1

Introduction

The existence of neutrinos, weakly interacting particles that travel at or near the speed of light, was hypothesized in the early 1930�s to explain aspects of beta decay; without a third �invisible� product of the decay, the conservation of momentum would have been violated. The neutrino proposed by Pauli had unique properties: it was extremely light, it had no electric charge associated with it, and it interacted so weakly it could not be detected. With the inclusion of this new particle, momentum is conserved in beta decay processes because the otherwise missing momentum is carried away by the undetected neutrino. Because a neutrino can traverse a thousand light years of lead with a very small chance of stopping, existence of these nearly intangible particles was not verified unambiguously for twenty years.

Currently accepted theories (the �Standard Model�) identify three separate families of lepton: the electron, the muon, and the tau, each with its associated neutrino (the electron neutrino, muon neutrino, and tau neutrino). These families are referred to as �flavors�.

Neutrinos are produced by natural radioactivity, nuclear reactors, high-energy accelerators like the Tevatron at Fermilab, and fusion processes within our sun and other stars. Because neutrinos interact so weakly that they can pass through vast amounts of matter, they make useful tools for the study of the interior of our sun and the collapsing core of supernovae. Experiments designed for astrophysical studies need large volumes of material to maximize the chance of stopping a neutrino within their detector. In 1971, an astrophysics experiment (Homestake) began to see a large discrepancy between the predicted number of neutrinos incident on the Earth and the number actually detected. While the results were not conclusive, other experiments built to measure neutrino flux with different techniques began to see a similar discrepancy. By 1980, there was considerable interest in the field of neutrino astronomy.

Beams of neutrinos from accelerators were studied to search for the �neutrino oscillation effect�. The lack of the expected numbers of neutrinos could be explained if neutrinos of one flavor could transform into a neutrino of a different flavor. The solar neutrinos could have oscillated into a flavor to which the detectors were not sensitive. The results of these experiments have sparked a great deal of activity and controversy.

This review is divided into six sections. The first section will present the astrophysical and cosmological results that suggest neutrinos may have non-zero mass and the mathematical formalisms developed to describe possible neutrino oscillations. In the second section, a review of kinematical searches for neutrino masses will provide the most stringent upper limits on neutrino masses and detail the methods used to define these limits. The third section will focus on the most recent and controversial accelerator experiment and compare its result to the body of existing work. The fourth section will provide an example of a theoretical prediction based on the existing data set, and the fifth section will outline how the DZero experiment might go about searching for non-zero neutrino mass and what its chances are. Finally, the sixth section will address the question, �What is the best design for a neutrino experiment?� Several experiments will be discussed in detail in the text of this review. For a listing of other neutrino experiments and brief descriptions, consult Appendix A. A copy of the exam questions prepared by Professor Gregory R. Snow upon which this review is based is included as Appendix B. Questions from committee members subsequent to the initial version of this exam are addressed in Appendix C.

Indications of Neutrino Mass from Cosmology and Astrophysics

The tentative evidence for massive neutrinos stems primarily from astrophysical and cosmological studies. Three empirical observations lead us to suspect that neutrinos may have small but non-zero mass:

the solar neutrino problem, the atmospheric neutrino deficit, and the missing matter of the universe.

The first observation involves generally accepted theories that model stellar fusion processes and thus predict the number of neutrinos produced within stars like our sun. Together, these theories comprise what is called the Standard Solar Model (SSM). Many aspects of the SSM have been experimentally verified through analysis of the sun�s electromagnetic spectrum or through helioseismology. If experiment conflicts with a major prediction of the model, many basic theories must be reworked. In fact, the SSM predicts many more observable electron neutrinos from the sun than are detected on Earth; this neutrino deficit is termed the �solar neutrino problem�.

Secondly, cosmic rays incident upon Earth�s atmosphere produce neutrinos as they collide with particles in the upper atmosphere. Cosmic ray interactions predominantly produce showers of pions and kaons, which decay according to the following mechanism: π ν μ^μ or K → + , which is followed by decay of the muon, μ ν ν^μ → + + e^e .

With knowledge of only these basic processes, the ratio of muon neutrinos to electron neutrinos should be very close to 2. Detailed corrections to this number that include rare decay chains do not substantially change this value. Surprisingly, the measured ratio of neutrinos ν ν^{μ e} from cosmic rays differs from this basic prediction by 40%. This deficit of atmospheric muon neutrinos is not reconcilable with the current understanding of the way particles shower.

The third hint that neutrinos may be massive arises from cosmological considerations. By seeking correlations between the distance to the furthest stars, the rate at which they are receding, and the age of the oldest observable stars, cosmologists construct a series of models that describe the formation of the universe from the initial moments to its present state. Reasonable constraints (e.g., the oldest stars cannot be older than the universe) imply limits on the maximum and minimum total mass of the universe. Luminous matter accounts for only 10% of the mass required to model the universe in its current observed state, so 90% must be accounted for by non-luminous matter, or so called �dark matter�. Massive neutrinos are a favored candidate for portions of this missing matter.

In the following subsections, we consider each of these problems in more detail. A framework for explaining the source of these effects with massive neutrinos will be developed.

The Solar Neutrino Deficit

Table 1 depicts the various nuclear reactions that, according to the SSM, occur within the sun.

Although neutrinos are produced in several different steps, the following discussion centers around the neutrinos produced in the initial pp fusion, the Beryllium reaction, and the Boron reaction. For reactions that produce neutrinos, the resulting neutrino energy is listed as E. The table also lists the relative frequency of each reaction as a termination percentage (T%). For instance, of all the processes that terminate, 15% of them end with a lithium reaction.

4

Experiments have been designed to detect this flux, most notably the Homestake mine experiment in South Dakota and Kamiokande in Japan (see Appendix A for descriptions). Having energy thresholds of

814 keV and 7.5 MeV respectively, these experiments are not capable of detecting the low energy neutrinos from the pp reaction. The neutrinos from the rare Boron decay comprise the majority of the solar neutrino data sample. Figure 1 depicts the energy spectra of the produced neutrinos as predicted by the

SSM.

Unfortunately, only half the predicted numbers of ν^e are detected. One attractive solution involves neutrinos oscillating from one flavor to another (in this case ν ν^{μe} → ) via the

Mikheyev, Smirnov, Wolfenstein effect (MSW).

[3] A prerequisite for this effect is a non-zero mass difference between the two flavors of neutrino, requiring at least one of their masses be non-zero.

The energy of a neutrino within the sun includes its kinetic energy, its mass energy, and its potential energy. The potential energy results from weak (charged or neutral current) interactions with the surrounding protons, neutrons, and electrons [4]:

( ) ( ) [ ] V G N Sin N Sin N N e F e W e W P N ( )ν θ θ = + − + + − − 2 2 1 4 1 4

2 2 , where G^F is the Fermi coupling constant (a ratio of the mass of the W and the weak fine structure constant) and N^x is the surrounding density of electrons, protons, and neutrons. θ^W is the weak mixing angle, not to be confused with the mixing angle between neutrinos to be introduced later. The first term represents W exchange between the neutrino and electrons. The remaining terms result from Z exchange between the neutrino and electrons, protons, and neutrons, respectively. If the sun is electrically neutral overall, the middle two terms cancel exactly. Also, the number of neutrons in the sun is only one third to one sixth that of electrons [4], so the fourth term can be neglected, leaving only the first term. The total energy of an electron neutrino within the sun is then

E p m G N e e e F e ν ν ν = + + 2 2 2 , where the last term describes the interaction potential energy between the electron neutrino and the surrounding electrons. The electron density, N^e, is expected to have a maximum near the sun�s core and decrease with increasing distance from the center of the sun.

The expression for the energy of some other neutrino, ν^x , within the sun does not include the W exchange term as muon and tau neutrinos within the sun are not surrounded by a dense medium of their respective charged leptons. Neglecting the Z-exchange terms as before, the energy of this neutrino is simply

Figure 1: Plots of the expected neutrino energies from various solar processes. [2]

5

E p m

x x x ν ν ν = +^{2 2} .

Now, we search for a form similar to the electron neutrino expression, so

E p m p m m m

p m p m p m p

x x x x x e e

x e x x x e x

ν ν ν ν ν ν ν

ν ν ν ν ν ν ν

= + = + + −

= + + −

2 2 2 2 2 2

2 2 2 2 2 2 1 . Using the binomial theorem to approximate the square root, we define m m m_{x eν ν}^{2 2 2}− = Δ and

E p m p m p

p m p p m p

p m m p

x x e x x

x e x x x

x e x

ν ν ν ν ν

ν ν ν ν ν

ν ν ν

≈ + +

≈ + +

≈ + +

1 1 2 1 2

1 1 2 1 2

2

2 2 2 2

2 2 2 2

2 2 2

Δ

Δ

Δ .

If flavor mixing can occur, a non-zero transition probability arises only when the energies of each flavor-state are equal. Thus, setting E E_{x eν ν}= , this necessary condition becomes

p m m p p m G N x e x e e F e ν ν ν ν ν 2 2 2 2 2 2 2 + + = + + Δ .

By conservation of momentum, p p_{x eν ν}= , so the square root terms cancel. Finally, because the neutrino is highly relativistic, the total energy is a good approximation for the momentum. The condition for flavor oscillation within the sun becomes

Because the Fermi energy of Eqn. 1 is quite small, neutrinos may undergo a flavor change only if their energy is high compared to the mass difference making the left side of the equation similarly small. Thus, the MSW formalism predicts a lack of �high-energy� solar neutrinos compared to the SSM while leaving the prediction for �low-energy� neutrinos unchanged. The precise energy value required to satisfy Eqn. 1 must be determined by experiment. For high-energy neutrinos, the probability of a flavor change is not unity even if Eqn. 1 is satisfied; discussion of mixing angle is reserved for the next section.

To explain solar neutrino data, neutrinos must either be massive and allow mixing between flavors, or aspects of the SSM must be reworked. Theorists have offered some explanations other than the MSW

Δm E G N_{F e} 2 2 2 ν = . (Eqn. 1)

6

solution that do not require massive neutrinos (modifications to the current solar convection scheme) so the evidence for neutrino mass from solar data is not yet conclusive.

The Atmospheric Neutrino Deficit

Very high-energy particles (including photons) originating from outside our solar system can collide with atoms in our upper atmosphere and generate neutrinos. Predicting the number of muon and electron neutrinos that are generated by these �cosmic rays� is possible; however, the theoretical predictions of the total flux of both ν ν^μ and^e vary by as much as 30%, depending upon which models are used.

Because the absolute fluxes are so difficult to calculate, a prediction of the muon neutrino flux relative to the electron neutrino flux is generated. Predictions of the ratio of neutrino fluxes agree to within 5% of one another and are therefore suitable to compare to the ratio measured by experiment.

In atmospheric neutrino experiments, neutrinos are detected from all directions, not just from above. This observation indicates that neutrinos generated in the atmosphere on the far side of the Earth propagate ~10,000 km through the planet to reach the detectors. If one considers only �upward-going� neutrinos and �downward-going� neutrinos, one finds that the ratio ν ν^{μ e} is anomalously low for upward-going neutrinos but is in agreement with theoretical predictions for downward-going neutrinos. Note that these measurements were made by the Kamiokande experiment, which is only sensitive to neutrinos with an energy above 5 MeV [6]; there is no evidence that neutrinos of lower energy exhibit this anomalous behavior. Furthermore, not all experiments have confirmed this high-energy muon neutrino deficit. Figure 2 displays the ratio ν ν^{μ e} determined by experiment divided by the predicted ratio of ν ν^{μ e} . This so-called �ratio of ratios� has an expected value of unity.

The deficit observed by Kamiokande can be explained if the ν^μ oscillate to one of the other two flavors of neutrinos. The following derivation does not require the neutrino to travel through a dense medium as the MSW calculation did, so the following effect is referred to as a �vacuum oscillation�. If neutrinos are massive and can mix, the flavor eigenstates result from a linear combination of mass eigenstates. In matrix form, this relationship is expressed as ν ν ν ν ν ν μ τ

e M = 1 2 3 , where

M Cos Cos Sin Cos Sin

Sin Cos Cos Sin Sin Cos Cos Sin Sin Sin Sin Cos

Sin Sin Cos Cos Sin Cos Sin Sin Cos Sin Cos Cos

e e e e e e e e e e e e e e e e e e e = − − − − − − θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ μ τ μ τ τ μ μτ μ τ μτ μ μτ μ τ μτ μτ τ μ μτ μ μτ τ μ μτ μ μτ τ τ μτ

Figure 2: Atmospheric neutrino data from selected experiments. Some experiments have measured a significant deficit of muon neutrinos. [5]

7

and θ_{xy} are the mixing angles between flavors, to be determined by experiment. This unitary transformation matrix M is similar in form to rotation matrices in classical mechanics. To simplify the calculation, assume that muon neutrinos created in the atmosphere oscillate only into tau neutrinos and that oscillations between electron neutrinos and tau neutrinos can be neglected (let θ_{eμ} = θ_{eτ} = 0 in the matrix). Then, the matrix simplifies to

M Cos Sin

Sin Cos = − 1 0 0 0 0 θ θ θ θ μτ μτ μτ μτ .

Explicitly, the muon neutrino eigenstate expressed in terms of neutrino mass states is

( ) ν θ ν θ ν θ θ μ μτ μτ μτ μτ = + = Cos Sin Cos Sin 2 3 0

Consider an atmospheric muon neutrino created at time t=0. At some later time, the mixture of mass states has evolved into

( )ν θ θ μτ μτ t Cos e

Sin e

i E t

i E t = − − 0 2 3 ,

where E_2 and E_3 are the energies associated with mass-states 2 and 3 given the initial momentum. The probability of the neutrino oscillating into a tau neutrino is ( ) ( ) P t Cos Sin e e^{i E t i E t} ν ν ν ν θ θ μ τ τ μτ μτ → = = −^{− −} ( )^{2 2 3} 2 . Because the mass of the neutrino is small compared to its momentum, we may approximate the energy as

E p m p m p p m p j j j j = + = + ≈ + 2 2 2 2 2 2 1 1 1 2 ,

where j indicates a particular mass state (either ν_{1,}ν_{2,}or ν_3), and we have again approximated using the binomial expansion. The probability becomes

( ) P Cos Sin e e e

i p t i m p t i m p t ν ν θ θ μ τ μτ μτ → = − − − − 2 2 3 2 2 2 2 .

Using

8

( ) ( ) ( ) ( ) 1 2 1 4 2 1 4 2 2

1 2 2

2

2

e e e e Cos y x

Cos y x Sin y x

i x i y i y x i y x − − − − − − = − + = − −

= − − = −

( ) ( ) ( )

( ) the probability becomes ( ) P Cos Sin Sin m m p t Sin Sin m m p t ν ν θ θ θ μ τ μτ μτ μτ → = − = − 4 4 2 4 2 2 2 3 2 2 2 2 2 3 2 2 2 ( ) .

Because the neutrino is very relativistic, the �flight-time� is simply-related to the distance travelled, t L c≈ and the momentum is simply-related to the energy,p E c≈ , thus ( ) P Sin Sin m L E ν ν θ μ τ μτ → = 2 2 2 2 1 4 ( ) Δ .

This equation describes the probability of a muon neutrino oscillating into a tau neutrino if we may assume that the energy is relativistic and neglect other flavor oscillations. The values of Sin_2 (2θ^{μτ}) and Δm_2 are physical constants to be determined by examination of data at different values of L E . The oscillation length L^{osc} , the distance required for the neutrino oscillation probability to oscillate from zero to its maximum and back to zero, is found by

Sin L L Sin m L E

L E m

osc osc

2 2 2

2

1 4 4

π π

=

⇒ =

Δ

Δ .

In the literature, the probability equation is often expressed with explicit units for the mass, distance, and energy:

Here, the numerical factor of 1.27 results from the unit conversion. Note that this general result does not depend upon the flavor of the target neutrino; our mixing matrix, M , would have simplified similarly for any one oscillation pair. While this derivation explicitly assumed mu to tau, the result would be the same for mu neutrinos to electron neutrinos, hence the subscript μτ is omitted from the mixing angle.

This derivation has been criticized in the literature for considering only one type of mixing and neglecting the other two. In a three-flavor mixing analysis, equal and opposite phases may cancel, depending on the mixing angles, yielding very different results for the same values of Δm_2 and θ. [7]

( ) P Sin Sin m eV L km

E GeV ν ν θ ν μ τ → = ⋅ 2 2 2 1 27 2 1 1 1 ( ) .

Δ . (Eqn. 2)

9

Because there is no a priori reason to neglect two of three mixings, the standard two-flavor analysis presented here may be flawed. [8]

To explain the observed atmospheric neutrino mixing, we require that for L km≈ 20 the transition probability be nearly zero (our downward neutrinos) and for L km≈ 10 000, the probability be appreciable. We find that for atmospheric neutrinos of 6 GeV energy or higher, the best fit to all Kamiokande data is Δm eV^{2 2 2}10≈^− , with an upper limit of around Δm eV

2 1 2

10≤^− . Despite the apparent popularity of representing the entire data set as a single point, data analysis should proceed in a different manner.

The ratio of all muon neutrinos to all electron neutrinos is not useful for an oscillation search, the important parameter is L E . Each experiment should bin its data in terms of L E , but most newer experiments lack the statistics to do so at this time.

A plot of Eqn. 2 yields a sinusoidal function with a maximum of unity, a minimum determined by the mixing angle, and a period determined by Δm^2 (Figure 4a). Experiments are not capable of measuring the neutrino ratio with infinitely fine resolution in L E , so Eqn. 2 should not be used to perform a fit. The average of Eqn. 2 over a given interval in L E must fit the observed data. This interval should match the bin size of the data.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 250 500 750 1000 1250 1500 1750 2000

L / E ( km / GeV )

Measured Ratio

Kamiokande, Multi-GeV data

Kamiokande, Sub-GeV data IMB FREJUS

NUSEX SOUDAN

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1 10 10^2 10^3 10^4

L / E ( km / GeV )

Measured Ratio

Kamiokande, Multi-GeV data

Kamiokande, Sub-GeV data IMB FREJUS

NUSEX SOUDAN