz and Kelvin29 had demonstrated that the gravitational potential energy

of the Sun was sufficient to maintain the present solar luminosity for approximately

10 million years. This was in sharp contradiction with geophysical and fossil

evidence that suggested the solar luminosity has been roughly constant on Earth

for a considerably longer period.

As early as 1920 Eddington,39 Jeans and others29 had suggested that the sun

might be powered by the transmutation of hydrogen into heavier elements, but

were unable to provide a mechanism for this process. In 1938, four years after

Fermi published his theory of nuclear beta decay,41 Bethe, Critchfleld'? and von

Weizacker93 demonstrated explicitly that "proton proton combination gives energy

evolution of the right order of magnitude for the Sun." In the following year

it was shown that the capture of protons by carbon isotopes 120 and 130 and

nitrogen isotopes 14N and 15N contribute to stellar energy generation,2o,94 and it

was initially believed that this process was dominant in the Sun.

Surprisingly, Bethe did not mention neutrino production in his famous papers

on stellar energy generation. It was not until the important paper of Crane33

in 1948 that implications of solar neutrinos were first discussed. Crane was able

to exclude neutrino interaction cross sections in the range 10-36 to 1O-32cm2 for

neutrinos of", 1 MeV by consideration of heat production in the Earth.



5

In the more than" 40 years since Crane's important paper the prediction and

detection of solar neutrinos has developed into a major industry". This chapter

describes the present state of this "industry". Section 1 details the predictions of

solar neutrino :fluxes in the standard solar model, section 2 summarizes the observa

tional results from solar neutrino detectors, section 3 discusses future prospects for

solar neutrino observations and section 4 compares the predictions of the standard

solar model with the observed neutrino :fluxes.

2.1 Neutrino Fluxes

in the Standard Solar Model

Electron neutrinos (lie) are produced in the Sun as a result oftwo distinct sets of

nuclear reactions, the proton-proton (pp) chain and the Carbon-Nitrogen-Oxygen

(CNO) cycle. These reaction chains are shown in tables 2.1 and 2.2 respectively.

The energy spectrum of the neutrinos produced in these reactions is determined by

nuclear weak interaction physics. The absolute magnitude of the neutrino :fluxes

however, requires a detailed solar model.

The development of detailed numerical models of the Sun has been an ongo

ing process for the past several decades, and there has now emerged a generally

accepted model of the Sun, known as the standard solar model (SSM)·. The SSM

assumes that9 : (1) the Sun is in hydrostatic equilibrium, (2) all energy generation

is from nuclear fusion (3) energy transport is by photon emission or convective

motion and (4) all changes in solar heavy element abundance are the result of

nuclear fusion. The main inputs to the model include the initial heavy element

abundance, radiative opacities and nuclear reaction rates. The numerical model is

·For interesting historical accounts or this period see Baheall and Davis (19g2) and Pinch
(1986).

"Detailed deseriptions of the standard solar model can be found in Baheall and Ulrich (1988)
and Bahcall (1989).
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Table 2.1: The pp Chain.

IReaction

p +p -+ 2H +e+ + lie

p +e" +p -+ 2H + lie

2H+p-+3He+7
3H e +3H e -+ 4H e +2p
3He+ 4He-+ 7Be+'Y

7Be + e" -+ 7Li + lie

7Li+p-+2 4He

7Be+p-+8B+'Y
8B -+ 8Be- +e+ + lie

8Be- -+ 2 4He

3He +p -+ 4H e + e+ +lie

III energy (MeV) I
< 0.420

1.442

90 % 0.861
10 % 0.383

< 15

< 18.77

Table 2.2: The eNO cycle.

IReaction I II energy (MeV) I
120 +P -+13 N +'Y

13N -+ 130 + e+ + lie < 1.199
130 +P -+ 14N +'Y
14N +p -+ 150+'Y

150 -+ 15N +e+ + lie < 1.732
15N +p -+ 120 +4He

17F -+ 170 + e+ + lie < 1.740

then iterated until the predicted characteristics of the Sun agree with observation.

The model is then able to provide predictions for solar neutrino fluxes as well

as temperature, density and composition profiles of the Sun. From the density

profile the solar acoustic vibrational modes can be predicted. In what follows the

standard solar model neutrino fluxes will be taken from the Bahcall and Ulrich

model (1988) unless otherwise noted.

--_._._.----_.._-- .
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The solar neutrino spectrum predicted in the Bahcall and Ulrich model is

shown in figure 2.1. The integrated neutrino fluxes, along with the 30' errors, are

given in table 2.3. Note that electron neutrinos are the only type of neutrino

produced in the Sun. The uncertainties in the calculated neutrino fluxes arise

from uncertainties in the input parameters to the standard solar model. These are

dominated by uncertainties in nuclear reaction rates, radiative opacities and the

initial heavy element abundance.

- 1012 pp...
I
l'I.I

N
I

S 10111
NUlQ- - "'->< -- -;:l ola-r.. --108 - - Ba-- F

l
"

103 ae"-

0.1 0.5 1

Energy (MeV)
5 10

Figure 2.1: The solar neutrino flux at a distance of 1 astronomical unit from the
Sun. The solid lines represent neutrinos from the pp chain and the
dashed lines represent neutrinos from the ONO cycle. The line fluxes
are in number per cm2 per second and continuum fluxes are in number
per cm2 per second per MeV. From Bahcall (1989).
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Table 2.3: Integrated solar neutrino fluxes.

ISource Reaction IFlux (x 1010 cm-2s 1) I
pp 6.0(1 ± 0.02)
pep 0.014(1 ± 0.05)
hep 8 x 10-7

7 Be 0.47(1 ± 0.15)
8 B 5.8 x 10-4(1 ± 0.37)
13N 0.06(1 ± 0.50)
150 0.05(1 ± 0.58)
17F 5.2 x 10-4 (1 ± 0.02)

2.2 Observation of Solar Neutrinos

There are currently four detectors running which are designed to observesolar

neutrinos: The 37Cl radiochemical detector ofDavis located in the Homestakemine

in South Dakota, the Kamiokande-II (K-II) water Cerenkov detector in Japan,

and two »o« radiochemical detectors: SAGE located in the former Soviet Union

and Gallex located in the Gran Sasso Underground Laboratories in Italy. The

standard solar model predictions for these detectors and experimental results are

summarized below.

2.2.1 The 370 1 Detector

The 37 0 1radiochemical deteetor62 is designed to detect solar neutrinos via the

reaction

lie +3701-. e- + 37Ar (2.1)

where the &Ie threshold energy is 0.814 MeV. The detector consists of a tank con

taining 100,000 gallons of 0201.. (dryeIeaning fluid) located 4850 ft. underground

in Homestake Mine, Lead, South Dakota.
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The experimental procedure is as follows62: 0.1 cm3 of a carrier gas (36 Ar or

38 Ar) is added to the tank. The tank is allowed to stand undisturbed, exposed

to solar neutrinos, for a period of the order of 35 to 100 days, during which time

radioactive 37Ar is produced by reaction 2.1. The 37Ar, along with the carrier

gas, is then removed from the tank by helium purge and purified. The amount

of 37Ar in the purified sample is measured by gas proportional counter and the

extraction efficiencyis determined by massspectrometer analysis of the carrier gas.

From the number of atoms extracted and the extraction efficiency the event rate is

determined. The event rate is typically given in solar neutrino units (SNU), where

1 SNU = 10-36 events per target atom per second, and for the Homestake 37Cl

experiment an 37Ar production rate of 1 atom per day corresponds to an event

rate of approximately 6 SNUs.

The total event rate for the 3701detectorpredicted in the standard solar model

of Bahcall and Ulrich is

predicted event rate =7.9(1 ±0.33)SNU (2.2)

where the error is 30". The event rate as a function of neutrino source is shown in

table 2.4. Note that more than 75% of the predicted rate is from 8 B neutrinos.

The pp neutrinos do not contribute as the pp neutrino spectrum terminates below

the threshold energy for reaction 2.1.

The observed rate (in SNU'sand 37Ar atoms produced per day) for the Home

stake 37CI detector is shown in figure 2.2. Upon averaging the data from the past

20 years of operation it is found that

observed capture rate = 2.1 ±0.3 SNU. (2.3)

where the error is 10". Note this falls significantly below the predicted rate of 7.9

SNU's.
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DAr PRODUCTION RATE VS. TIME
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Figure 2.2: The 37Ar production rate in the Homestake 37Cl radiochemical detec
tor, from Lande (1991).
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Table 2.4: Event rates for the 310l detector predicted in the standard solar model,
from Bahcall (1989).

ISource Reaction IEvent Rate (SNU) I
pp 0.0
pep 0.2
hep 0.03
111e 1.1
811 6.1
13li 0.1
150 0.3
I1F 0.003

2.2.2 The Kamiokande-II Detector

The Kamiokande-II58 (K-II) water Cerenkov detector detects solar neutrinos

through observation of neutrino-electron scattering

(2.4)

Unlike reaction 2.1 used in the Cp1 detector, which is only sensitive to lie'S, neutri

nos and antineutrinos of all :flavors can contribute to neutrino electron scattering.

The relevant low energy elastic scattering cross-sections are:

O'(Ve +e -. lie +e) ~ 9.4 x 1O-4S(EIl/ 1 MeV) cm2

O'(ve +e -. ve +e) ~ 3.9 x 10-45(E
II/1 MeV) cm2

O'(Vi +e -. Vi +e) ~ 1.6 x 10-45(E
II/1 MeV) cm2

O'(Vi +e -. Vi +e) ~ 1.3 x 1O-45(EIl/ 1 MeV) cm2

where i = p,T. Note however that lie'S dominate in the cross-section.

(2.5)

(2.6)

(2.7)

(2.8)

The K-II detector consists of a cylindrical tank containing 4,500tons of purified

water (680 tons in the fiducial volume) located one kilometer underground in the

Ka.mioka Mine, Kamioka, Japan. The interior of the tank is lined with photo

multiplier tubes. Electrons scattered in the detector and having a velocity greater

----------------- -- ----------- --
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than the the speed of light in water emit a shock wave of Cerenkov light in a cone

of half angle fJ about the electron track, where fJ is defined by

cos(fJ) = 1J{3n (2.9)

with {3 = v / c and n the index of refraction of the medium. The photo-multiplier

tubes lining the tank image this Cerenkov light and this image yields real time in

formation on the neutrino direction and energy spectrum. The detection efficiency

drops rapidly for neutrino energies below 10 MeV, and to date the lowest threshold

energy achieved is 7.5 MeV. Hence the SSM predicts that the K-II detector is

sensitive only to 8 B solar lie'S·.

For completeness, it should be noted that iie's can be detected by K-II through

observation of inverse {3-decay events

(2.10)

as well as by observation of neutrino-electron scattering, as described above. The

e+ produced in inverse {3-decay is emitted isotropicly, so no information can be

obtained on the direction of the incident iie.. K-II has no unique tag for reaction

2.10, and in general, it simply contributes to the overall background.

Data has been analyzed for 1040 days of detector exposure starting from

January 1987 to April 1990. The first 450 days of data were analyzed with an

electron threshold energy of 9.3 MeV. The later 590 days of data were analyzed

with an electron threshold energy of 7.5 MeV. Figure 2.3 shows the distribution

of events in cos fJSUN. An excess of events peaking broadly at cos fJsUN = 1 (the

direction of the sun) is clearly visible. Figure 2.4 shows the differential energy

distribution of scattered electrons from the entire 1040 day data set. The dashed

histogram is a best fit to the data and the solid histogram is a Monte Carlo of the

SSM prediction of the interactions of 8 B neutrinos in the detector. Note that the

shape of the observed distribution is consistent with the SSM predictions however;

-The hep neutrino. are expected to contribute only"" 0.1% to the event rate (see fig. 2.1).
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Figure 2.3: Distribution in cos 8SU N of; (a) the 590 day data for E; ~ 7.5 MeV, and
(b) the 1040 day data for Ee ~ 9.3 MeV. 8SU N is the angle between the
momentum vector of the observed electron and the Sun. The histogram
shows the SSM prediction, from Kajita (1991).
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Figure 2.4: Differential energy distribution of neutrino-electron scattering events
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and the solid histogram is the SSM prediction, from Kajita (1991).
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the event rate is considerably sma.ller. The event rate observed in K-II divided by

th SSM prediction is given bys8

Data
SSM = 0.46 ± 0.05(stat) ± 0.06(syst).

2.2.3 SAGE

The Soviet-American Gallium Experiment! (SAGE)* is a radiochemical detec

tor designed to detect solar neutrinos through the reaction

(2.12)

with a lie threshold energy of 0.233 MeV. The detector consists of four tanks

containing a total of 60 tons of liquid metallic gallium located in an underground

laboratory in the Baksan Va.lley, Republic of Russia.

The experimental procedure is similar to that employed in the 370l detector.

A known amount of stable germanium ('" 120 micrograms) is added to each tank

to serve as a carrier material. The tanks are then allowed to stand exposed to solar

neutrinos for a period of 20-30 days, during which time radioactive 71Ge is formed

by reaction 2.12. The 71Ge along with the carrier is extracted from the tank and a

counting gas (GeH4 ) is synthesized. The amount of counting gas yields information

on the extraction efficiency, which is typically at the 80% level. The number of

71Ge atoms in the counting gas is determined by detecting Auger electrons and X

rays produced in the decay of 71Ge. The number of 71Ge atoms then determines

the event rate in the detector.

The total event rate predicted by the SSM for a 71Ga radiochemical detector

predicted event rate = 132!~~ SNU (2.13)

"Perhaps, due to recent political events, the acronym should be changed to RAGE (Russian
American Gallium Experiment)



16

where the error is 30". The low threshold energy (0.233 MeV) for the reaction

. Ve + 71Ga -+ e" +71Ge makes this detector sensitive all neutrino fluxes predicted

by the SSM. The event rate as a function of neutrino source reaction is shown

in table 2.5. Note that over 50% (71 SNU) of the predicted rate is from the low

energy pp neutrinos.

pp 70.8
pep 3.0
hep 0.06
7Be 34.3
8B 14.0
13N 3.8
150 6.1
17F 0.06

Table 2.5: Event rates for a 71Ga detector predicted in the standard solar model,
from Bahcall (1989).

ISource Reaction IEvent Rate (SNU) I

The results of SAGEfor 5 months of running arel :

71Ga capture rate = 20~~~(stat) ± 32(syst) SNU. (2.14)

with the upper limits at:

71Ga capture rate < 55 SNU 68% C.L.

< 79 SNU 90% C.L.

(2.15)

While these preliminary results are consistent with zero (no signal), a signal at the

SSM rate can not be ruled out at the 99% confidence level.

2.2.4 GALLEX

The GALLEX34 radiochemical detector is located in the Gran Sasso Under

ground Laboratories, Italy. Like the SAGE detector described above, Gallex will
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measure the solar neutrino fluxvia the reaction lie +71Ga -+ e" +7lGe . The SSM

prediction for the neutrino capture rate is therefore the same for both detectors:

132:~~ SNU~ The two detectors differ in the form of gallium used. GALLEX

contains 30 tons of Ga in the form of a concentrated GaCl3 - HCI solution while

SAGE contains 60 tons metallic gallium.

The first results from the Gallex detector were recently reported'" (June 1,

1992). The capture rate was found to be

7lGa capture rate = S3± 19(stat) ± S(syst) SNU. (2.16)

This is a significantly higher rate than that reported by SAGE, but still more

than 2(7' below the SSM prediction of 132 SNU.

2.3 Future Solar Neutrino Detectors

There are many solar neutrino detectors currently in the planning and devel

opment stage. Three of these detectors: SuperKamiokande, SNO, and Borexino

are expected to be in operation by the mid 1990's, and are described below-.

2.3.1 SuperKamiokande

The SuperKamiokande90 detector is currently under construction in Kamioka,

Japan. It will be a larger version of the K-II detector described above. It will

contain 50,000 tons of water (22,000 tons in the fiducial volume) and is expected

to operate a.t an electron threshold energy of -5 MeV. The detector is expected

to begin operation in 1996.90
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2.3.2 SNO

The Sudbury Neutrino Observatory'? (SNO) will be located 6800 ft. under

ground in the Crieghton Mine, Sudbury Ontario. The detector will consist of a

transparent acrylic vessel containing 1000 tons of D20 surrounded by "" 5000 tons

of ultra-pure H20. Photo multiplier tubes will surround the vessel at a distance of

f"J 2.5 meters from its surface. These photo multiplier tubes will observe Cerenkov

light emitted from high energy electrons formed by the interaction of neutrinos

with the D20.

SNO will be capable of observing five distinct neutrino reactions:

Ve +d -+ p+p+e- (2.17)

vz+d -+ vz+p+n (2.18)

iie + d -+ n+n+e+ (2.19)

iie + p -+ n+e+ (2.20)

v+e- -+ v+e- (2.21)

The low energy cross-sections for reactions 2.17-2.20 can be fit to a function

of the form uo(EII - E'h)2, where Ell is the incident neutrino energy, E'h is the

threshold energy for the reaction and Uo is a constant. The results of the fit are

given in table 2.6. The neutrino-electron scattering cross-sections, reaction 2.21

are given in section 2.2.2. Note that, due to the high threshold energies, reactions

2.17 and 2.18 are sensitive only to 8B solar ve's.

The charged-current reaction 2.17 will be exploited to measure the incident Ve

flux, spectrum and direction. The kinetic energy spectrum of electrons produced

by this reaction is Te ~ Ell -1.44 MeV. The electrons have an angular distribution

with respect to the incident lie given by W(ee) = 1-1/3cos(8e) which implies a.

two-to-one backward-forward asymmetry.
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Table 2.6: SNO Reactions

IReaction Cross-Section (cm2)

The neutral current reaction 2.18 will be used to measure the total incident

neutrino flux independent of neutrino flavor. The reaction rate would be deter

mined by observing "(-rays produced by capture of the free neutron. A small

quantity of 35 0 1, in the form of NaOI, may be added to the D20. This would

allow for the detection of free neutrons via the high energy "(-ray emitted in the

capture of neutrons on 35 0 1.

There are two reactions available for the detection of ve's. The ve's can

be detected within the deuterium via reaction 2.19, the inverse f3-decay of the

deuteron. The unique signature of this reaction is a positron signal followed by

two neutron capture "(-rays. The ve's can also be detected by reaction 2.20 if they

interact with the H20 surrounding the D20.

Finally, SNO will also measure the incident neutrino energy spectrum and

direction via neutrino-electron scattering, reaction 2.21. As in the K-II detector,

this reaction is identified by observation of Cerenkov light emitted by the scattered

electron. The expected electron energy detection threshold is ",5 MeV, hence

the SSM predicts that only 8B neutrinos will contribute to the neutrino-electron

scattering event rate,
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2.3.3 Borexino

The Borexino!" detector will be located at the Gran Sasso Underground Lab

oratories in Italy. The detector will consist of a spherical, transparent vessel

containing 100 tons (fiducial volume) of the scintillant trimethyl boroxine (TMB)

submerged in a shield volume of water. The scintillation light will be detected by

an array of photomultiplier tubes distributed concentrically about the vessel. The

number of photomultiplier tubes triggered in an event will determine the energy,

while measurement of the time differences in triggering will allow spatial recon

struction of the event. The use of a scintillant detector precludes the possibility

of measuring the incident neutrino direction, however; the high radio purity of the

scintillant allows the detector to operate at an extremely low threshold. Borexino

is expected to operate at a solar neutrino event threshold energy of """0.25 MeV.

Borexino is designed to observe three neutrino interactions:

11+ e" -. II + e"

lie + lIB -. e" + 110(-. e+ + lIB)

iie + p -. n + e+

(2.22)

(2.23)

(2.24)

Neutrino electron scattering will be utilized by Borexino to measure the low

energy solar neutrino spectrum. With a planned cutoff on recoil electrons at """0.25

MeV, 7Be, pep, 13N, 150 as well as 8B neutrinos will contribute to the event rate.

The monoenergetic 1 Be neutrino flux can be directly measured by counting events

in the energy range 0.25 to 0.8 MeV. With this cut the SSM predicts 50 7 Be events

per day in Borexino.l"

This extraordinarily high event rate opens the possibility of using the 1/R2

effect to determine the origin of these neutrinos. The annual variation in the

Earth-Sun distance, a result of the eccentricity of the Earth's orbit, implies a

yearly solar neutrino event rate variation of 3.5%: the 1/R2 effect. With the SSM
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flux of 7Be neutrinos and a scintillant radio purity of 1O-15g/ g (already achieved).

Borexino should resolve the 1/R2 effect with a statistical significance of 3 (T after

3 years running time.

The 8 B neutrino spectrum will be measured via the charged-current (CC)

reaction 2.23. This reaction, sensitive only to lie'S, induces a transition from the

ground state 11B to the ground state of 110, or to one of its excited levels at

Ei = 2.0, 4.32 and 4.80 MeV. Transitions to the ground state of 110 result in an

electron signal while transitions to one of the excited states result in an electron

signal plus "'(-ray of energy Ei. The reaction threshold energy is ECh = Ei + A,

where A = 1.982 MeV is the 11B - 110 mass difference, and event energy is given

by E., - A. The cross-section for this process iS85

(2.25)

where WE = (E.,-Ech+0.511 MeV)/(1 MeV), PE = (W~+0.511)1/2, Xcc is the

nuclear matrix element and F(z, WE) '" 1.14 is the Fermi function. Values of Aee

for the excitation levels (Ei) of 110 are given in table 2.7.

Table 2.7: The charged-current matrix elements for (Tee.

Ei (MeV) IECh (MeV) I Xco I
0.0 (ground-state) 1.98 1.55

2.0 3.98 0.635
4.32 6.30 0.760
4.80 6.78 0.760

The 110 produced in this reaction is f3+ radioactive with a lifetime of ",20

min. Thus every charged current reaction is accompanied by a (20 min.) time

delayed positron signal; providing a means of discriminating charged-current and

electron scattering events. The SSM predicts an event rate (assuming a 4 Mev

event threshold) of 222 charged-current events per year in Borexino.l"

Ve '5 can be detected in Borexino via reaction 2.24. The "visible" energy of

this reaction is the sum of the positron kinetic energy, Te+ =Eve - 1.78 MeV, and
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the energy released in electron-positron annihilation, 2me ~ 1.02 MeV. Thus the

visible energy is Eve - 0.76 MeV.

Unlike water Cerenkov detectors, which possess no tag for iie +P -+ n + e+,

these events are easily detectable in Borexino by their unique signature. The lOB

in the scintillator absorbs the neutron with a large cross-section and emits a 0.48

MeV "1-ray, setting up a e+ - n delayed coincidence tag for the iie with negligible

internal background (at levels ofTMB radio-purity already achieved). The external

background is mainly from nearby nuclear power reactors and is estimated at 2

3/yr (for incident neutrino energies> 5 MeV).

There also exists a possible neutral-current (NO) reaction:

Vz +11B -+ Vz +11B* -+ V:r; + 11B +"1 (2.26)

corresponding to the neutral-current excitation of the 11B nucleus. The cross

section is given byS5

(2.27)

where Ell is the incident neutrino energy and Ei is the excitation energy of the

11B nucleus. For Ei = 2.02 MeV ).NX = 0.159; for Ei = 4.45 and 5.02' MeV

).NX = 0.190. The event rate for this reaction is too low in Borexino to be of use,

however; it willbe of primary significance in the proposed Borex detector (a larger

version of Borexino with ",20 times the fiducial mass).

2.4 The Solar Neutrino Problem

The discrepancy between the calculated solar neutrino flux and the results of

the 370 l radiochemical experiment has continued for more than 20 years. During

this time the SSM and the Davis experiment were reexamined many times and no

solution was found, and sothis discrepancy has become known as the solar neutrino
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problem. The results of the K-II water Cerenkov detector and the recent data from

SAGE confirm. the essence of the solar neutrino problem; that the electron-neutrino

flux observed on Earth is much less than that predicted by the SSM. These results

are summarized in table 2.8.

Table 2.8: Results of the four experimental observations of the solar neutrino flux.
The fluxes are given as a fraction of the SSM prediction.

IExperiment I Process Expt.jSSM

370 1 Ve + 370 1-+ e- + 37Ar 0.27 ± 0.04

K-II v+e- -+ v+e- 0.46 ± 0.05 ± 0.06

SAGE Ve + 71Ga -+ e- +71Ge 0.15:J~ ± 0.24

GALLEX Ve + 71Ga -+ e- +71Ge 0.63 ± 0.14 ± 0.06

Before the data from K-II, and more recently SAGE, was available, it was

often argued that the solar neutrino problem could be trivially explained as a

miscalculation of the 8B Ve flux. To determine if this is indeed the case, assume

that the 8B Ve flux observed by K-II is the actual flux emitted by the Sun. We thus

take the 8B Ve flux to be 0.46 ± 0.05 ± 0.06xSSM « 0.3xSSM at the 95% C.L.)

The expected counting rates in SNU's for 370 1 and SAGE are given in table 2.9,

the SSM rates are provided for comparison. Even using the the K-II measurement

for the 8B flux, the expected counting rate in 370 1 is 4.6 ± 0.6 SNU (10') to be

compared with the observed rate of 2.1 ± 0.3 SNU in the 370 1 detector. Hence

changing the 8B flux alone can not explain the solar neutrino problem. The low

energy neutrino contribution to the 370 1event rate must be highly suppressed as

well. In order to reconcile the K-II and 370 1 data, the 7Be Ve flux: can not be

higher than "'" 0.50xSSM value (95% C.L.) even if the CNO neutrino flux is set to

zero.
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Table 2.9: The event rate for 37Cl and 71Ga (SAGE and GALLEX) in SNU's. SSM
is the standard solar model prediction and K-II is the SSM prediction
with the 8B lie flux observed by K-II. The errors in the total event rate
are 30".

Source 37Cl Event Rate 7lGa Event Rate
Reaction SSM K-II SSM K-II

pp 0 0 70.8 70.8
pep 0.2 0.2 3.0 3.0
hep 0.03 0.03 0.06 0.06
7Be 1.1 1.1 34.3 34.3
8B 6.1 2.8 14.0 6.4
13N 0.1 0.1 3.8 3.8
150 0.3 0.3 6.1 6.1
17F 0.003 0.003 0.06 0.06

total I 7.9 ± 2.6 I 4.6 ± 1.8 1132:!:~~ I 124:!:~: I

It is certainly possible that the origin of the solar neutrino problem is in the

solar astrophysics, that is to say that it is due to errors in the standard solar model,

which might arise from errors in estimating the solar heavy element abundances,

radiative opacities or low energy nuclear reaction rates. This dissertation; however,

assumes that the SSM is correct, and investigates the possibility that solution to

the solar neutrino problem resides in the properties of the neutrino itself. In the

following chapters three particle physics solutions to the solar neutrino problem will

be considered: neutrino vacuum oscillations, matter enhanced neutrino oscillations

(the MSW effect) and neutrino decay.
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Chapter 3

Neutrino Oscillations

In this chapter we consider an implication of two assumptions concerning the

properties of the neutrino: (1) that the neutrino has a finite rest mass and (2) that

the neutrino flavor eigenstates mix in the mass eigenstates. It was first pointed

out by Sakata, Maki and Nakagawa67 in 1962 that neutrino flavor oscillations are

a fundamental consequence of these assumptions; however, oscillations into sterile

neutrinos had been considered previously by Pontecorv082 in 1958. Pontecorvo

independently rediscovered neutrino flavor oscillations in 1968, and was the first

to consider their implications for neutrinos of astrophysical origin.83 Put simply,

neutrino oscillations mean that if a neutrino is produced in a particular flavor

eigenstate then the probability that it will remain in that flavor eigenstate is a

periodic function of time.

We will begin by discussing the quantum mechanics of neutrino vacuum os

cillations and derive expressions for the neutrino flavor transition probabilities. It

will then be shown that neutrino vacuum oscillations provide a solution to both

the solar neutrino problem and the low energy atmospheric neutrino anomaly. We

will then derive the neutrino flavor transition probabilities in matter and show

that matter enhanced neutrino oscillations provide an alternative solution to the

solar neutrino problem. Finally, we will consider the implications of the combined

atmospheric and solar neutrino data for neutrino masses and mixing.
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3.1 The Quantum Mechanics

of Neutrino Oscillations

Consider a neutrino III created in weak interaction process. The III created by

this process is an eigenstate of the weak interaction (a flavor eigenstate) and not

necessarily a mass eigenstate.' In general III is a superposition of the neutrino mass

eigenstates lIa with masses ma:

(3.1)

where U is a unitary matrix". Consider the time development of the state 1111 »,
If a III is created at at time t = 0, then at time tlater the state vector 11I1(t) > is

given by

(3.2)

where Ho = (p2 +M2)1/2 is the free hamiltonian and M is the mass matrix. With
•

the aid of equation 3.1 this can be written as

11I1{t) >= L e-IEaCU'a\lIa>
a

(3.3)

where Ea = (p2 +m~)1/2 are the eigenvalues of Bo• The probability amplitude for

finding the neutrino in state 1111' > is

<1I1,IIII{t) > - (~<lIa'IU1,,) (~e-IEatUIQllla» (3.4)

- L L < 110,1110 > e-I E a tul",U'a (3.5)
a' a
L e-1Eatu:* l!J (3.6)- 1'0 10
a

where < 110,1110 >= 50 ' 0 was used to obtain equation 3.6. The corresponding

transition probability for II, --t "I' is thus

"The notation in this section follows closely that used by Bilenky and Petcov (1986) with one
minor exception; the definition of U'o used here corresponds to the U,'"o of Bilenky and Petcov
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PIlzVI/(t) = I <v"lv,(t) > 1
2 = I L e-IEatU'~aU'aI2. (3.7)

a

This can be. written as

PIlzVI/(t) = L IU'~aU'aU'/aIU,:a/1 cos[(Ea - Ea/)t - ~lIlaa/] (3.8)
aa'

where

(3.9)

The time development of the antineutrino state vector proceeds along similar

lines. Consider an antineutrino ii, created by a weak interaction process and allowed

to propagate in vacuum for a time t. We have for the state vector at t =0

lv, >= L U,:aliia >
a

and after a time t

1- (t) ~ -IEatTT* I-v, >=LJe u'ava>.
a

The amplitude of finding the antineutrlno in the state Jijl is

<Jij,lv,(t) >= L ~-IEatU"aU,:a
a

And the v, --. Jij, transition probability is

(3.10)

(3.11)

(3.12)

PIijV"j,{t) = I <Jij,lv,(t) > 1
2 = ILe-,EatU"aU,:12. (3.13)

a

In analogy with Eq. 3.8, this can be written as

PIijVI,(t) = L IU~'aU,:aU'~a,U'a'l cos[(Ea - Ea/)t +~ll'aa/] (3.14)
aa'

H CP is conserved then tPll'aa' = 0 and

(3.15)

In cases of practical interest, we need only consider highly relativistic neutrinos;

rna « [p], In this limit the neutrino energy is given by
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(3.16)

(3.17)

Further, the neutrino time of travel t can be replaced by L, the travel length. The

neutrino oscillation probabilities can now be written as:

Purlll,(L) = E IU'':aU'aU''a,U,:,1 cos(~11'~ - l/JIl'QQ')
QQ' QQ

(3.18)

where.

(3.19)

with 6m:a , = m: -m:,. The neutrino vacuum.oscillation wavelengths, AQa " which

can be expressed in meters as

\ 2 47 1010 ( Ipl )( 6m~Q' )-1
A a a ' "'. X m 1 MeV 10-10 eV2 (3.20)

gives the distance scale over which neutrino oscillation effects can be significant.

In order for neutrino oscillations to take place there must be a finite probability

for the transition from a state III to a different state Ill', that is to say we require

Purlll,(L) =F 6",. Inspection of Eqs. 3.17 and 3.18 reveals that two conditions must

be satisfied for this to occur: (1) ma =F ma , for at least 1 combination of a, a' and

(2) U'a =F 6'a. Condition (1) is the statement that neutrino mass eigenstates not

be completely degenerate and condition (2) requires that the lepton flavors I mix

in the mass eigenstates.

3.2 Oscillations of Two Neutrinos

Now consider the case of oscillations between two neutrino species v, and v"
which mix in the mass states VI and 1.12. H VI and 1.12 are Dirac particles then the

most general form of the 2 x 2 mixing matrix U can be written as
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(3.21)

where the angle fJ is known as the vacuum mixing angle. From Eq, 3.1 the states

lv,>, Iv,'> mix with the mass states IVI >, IV2> as:

lv,> - cos 81vl> +sin fJIV2 >

Iv,'> = - sin 81vl> +cos 81v2 > .

(3.22)

The transition probabilities, Eqs. 3.8 and 3.14, take on a particularly simple

form. in the two neutrino oscillation case. H a neutrino is initially created in a state

v" then the transition probabilities at a distance L from the source are given by21:

P",,,,(L) = PIijIij(L)
1 . 2 ( 2rL)- I--SIn 28 l-cos-
2 A12

P"'III,(L) - PIijIl"j,(L)

1 . 2 ( 21rL)= - Sin 28 1 - cos --
2 A12

(3.23)

(3.24)

(3.25)

where A12 = :~~I. Note that P"'III(L)+ PIIIII,,(L) = PIijIij(L) +P~II"j,(L) =1which

follows from the unitarity of the mixing matrix U.

H we consider a beam of neutrinos formed in a region large compared with the

vacuum oscillation wavelength A12' or if the detector averages over neutrino energy

such that the average of the cosine term becomes small;

2rL
<cos-->~0

A12

then the averaged transition probabilities should be used. These are given by

<PIII",(L)> - < PIijIij(L) >

- 1- !sin228 (3.26)
2

< P"'III' (L) > - < PJijllj, (L) >
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(3.27)

In this limit the transition probabilities are constant and depend only on the

vacuum. mixing angle 8. The oscillation effects, due to the quantum mechanical

interference of the amplitudes, are no longer observable. Further, in this limit,

PIIlIll(L) is restricted to the range 1/2 ~ PIIlIII(L) < 1.

3.3 Low Energy Atmospheric Neutrinos

As a first application of neutrino vacuum. oscillations to the interpretation of

data, let us consider the low energy atmospheric neutrino anomaly. The ratio

of low energy electron-type neutrinos to muon-type neutrinos observed on Earth

disagrees with the ratio that is predicted from cosmic ray interactions in the upper

atmosphere. This discrepancy has become known as the low energy atmospheric

neutrino anomaly. We will see that neutrino vacuum oscillations provide a simple

explanation of this anomaly. In what follows we limit the discussion to neutrinos

in the energy range 0.1 to about 1 GeV.

When cosmic ray primaries strike nuclei in the upper atmosphere charged pions

and kaons are produced. These mesons then decay, producing a muon and muon

neutrino. If the muon is of sufficiently low energy, it too decays in the atmosphere

producing an electron, an electron neutrino and a muon neutrino. For atmospheric

neutrinos in the energy range 0.1 to about 1 GeVonly the pion producing reaction

is of significance:

p+X ~ Y +'lr::l:
1['± -. p,± + v,..(;;,..)

p,± -. e::l: + ve(;;e) + v,..(;;,..)

(3.28)

where X and Y are nucleons. The kinematics of these decays imply that the energy

of a.ll neutrinos produced in this chain are, on average, equa1.43
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(3.30)
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In restricting the discussion to low energy atmospheric neutrinos (Ell <"" 1

GeV) we assure that nearly all the muons produced via the above reaction decay

before reaching the detector. This in turn provides a prediction for the ratio of

muon type to electron type neutrinos produced in the atmosphere :

[
NIIP+Nop ]

rprod. =
Nile +NOe produced

where Nllp. is the number of II" etc. A naive examination of the pion decay chain

would give'rprod. = 2; however, this does not take into account the fact that the

muon produced in pion decay is polarized. The Ve and v" produced by the decay

of these polarized muons are preferentially emitted in the forward and backward

direction respectively in respect to the direction of the muon momentum.55 Hence,

the effect ofmuon polarization is to increase the lab frame energy of the lie'S while

decreasing that of the v" 's.

Three recent Monte-Carlo calculations of the low energy atmospheric neutrino

flux which take muon polarization into account15•55,66 predict r IV 2.2. While

the absolute magnitude in the neutrino :fluxin these three calculations show some

difference, the Monte-Carlo calculations of rprod. (which we willcall rue for clarity)

agree to within 5%.

It is useful to describe observations of ratio of muon type to electron type

atmospheric neutrinos in terms of R, the ratio of ratios. Define the ratio of muon

type to electron type atmospheric neutrinos observed in a detector as:

[
NIIP+ Nop.]roo.. = .
Nile + NOe 06.eved

Then R is defined as:

(3.31)

H the neutrinos undergo oscillations between production in the atmosphere and

observation in a detector then R will, in general, differ from 1. Consider the

implications for R in two scenarios: (1) v" H Vr oscillations and (2) v" ~ Ve

oscillations.
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IT IIIJ +-+ II.,. oscillations are operative in the low energy atmospheric v flux, the

IIIJ flux will be reduced by a factor of (1- PIlj&lIr ) , while the lie flux is unaffected.

Hence, R becomes

RIlj&lIr - 1 - PIlj&1Ir

1 . 2 ( 2?rL)- 2sm 281J.,. 1 - cos ~12 (3.32)

where (JIJ'" is the IIIJII.,. vacuum. mixing angle and ~12 = 4
6

,,"lf l . The neutrino path
m 12

length L can be described in terms of the zenith angle,65 tPz, of the event observed

in the detector:

(3.33)

where Re is the radius of the Earth and k is the atmospheric neutrino production

height, which is typically'" 15 km above sea level ( see figure 3.1).

-S
~-

100

Zenith Angle (deg)

Figure 3.1: The neutrino path length L between the point of production in the
atmosphere and the detector as a function of zenith angle, tPz.

IT instead IIIJ +-+ lie oscillations are operative R becomes65:
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where
1 . 2 ( 2?rL{¢;r»)

Pllp llC = 1 - 2sm 2611e 1 - cos ~12 .

(3.34)

(3.35)

In the limit that the neutrino path length L becomes much larger than the

neutrino oscillation wavelength ~ the cos(~:~) term. above averages to zero. In

this case R depends only on the vacuum mixing angle as shown in figure 3.2.

This condition is satisfied when 5m2 > 21pl/L and, for low energy atmospheric

neutrinos (with Ipi in the range 0.1 to 1 GeV and L in the range _ 20 to 5000 km)

is satisfied when 5m2 > _ (10-2 - 10-4 ) eV2.

1.0 ~""'--'---~"'T"""-r-"""T"""~--r""'-"--"--"--'r--"1r--~""'-""'-~~"'T"""-r-"""T"""-r---r--'

0.8

0.6

0.4

o 0.2

.......

0.8 1

Figure 3.2: The ratio of ratios R in the limit < cos ~'Il'L >- O. The solid line is
"12

Rvl'V. vs sin2{26lAe ) in the VIA +-+ Ve oscillation scenario with Tprod. =
2.2. The dashed line is RV,.VT vs sin2(28

P T ) in the II", +-+ V T oscillation
scenario. .

Recent data reported by Kamiokande and IMB16.28.52.54 on the :flux of low

energy atmospheric neutrinos show that R = Toh• ./Tprod differs significantly from
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1. R is reported by Kamiokande to be 0.54 ± 0.09 and by 1MB to be 0.61 ± 0.11

in the lowest energy interval (Ipi = 300 to 700 MeV) where the approximation

< cos ~ll'L >= 0 should be most reliable. Indeed, the fiat zenith angle distributions
"12

observed in these detectors bear this out. H neutrino oscillations are responsible

for this low energy atmospheric neutrino anomaly then, in both the lip H IIr

and v'" +-+ Ve oscillation scenarios, the fiat zenith angle distribution implies that

5m2 >...... (10-2 - 10-4) ey2 and the small values reported for R imply a large

vacuum mixing angle. Detailed fits reported by Kamiokande54 favor a region of

5m2 between 5 X to-3 and 10-2 ey2 and sin2 28pe between 0.3 and 0.8 if lip H lie

oscillations are operative, and 5m2 between 5 X 10-3 and 3 x 10-2 and sin22(Jpr

between 0.4 and 0.8 if lip H lIr oscillations are operative.

While the atmosphericneutrino data can not be considered as proof ofneutrino

vacuum oscillations it is clear that vacuum oscillations provide a simple explanation

of the low energy atmospheric neutrino anomaly. We will return to this question

later when we considerwhether the values of neutrino masses and mixings implied

by the atmospheric neutrino data are consistent with the solar neutrino data.

3.4 Vacuum Neutrino Oscillations

and the Solar Neutrino Problem

We now the turn the machinery of neutrino oscillations developed in the pre

ceeding sections to the solar neutrino problem to determine if neutrino vacuum

oscillations of two neutrino :flavors can reconcile the observed solar neutrino :flux

with that predicted by the standard solar model. In the following analysis we

assume the SSM values of solar neutrino :fluxes described in chapter 2 and consider

only oscillations of the type lie H Vo where Vo = v'" or lIr • The more exotic

possibility of oscillations into sterile neutrino species are n~t considered here.
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The solar neutrino fluxes in this scenario follow directly from the vacuum

oscillation probabilities derived in section 3.2. H lie +-+ lIa vacuum oscillations are

operative, the survival probability at Earth of solar lie'S is given by

1 . 2 ( 2rL)p. = 1 - - sm 28 1 - cos -
lIelle 2 ~12

and the lie -+ lIa transition probability is thus

(3.36)

(3.37)1 . 2 ( 21rL)
P llella = '2 sin 28 1 - cos ~12

where L is the Earth-Sun distance. Due to the eccentricity of the Earth's orbit L

is time dependent (see figure 3.3) and, to first order in f, can be expressed as

(
1 )L d =B 2-

( ) 1 + f cos(2rdj365)
(3.38)

where B "'J 1.496 X 1011 meters (1 AU) is the semi-major axis of the Earth's

orbit, e "'J 0.017 is the eccentricity and d is time measured in days (with d = 0

corresponding to apogee "'JDecember 21). The corresponding solar lie and lIa fluxes

are then given by

~(lIe, E) - P llelle~0(lIe, E)

~(lIa, E) - (1 - Pllelle)~0(lIe, E)

where ~0(lIe,E) is the SSM flux.

(3.39)

(3.40)

Vacuum oscillations of solar neutrinos have certain general implications for

solar neutrino flux measurements. Neutral-current measurements of the neutrino

flux can not differentiate between lie, ",.. and liT' and should measure the full SSM

flux value. Charged-current measurements of the neutrino flux such as those by the
370 1and 71GB experiments, are sensitive only to the lie flux are maximally affected

by neutrino oscillations. Neutrino-electron scattering experiments are sensitive to

both the charged and neutral currents, hence the maximum possible suppression

in these experiments from neutrino oscillations is given by the ratio of the charged

current to neutral-current cross-sections:
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Figure 3.3: Annual variation in the Earth-Sun distance L

u(vo +e -+ 110 + e) ~ 0.17
u(ve +e -+ lie + e)

where 110 = II~ or IIr •

3.4.1 Neutrino Vacuum Oscillations

and the Solar Neutrino Data

(3.41)

Large reductions in the electron neutrino 'flux are possible if 8 is large and the

neutrino goes through a half integer number of oscillations.13,49 Sinceboth the 37C1

and K-II detectors are primarily sensitive to the 8B solar neutrino flux, the solar

neutrino problem can be solvedby choosing a.value for the mass squared difference

such that most of these neutrinos go through "'J l of an oscillation wavelength. At

larger half integer numbers of the wavelength, the 8 B neutrino energy spectrum
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effectively averages the oscillations. In this case the lie survival probability ap

proaches its averaged form « PI/elle >= 1-! sin2 26) where reductions larger than

! are not possible.

Figure 3.4 shows the allowed neutrino oscillation parameters for this solution

to the solar neutrino problem. The curves are constant X2 contours using the

C137 , K-II and SAGE data. Figure 3.5 shows the same contours using the C137,

K-II and Gallex data. Note that both figure 3.4 and 3.5 prefer the same general

regions of parameter space. The neutrino ft.uxes where first averaged over the

annual variations in the Earth-Sun distance L(d), then event rates for these three

experiments were calculated as a function of sin2 26 and 5m2• From these event

rates and the experimental data the total X2 was computed. Modifications to

the neutrino ft.uxes due to solar matter effects were considered previously78 and

found to be small in this parameter range and are neglected here. The spectral

measurements from K-II were included as the distortion in the solar neutrino energy

spectrum can sometimes be quite large and were used to exclude the shaded region

at the upper right hand of figure 3.4 (3.5).

The results given in figure 3.4 (3.5) are easily understandable. Assuming an

average energy for the 8B neutrino spectrum at 10 MeV and an average Earth Sun

distance L '" 1.5 X 1011 meters, then the requirement that the 8B neutrinos go

through 1/2 an oscillation wavelength on their fiight from Sun to Earth selects a

value for the mass squared difference of 5m2 = 0.8x 10-10 eV2 • This coincides with

the central region of the allowed parameter space shown in figure 3.4 (3.5). The

finer details of the plot can be understood by considering the the monoenergetic

0.863 MeV 7 Be neutrino line. As discussed in section 2.4 the solar neutrino problem

can not be solved simply by reducing the 8B neutrino :flux, the 7Be, must also be

suppressed by a factor of", 1/3 or more. The preferred mass squared differences

are such that these monoenergetic neutrinos undergo a half integer number of

wavelengths as well. This is illustrated in figure 3.4 (3.5) where there are five

preferred regions centered around five half integer oscillation wavelengths of the
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Figure 3.4: Contour plot showing the allowed parameter regions at the 68% (solid
line), 90% (dotted line) and 99% (dashed line) confidencelevels for the
two neutrino flavor vacuum oscillation solution to the solar neutrino
problem, based on data from 0137 , K-II and SAGE. The shaded region
is excluded at the 68% confidence level based on shape of the K-II
energy spectrum and is independent of the absolute flux predicted by
the SSM.

7Be neutrinos. Thus vacuum oscillations of two neutrino flavors can reconcile the

present data on the solar neutrino flux with the predictions of the SSM, providing

a solution to the solar neutrino problem.
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Figure 3.5: Contour plot showing the allowed parameter regions at the 68% (solid
line), 90% (dotted line) and 99% (dashed line) confidencelevels{or the
two neutrino flavor vacuum oscillation solution to the solar neutrino
problembasedon data from 0131 , K-II and Gallex. The shaded region
is excluded at the 68% confidence level.

3.4.2 Predictions

If the neutrino vacuum parameters, 5m2 and sin2 2fJ, lie in the preferred region

for this solution to the solar neutrino problem, then the solar lie fluxes on Earth

will be in the ranges shown in table 3.1. The reduction factors presented in the

table are independent of SSM and are functions only of the neutrino vacuum
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parameters. The low Energy pp, 13N, 150 , and 17F spectra extend over many

oscillation wavelengths and will thus be suppressed by a factor of 1 - 1/2 sin2 28.

The suppression of the hep neutrino flux parallels that of the 8B flux due to the

similarity of their spectral shapes. The suppression of the pep neutrinos can vary

greatly depending upon whether the monoenergetic pep line sits near an oscillation

minimum or maximum.

Table 3.1: Solar lie fluxes in the neutrino vacuum oscillation solution.

ISource Reaction I lie Flux / SSM I
pp .5-.65
pep .1-.9
hep .3-.5
7Be .2-.5
8B .3-.6
13 N .5-.65
150 .5-.65
17F .5-.65

With these neutrino fluxes the ongoing 71Ga experimentsshould yield a value

in the range 45-80 SNU. The data from both SAGE and Gallex are consistant

with this prediction. Charged-current measurement of the 8B flux, planned for

SNO and Borexino, should yield a value of .3-.5 times the SSM prediction, approx

imately 20% smaller than the value expected from neutrino electron scattering

measurements of this flux. Neutral current measurements of the 8B flux should be

unaffected, giving the full value predicted by the SSM. Neutrino-electron scattering

measurements of the 7Be line should reduced by a factor of 0.17-0.5 from the SSM

prediction.

In addition to these average flux values, there are other possible tests of this

solution. All of the preferred regions in figure 3.4 (3.5) imply large distortions

in the 8 B spectrum. Figure 3.6 shows these distortions in (I) charged-current

measurements and (II) neutrino-electron scattering measurements of the 8B spec

trum. Curves (A), (B) and (C) represent values of 5m2 and sin228 allowed at the
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68% confidence level. Note that the distortions are less pronounced in neutrino

electron scattering measurement, due to the neutral current contribution. These

distortions should be readily observable in the charged-current inverse (3-decay

signal at SNO, and possiblyobservable in the K-rr and SuperKamiokande neutrino

electron scattering experiments. Present spectral data from the K-rr experiment

can be used to place limits on neutrino oscillation parameters. Following methods

used by the K-rr collaborationS3 the shaded region of figure 3.4 (3.5) was found

to be excluded at the 68% confidence level by the relative shape of the observed

energy spectrum and is independent of the absolute 8 B flux value predicted by

the SSM. This region corresponds to having a zero in the neutrino spectrum at

about 13 MeV. This would give rise to a reduction in high energy scattered electron

over those at lower energies. Improved statistics from the K-II experiment should

improve these bounds in the near future.

Thus far we have only considered tests of the neutrino vacuum oscillation

solution to the solar neutrino problem that rely on the time averaged suppression

of the neutrino fluxes; however, the quantum mechanical flavor oscillations may be

directly observable through seasonal variation in the neutrino flux. The existence of

a monoenergetic 7Be line at .863 MeVmeans a large flux of neutrinos with a single

well defined vacuum oscillation wavelength and the eccentricity of the Earth's orbit

provides a means of probing this flux at different propagation lengths. Figure 3.7

shows the seasonal variation in the 7Be in the planned Borexino experiment. The

solid line shows the SSM predictionof 50 events per day. The variation in this line

is from the "1/r2 effect" (the decrease in flux. with increasing Earth-Sun distance)

and is expected to be resolvable at the 3D' level after three years running. Large

seasonal variations occur in the event rate if the mean Earth-Sun distance is near

1/4 or 3/4 fraction of an oscillation wavelength (dashed and dot dashed curves),

as the electron neutrino survival probability is near an inflection point. Even if

the mean Earth-Sun distance is near a half integer oscillation wavelength (dotted

curve) the seasonal variations are in general larger than, and distinguishable from,
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Figure 3.6: Distortion in (I) charged-current measurements and (II) neutrino
electron scattering measurements of the 8B neutrino spectrum from
neutrino vacuum oscillations. The dashed line is the undistorted spec
trum and the solid lines represent the distorted spectrum for three
vacuum oscillation solutions to the solar neutrino problem allowed
at the 68% C.L.: (A) 5m2 = 0.52 X 10-10 ey2, sin229 = 1.0; (B)
5m2 = 0.8 x 10-10 ey2, sin228 = 0.8; (C) 5m2 = 1.1 X 10-10 ey2,
sin2 29 = 0.9.
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the 1/r2 effect. The Borexino experiment would show seasonal variation of the

7Be flux (F) in the range 20% < FmAf. Fm;n < 80% for nearly all the parameter..."
range shown in figure 3.4 (3.5). The K-II, SuperKamiokande and SNO measure-

ments of the 8B spectrum should show some time Variation, but because of the

spread of energies in these experiments, the size of these variations are only of the

order a few percent. The 3701and »o« radiochemical experiments receive sizable

contributions from the 7Be line neutrinos, so large time variations are possible for

these experiments however; the large integration time of these experiments tends to

suppress the time variation. While limited statistics will probably always prevent

observation of seasonal variations in the K-II, SNO, 370l and 71Ga experiments,

they should be readilyobservable in the high statistics measurement of the 7Be flux

in Borexino. Further, suchseasonal neutrino flux variations are a unique prediction

of the neutrino vacuum oscillation solution to the solar neutrino problem and

their observation would provide compelling evidence for the existence of neutrino

vacuum oscillations.

3.5 Matter Enhanced Neutrino Oscillations

It was first pointed out byWolfenstein95 in 1978 that neutrino oscillations can

be strongly affected by the presence of matter, giving neutrino flavor transition

probabilities significantly different from those arising from neutrino vacuum oscilla

tions. 12 It was later shown byMikheyev and Smirnov7o-72 that neutrino oscillations

in matter of varying density can take on a resonance form which, under certain

conditions, can allow for complete neutrino flavor conversion even when the vacuum

mixing angle is small. The phenomenon of resonant neutrino flavor conversion in

matter is known as the MSW (Mikheyev-Smirnov-WolIenstein) effect.
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Figure 3.7: Seasonal variations in 7Be neutrino flux. The solid line is
the SSM prediction showing the 1/r2 effect. The dashed, dot
dashed and dotted lines represent 3 vacuum oscillation solu
tions to the solar neutrino problem with sin220 - 0.8 and
5m2 = .81xlO-10 eV 2 , .76xlO-10 eV2and .782xlO-10 eV2 respectively.

3.5.1 Theory

In the discussion of matter enhanced neutrino oscillations we will again limit

the discussion to the simple case of oscillations of two neutrino flavors. Let us

begin by writing the neutrino vacuum evolution equations in a form suitable for

generalization to neutrino propagation in matter. Consider two neutrino :fla.vor
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eigenstates Ve and Va (a = II or r) which mix in the vacuum mass eigenstates VI

and V2 (masses ml and m2) as

(3.42)

(3.43)

(3.44)

where

u= (-::8 ::)
is the vacuum mixing matrix. The evolution equation for the vacuum mass eigen

states is given by

- .~ ( :~:~ ) = H ( :~:~ )

where H = Ipl +mi. For highly relativistic neutrinos with Ipl ~ m, H can be

written as

where

H = ( Ipl +ffll 0 ) ~ Ipl +_1_M2

o Ipl + ffl2 21pl
(3.45)

(3.46)

is the mass squared matrix. The evolution equation for the vacuum mass eigen

states now becomes

(3.47)

We obtain the evolution equation for the flavor eigenstates is by rotating Eq. 3.47

to the flavor basis:

(3.48)

where

(3,49)
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where I is the identity matrix. Equation 3.47 (or equivalently Eq. 3.48) generalizes

in a straightforward manner to neutrino propagation in matter, as the effect of

matter is simply to modify the mass squared matrix.

The Neutrino Mass Matrix: in Matter

Now consider the effect of matter on neutrino propagation. For simplicity we

will only consider propagation in ordinary matter, that is to say matter consisting

only of electrons, protons, and neutrons. We" need not consider neutral-current

interactions of neutrinos with the background matter as these interactions affect

all neutrino flavors equally and thus can not induce Havor oscillations. Hence in

ordinary matter the only interaction that has bearingon neutrino Havor oscillations

is the charged-current interaction of the lie '8 with the background electrons. The

relevant charged-current interaction hamiltonian is given by

(3.50)

Rearranging the spinors by Fierz transformation this becomes

(3.51)

Consider the average of the second term in Eq. 3.51 over the background

electrons. As the electrons are at rest and unpolarized only the "'l term survives,

and the average can be written as

< e-yQ(1 - "Ys)e > '" < e-y°(l - -Ys)e > (3.52)

'" <e-y°e> (3.53)

- saO <ete> (3.54)

- saoNe (3.55)

where Ne is the electron density. The interaction hamiltonian then becomes

----------- --- ---_.- " --- -
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The background electrons thus provide an external potential
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(3.56)

(3.57)

(3.58)

to the left-handed electron neutrino fields. This can be shown to be equivalent to

adding a mass term for the ve's. The energy momentum relation in vacuum gives

(3.59)

In the presence of matter this becomes

(3.60)

where A has the dimensions of mass squared. Neglecting the V 2 term, which is

second order in GF, and making the ultra-relativistic approximation (Eo = Ipl) we

obtain for the induced mass squared term A·

(3.61)

Hence the effect of neutrino propagation in ordinary matter is to induce an electron

neutrino mass.

The effective mass squared matrix for neutrinos in matter is simply the sum

of the vacuum mass squared matrix plus the induced mass squared term for the

electron neutrino. In vacuum mass basis this is given by

0) t(AO)+U U.
m~ 0 0

(3.62)

In the flavor basis M;/ / becomes:

-For iie propagation in matter the external potential changes sign hence A _ -A.
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(3.63)

_ m~+m~ +! (2A-6m2COS20 6m
2

sin 20 )

226m2sin 206m2 cos 20

= (m~ +mn +A +! (A - 6m
2

cos 20 6m
2

sin 20 ) .
226m2sin 20 - A +6m2cos29

The mass squared eigenvalues in matter, (Ml, Mi) are found by diagonalizing

M~JJ. These are given by

M;,2 = ~ [(m~ + m~ +A) =F {(A - 6m2cos 20)2 + (6m2sin20)2}1/2] . (3.64)

The mass eigenstates in matter (JlMh JlM2) are related to the flavor eigenstates by

where

UM = ( cosOM sin OM )
- sin OM cos OM

is the mixing matrix in matter. The mixing angle OM is defined by

t 2
n _ 6m2 sin 20

an riM - •
-A +6m2 cos 20

(3.65)

(3.66)

(3.67)

Equations 3.67 and 3.66 clearly demonstrate the influence of matter on neu

trino flavor mixing. Consider the dependence of OM on A. In the limit A -. 0,

OM -. 0, the vacuum mixing angle. For A ~ 6m2 , OM -+ ?r /2. For A = 6m2 cos29,

OM = ?r /4 and the neutrino flavor eigenstates mix maximally in the mass eigen

states. This occurs whenthe electron density N; is equal to its critical density Nc ,

where
N. _ 6m2 cos 20 fV 6m2 10 MeV N A

c - 2V2GFlpl 66cos2010-4 eV2 Ipl cm3 ' (3.68)
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Thus even if the vacuum mixing angle is small, the mixing angle in matter can be

maximal, and as will be shown below, this can have profound implications for the

neutrino :flavor transition probabilities.

Transition Probabilities

The evolution equation for the neutrino flavor eigenstates in matter is obtained

by making the substitution M 2 -+ M~II in Eq. 3.48. We then obtain for the

evolution equation:

_,.!! ( ve(t) ) = [I 1+_1 UM2 ut] ( ve(t) ) .
dt va(t) P 21pI ell va(t)

(3.69)

The terms in Eq. 3.69 which are proportional to the identity matrix contribute

an overall phase only and thus do not affect flavor oscillations. Further, as we are

considering only highly relativistic neutrinos and using e = 1 we can make the

substitution ; -... tz. From these considerations the relevant equation for neutrino

propagation in matter becomes

In order to formally determine the neutrino flavor transition probabilities we

need to determine the neutrino state vector at x given the initial state vector at

Zo, and hence we require a solution to Eq. 3.70. Note however, that for matter

of varying electron density A is a function of x, For an arbitrarily varying density

no general analytic solution to Eq. 3.70 exists, and in general, it must be solved

numerically", However; in the case of propagation in matter of constant density

and matter of slowly varying density the transition probabilities are easily derived.

"The forma of density variation for which analytic solutions to Eq. 3.70 exist are summarized
in the review article of Kuo and Pantaleone.60
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Consider neutrino propagation in matter of constant density. In this case A

is independent of z and the transition probabilities generalize directly from the

two flavor vacuum transition probabilities, Eq. 3.24. By substituting the matter

mixing angle 8M for the vacuum. mixing angle 8 and the matter mass eigenstates

(MhM2 ) for the vacuum. mass eigenstates (ml,m2) in the the expression for the

vacuum. transition probabilities we obtain:

PIIIIIl(L)

Plilli" (L)

1 . 2 ( 21rL)- 1- -SIn 28M 1-cos-
2 ~M

_ .!sin2 28M (1 _ cos 211"L)
2 )..M

(3.71)

(3.72)

where L is the propagation distance and

(3.73)

, is the oscillation wavelength in matter. With the aid of Eq. 3.64 ~M can be written

as

)..M = 4'Klpl 1 2'

[(A - 5m2 cos 28)2 + (5m2 sin 26)2] I
(3.74)

Consider now the case of neutrino propagation in matter of slowly varying

density, the adiabatic approximation. Specifically, consider propagation from a

region of high density to vacuum. H an electron neutrino is created in a region

of high density such that A ~ 5m2 then the matter mixing angle is nearly 11"/2

regardless of the value of the vacuum angle and the neutrino is almost a pure (M2 )

mass eigenstate. H the density decreases slowly enough, then the neutrino remains

in this mass eigenstate as it propagates outward through the background matter to

vacuum. This situation is illustrated qualitatively in figure 3.8. Here we imagine

creating a lie at point a which is almost a pure upper mass eigenstate, the neutrino

remains on the upper curve as the density decreases a.di&baticlly to point b. At

point b the mass eigenvalues are the vacuum. masses, and if the vacuum mixing

angle 6 is small the upper mass eigenstate is nearly a pure lIa eigenstate. Hence

the lie has been almost entirely converted to VQ • This is known as the MSW effect.
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The prerequisites for this flavor conversion are that: (1) the neutrino is produced

in a region where the electron density is much greater than the critical density,

(2) the neutrino is detected in a region where the electron density is much less

than the critical density and (3) the probability of level crossing (transition from

the upper to the lower eigenstate) is small. Condition (3) is simply the adiabatic

approximation.

A

Figure 3.8: The neutrino mass eigenvalues as a function of A. Here mi =10m~

and sin229 = 0.01.

The :flavor transition probabilities in the adiabatic approximation are given

by60 :

2

PV eV e - :E 1< VelVMj ><VjlVe >12 (3.75)
j=1

1
- 2(1 +cos 29cos29M ) (3.76)

2

PVe V a - L I<VelIlMj ><VjIVa >12 (3.77)
;=1

---~-"-------~_.



1
= 2(1 - cos 28cos28M )
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(3.78)

where IIMj are the mass eigenstates in matter, IIj are the vacuum mass eigenstates,

8M is the mixing angle in matter and 8 is the vacuum mjxing angle. Note that IIMj

and 8M are to be evaluated at the point of neutrino production. The adiabatic

expression for the transition probabilities is valid as long as the density variation

satisfies the condition60

1~7= I I21plcos 28 l!l&n, dz Ne=Nc

(3.79)

When the level crossing probability Pc is non zero the transition probabilities

take on the form:

1 1
- 2 + (2 - Pc) cos28cos28M

1 1
- 2-(2-Pc)cos28cos28M

(3.80)

(3.81)

A reasonable approximation for Pc for mild violations of the adiabatic limit60 ,50

(-y -+ 0) is given by

(3.82)

where "( is defined in Eq. 3.79. This expression, known as the Landau-Zener

approximation, was derived in 1932 in the study of level crossing in atomic sys

tems61,96,89 and in 1986 was shown to be applicable to the problem of neutrino

oscillations in matter.50, 79

3.5.2 Matter Enhanced Neutrino Oscillations and the So

lar Neutrino Problem

It was first pointed out by Mikheyev and Smirnov'" in 1986 that matter en

hanced neutrino oscillations can provide a solution to the solar neutrino problem

in which neutrinos produced in the stellar core undergo resonant flavor conversion



(3.83)

(3.84)

(3.85)
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in their outward propagation through the Sun". Since that time many other

authors14,45 have applied the MSW effect to the solar neutrino problem. The

results are summarized below.

The expression for the solar neutrino :fluxes in the MSW solution to the solar

neutrino problem are similar in form to the :fluxes obtained in the vacuum oscilla

tion solution. These are obtained by substituting the :flavor transition probabilities

in matter (Eqs. 3.81 and 3.81) for the :flavor transition probabilities in vacuum in

Eqs. 3.39 and 3.40. We then have for the :fluxes:

i(lIe ,E) = (~+ (~- Pc) cos29cos29M ) i e(lIe , E )

As with the vacuum oscillation solution, if the solar neutrino problem is solved

by matter enhanced neutrino oscillations then neutral current measurements of the

solar neutrino:flux should yield the full SSM flux value. Neutrino-electron scatter

ing measurements of the neutrino :flux can not be suppressed by more than 0.17

times the SSM :flux, while charged current flux measurements (at some energies)

can show nearly complete suppression. Unlike the vacuum oscillajion case, the

neutrino :flavor transition probabilities are independent of the Earth-Sun distance

and thus there should be no large semi-annual variations in the solar neutrino

fluxes.

The allowed region in 5m2 , sin229 space for the matter enhanced neutrino

oscillation solution to the solar neutrino problem are shown in figure 3.9. The

shaded region is allowed at the 95% C.L. and is based on the combined 37Cl and

K-II data. The diagonal shaded region is the non-adiabatic small mixing solution

-This solution to the solar neutrino problem has gained great popularity in recent years, so
popular inf'ad, that some researchers have mistakenly claimed that the MSW solution is the
solution to the solar neutrino problem.

--_._---- _.....-----. _.. -
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and the vertical shaded region corresponds to the adiabatic large mixing. Note that

the allowed values for 5m2 (10- 8 - 10-4 eV2) lie significantly above the allowed

5m2 range in the vacuum oscillation solution to the solar neutrino problem.

The predicted counting rates in the 71Ga experiments and in the Borexino are

shown in figure 3.10. The preliminary results from Gallex (83±19 ±8 SNU) favors

three small regions of the allowed parameter space45,84 : one with small mixing

(sin2 26 = 7 x 10-3 , 5m2 - 10-6 eV2) and two with large mixing (sin226 = .6,

5m2 >- 10-4 - 10-5 eV2 and 5m2 - 10-7 - 10-6 eV2 ) . The early SAGE results

are explained by almost the entire shaded region. The predictions for the planned

Borexino measurement of the mono-energetic 7Be neutrino line are shown in the

same figure. Note that, even using the restricted region of parameter space implied

by Gallex, this measurement is expected to lie in the range 0.3 - 0.9 of the SSM

value.
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Figure 3.9: Allowed values of 5m2 , sin22fJ in the matter enhanced neutrino oscil
lation (MSW) solution to the solar neutrino problem. From Barger,
Phillips and Whisnant (1991).14
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Figure 3.10: Prediction for: (a) the 7
1Ga and (b) the Borexino experiment in the

enhanced neutrino oscillation (MSW) solution to the solar neutrino
problem. From Barger, Phillips and Whisnant (1991).14
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Chapter 4

Neutrino Decay

In this chapter we add to our set of assumptions concerning the properties of

neutrinos. In addition to the assumption that the neutrinos have finite rest masses

and that the flavor eigenstates mix in the mass eigenstates, we assume that at

. least one of these mass eigenstates is unstable with a rest frame lifetime TO' We

will show that for a certain range of neutrino mixings and lifetimes the in flight

decay of solar neutrinos provides a possible solution to the solar neutrino problem.

We begin by deriving expressions for the electron neutrino survival and flavor

transition probabilities in the neutrino decay scenario. The expressions will be

obtained without making reference to any specific model for the decay mechanism.

The probabilities will then be used to calculate the solar neutrino fluxes in the

presence of neutrino decay. It will be shown that, for certain choices neutrino

mixing and lifetime, neutrino decay can explain the data from the 37 0 1, K-II and

SAGE solar neutrino experiments, but can not easily accommodate the recent

data from data from Gallex. We will then develop in detail two explicit neutrino

decay models that can accommodate the values of neutrino mixing and lifetime

needed to solve the solar neutrino problem. Furthermore, it will be shown that

both of these models can accommodate neutrino masses and mixings in the range

needed to explain the low energy atmospheric neutrino anomaly by vacuum flavor

oscillations.

The first of these models assumes that neutrinos are Dirac particles and the

couplingthat gives rise to neutrino decay is of the form 921"k
1
O-1"R

2
X where X is a

light iso-singlet scalar. This coupling leads to the decay in flight of "2: "2 -. iilR+X
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where iilR is a right-handed singlet. Hence in this model the decay products are

unobservable and there is no direct signal of the decay itself.

The second model assumes that neutrinos are Majorana particles and the

coupling responsible for neutrino decay is 921Il[LC-11l2LJ where J is a Majoron.

This coupling leads to the in-flight decay of "2: 112 -+ iiI + J. Here the iiI is a

superposition of ordinary anti-neutrino flavors and interacts as a iie with probability

IUel12. Hence the decay signature of this model is a flux of iie's which should be

detectable in future solar neutrino experiments.

4.1 The Neutrino Flavor Transition

Probabilities

Assume that that the electron neutrino mixes in the mass eigenstates IIi with

masses mi. Then lie can be expressed as

Ille >= E Uei IIIi >
i

(4.1)

Further, assume that one of these mass eigenstates, say "2, is unstable with a rest

frame lifetime TO. H an electron neutrino of energy E is created at time 0, then

the probability of finding it in the 1"2> state (at t = 0) is

(4.2)

and the probability of finding the neutrino in some other mass eigenstate is evi

dently

After a time t the probabilities become:

Pllell2(E, t) - e-t /T'(E)IUe212

Plle lli,,2(E,t ) - 1 -IUe2 1
2

(4.3)

(4.4)

(4.5)
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where

T(E) = TO E (4.6)
m2

is the energy dependent lifetime. H neutrinos are produced in the decay of 112

there is an addition transition probability Pllellitf,(E',t), E' < E, whose exact form

depends on the explicit decay mechanism

The probability of finding the neutrino in the lie :Bavor eigenstate at time t

(the lie survival probability) is given by

Pllelle(E,t) = Pllellitl2(E,t)1 <lIi~21I1e> 1
2+PII.~(E,t)1 < 112 Ilie > 1

2
(4.7)

= (1-lUe21 2)2+ lUe21 4e- t!,r(E). (4.8)

Similarly, the probability of finding the neutrino in a different :Bavor eigenstate a

(a = p,T, ...) is given by

L PllellvQ(E,t) = IUe212(1 - IUe212)(1 +e-C
/ 1"(E» . (4.9)

0=1',1",...

Note that these expressions are independent of the number of mass eigenstates

present in lie' They depend only on the element IUe21 and the ratio To/m2'

For short lifetimes an important constraint on mixing comes from the fact

that the signal of iie's observed from SN1897A is consistent with expectations.42

For neutrinos from SN1987A the factor e-C/ 1"(E ) is vanishing and in the limit of

only two flavors mixing substantially, it can be shown (see chapter 5) that the

supemova iie signal is modified by a factor of 1 - lUe214. Allowing for a factor of 2

to 3 uncertainty in the model expectations of supemova iie fluxes then leads to a

bound on lUe21 of lUe21 < 0.9.18,42,86 As we will see below, the solar neutrino data

implies further constraints on the neutrino decay parameters.

-_.__ ...._-_.._-_.- --_..-"-'-"
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4.2 Neutrino Decay and the Solar

Neutrino Problem

The infiight decay of neutrinos en-route from the Sun as a solution to the

solar neutrino problemis an old proposal,11,71 and has received renewed interest3-5

in light of the recent solar neutrino observations. Here we describe in detail the

implications of neutrino decay for existing and future solar neutrino experiments.

The solar neutrino fluxes in the neutrino decay scenario follow directly from

Eqs. 4.8 and 4.9 and are given by

t(ve,E) - ~0(E) [(1-IUe212)2 + lUe214e- t
' / T"(E )]

L t(vo,E) - ~0(E) [IUe212(1-IUe212)(1 +e-t'/T"(E»].
a=p,T"

(4.10)

(4.11)

Here t. '" 480 sec. is the neutrino time of flight from Sun to Earth. Note that

these expressions for the solar neutrino flux are qualitatively different than those

in the pure neutrino mixing case in that the the total neutrino flux is no longer

. conserved, as the flavor transition probabilities no longer satisfy unitarity.

Figure 4.1 shows the allowed values of mixing and lifetime in the neutrino

decay solution to the solar neutrino problem. The curves are constant x,2 and

were obtained using data from the 37CI and K-ll experiments, the results of the

7lGa experiments (SAGE and Gallex) will. be considered separately. Event rates

for 37CI and K-II were calculated as a function of lUe21 and T(E = lOMeV ) using

the expressions for the solar neutrino fluxes given above. From these event rates

and the experimental data the total x,2 was computed. Modifications of the solar

neutrino fluxes due to matter effects could, in principle, be quite large as the

constraints on lUe21 and T(E = 10MeV ) do not directly constrain the neutrino

masses. However, matter effects are quite small for the neutrino masses implied

by the explicit decay models we will consider later and we therefore neglect them

here.

---_._-._--_._-_.--- ..... --
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Figure 4.1: Contour plot showing the allowed parameter regions at the 68% (solid
line) 90% (dotted line) and 99% (dashed line) confidence levels for
the neutrino decay solution to the solar neutrino problem. The region
above the dot-dashed line is excluded based on ve observations from
SN1987A.

The allowed parameter range in figure 4.1 is easy to understand. The mixing

term IUe2 / must be large if Ve is to mix substantially in the unstable mass eigenstate,

and the preferred lifetime corresponds to when the lifetime for a typical 8B neutrino

with an energy of 10 MeV is comparable to, or slightly larger than the Sun-Earth

propagation time. Then the survival probabilities, Eqs 4.8 and 4.9, are somewhat

energy dependent, with lower energy neutrinos reduced more than those of higher
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Figure 4.2: The Ve survival probability offunction of energy in the neutrino decay
solution to the solar neutrino problem. Herewe have taken IUe2 1 = 0.88
and the lifetime at 10 MeV = 900 sec.

energy. This effect is shown in figure 4.2 where the solar Ve survival probability is

plotted as a function of energy. The values of mixing and lifetime used (0.88 and

900 sec. respectively) are allowed at the 68% C.L. as a solution to the solar neutrino

problem. The Ve survival probability decreases monotonically, approaching its

minimum value of (1 - lUe212)2. This implies that the low energy solar Ve fluxes

will be highly suppressed.

The expected counting rates for the 71Ga experiments are shown in figure

4.3. The preferred region of parameter space favors very low counting rates (10-20

SNU), and an event rate above e- 50 SNU is excluded at the 99% confidence level.

The iso-snu contours are essentially independent of the lifetime' for counting rates

above '" 20 SNU. This can be understood byrecalling that the gallium experiments

are primarily sensitive to the low energyppand 7Beneutrinos. For these low energy

neutrinos the 480 second Earth-Sun neutrino transit time corresponds to several
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Figure 4.3: Contour plot showing the expected counting rates for Gallex and SAGE
in the neutrino deca.y solution to the solar neutrino problem.

deca.y lifetimes in all the preferred region of parameter space and the lie survival

probability takes on its minimum value. Hence, for rates above 20 SNU, the event

rate is given approximately by

(4.12)

where 132 SNU is the full SSM prediction. The preliminary result from SAGE

(20~~~ ± 32 SNU) can be explained by the nearly all the allowed parameter space

of figure 4.3 and is thus consistent with the neutrino decay solution to the solar

neutrino problem. The result from Gallex (83 ± 19 ± 8 SNU) lies well outside
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the preferred region of parameter space. H future results from Gallex and SAGE

continue to report event rates >'" 50 SNU we will be able to rule out neutrino

decay as an allowed solution to the solar neutrino problem.

. . . .. ... . .. . .. . .

Figure 4.4: Contour plot showing the expected suppression in the Borexino mea
surement of the 7Be neutrino flux in the neutrino decay solution to the
solar neutrino problem.

The expected suppression in the Borexino measurement of the monoenergetic

7Be neutrino flux is shown in figure 4.4. The suppression is expected to be greater

than 0.1 X SSM value at the 68% C.L. (implying a counting rate of less than 5

events/day), and less than 0.3 x SSM value at at the 90% C.L.. As with the
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7IGa experiments, the suppression factor in Borexino is roughly independent of

the neutrino lifetime (for 10 Mev neutrino lifetimes less than ",1500 sec). The

suppression factor in this region of parameter space is given approximately by

(4.13)

-- -_._-_._--

where the second term is the low energy limit of the neutral-current contribution to

the neutrino-electron scattering event rate. The factor of 0.17 is the ratio neutral

to charged current-neutrino electron scattering cross sections.

Charged-current measurements of the 8B neutrino spectrum such as those

planned for SNO and Borexino provide possible test of the neutrino decay solution

to the solar neutrino problem which is independent of the average suppression in

the neutrino :fluxes considered thus far. Almost all the allowed region in figure 4.1

implies distortion in the 8B neutrino spectrum of a qualitatively similar nature.

Figure 4.5 shows these distortions for three decay solutions allowed at the 90%

C.L., note that all the curves imply an excess of high energy to low energy events.

The general conclusion is that if the solar neutrino problem is solved by neutrino

decay then charged-current measurements of the 8 B neutrino :flux will imply a

harder energy spectrum than that expected from the fJ-decay of 8B nuclei.

Finally, we note that, unlike neutrino oscillation solutions to the solar neutrino

problem which predicted that neutral-current measurements of the solar neutrino

:flux should be unafFected, the neutrino decay solutions predicts a noticeable sup

pression in this measurement. Figure 4.6 shows the expected suppression in the

planned SNO neutral-current measurement of the 8B solar neutrino flux, The

suppression factor is expected to be in the range 0.6-0.8 in the preferred region of

parameter space. It should be emphasized that this suppression in neutral-current

neutrino :flux measurements is a unique prediction of the neutrino decay solution.
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Figure 4.5: Spectral distortions in charged-current measurements of the 8B neu
trino spectrum in the neutrino decay scenario. The dashed line repre
sents the undistorted spectrum. The solid, dashed and dot dashed lines
represent three neutrino decay solutions to the solar neutrino problem
allowed at the 90% C.L.. Solid line (IUe21 = .88, TIO = 900 sec.),
dashed line (lUe21 = .88, 'TIO = 700 sec.}, dot-dashed line (IUe2 / = .72,
TIO = 700 sec.)

4.3 Model I: Decaying Dirac Neutrinos

Here we consider a simple model of ne~trino decay in which all neutrinos

are Dirac particles and the total lepton number is conserved." It will be shown

that this model can incorporate neutrino lifetimes in the right range to solve the

solar neutrino problem and neutrino masses and mixings in the range necessary to

explain the low energy atmospheric neutrino anomaly while satisfying constraints

from laboratory experiments and cosmology.

---'-'-'---''----' .-._-_.
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Figure 4.6: Contour plot showing the expected suppression in the SNO neutral
current measurement of the 8B neutrino flux in the neutrino decay
solution to the solar neutrino problem.

We add to the standard model a light scalar boson, X, with lepton number -2

that transforms as a singlet under SU(2) x U(l) gauge group of the electro-weak

interaction, that is to say X is an iso-singlet scalar. The neutrino boson coupling

in this model is given by

(4.14)

where gij are the coupling constants and C is the charge conjugation matrix. Hence

X couples only to right-handed neutrinos, which are sterile under weak interactions.
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Further, in order for neutrino decay to occur the X mass is required to be to be

much smaller than the masses of 112 and 113. The model does not account for the

origin of the small boson mass scale.

Before proceeding we note that the presence of a light scalar boson coupled to

the neutrinos as described above is very difficult to test by laboratory experiments.

As X is an iso-singlet it evades the LEpso constraints on the invisible decay width

of the Z boson. Further, charged lepton decays such as p. -. e + X are forbidden

by consideration of charge and lepton number conservation. As X couples only to

right-handed neutrinos, most processes are helicity suppressed by factors of order

(m,,/E)2 and thus have rates which are typically far below present experimental

bounds. Although the neutrino lifetimes will not be helicity suppressed, its decay

products will be essentially invisible to normal matter.

4.3.1 The Neutrino Lifetime

The neutrino decay in this model occurs at tree level, and hence it is a simple

matter to calculate the neutrino lifetime.

The neutrino boson coupling given in Eq. 4.14 leads to to the decay

(4.15)

Decays of the form IIj -. lIiR +X are forbidden by lepton number conservation.

The decay rate is given by

f(lIj -. ViR + X) = 3~::~~ !IMij 1
2dO (4.16)

J

where IpJI momentum of the decay product evaluated in the IIj rest frame. The

matrix element giving rise to the decay, Mij, can be written as

Mij = gij [1/2(1 +"Ys)u(Pj)] [1/2(1 - "YS)V(pi)].

In the limit m x' mi ~ mj its square becomes

(4.17)
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(4.18)

(4.19)

(4.20)

Hence the decay rate becomes

g,~.mjrev' -+ v'°R +X) = _1'-
J I 16r

and the neutrino lifetimes given by

16'1"
To = -2--.

9ijmj

(4.21)

(4.22)

The neutrino decay solution to the solar neutrino problem requires the V2

lifetime at 10 MeV to lie in the range 600-1800 sec at the 90% C.L. (see figure 4.1).

We thus require
16'1" 10 MeV

600 sec < 2 < 1800 sec.
912m2 m2

This then gives the constraint on the coupling 912:

912(m2/0.1 eV) = (1.4 - 2.4) x 10-4 90% C.L.

(4.23)

(4.24)

Here we have assumed ma > m2 so that the only kinematicly allowed decay of V2

is V2 -. VIR +X.

4.3.2 The Neutrino Mixing Matrix

Here we present a choice of neutrino mixing parameters in this model of Dirac

neutrino decay which is consistent with all laboratory constraints":

(
ve) ( 0.3 - 0.8 0.6 - 0.9 0.1 ) ( VI 1
VIJ = 0.6 - 0.9 0.3 - 0.8 < 0.03 il2

II.. < 0.1 < 0.1 0.99 Va

"Here we have assumed that the number of neutrino flavors is limited to three.

---_..- -_.._-_._...__.__ . '._-"-

(4.25)
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Recent {i-decayspectrum measurements imply that the electron neutrino mixes

with a 17-keV mass eigenstate at the 1% level", We use this to set m3= 17 keY

and IUe312 =.0.01 (The 17 keY neutrino cannot couple predominantly to IIIl as

shown by laboratory lip -. Ve appearance experiments). It should be noted that

the existence of a 17 keY neutrino is by no means an experimental certainty.32,73

The evidence for the existence of a 17 keV neutrino comes from solid state detector

measurements of the f3-decay spectrum of various nuclei near the end point. There

have; however, been strong challenges made to the existence of such a neutrino

by groups employing magnetic spectrometer techniques who have failed to find

any evidence of a 17 keV neutrino signal. Accelerator based lip -. II.,. appearance

experiments constrain IUpJI2 to be less than 0.1%. Finally, as discussed above,

The neutrino decay solution to the solar neutrino problem requires IUe21 to lie in

the range 0.7 to 0.9 (see figure 4.1). The remainder of the mixing elements are

constrained by the requirement that the mixing matrix be unitary, and the mixing

parameter choices in Eq. 4.25 are consistent with all other neutrino oscillation

constraints given by the Particle Data Group.80

4.3.3 Constraints from Cosmology

Further constraints on the gi; neutrino-boson couplings follow from cosmology.

The lifetime of the 17 keV neutrino must be short enough so that the mass density

from the decay products of the primordial 17 keY neutrinos is less than the critical

density of the universe. 35 ,59,36 We thus require

(4.26)

where OIiV is the energy density of the neutrino decay products over the critical

density of the universe and h is related to the Hubble constant by Ho = lOOk km

sec-1 Mpc-1
• Reported values for 11, lie in the range59 0.4 < 11, < 1.0. The forbidden

'Neutrino mixing ill not the only pouible interpretation oUhe 17 KeV neutrino effect, Masiero
et al, have discussed the possibility of an "unmixed" 17 keY neutrino.68
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region of neutrino mass-lifetime space implied by this constraint is shown in figure

4.7. For the neutrino decay model we are considering this requirement gives a

lower limit on the coupling

(4.27)

Note further that from Eq. 4.24 the primordialll2's have also decayed, and further,

if m x > 2ml, only the Ill'S and iit's will have survived from the big bang.

We now consider the effect of decay of primordial neutrinos on big bang nu

cleosynthesis. The neutrino lifetime cannot be so short that the neutrino decays

before the primordial left-handed neutrinos decouple from the plasma (this occurs

when the universe is at a temperature of about 1 MeV). Otherwise, the scalar

boson X and at least one of the right-handed neutrino states would also be in

thermal equilibrium, increasing the effective number of neutrino species N~ to over

5. An increase in the number of neutrino species causes the expansion rate of

the universe to increase, an increases in the expansion rate of the universe during

this epoch causes an increase in the production rate of primordial 4He. Present

nucleosynthesis calculations,74 based on the observed cosmic abundance of 4He

and other light elements, limit N~ < 3.4. The requirement that neutrino decay

does not affect the cosmic 4He abundance leads to the constraint"

9ijmj < 3 x 10-4 eV, i = 2,3. (4.28)

This bound is consistent with the neutrino-boson coupling required in the neutrino

decay solution to the solar neutrino problem, Eq. 4.24. Note that a comparison

of these two constraints on the coupling (Eq.4.24 and Eq. 4.28) implies that the

coupling constant 9 should scale inversely with the neutrino mass in order for the

heaviest mass eigenstate to satisfy Eq. 4.28. This leads to a prediction 17-keV 113

lifetime of about 1000 sec at Ea ~ 10 MeV and a rest frame lifetime of about 2

sec.

---_ _--_ _--_ __.. -
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4.3.4 Atmospheric Neutrinos

As described in section 3.3 the low energy atmospheric neutrino anomaly can

be explained by lip H lie vacuum neutrino oscillations if the Vellp mixing is large

and the mass squared difference c5mi2 is in the range 5 X 10-3 - 10-2 eV2. This

large mixing is in just the range required to solve the solar neutrino problem by

neutrino decay (see Eq. 4.25). Further note that a choice of m2 of about 0.1 eV

is consistent with all the cosmological bounds discussed above. Hence by choosing

ffl2 '" 0.1 eV (implying c5mi2 '" 10-2 eV2*) the low energy atmospheric neutrino

anomaly is automatically solved by v" +-+ lie oscillations.

4.4 Model II: Decaying Majorana Neutrinos

Here we consider a decay model in which the neutrinos are Majorana particles

in which the 112 decays in flight as V2 -. VI + J where J is a Majoron. Such

decays have been considered before,42,86 but fell into disfavor when their simplest

manifestation'" were ruled out by LEP results on the invisible decay width of the

Z boson. Furthermore, The simple Gelmini-Roncedelli'f model of this type does

not permit flavor changing neutrino-Majoron couplings at tree level,48 and thus

do not allow fast neutrino decay. Models that permit fast neutrino decay into a

Majoron were considered previously by Valle and Gelmini.47•91 Below we present

a model for the decay for the decay of Majorana neutrinos which (1) is consistent

with the Z decay properties as measured by LEP (2) has neutrinos mixings and

lifetimes in the right range to solve the solar neutrino problem, (3) naturally gives

rise to neutrino mass squared differences in just the right range to account for the

low energy atmospheric neutrino anomaly and (4) predicts a detectable signal of

iie's from the inflight decay of solar neutrinos.

•Recall that ml is required to be much less than 7n2 in order for rapid decay to take place,
hence 6m~2 ,.. ~.
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4.4.1 Triplet-Triplet-Singlet Model

We extend the standard model by a global U(l)Le-L,. symmetry where Le,Lp

are the e and p. lepton number. We assume that this symmetry breaks sponta

neously, giving two new triplet scalar fields T1, T2 and one new singlet scalar field

'7. The transformation properties of these fields under SU(2) x U(l)y X U(l)Le-L,.

The Yukawa coupling of the neutrinos are given in the :flavor basis by

- £, = ~J7I(rl7t +r2~)111 +h.c.

where the coupling matrices r 1 and r 2 are

and

(4.30)

(4.31)

(4.32)
(

0 0 01r 2 = 0 92 0 •

000

After spontaneous symmetry breaking of U(l)Le-L,. the fields T1 and T2 acquire

the vacuumexpectation values < T~ >, < T~ > respectively. Hence the neutrinos

acquire mass. The neutrino mass matrix is

M. = r, <7'J' > +f, < r:' >= ( ~ ; ~J (4.33)

where M = 91 < T~ >, m = 92 < Tf > and m3 = 93 < Tp >.
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The neutrino mass eigenvalues are found by diagonalizing M"

o

o
(4.34)

uT can be written as

(

icos8 -sin8 01
UT = i sin 8 cos8 0 .

001

(4.35)

The mixing angle 8 and mass eigenvalues mt,2 are given by

- mt = sin 28M +sin28m

m2 = - sin 28M + cos2 Bm.

The mt, m2 mass-squared difference is thus

(4.36)

(4.37)

(4.38)

(4.39)

Note that the matrix element m3 remains unaltered by the rotation, hence v; is

un-mixed.

H we had considered a model with only one triplet scalar field T then the mass

matrix would be given by r < T >, and the matrix U that diagonalizes the mass

matrix would automatically diagonalize r. In this case there are no off-diagonal

couplings in the mass basis and therefore the mass eigenstates are stable at tree

level. Hence a one triplet model can not accommodate fast neutrino decay and

it is for this reason that we are forced to consider the more baroque two triplet

model.

To determine the neutrino-Majoron coupling first define the fields TIO, T~ and

." as:
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1
(4.40)'7 - < '7 > +.J2('7R + '71)

T~
1

(4.41)- < 7'f > +y'2(7'fR +7'fI)

T~
1

(4.42)- < ~ > +y'2(~R+~I)

where the subscripts B,l indicate the (normalized) real and imaginary components

of the fields. Then define the angles a,P, 7 as:

tan{3 <~> (4.43)- <Tf>

tan a
2<T~> (4.44)-

< 4Jo > sinP

tan 7
<T~> (4.45)-
<'7>

where 4Jo is the doublet field vev. With these definitions it can be shown that the

states associated with the two broken U(1) symmetries (hypercharge and Le - Lp )

are respectively given by5.57

Gy - cos a4JI + sin a[cos{3Tll + sin {3T2Il
GL - - sin"1T2I + cOS"171I.

Note that these states are not orthogonal. Their dot product is given by

(4.46)

(4.47)

(4.48)

After spontaneous symmetry breaking the Gy disappears, and the combination

of Gy and GL orthogonal to Gy remains as the massless Nambu-Goldstone boson

(the Majoron). Hence the state associated with the Majoron J is given by

(4.49)

where NJ is a normalization constant.



From Eqs. 4.40-4.49 it follows that

~ = -N. sin J 0 « Tf,2 > < 4>0 > ) ~ _ < T~ >J.
21 J 7 + < '1 > '< Tf > < '1 >1,2

Hence the Majoron is predominantly given by '11 if < ~ >« '1 >.
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(4.50)

(4.51)

Upon transforming the Yukawa coupling to the neutrino mass eigenstate basis

and using Eq 4.50 we obtain the neutrino-Majoron coupling: 9jiiiilljJ where

-i 1 [ T]
9ji = . Fii ur2 < ~ > u ...v2<",> JI

In particular

921 = sin 8 cos 8m 1 = 1 (m2 -mIl JmIm2. (4.52)
v'2 < ", > < '1 > (mI +m2) 2

As II.,. is unmixed in this model, 921 is the only coupling that leads to neutrino

decay.

The calculation of the 112 lifetime is identical to that done previously in the

decaying Dirac neutrino model. We obtain

161[" m~
TO = -2-( 2 2)( )2921 m2 -m1 m2 +mI

where in this case we have not neglected mI'

(4.53)

The neutrino decay solution to the solar neutrino problem requires IUe2 1 = sin e
be in the range 0.7-0.9, and the 10 Mev lifetime To(E/m2) in the range "",600-1800

sec. In addition, the low energy atmospheric neutrino anomaly can be explained

explained by lie +-+ lip vacuum oscillations if the mixing angle is large and e5mi2

is in the range 5 X 10-3 - 10-2 eV2. All of these conditions are satisfied for the

following choices of mIt m2 and < ", >:

ml "'" 0.02 - 0.12 eV

m2 "'" 0.07 - 0.16 eV

< '1 > "'" 25 - 250 eV~

(4.54)

(4.55)

(4.56)

This choice of parameters predicts 921 to be in the range (0.7 - 3.3) X 10-4.
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4.4.2 Laboratory Constraints

In the case of the (one or two) triplet Majorana model, the Z boson could

decay into the Majoron and associated scalar with the width ~ 330 MeV.48 This is

in gross conflict with LEP data27,76 on the Z width into invisible channels. In the

present model this conflict is avoided30,s6 by the presence of the singlet scalar field

'1, provided that < '1»< T~ >. The Z width into the Majoron and associated

scalar is now suppressed because of Eq 4.50 by a factor of sin2
"'(. For

. <T~>'
sm"'( = < 0.2,

<'1>

The additional contribution to the invisible Z width is less than about 14 MeV

which is consistent with the LEP measurement at the 2(7' level.27•75

We further note that in this model there is no neutrinoless double f3 decay

(011 - f3(3) expected as the mee element of the mass matrix is zero. For the same

reason the effective coupling < 9s > for Majorana double f3 decay (011- Jf3(3) is

also vanishing.37

4.4.3 Solar De's

As mentioned above, the inflight decay of solar neutrinos in the Majorana

neutrino decay model leads to a flux of iie's. The iiI :flux on Earth from the decay

112 -. iiI +J is given by

where E' is the parent neutrino energy, E is the iiI energy, t. ......480 sec is the

Sun-Earth time of flight and cp0(E') is the SSM lie :flux. Note that the iiI'S are

degraded in energy from the parent neutrino as the decay is backward peaked.

The probability that a iiI interacts as a iia is lUaII2 so the solar iia flux is given by

IUaII2 4>(iiI, E). Specifically, we obtain for the iie flux:

--------------. _.- ------ .. _.- -
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(4.59)

While the iilJ and ii-r fluxes will probably be unobservable, even a moderate

fluxes of iie's can give detectable signBls, inspite of the energy degradation. This

is due to the large cross-section for the iie +p :-+ n +e+ inverse p-decay reaction.

The counting rate for these events in a detector is given by

(4.60)

where Np is the number of free protons in the detector and O'(iie +P~ n +e+) ~

8.5 x 10-44 (E - 1.8 MeV)2 cm2. The event spectrum is plotted in figure 4.8 for

the range of neutrino lifetimes ~d mixings that solve the solar neutrino problem.
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Figure 4.8: The inverse f3-decay event rate from solar ve's for values of lUe21 and
'1'10 allowed at th 90% C.L. as solutions to the solar neutrino problem.
Solid line: lUe21 = 0.88, '1'10 = 900 sec. Dashed line: lUe21 = 0.72, '1'10 =
700 sec. Dotted line: IUe21= 0.80, '7'10 = 1700 sec.
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Note also that the solar iie flux should be observable in SNO via the reaction

iie +d -. n +n +e+, where d is the deuteron. In this case the counting rate is

given by

C~ =s:f dEii(iie , E) (7'(iie +d -. n +n + e+) (4.61)

where Nd is the number of deuterons in the detector and (7'(iie+d -t n +n + e+)

~ 4 x 10-44 (E - 4.03 MeV)2 cm2 • The event rate for this reaction is shown in

figure 4.9 for the same range of neutrino masses and mixings as figure 4.8.
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Figure 4.9: The iie+d-. n+n+e+ event rate from solar iie's for values of IUe21 and
TIO allowed at th 90% C.L. as solutions to the solar neutrino problem.
Solid line: IUe21 = 0.88, TIO = 900 sec. Dashed line: IUe21 = 0.72, TIO =
700 sec. Dotted line: IUe21 = 0.80, TIO = 1700 sec.

In figure 4.10 The counting rate for iie's for one years running in Borexino

[SuperKamiokande] are given. We have assumed that SuperKamiokande will con

tain -22,000 tons of H20 in the fiducial volume and that Borexino will contain

100 tons of the scintillant trimethyl boroxine (TMB) in the fiducial volume (see

sections 2.3.1 and 2.3.3). For both detectors a cut-off on the positron energy (Te+)
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of 3.2 Mev corresponding to a iie cut-off energy of E~e= 5 MeV. For Kamiokande

II, with a fiducial volume of 680 tons H20 and a cut-oft' for Te+ at 1.5 Mev, we

estimate a rate ",,310 times smaller than that predicted {or SuperKamiokande.

Although the event rate for Borexino is rather small, 10-30 events per year in

the preferred region of parameter space, these events are easily detectable by their

unique signature. As described in section 2.3.3 the neutron produced in the inverse

fJ-decay reaction is absorbedby the lOB in the scintillator with a large cross-section.

The lOB then emits a 0.48 MeV"(-ray, setting up a e+ - n delayed coincidence tag

for the iie. The internal background for this signal is negligible, and the external

background, mainly from nearby nuclear power reactors, is estimated at 2-3 per

year for incident antineutrino energies > 5 MeV. Hence, in all the preferred region

of parameter space, the signalto background ratio for the solar iie signals estimated

to be greater than .....5.

In water Cerenkov detectors such as K-II and SuperKamiokande, the above

tag is not available, and the angular distribution of inverse fJ-decay events is

isotropic rather than forward peaked. These events will simply be part of the

general background after directional events due to solar neutrinos are identified.

Hence, it is doubtful that the decay induced solar iie ftux can be unambiguously

observed in either K-II or SuperKamiokande.

The counting rates for iie's from the reaction iie + d -. n + n + e" for one

years running in SNO are given in figure 4.11. The rate is expected to be in the

range 10-40 events per year in the preferred region of parameter space. Here we

have assumed that SNO will contain 1000 tons of D20 in the fiducial volume and

operate with an antineutrino cut-off energy of 6 MeV.

As with Borexino, the ve events in SNO are easily detectable by their unique

signature. It is expected that a quantity of 35 N a (or 3 He) will be added to the

D20. The 2 neutrons produced in the inverse fJ-decay of the deuteron will be

absorbed by the 35Na (3He) and two high energy 7-rays will be emitted, setting
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Figure 4.10: Contour plot showing the Expected inverse [3-decay event rate in
Borexino [SuperKamiokande]. For both detectors a cut-off energy
of Eve= 5 MeV was assumed.

up a e" - n - n delayed coincidence tag. The internal background for this signal is

expected to be negligible, and the external background, again from nearby nuclear

power reactors, is estimated to be less than .......5 per year.



83

.' .

2000

, . '

-,

10/:year

, • ' •• ---- SlO" C.L.

1000 1600

Lifetime at 10 MeV (sec)
600

...

0.9

0.7

0.8

Figure 4.11: Contour plot showing the expected iie +d -+ n +n +e" event rate in
SNO. A cut-off energy of Ev.=6 MeV was assumed.
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Chapter 5

Supernova Neutrinos

The observation of neutrinos by the IMB22 and K_II5l detectors in 1987 from

a supernova in the Large Magellanic Cloud (SN1987A) was a seminal event in the

history of neutrino astronomy. Here we consider the implications of supernova

occurring in our own galaxy. We will first briefly describe type-II supernova

and present a model of the neutrino flux resulting from stellar collapse. We will

then describe the resultant signal in neutrino detectors considering three types

of neutrinos: (1) massless (2) massive and stable and (3) decaying (Dirac and

Majorana). Our aim is to determine if the ranges of neutrino mass, mixing and

lifetime suggested by the solar neutrino problem and the low energy atmospheric

neutrino anomaly described in the preceeding chapters have implications for a

galactic supernova neutrino signal.

Type·II supernova are believed to arise from the gravitational collapse of mas

sive (M > 8MsUN) stars. In the later stages ofits life such a star has developed an

onion skinstructure with a dense iron core surrounded by burning layers of silicon,

oxygen, neon, carbon, helium and hydrogen. 59 The iron core can no longer generate

energy by nuclear fusion as iron sits at the peak of the curve of nuclear binding

energy and is supported only by the Fermi pressure of its degenerate electron

gas. As the core mass increases and begins to compress under its own gravity,

endothermic photo-disintegration of the iron nuclei occurs, thereby decreasing

the core pressure and accelerating the collapse. As the density further increases,

electrons and protons combined to form neutrons (core neutronization), reducing

the Fermi pressure and further accelerating the collapse. The core continues to

collapse until it reaches the density of an atomic nucleus, whereupon the stiffness
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of nuclear matter halts the collapse (core bounce). The dense core, consisting

mainly of neutrons, has acquired approximately 1053 ergs of gravitational binding

energy through the collapse process. In the following - 10 seconds it releases most

of this energy through neutrino radiation, it is believedthat the ve's detected from

SN1987A were emitted during this cooling phase. At the "end of the day" what

remains of the core is a hot proto-neutron star of about 1.4 solar masses and a

radius of -10 kilometers.

5.1 Neutrino Fluxes From Type-II Supernova

Neutrinos are emitted from supernova in two distinct phases. The neutron

ization of the stellar core which proceeds via p +e" --. n + Ve produce a flux of

electron neutrinos (neutronization burst phase). The hot, dense core then cools,

radiating neutrinos of all flavors in the process (thermal phase). We consider the

resulting neutrino fluxes from these two phases separately.

5.1.1 Neutronization Burst

The initial neutrino emission from gravitational collapse of a stellar core (type

II supernova.) is a consequence of the neutronization of the core.87 The collapsing

core contains roughly 1057 protons69 which are converted into neutrons by the

reaction

(5.1)

thus forming the hot proto-neutron star and emitting - 1057 ve's in the process.

The time scale for the neutronization burst is estimated to be much less « 10-2

sec)23,69 then that of the neutrino cooling phase (IV 10 sec). The total energy

carried away by the neutronization ve's is estimated at 1052 ergs (~ 5 - 10% of



86

the gravitational binding energy) and the average neutrino energy < E lle >~ 10

MeV.23,38,69 We thus take as our model for the neutronization lie flux

Nile N 1057 (5.2)

< s; > N 10MeV (5.3)

Et.otal. N 1052 ergs (5.4)

duration < 0.1 sec. (5.5)

5.1.2 Thermal Neutrinos

After the initial collapse and neutronization, the hot supemova core produces

II - ii pairs from the annihilation of e" - e" pairs. It is through radiation of

these neutrinos that the core of a supemova cools and releases its - 1053 ergs of

gravitational binding energy.

We consider the hot proto-neutron star to radiate neutrinos as a black body

of radius R and temperature T. The neutrino flux is then given by a Fermi-Dirac

distribution:
Ao,E2

~(Ella,t) = exp[EllajT(t)] +1 (5.6)

where Aa = 4'X'R2['X'cj(hc)3], Ella is the neutrino energy a.nd T(t) is the time

dependent neutrinosphere temperature", The total number of neutrinos of flavor

a emitted is

(5.7)

(5.8)

The total energy radiated in lIa'S is given by

"To obtain the supernova neutrino fluxes on Earth divide Eq. 5.6 by 42'D2, where D is the
distance to the supernova.
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and the mean neutrino energy is

< E"a >= 3.15 < T >

(5.9)

(5.10)

(5.11)

Asnoted by Arnett et al,7 the simplest approximation to the detailed numerical

models of neutrino cooling of supemova cores suggest that each type of neutrino

(lIe , iie ••• ii1') carries away the same amount of energy. It is assumed that the tem

perature of the lIe and iie are about the same, and that the temperature of all other

neutrinospheres are roughly twice that of the electron neutrinosphere.7,10,25,26,92

These considerations give rise to the following two conditions:

(5.12)

1
A""'''r = 16A.,e' (5.13)

With these conditions, the total energy radiated in neutrinos by the supernova

core is

(5.14)

Two models for the time dependence of the neutrinosphere temperature are

described below, both based on fits to SN1987A data. 7,26,24 In the first the tem

perature is held constant, and in the second24 the temperature is allowed to cool.

Constant temperature model

Tile (iie ) - 3.3 MeV 0 < t < 12.4sec (5.15)
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(5.16)

(5.17)

The total energy radiated in neutrinos is f'J 3.4 X 1053ergsand the mean iie energy

is f'J 10 MeV. Figure 5.1 shows the neutrino fluxes in the constant temperature

model.
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Figure 5.1: The supemova neutrino flux in the constant temperature model. The
solid line is the Ve(iie) flux and the dashed lineis the lIa (iia ) flux, where
a = #L,T.

Cooling model

(
t )-0.4

Tlle(iie) = 4.2 1 +0.35( lsec) MeV

Alle(iie) = 7.3 X 1054 MeV-3 sec'".

(5.18)

(5.19)
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The total energy radiated in neutrinos is ,..., 5.2 X 1053 ergs and the mean iie energy

(averaging over the first 10 sec] is e- 9.2 MeV. Figure 5.2 shows the time dependence

of the neutrinosphere temperature in the cooling model.
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Figure 5.2: Neutrinosphere temperatures in the cooling model. The solid line is
the lIe(iie) neutrinosphere temperature and the dashed line is the lIa(iia)
neutrinosphere temperature, where Q = p, 1".

5.2 The Galactic Supernova Signal

The number of supernova induced neutrino reactions at a detector is given by

N· rJO t JO

Nevents = 411"~2 J
o

dE J
o

dt~a(E, t)CTa;(E) (5.20)

where ~a(E, t) is the flux of lIa'S, N; is the number of target particles of type j

in the detector, CTaj(E) is the appropriate interaction cross section and D is the

distance between supernova and detector. For a galactic supernova we expect D

to be ,...,10 kiloparsecs, the approximate distance to the center of the galaxy.
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5.2.1 Massless Neutrinos

We begin by considering the galactic supernova signal in the case that the lie, lip

and IIr are massless stable particles. In this case the signal duration is given entirely

by the time dependence of the neutrino source llux, which for the case of thermal

neutrinos is given by the model for the time dependence of the neutrinosphere

temperature. Below are presented the expected neutrino signal from Eq. 5.20

from both the neutronization burst and thermal supemova neutrinos in the K-II,

SuperKamiokande, SNO and Borexino solar neutrino detectors.

N eutonization burst

Table 5.1 shows the number of neutrino electron scattering events in various

detectors from the neutronization burst of a supernova at a distance of 10 kpc

from the detector. A flux of 1057 10 MeV lie'S over a time span of """0.1 sec.

has been used. It is clear from table 5.1 that only SuperKamiokande is able

to observe the neutronization burst through neutrino-electron scattering. Note;

however, that these neutrinos can also be observed in SNO by the charged-current

reaction lie +d -+ p +p + e" and the neutral current reaction II + d -+ II +p +n.

SNO is estimated to observe r- 7.3 and e- 3.0 such events respectively.

Table 5.1: Galactic supernova neutronization burst induced II-e scattering events

Detector IFiducial Volume INumber of Events I
K-II 680t H2O 2

SuperKamiokande 22,000t H2O 58
SNO 1000t D20 2

Borexino lOOt TMB 0.3
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Thermal neutrinos

We now turn to the more energetic thermal neutrino signal and consider the

resulting signal in the K-U, SuperKamiokande, SNO and Borexino detectors in

both the constant temperature and cooling neutrinosphere modelsdescribed above.

We will consider three basic neutrino detection modes: (1) neutrino-electron scat

tering (available in all detectors), (2) inverse {3-decay (not available in SNO) and

(3) neutrino deuteron interactions (available only in SNO).

The neutrino electron scattering signal for these detectors is shown in table

5.2 for the constant temperature model and in table 5.3 for the cooling model.

Observable neutrino-electron scattering signals should result in all detectors but

Borexino. For comparison, the relative contributions of the differentneutrino fluxes

to the total signal are given. Note that the signal is dominated by the electron

neutrino flux, due to the large cross section.

Table 5.2: II - e scattering events from galactic supernova: Constant temperature
model

Detector Ecut-off incident neutrino total
lie Ve II,.., V,. V"' v,.

K-U 7.5 Mev 5 2 2 2 11
SuperKamiokande 5.0 Mev 191 80 67 55 392

SNO 5.0 Mev 8 3 3 2 16
Borexino 0.25 Mev 1 0.4 0.3 0.3 2

Table 5.3: II - e scattering events from galactic supernova: Cooling model

Detector Ecut-off incident neutrino total
lie Ve V"' V,. v"' o;

K-II 7.5 Mev 6 3 3 2 14
SuperKamiokande 5.0 Mev 249 103 91 74 517

SNO 5.0 Mev 10 4 4 3 21
Borexino .25 Mev 1 0.5 0.4 0.3 3
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The supernova signal from the inverse {3-decay reaction iie + P -+ n + e+ is

shown in table 5.4 for the constant temperature model and table 5.5 for the cooling

model. The SNO detector is not sensitive to this reaction as it contains no free

protons in the fiducial volume. We expect this signal to be clearly observable, even

in the small Borexino detector.

Table 5.4: Inverse {3-decay events from galactic supernova: Constant temperature
model

Detector I Ecut-off INumber of Events I
K-II 7.5 MeV 105

SuperKamiokande 5.0 MeV 3750
Borexino 5.0 MeV 13

Table 5.5: Inverse fJ-decay events from galactic supernova: Cooling model

I Ecut-off INumber of Events IDetector

K-II 7.5 MeV 122
SuperKamiokande 5.0 MeV 4530

Borexino 5.0 MeV 16

Finally, the expected signals from the neutrino-deuteron interactions available

in SNO are presented. Specifically, we consider the charged current reactions

Ve + d -+ p + p +e" and iie +d ..... n +n + e+ and the neutral current reaction

v + d -+ v + p + n. The expected number of events for these reactions are given in

table 5.6 for the constant temperature model and in table 5.7 for the cooling model.

A neutrino cut-off energy of 5 MeV has been assumed for all reactions. Note that

the dominant supernova signal in SNO is the neutral current disintegration of the

deuteron: v +d -+ v +p +n. The event rate for this reaction is dominated by the

hotter v", and V r neutrino fluxes, as the cross section is proportional to E~. Hence

SNO provides a unique probe of the supernova v", and Vr fluxes.
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Table 5.6: SNO reactions from galactic supemova: Constant temperature model

Reaction incident neutrino total
lie iie II,.., iip "7"' iir

lie +d -+ p +p +e" 76 0 0 0 76
iie +d -+ n +n +e+ 0 50 0 0 50
lI+d-+lI+p+n 34 34 152 152 371

Table 5.7: SNO reactions from galactic supemova: Cooling model

Reaction incident neutrino total
lie o; IIp,ii,.. 117"' iir

lie +d -+ p +p +e" 92 0 0 0 92
iie +d -+ n +n +e+ 0 59 0 0 59
lI+d-+lI+p+n 40 40 183 183 371

5.2.2 Massive Stable Neutrinos

Now consider modifications to the galactic supemova signal described above

in the case that the neutrino is stable and possesses & finite rest mass. For a

supemova at a distance D"from the detector such a neutrino will be delayed by a

time

at= (D/2c)(mv/Ev?, (mv/Ev )2¢: 1 (5.21)

beyond massless particles. Thus measurement of the time separation between

neutrino pulses arising from neutrinos of different mass provides an interesting

way to explore a large range of neutrino masses.2,88

In the case of a supernova at 10 kpc from the detector (the approximate

distance to the center of the galaxy) the time of arrival of the lie signal will be

consistent with the Ve being massless. The laboratory limit of mile < 9 eV80

implies that the peak of the lIe(iie) signal will be delayed by < 0.1 sec, significantly

less than the signal duration at source for the thermal neutrino emission. It is

thus reasonable to assume that delayed signal is due predominantly to IIIJ'S or liT'S
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and must therefore be detected via either neutral current electron scattering or

neutral-current deuteron disintegration events. We focus on the neutral current

deuteron disintegration reaction II + d ~ II + p + n available in the SNO detector

because of the large contribution to the expected event rate from II" 's and II.,. 'so

For time delays large compared to the signal duration at source, which we take

to be '" 20 sec, we approximate the time distribution of the neutrinos at source by

a delta function. Then using cr(lI+d~ lI+p+n) ~ 2 x 10-44(E - 2.23 MeV)2 cm2

and the constant temperature for the supemova II" :O.ux, we obtain the following

analytical approximation to the time distribution of these events at the detector.

(5.22)

dN
dt

- 6.51 x 1010cm2MeV5

Nd 1/2a3t - 5/ 2

x 41rD2 exp [(at-1/ 2)/T]+ 1(at-
1

/
2

- 2.233 MeV)2

where a = [(D/2c)m;p/2, and Nd is the number of deuterons in the fiducial volume

(Nd '" 6 X 1031 for SNO). The mean value of the time delay according to this

distribution is given by

(5.23)

For the case of a supemova at 10 kpc from the detector the mean time delay

IS

(5.24)

and the total number of such events expected in SNO, which is equal to the number

of II" + V" (or II.,. +v.,.) induced neutral current events, is approximately 152.

The time distribution of II + d ~ II +p + n events in SNO predicted from

Eq. 5.22 is plotted in figure 5.3 for m., = 200 eV and mil = 300 eV * We assume

that events to the left of the dotted line are obscured by the time distribution at

·While cosmological arguments require neutrinol in this mass range to be unstable, lab life
times much greater than the Earth-supernova. propagation time are allowed (lee figure 4.7), hence
for the current discussion such neutrinos may be treated as stable.
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source of the "'massless neutrino signal. Thus, in order to resolve the time delayed

neutral-current signal(due to in flight dispersion of massive neutrinos) we require

that < t »'" 20 sec., or for D = 10 kpc, m" ~"" 200 eV.

40 60
Time (sec)

6

--
2

20

....... ....... - - - - -
80

Figure 5.3: The time delayed lI+d -. lI+p+n signal in SNO, solid line: mil = 200
eV, dashed line: m" = 300 eV. It is estimated that only the part of
the signal to the right of the dashed line will be resolvable above the
lie +iie background.

An upper limit on the resolvable time delay of these events may be set by

considering the background. The solar neutrino induced event rate in SNO for the

reaction II +d -. II +p +n is estimated at 2800/year40 or IV 7.7/day. We thus

require that the event rate for the time delayed supernova signal be greater than

IV 10/day if it is to be resolvable above background. As illustrated in figure 5.4

this is equivalent to the requirement that mil <IV 45 keY for a supernova at 10

kpc from the detector.

Combining these two conditions we find that, for the case of a supernova at 10

kpc from the detector, and provided that v's are stable, SNO can probe neutrino
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Figure 5.4: The time delayed II + d ~ II + p + n signal m SNO, solid line:
mil =45keV, dashed line mil = 60keV.

masses in the range e- 200 eV ::5 mil < 45 keV. Note that the observation of

such a supemova would significantly improve the current experimental neutrino

mass bounds80 of mil,. < 270 keY and m llr < 35 MeV. However, the small neutrino

masses implied by the vacuum oscillation solution to the solar neutrino problem

and the low energy atmospheric neutrino anomaly lie well below the lower limit

given above.

5.2.3 Decaying Neutrinos

As described in Chapter 4, for certain values of neutrino mixing and lifetime,

neutrino decay provides a possible solution to the solar neutrino problem. In

both the decaying Dirac and Majorana. neutrino models described previously, the

mixing was between lie and 112 substantially with the preferred mixing in the

---_.- --_.---_ .... _---_.. -_.-
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range .7 < IUe21 < .9 and the 112 unstable with a 10 MeV lifetime in the range

500 sec < TIO < 1500 sec. Here we consider the implications of such neutrino

decay {or a galactic supernova neutrino signal.

In this case the lie'S from the neutronization burst emerge as 112 's with proba

bility IUe21
2 • These neutrinos decay before reaching the Earth, and the resulting

signal is suppressed by a factor of

(5.25)

for both neutral and charged-current measurements. Hence the neutronization

burst from a galactic supernova will be highly suppressed, and probably unobserv

able.

The source iie are similarly suppressed by a factor of (1-1Ue2 12 ) 2 ; however, this

is partially compensated for by lie .... IIIJ mixing. Ignoring a possible contribution

from the decay products, which will be considered separately, the resulting iie flux

is given by

(5.26)

where C)o(iie, E), CJo(iilJ ,E) are the model fluxes described in section 5.1. With

Nii,. = ~Niie at source and Tii,. = 2Tiie and noting that u(iie+ p -+ n + e+) ex E~e

the iie+P -+ n +e+ event rate will be suppressed by an overall factor of 1 - IUe214•

The observation of a iie signal from SN1987A with a factor of 2 to 3 uncertainty

in total intensity leads to a bound on lUe21 of IUe21 < 0.9.42,86 We have used this

bound previously in restricting the allowed mixing parameter in the neutrino decay

solution to the solar neutrino problem.

The calculation of the other thermal neutrino fluxes proceeds along similar

lines. These are found to be:

~(lIe, E) - (1-lUe212)2~o(Jle,E) + IUe2 1
2(1 -lUe212)~o(vlJl E)

cIi(lIlJ, E) - lUe212(1 - IUe212)CJO(IIIJ' E) + (1 - lUe212)2CJo(lIelE)

(5.27)

(5.28)
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In the limit of two ftavor mixing and assuming that 113 is unstable we further find

~(vr,E) = ~(v,.,E) = o. (5.30)

(5.31)

These fluxes imply that neutral-current measurement of the supemova flux will be

reduced to 114 to 116 of the expected value.

While the decaying Dirac neutrino model. predicts that all neutrino decay

products are essentially invisible, the Majorana neutrino decay model predicts

a decay of the form 112 -. VI + J where the VI interacts as a ve with probability

lUe1l2 • Here we consider the possibility of measuring a time-delayed supernova ve

signal resulting from in ffight Majorana neutrino decay. For simplicity we again

limit the discussion to two ftavor mixing.

In this case the decay modulated ve flux at the detector is given by

~(Ve, E) = ~~e~: kOQ

dE2~(1I2'E2 ) 2(E~~ E) (1 _ e-tt/r(E,»

where 'T(E2) = (E2Im2)'TO and tj = Die is the neutrino time of flight, which is

related to the time delay t in the detector by

(5.32)

~(1I2,E2) is the 112 flux at source which, in the limit of two ftavor mixing, is given

by

(5.33)

H we approximate the time distribution of the source fluxes ~O(lIe, E) and

~O(II", E) by a delta function then ~(1I2'E2 ) is given by the sum of two Fermi

Dirac distributions. Simple analytical results CIm be obtained if, in addition, we

approximate the Fermi-Dirac distribution by a function of the form E 2e- E / T • Then

the flux of 112 's at source is given by
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~(v2,E2) = A [IUe212E~exp(-E2IT) + :6IUelI2E~exp(-E2/2T)] (5.34)

where A = 5.0 X 10s5 MeV-3 and T =3.3 MeV, based on the constant temperature

model of neutrino flux discussed earlier.

From Eq. 5.31 and 5.34 we obtain the fo~owing expression for the time and

energy distribution of decay modulated iie's at the detector:

~(E,t) = IUe1 1
2

4A (00 dE2E2(E2 _ E)
4rD2 m 2'To JE

where

a(t)

P(t)

(5.36)

(5.37)

Equation 5.35 is easily integrated, giving

~(E,t) = IUe1 1
2

4A
4rD2 m 2'To

(
2 [E 2] IUe1 1

2 [E 2])x IUe21 exp(-aE) 0.2 + 0.3 +16exp(-PE) p2 +p 3 (5.38)

The time and energy distribution for the iie +p -. n +e" events in a detector

is obtained by multiplying the above distribution by the iie - p cross section and

by the number of free protons (Np ) in the detector.

dN = IUe1 1
2 4NpK E 2

dEdt 4rD2 m2'TO

(5.39)

where K ~ 4.2 X 1012 MeV-5 em". The time distribution ofo, -p events is obtained

by integra.ting over E,



dN = IUe11
2
40Np K (IUe212a-6 + IUe11

2p-6) .
dt 41rD2 m2T'O 16

The total number of such events is given by

4NpKT51 12(I 12 IU. 12)411"D2 Ue1 Ue2 + 2 e1

or, for D= 10 kpc, the number of events per kiloton H20 is given by

100

(5,40)

(5,41)

(5,42)

The calculation of the time and energy distribution of iie +d --. n +n + e+

resulting from supernovaneutrino decay proceeds along similar lines. The results

can be obtained by making the substitutions in Eq. 5.39-5,41 K --. K', Np --. Nd

where K' ~ 1.3 X 1012 and Nd is the number of deuterons in the detector. The

total number of time delayed iie - d events expected in SNO for a supernova at 10

kpc from the detector is then

(5,43)

The neutrino decay solution to the solar neutrino problem predicts lUe21 to be

in the range .7 < lUe21 < .9 (90% C.L.). Hence the factor lUe11 2 (lUe21 2 +21Ue112
)

should be in the range .23 to .77. With these considerations we expect a total of

"'" 200- 600 decaymodulated iie - p events in SuperKamiokande, "'" 6 - 20 in K-II

and e- 1- 3 in Borexino, and - 3 - 8 iie - d events in SNO. This is roughly 10%

of the total supernova iie signal expected in the stable neutrino case. It should be

noted that this small iiesignaldoes not alter the bound on lUe21 derived previously.

The question naturally arises whether these events can be identified by their

time distribution. The mean value of the time delay predicted for both iie - P and

iie - d events is given by*

*Themean time delayed Dignll from neutrinos originating from a neutrinosphere of tempera
ture T is < t >= 'm2'Tb/8T.



<t> m2T"0 (11Ue212 + 21Uel12)
- T IUe2\2 + 321Uell2
'" 2 x 10-2T"0(71&2/1 MeV).
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(5.44)

As before, we require < t > > 20 sec in order to distinguish the time delayed signal

from the much larger direct neutrino signal. This requirement gives a lower bound

on the product m2T"O of

1000 sec < T"0(m2/1 MeV). (5.45)

By again requiring the the delayed signal to be resolvable above background

we may set an upper limit on the product m2T"0. Figure 5.5 shows iie - P event

rate (solid line) and iie - d event rate (dashed line) as a function of the mean time

delay <: t > for 1 kt H20 (D20) As discussed earlier, SNO possesses a unique tag

for iie's while the K-II and SuperKamiokande water Cerenkov detectors do not.

We therefore focus on the signal in SNO to set the upper limit on m2TO. In this

scenario the external background for these events will be from iie's produced by

the in fiight decay of solar neutrinos. In chapter 4 we estimated the rate for this

process to be less than 40 events/year in SNO. Requiring the event rate at the

mean time delay to be greater than the background rate (see figure 5.5) gives the

constraint < t ><'" 5 x 106 sec. Using Eq. 5.45 this is equivalent to an upper

limit on the product m2TO of

2.5 X 108 sec> T"0(m2/1 MeV).

Combining these two limits we find that m2T"0 is restricted to the range

1000 sec < T"o(m2/1 MeV) < 2.5 X 108 sec

(5.46)

(5.47)

if a time delayed iie signal is to be observable. In arriving at this limit we have

made two assumptions: (1) that the neutrino is highly relativistic and (2) that all

the unstable 112'S decay before reaching the detector. For supernova neutrinos, with
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Figure 5.5: The decay modulated ve - p event rate (solid line) and ve - d event
rate (dashed line) as a function of the mean time delay < t > for 1 kt
of H20 (D20).

typical energies e- 10 MeV, condition (1) is satisfied if m2 <",1 MeV. Condition

(2) is satisfied if the energy dependent lifetime T(E) = (E/m2)TO is less than the

neutrino time of flight, '" 32,000 years for D = 10 kpc. Hence condition (2)

requires TO < 3200(m2/1MeV)years.

In the Majorana neutrino decay model considered in chapter 4 m2 was required

to be in the range .07- .16 eV and TO required to lie in the range 3.3x 104 - 2.2X 105

sec. With these parameters Eq. 5.45 predicts the mean time delay of the decay

modulated ve signal to be less then 7 x 10-4 sec, hence in this particular model it

will be impossible to distinguish the delayed ve signal from the much larger direct

neutrino signal.
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Chapter 6

Summary and Conclusions

Ha'ina 'ia mai ana ka puana*

We have examined the solar neutrino luxes predicted in the standard solar

model of Bahcall and Ulrich'' and found that they are in disagreement with ex

perimental measurements of the solar neutrino luxes reported by the 310 1radio

chemical detector, the Kamiobnde-II water Cerenkov detector and by the SAGE

and Gallex 1IGa radiochemical detectors. A situation known as the solar neutrino

problem. The low energy atmospheric neutrino lux was examined, and it was

found that the discrepancy between the predicted and observed ratio of muon to

electron neutrinos can be explained by neutrino oscillations. The expected neutrino

signal from a galactic supemova was also examined. The new results presented in

this dissertation are summarized as follows. The two neutrino vacuum oscillation

solution to the solar neutrino problem was examined in light of the new SAGE and

Gallex data, and found to be a be still viable. Two new neutrino decay models were

proposed, we found that both of these models can simultaneously explain the solar

neutrino problem and the low energy atmospheric neutrino anomaly. Finally, it

was shown that neutrino mass, mixing and decay can noticeably alter the neutrino

signal from a galactic supemova.

Three neutrino property solutions to the solar neutrino problem have been

discussed; neutrino vacuum oscillations, matter enhanced neutrino oscillations

(MSW) and neutrino decay, all of which require that the neutrino has a finite rest

-To tell the refrain.

_.._._.----_._- ---- .. __._- -
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mass a.nd that the :flavor eigenstates mix in the mass eigenstates. As illustrated

qualitatively in figure 6.1 these three solution reconcile the predicted and observed

solar neutrino fluxes by reducing the solar lie survival probability at Earth. Note

that all three survival probabilities show quite similar high energy behavior, this

reflects the fact that the current data is dominated by high energy (E >'" 10 MeV)

8B solar neutrino :flux.

~
0.8....-......0as

.0 0.6
0
~

c..-as
0.4:>'>:srn

Q) 0.2
~

2.15 15 7.15 10

Energy (MeV)
12.5 15

Figure 6.1: Comparison of some typical solar electron-neutrino survival proba
bilities for different solutions to the solar neutrino problem :MSW,
sin229 = 0.1,c5m2 = 4 x 10-7 eV2 (dashed line); vacuum oscillation,
sin229 = 1,c5m2 = 5 X 10-11 eV2 (solid line) and neutrino decay,
sin229 = 0.7,'T(10 MeV)=700 sec (dash-dotted line).

The implication of these three solutions to the solar neutrino problem for

future measurements of the solar neutrino :flux using the proposed SNO, Borexino

and SuperKamiokn.nde detectors has been discussed and we found that each of

these solutions makes unique predictions for these next generation solar neutrino

experiments. In addition we found that the neutrino properties required to solve



(6.1)
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the solar neutrino problem have implications for the neutrino signals from other

astrophysical sources; namely, the low energy atmospheric and galactic supernova

neutrino signals. The results are summarized below.

6.1 Neutrino Vacuum Oscillations

We found that if vacuum oscillations of two neutrino flavors (lie +-+ 111£ or

lie ~ IIr ) are operative than the solar lie survival probability is given by

1 . 2 ( 27rL)PVeVe = 1 - "2 sin 29 1 - cos T

where 9 is the vacuum mixing angle, L is the Earth-Sun distance and .\ = (mY'~~n

is the oscillation wavelength. It was shown that the solar neutrino problem can be

solved by choosing 6m2 = (m~ - mD in the range 5 x10-11 _10-10 eV2 and and

sin229 in the range 0.7 - 1.0.

This solution to the solar neutrino problem predicts that neutral-current mea

surements of the solar neutrino flux, as planned for SNO, will measure the full

SSM flux value. The Borexino measurement of the mono-energetic 1Be solar

neutrinos will be at (0.2-0.5) times the SSM prediction, and should exhibit large

semi-annual variations in the counting rate due to variations in tlie Earth-Sun

distance. Further, detailed measurements of the 8B solar neutrino flux, as will be

available in SuperKamiokande, should exhibit spectral distortions.

In addition, neutrino vacuum oscillations can resolve the low energy atmo

spheric neutrino anomaly, the discrepancy between the expected and observed

ratio of muon-type to electron type atmospheric neutrinos in the energy range

0.1 '" 1 GeV. Specifically, this anomaly can be explained by lie +-+ 111£ vacuum

oscillation for 6m2 in the range 5 X 10-3 - 10-2 eV2 and sin229 in the range 0.3

0.8, or by IIr +-+ ilIA vacuum oscillation for 5m2 in the range 5 x 10-3 - 3 X 10-2 eV2

and sin229 in the range 0.4-0.8.
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6.2 Matter Enhanced Neutrino Oscillations

Matter enhanced neutrino oscillations reduce the solar lie flux by resonant

flavor conversion in the Sun, the so-called MSW efl'ed. In this case the solar lie

survival probability is given by

(6.2)

where Pc is the level crossing probability, 8 is the vacuum mixing angle and 8M

is the matter mixing angle. It was found that the data from Gallex, 370 1 and

K-II are explained by three small regions of sin2 28,6m2 parameter space: (1)

sin228 ,.., 7 x 10-3 , 6m2 "", 10-6 ev', (2) sin2 28 ,.., 0.6, 6m2 = 10-4 - 10-5 ey2 and

(3) sin228 ,.., 0.6, 6m2 = 10-6 - 10-7 ey2.

The MSWsolution to the solar neutrino problem predicts that neutral-current

measurements of the solar neutrino flux will measure the full SSM flux value. The

Borexino measurement of the mono-energetic 7Be solar neutrinos will be at (0.3

0.9) times the SSM prediction and should not showlarge semi-annual variations.

Further, no significant spectral distortions in the 8B spectrum are predicted.

6.3 Neutrino Decay

The decay infiight of solar neutrinos was considered as a possible solution to

the solar neutrino problem. In this case the solar lie survival proba.bility is given

by

p. = (1 - IU. 12)2+IU. 14e- ' / r (E)11"11,, e2 e2 (6.3)

where t ,.., 480 sec is the neutrino time of Hight and r(E) = ':;:;E is the energy

dependent lifetime. lUe21 = I < lIe lv2> I is the mixing of Vewith the unstable mass

eigenstate 112 (lUe21 = sin (J in the limit of two flavor mixing). It was found that

the solar neutrino data from 370 1and K-II can be explained if IUd I is in the range
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0.7-0.9 and 1'(10 MeV) is in the range 500-1500 sec. This choiceof parameters can

explain the preliminary results from SAGE; however, the Galla: results lie well

outside the preferred region of parameter space. If the 71Ga counting rates remain

above r- 50 SNU at the 217' level then neutrino decay can be ruled out as a possible

solution to the solar neutrino problem.

Unlikethe vacuum oscillation and MSW solutions to the solar neutrino problem

which do not affect neutral current neutrino :fluxmeasurements, the neutrino decay

solution predictsthat the SNO neutral-current measurements of the solar neutrino

flux will be reduced by a factor of about 0.6-0.8. The Borexino measurement of

the 7Be neutrinoflux should be reduced to (0.1-0.5) times the SSM prediction and

show no large semi-annual variations. Finally, charged-current measurements of

the 8B neutrino flux should imply a slightly steeper energy spectrum than that

expected in the SSM.

It was further shown that, for a certain class of decay models in which the

neutrinos are Majorana particles, the inflight decay of solar neutrinos leads to a

detectable solar iie signal in the SNO and Borexino detectors. Furthermore, this

same class, of models naturally gives rise to the values of neutrino masses and

mixings required explain the low energy atmospheric neutrino anomaly.

6.4 Supernova Neutrinos

Finally weconsidered the neutrino signal in the K-II, SuperKamiokande, SNO

Borexino from a galactic supernova. It was shown that that all of these detectors

should observe thermal neutrinos from the cooling phase of the supernova core, but

only SuperKamiokande is expected to observe neutrinos from the neutronization

burst.

Modifications to the supernova. neutrino signal were considered assuming that

neutrinos are massive, stable particles. We found that, in this case, a time delayed
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neutral current signal should be observable in SNO for neutrinos with mass in the

range 200 eV < mil < 45 KeV.

We further found that neutrino decay can influence the neutrino signal from

a galactic supemova. For the choice of mixing and lifetime that solve the solar

neutrino problem, the neutronization burst is expected to be highly suppressed,

and will likely be unobservable, even in SuperKamiokande, and neutral-current

measurements of the total neutrino flux will be 1/4 to 1/6 of the expected value.

Finally we considered the the possibility measuring a time delayed ve signal re

sulting from in :flight neutrino decay as predicted in the Majorana neutrino decay

model. It was found that SNO can resolve such a signal if the product ToC ;:;v) is

in the range 1000 sec < TOC ~:v) < 2.5 X 108 sec, provided m2 < 1 MeV.
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Appendix A

Neutrino Mass

In this appendix we define what is meant by neutrino mass". In the standard

model neutrinos and anti-neutrinos are massless particles and can be described by

two component (Weyl) spinors. The neutrinos are left handed, and the the anti

neutrinos are right-handed, meaning t.hat t.he neutrino ilL is an eigenstate of the left

chiral projection operator PL, and its CP partner, the right-handed anti-neutrino,

vR is an eigenstateof the right chiral projection operator PR, where PR = H1+'15)

and PL = ~(1 - ')'5).

All the charged fermions in the standard model (ie, the quarks and charged

leptons) are required by charge conservation to be Dirac particles, they are de

scribed by four component complex spinors, .,p, which obey the Dirac equation.

The neutrinos; however, are neutral and the only quantum number assigned to

them is lepton number (i.e., the electron neutrino lie has lepton number Le = 1

and the electron anti-neutrino has lepton number Le = -1). Lepton number;

however, may not be conserved. The absence of a conserved quantum number

associated with the neutrino allows us to consider two types of neutrino mass

terms, Dirac and Majorana.

*Extelllive cliaeuuiona or neutrino ID8Il8 can be round in Langacker64 (1991).
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IT the neutrino is a Dirac particle, then it is described by a four component

complex spinor .,p". Dirac mass terms always couple left and right components

(chiral projections) .,pL,R of the Dirac 4 spinor. Define

(A.1)

then the Dirac mass term is given by

(A.2)

Recall that vt. and vR have opposite lepton number hence if {JL = iiL then iiiR

must be distinct from vR if lepton number is to be conserved. We are thus forced

to introduce a new 2 component field NR and its OP partner NZ into the theory.

The four spinor representing the neutrino is then .,p" = vt. + NR and the Dirac

mass term becomes

(A.3)

The new field, NR , is a singlet under SU(2) x U(l)y, and is thus sterile under

electro-weak interactions. A massive Dirac neutrino produced in the "wrong"

helieity, behaves predominantly as an NR. Its interactions with ordinary matter

are suppressed by a term of order (m"/ E,,)2•

A.2 Majorana Mass

Alternatively, if we forgo the requirement of lepton number conservation, the

the neutrinos can have a Majorana mass and the need for a new fermion field

is avoided. This is accomplished by coupling the vt. to its OP partner "k' The

Majorana mass term can then be written as
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(AA)

where C is the charge conjugation matrix. Hence the Majorana neutrino is its own

anti-particle, and the weak interaction neutrino and anti-neutrino states can be

thought of simply as opposite helicity states of a Majorana neutrino.

A.3 Neutrino Mass Models

Here we mention some specific mechanism which can give rise to neutrino mass.

A Dirac neutrino can be generated via Yukawa couplings to the standard model

Higgs doublet q,. The coupling is of the form

- Ly =L 9l,ltih,pNR +li.c.
1,1'

(A.S)

where I, I' are flavor indices and 91,1' are the coupling constants. After spontaneous

symmetry breaking the Higgs field obtains the vacuum expectation value (vev)

v
< ,po >= y'2'

This gives rise to the mass term

v
- LM = L9111 _liiihNR + k.c..

I,l' V 2

And the mass matrix is thus
V

Mill = 9111 y'2'

Note that in this model the couplings 911' are arbitrary.

(A.6)

(A.7)

(A.S)

The coupling that gives rise to a Majorana neutrino mass takes VL into vIl' As

VL has t3 = +1/2 and lin has t3 = -1/2 where t3 is the third component of weak

isospin, the term coupling the neutrinos must transform as a triplet under SU(2).64

The simplest way to accomplish this, first proposed by Gelmini and Roncadelli,46

is to introduce a triplet Higgs field ~ into the model

--_..._---_ .. ----- - -- -
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(A.9)

(A.I0)

The Yukawa couplings are then given by

~ - 1 C h- Ly = £J9"''l/Ju .Jn1" a'I/JRl' + .c.
1,1' y2

where "PL = (iiL,eLl and l' are the Pauli matrices. After spontaneous symmetry

breaking the vev of the triplet field a is

< I!&0 >= .;;

and the Majorana neutrino mass term is

L ~ 113_ C h
- M = £J 911' . JnJluJlRl' + .c•.

1,1' y2

The mass matrix is then
113

M", =9'" y'2'

Here again the the couplings 9", are arbitrary.

(A.ll)

(A.12)

(A.13)

Alternatively, a Majorana neutrino mass may be induced by an effective inter

action two fermions and two Higgs doublets

~9'" - C- LeU = £J -'l/JUT'l/JRl' . t/Yrt/J + h.c..
1,1' m

(A.14)

(A.15)

where m is the mass scale of the new interaction, and the quantity t/Yr4> is formed

so as to transform as an SU(2) triplet. If the vev of the Higgs doublet field is

11/V2, then the induced mass term is

1 ~9"'112
- LM = -2 £J --iiuJlm' + h.c..

I'" m

The mass matrix is then given by

M", = 9,,'V
2

•
m

(A.16)

If the coupling constants 911' are of order unity then the neutrino mass scale is of

order v2/m. This can give rise to "naturally" small neutrino masses if m ~ v.
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