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Teaching neutrino oscillations
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Neutrino oscillations are purely quantum mechanical effects that occur over macroscopic time and
distance scales. | present the physics of this phenomenon in words, pictures, and analogies rather
than mathematics. @004 American Association of Physics Teachers.

[DOI: 10.1119/1.1646132

[. INTRODUCTION erations permit. Significantly, it allows a free neutrar) ¢o

decay to a protong) and an electrong historicall
Neutrino oscillations, first postulated in 1969, have be'(k[rgl)own a: a8 ra)l/D) 0 « y

come a reality within the last few years. The consequences
for our view of particle physics, astrophysics, and cosmology n—p+e” +7,. D

are profound, and the understanding of the evidence for os- ] ]

cillations and their mechanism can be elusive. This articld!, in terms of the quarkéwith the spectators in parenthe-
aims to present the current state of our knowledge of neuses:

trino oscillations in as simple a way as possible. It is a result - =

of preparing for my talk at the American Association of u(ud)—d(ud)+e”+ve. @
Physics Teachers 2003 winter meeting and teaching fourthae’ll get to thev, andv, soon. Suffice it to say that without
year particle physics course at the University of British Co-neutron decay, there would be no free hydrogen in the uni-
lumbia. For brevity and simplicity, | will discuss only the verse, and we would probably not be around to think about
most likely current scenario for neutrino masses and miXneutrinos.

ings; other possibilities are shamelessly ignored. The hope is These flavor statesu(d,c,s,b,t) are called eigenstates
that this treatment will be accessible to nonspecialists, and dng are not rigidly separate. The states in which these quarks
have tried to minimize the quantity of mathematics. Thepropagate are called mass eigenstates, which are each differ-
reader is warned however that this text is dense; most selgnt mixtures of the flavor eigenstates. The mass eigenstates
tences contain some essential mgredlent. The b'b“OQVaphMropagate through space at different speeds and so the com-
aims at accessibility rather than rigor or completeness. ponent waves representing the flavors get out of phase with
each other. A quark born as one flavor will soon start looking
like another. Ars quark traveling through space can turn into
ad quark. Likewise all the second members of each doublet
The fundamental constituents of matter as we know iC&" MX between the generations, and any particle made of

come in pairs(doublets of elementary particles which are second- or third-generation quarks can decay into a stable

very similar to each other except that their charges differ pyPa'ticle made of first-generation quarks. By convention we
one fundamental unit. This unit is the magnitude of thepush all the mixing into the second member of each doublet;

charge on the electron, which is the same as that on thye can do this because the weak interaction allows transfor-
' ations between the two partners within a doublet.

proton. The first hint that the universe is structured this Wa))ﬂ So much for the structure of heavy particldzaryons

came when it was recognized that atomic nuclei are forme?nose which form much of our mass. What about the liaht
of protons and neutrons, which are more or less identical : 9

particles except that one has a chargerdf and the other a particles(leptong, starting with the electron? There are three

har f 7er0. We now understand th ticles in ter charged leptons—the electron, muon, and tau—and three as-
gf ?h%?r Zlerﬁe%tarecgnstﬁuegtss ?he u(zsrispa}l'hg esrotonehr;?ociated very light chargeless neutrinos, separated by one
y » the quarks. 1he p Unit of charge, € ,ve), (17,v,), (77,v.).

two up-quarks @, charge+2/3) and one down-quarkd( Superficially this organization looks very much like the

charge —1/3); the neutron has two downs and an up. Ing,arks However, for a long time the neutrinos were thought
addition to these light, stable quarks, there are two morg, o masslestbecause no mass had been detectiedthis
doublgts that have larger mass and are unstable, eventua se, no mixing is possible, because all neutrinos will propa-
decaying into ups and downs. These are called charm ( gate at precisely the speed of light, and the mass eigenstates
+2/3) and stranges( —1/3), top ¢, +2/3) and bottoml§,  can never become out of phase with each other. An electron
—1/3). The names have no meaning, except to keep physheutrino will never change its composition, as all parts will
cists talking the same language. So we have three generarove at the same speed, and so the neutrino can never be
tions of quark flavors, ,d), (c,s), (t,b), and this arrange- detected as any other flavor. In fagt, have at long last been
ment has deep significance for the structure of the universebserved to change flavor, and so the simple massless neu-
It is too deep to go into here. trino model cannot be correct.

The link between the partners in the doublets is the weak Mixing of flavors in the charged leptons would be very
interaction, the fundamental force which contr@lsdecay, easy to see. Muons would decay into electrons and gamma
and, as we shall see, solar fusion reactions. The weak interays via a fast electromagnetic process, much faster than the
action allows al to turn into au, etc., when energy consid- slow weak decay that actually happens,

[I. QUARKS AND LEPTONS
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Fig. 1. The solar neutrino spectrum, showing the contribution ofhandpp processes, and the thresholds for the three detection mechanisms. The figure
is reproduced by courtesy of the Particle Data GrRpf. 2.

uwt—e“+y (electromagnetic decay ©) nucleus. There are many steps and several different possible
L - _ paths to this process, but ultimately two protons have to be-
mo—e Fr,tre OF u —e tv, v, come two neutrons. This is a weak interaction process and

4) requires the release of two positrons to conserve charge, and
two electron neutrinos to conserve electron number. The pos-

The first decay in Eq(4) violates what is called lepton num- itrons annihilate with ambient electrons and contribute to

ber and has never been observed. The two lepton numbehgating the Sun.

here are the muon numbér, =number ofu.~ andv,, minus For the release of detectable neutrinos, the two most im-

the number ofu™* and v,, and the electron numbet,, portant reactions are as follows. Both are weak interactions

which is defined similarly. These numbers are defined thisind one yields the copious, low enefgy neutrinos, and the

way because they appear to be conserved quantities, and tbther the more scarce high enef® neutrinos(see Fig. 1,

electromagnetic decay would violate both of them. The sec-

ond decay in Eq(4) conserves both lepton numbers and is

(weak decay.

+ —
the way all muons seem to decay. ptp—D+te’+ve (E,=0-0.420 MeV, ®)
The relation between neutrinég) and antineutrinosx) is
easy to see in relation to the charged leptons. Inreactions and 8B, 2*He+e* + v, (E,=0-14.6 MeV. (6)

decays neutrinos tend to produce negatively charged leptons

(and vice versgp while antineutrinos produce positively ) )
charged leptonésee Sec. VII. Although it is easy to tellan The D is a deuteron, heavy hydrogé. The pp neutrinos
electron from a positron, the difference betwegrandv, is ~ are very difficult to observe, even by neutrino standards, and
much more subtle, especially given the reality of masses ang@n only be detected by radio-chemical meésee below.
flavor mixing (see Sec. VIL In brief, the Sun produces elec- However their flux (about 16°m=?s™* at the Earth is

tron neutrinos, reactors produce electron antineutrifrosn 10 000 times that of th&8 neutrinos.

the 8 decay of fission productsand cosmic rays produce  The chance of a neutrino interacting in a detector is pro-
neutrinos and antineutrinos of both electron and muon typegortional to the detector size, the neutrino flux, and rises with
The distinction between neutrino and antineutrino is not cruincreasing neutrino energy. Detection is by means of second-

cial in the oscillation debate. ary particles produced as the neutrino is absorbed or scat-
tered. Higher energies make these easier to see; at very low
IIl. EARLY INDICATIONS  (1968-1992 energies only the radiochemical detection of product nuclei

works. The first sighting of neutrinos came in 1956 when

By the 1960s our understanding of the solar interior and ofintineutrinos produced in enormous numbers by a nuclear
low energy nuclear physics had reached such a stage that theactor were detected.
Sun’s neutrino output could be predicted with some confi- Neutrino detectionThe chargeless neutrino cannot be ob-
dence. In broad terms, this picture remains unchanged to thiserved unless it is absorbed by a nucleon and produces a
day. An excellent review of the subject in somewhat morecharged lepton or scatters off an electron. In both cases the
mathematical detail is given in Ref. 1. The Sun producegeaction products can be observed through their electromag-
energy by fusing four hydrogen nuclei into one helium netic properties.
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1. NucleonsElectron-type neutrinos can scatter off a neu-(SAGE)® (situated in a tunnel underneath Mount Andyrchi in
tron to produce a proton and the other half of the neutrino’she then Soviet Caucasus, and the Gallex experirtierthe
doublet, the electron. This is a charge-swapping quasi-elastiGran Sasso tunnel, Italy both in 1990:

reaction: vet+ 'Gase +"'Ge (E,>0.2 MeV). (12

vetn—e +p+08 Mev. @) Again, timing and directional information is lost, and the
This reaction is exothermic; the neutron (939.6 Me¥)/and  reaction in Eq.(12) works like the chlorine reaction except
almost massless neutrino have more mass than the proteinat gallium is converted to radioactive germanium. How-
(938.3 MeVt?) and the electron (0.5 Me¢f). Hence the ever, you can't bubble germanium out of liquid gallium with-
reaction is accessible to all solar neutrinos. Unfortunatelyput first converting it to a gas. This conversion has been
free neutrons don't live much longer than a quarter of andone, but requires much chemistry.
hour, and so a macroscopic detector is difficult to build. The The third useful nucleus is deuterium, but in a different
reaction doesn’t work on protons because the charges cannegy. The proton and neutron are bound in deuterium so
be made to matci{Hydrogen would be a convenient detec- lightly that the electron is energetic enough to be visible. The
tor because it exists in water or hydrocarbors.would  electron is the only visible particle, because the stable pro-
work for anti-neutrinos, which can make positrass: tons move too slowly:

Tetp—et+n. (8 vetD—p+p+te  (E,>1.4 MeV). (13

The product positron can be observed at extremely low enthe most convenient form of deuterium is heavy wdtet
ergies because it captures on ambient electrons, prodycinginexpensive but at least availableThe fast electron emits
rays. Cherenkov radiation which can be readily detected. Cheren-
The next best way to detect neutrinos is to use neutrons ikov radiation is the result of a charged particle traveling at
a nucleus; this is not easy as neutrons are usually bourfdster than the speed of light in a medium such as water
more tightly in the nucleus than are protons, and so theitvater this speed is/1.33), and a conical pattern of blue and
effective mass decreases and reverses the energy balancelsf photons is emitted which is analogous to a supersonic
Eq. (7). The tight binding raises the energy threshold for thenoom. A little calculation will tell you that the electrons need
reaction, in most cases out of reach of solar neutrinos. Ian energy of more than 0.8 MeV to do this, which is a rea-
addition, the outgoing electron is usually too low in energysonable threshold in this conteget proton would need 1420
to observe, and so one has to rely on a detectable produmeV, which is way out of range of solar neutrino#n prac-
nucleus. The product nucleus has to be physically removablgce, the detection threshold in real detectors is higher due to
from the detector and be radioactive with a convenient halfthe background caused by natural radioactivity.
life (preferably daysto accumulate and to observe after re-  The first such heavy water Cherenkov detector is the Sud-
moval. In fact, the reaction tends to make a nucleus that iBury Neutrino Observator¢{SNO).° It started operating in a
too proton rich, and these tend to decay by the slow processorthern Ontario nickel mine in 1999, a decade after the first
of atomic-electron capture, which produces detectable x raysight water Cherenkov detector, Kamiokan@ee the follow-
The basic decay process is the reverse of neutrino absorptidng section.
and yields the original nucleus: 2. Electrons:Conceptually, the simplest way to detect neu-
e +p—vetn. 9) trino_s is via eIastjc scattering off electrons, which are plen—_
e tiful in any material. One has to choose a cheap, safe, puri-
In addition, the weakness of the weak interaction meansiable, transparent medium so the Cherenkov light from
we need hundreds or thousands of tons of target material teeutrino-scattered electrons can be distinguished from the
get a good signal, so the substance has to be cheap, safe, andvitable trace radioactivity. Water works well, although us-
pure with very little radioactivity. Three nuclei have beening it in practice is far from simple. Alternatively, liquid
used as detectors to date. The first was chlorine-37, in thscintillator rather than pure water can be ugseee Sec. V €
form of borrowed cleaning fluid, which has been used byThe scintillation light produced by charged particles is more
Ray Davié since the late 1960s: intense than Cherenkov light, so it is sensitive to lower en-
37 37 ergies. However, it is more expensive than even ultra-pure
vet*Cloe  +%Ar (E,>0.8 MeV). (10 water, and the trace radioactivity levels have to be much
This method of detection is sensitive to most of #Bespec-  lower to allow use of this increased sensitivity.
trum and neutrinos from some intermediate reactions. Radio- The masters of the water-Cherenkov technique are the
active argon, a noble gas, can be bubbled out of the chloringdapanese Kamiokande collaboration and its successor, Super-
using helium. The argon atoms decay by the capture of aKamiokande. Kamiokande announced the first real-time, di-
atomic electron, a process that kicks out further atofAie-  rectional detection of solar neutrinos in 1989Masatoshi
gen electrons which can be detected and coufisgl (11)]. Koshiba shared the 2002 Nobel Prize in Physics for initiating
However, this detection is clearly not done in real-time, andhis series of experimentsThe reaction is
all direction and most energy information is lost,

vete —uv.ter. (14)
e +3Ar— v+ 3'Cl+ Auger electrons. (11

There is zero energy threshold for the reaction, but the recoil
This was the first successful detection method for solar neuelectron requires some energy to be detected, as before. Un-
trinos, and as a result, Davis shared the 2002 Nobel Prize idergraduates have complained to me that @¢) is not a
Physics real reaction because the left-hand side is the same as the
The only detector successfully used to date that can obright. They have obviously been made to sit through too
serve thepp neutrinos is gallium-71. The first results were many chemistry lectures. The left-hand electron is stationary,
recorded by the Soviet—American Gallium Experimentwhile the right-hand one is recoiling from the neutrino and is
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Table I. Summary of solar neutrino data circa 1990. The detection mediunparticle number depends on the square of the amplitude
is given, as is the threshold for neutrino detection, the predominant SOIafermS (co§+sin2 is a|WayS 1 Consider a neutrino that was
reaction observed, and the fraction of the expected standard solar model f"&eated as an electron neutrino. The probability that it will be

seen detected as an electron neutrino a distaneavay is(see for

Detection Predominant Fraction example, Refs. 12 and 13
medium Threshold neutrino source  observed Poo= le: 1—sir? 20 sir® kKAm2L/E. 17)
Gallium 0.2 MeV +8B 55% .
Chlorine 0.8 MeV o 2% The constantk=1.27 MeV/(meV?): Am?=m5—m? is
Light water 9 MeV, later 5 MeV B 48% measured in (e\W?)?, the energyE in MeV, and the dis-

tance from the sourck in meters. Equatioril?7) describes
classical “vacuum oscillations,” and also works with GeV
and km units. The detection probability for parameters we

moving close to the speed of light, which makes it visible. o\ associate with solar and reactor neutrinos are shown in
The directionality comes from the fact that the recoil electrongig 2.

tends to travel in line with the original neutrino. This method \wjth three species, the mass and flavor basis states are

There is a slight but significant complication here. Elec-gngles likeg and an extra one that makes life different for

tron scattering also works for muon and tau neutrinos, foeytrinos and antineutrinda CP-violating phage
example,

v,te —v,+e . (15 V. THE HARD EVIDENCE, 1992 —2002
The cross sectiofthat is, sensitivity of this reaction is only There are now two widely recognized pieces of evidence
15% of that for electron neutrinos. for neutrino oscillations: the atmospheric muon-neutrino

~ 3. The Data:By 1990, the chlorine, light water, and gal- deficit, and the solar electron-neutrino deficit. The first was
lium experimentgin that ordey had all reported seeing only formally announced by the Kamiokande collaboration in
a small fraction of the expected signal. The numbers arq992!%|t was declared to be evidence of nonzero neutrino
listed in Table I. Note that all these eXpe“ment..S have to .b%ass(consistent with Osci”atiorjs'n 1998 by that collabo-
done deep underground to get away from cosmic rays whickation's successor, Super-Kamiokart&vidence for a non-
would easily swamp the tiny neutrino signal on the surfacezero neutrino mass had been building steadily over 30 years,
There are 10%-20% errors in these fractions due to exput compelling evidence came in 2001/2 from the Sudbury
perimental and theoretical uncertainties, but it is clear thaNeytrino Observatory collaboratidhwho showed that solar
none of these numbers is consistent with 100%, nor Withystrophysics could not be to blame for the deficit, and that
each other. By this time, the solar astrophysicists were behe “missing” neutrinos were arriving at the Earth as other
coming very confident of their flux predictions, and so thisflayor states. The particular oscillation mechanism suggested
energy-dependent deficit became known as the solar neutring, the solar experiments was confirmed in December 2002
problem. When physicists use the word “problem,” they py the KamLAND reactor-neutrino detect¢Bec. VO, a

mean “research opportunity.” fact that removed any lingering worries about uncertainties
due to solar astrophysics.
IV. PONTECORVO'S IDEA We will call the neutrino parameters revealed by atmo-

. . . spheric neutrinosmZ and 6, , and those revealed by solar
All of the above detection reactions are sensitive only to

ve (With the one exception notgédn 1969 Bruno Pontecorvo (and reactor n_eutrmosAmS and 5. The remaining un-
' ) X known angle is now very much sought. The CP-violating
reasoned that if neutrinos had small and different masse

and the fiavors mixed, them.'s born in the Sun might reach ?)*nase is even hotter property, but it will be very difficult and

expensive to find®
the Earth as, say, (v,'s were not known thenand be P _ .
undetectablé! The resultingy, deficit might be the answer A. Atmospheric neutrinos

to the solar neutrino problem. . _ _ Atmospheric neutrinos are made by pion and kaon decays
For simplicity, consider two neutrino species. NeutrinoSyegjting from cosmic-ray interactions in the upper atmo-
are born and detected via the weak interaction as ﬂavoéphere. The numerology of these decays leads us to expect
eigenstates, for example,and . However they propagate o muon neutrinos and antineutrinos for each electron neu-
as mass eigenstates which have a distinct velocity, labeleging and antineutrino. It is very difficult experimentally to
for example, 1 and 2. If flavor is not rigorously conserved gjstinguish between atmospheric neutrinos and antineutrinos,

(there is no particular reason why it should be, except that igng we generally count them together. The following reac-
the way the charged leptons seem to behawed if the ion sequence is typical:

massesn; andm, are slightly different, these two pairs of

states may not be one and the same, but may be mixed: p+"N— 7" +X, (18)
V1= Ve COSOH+ v, SN, (168 T =utt,, (19
vy=— veSinf+ v, COSH. (16b) put—ettrety,, (20)

We will define the phrase “slightly different” later. whereX represents nuclear fragments.

The use of sines and cosines in Efj6) ensures that the The observedu/e ratio is more like unity on the average
mixing produces neither more nor less neutrinos than wend is strongly dependent on the zenith angle, that is, the
started with. Its called a unitary transformation because théistance the neutrino has traveled since bigtee Fig. 3. It
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Downloaded 26 Sep 2012 to 152.3.102.242. Redistribution subject to AAPT license or copyright; see http://ajp.aapt.org/authors/copyright_permission



08—

Fig. 2. The survival probability fow, (Pge) is plotted
against the distance between the source and detection
for two monoenergetic electron neutrinos, at 4 MeV
(typical detected reactor neutrino energyd at 8 MeV
(typical detected solar neutrino enejgfgoth have the
currently accepted solar oscillation parametersmfé
=6x10"°and#= /6. Itis clear that a reactor experi-
ment, with a neutrino spectrum several MeV wide, will
see no effect below 10 km, but at 100 km or greater will
see about 60% of the expecteg flux.
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seems that the further a, travels in the Earth, the less quark sector are very smdlhe biggest is 13°). So, two of
chance it has of being detected. One might wonder if thehe mass eigenstatés and 3 are likely an equal mix of,,
deficit is due to neutrino absorption in the dense interior ofand v_, with very little v, in vs.
the Earth. However we understand neutrino absorption very The size of the neutrino sourda few kilometer layer in
well, and the mean free path of an atmospheric neutrino ifhe upper atmospherés small compared to flight distances
rock must be about & m. Thus only a tiny fraction interact (20-13000 kmy and v, and v, interact identically in the
in the Earth, which has a diameter of only’1®. Therefore earth (that is, no matter effectsso it is useful to think in
they must be disappearing by some other means. terms of vacuum oscillations. Things are rather different in
The measured flux ofv,’s is about half the expected the solar case.
value, while that for thes's is about right. There are strong
indications from Super-Kamiokande that the missings B. Solar neutrinos
are showing up as,’s (which are very difficult to obserye
We will assume that this explanation is the case.
A detailed analysis in terms of the path length through th
Earth yields anL/E dependence as expected from the Eq.
(17) with the parameter§’

The last piece of evidence for solar neutrino oscillations
ecame in 2002 when the Sudbury Neutrino Observatory col-

Ami~3x107% eV?, @ ~ml4. (21) Cosmic Ray

Atmospheric neutrinos are typically a few GeV in energy, so
AmlzA is more or less fixed by the geometry of the earth;
otherwise, the effect would be unobservable. The data
sample is divided into two distinct angular regimes: the neu-
trinos come either from above, with path lengths of tens of
kilometers, or from below with path lengths of thousands of
kilometers(see Fig. 3. Simple solid-angle considerations tell
us that not many neutrinos come from around the horizontal,
with path lengths of hundred of kilometers. One reason why
this evidence is so strong, despite the complexity of the par-
ticle interactions in the atmosphere, is that we observe no
oscillation effects above the horizontal, and plenty below it.
The only possible complications are those of the Earth’s ge-  Atmosphere
ometry and magnetic fielgvhich distorts the isotropy of the
cosmic ray$ but these are now well understood. Hence, os-
cillations will be visible for 1000 km path lengths and 1 GeV
neutrinos ifAma is ~10~° eV? and the mixing angle is big,

as can readily be seen from Ed.7) and Fig. 4.

The Super-Kamiokande collaboration announced this re-
sult as the discovery of neutrino oscillations in 1998. The big
surprise was the largeness of the mixing angle, which may beig. 3. The production mechanism and geometry for the detection of atmo-
maximal (45°). The mixings previously observed in the spheric neutrinos.

Cosmic Ray
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nary matter contains electrons and pobr 7, electron neu-
trinos behave in a subtly different manner in matter than does
the v, or v.. This difference distorts the masses and flavor
components of the mass eigenstates when neutrinos move
— Atmopherc Oellbon E=1G6V] | between a vacuum and dense matter. The region of parameter
S B GeawEseell space in which these effects are important is shown in Fig. 5.
il It is fairly narrowly defined in terms oAm?. If Am? is too
big, then matter effects become negligibly small; the critical
s L il . value is fixed by fundamental physics and the density of the
] solar core to be around 16 eV2. If Am? is too small, then
the vacuum oscillation length becomes much bigger than the
i ! solar core, and so this region of dense matter starts to look

[ ‘f.' i V:. il "' 1 too small, from the neutrino’s perspective, to have an effect.

4 ' " . ! ; In Fig. 5 plausible solutions to the solar neutrino problem

ol 1 Y Ju
-l 15 i ns [
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are shown as they appeared in 1987, when the idea of matter
cosé, effects arose. The small mixing angle solution was the theo-
, _ » _ _ _ retical favorite, as small mixing angles were familiar from
Fig. 4. The survival probability for,, (P,,,) is plotted against the cosine of the behavior of quarks. However, the small mixing angle and

the zenith angle) for an atmospheric neutrino experiment. Neutrinos com- the vacuum solution produced strona spectral distortions that
ing from directly above have cas=+1, those from the nadir have cés P gsp

=—1. The energies plotted are 1 and 2 Gexpical values in this casavith W€ just don’t observe. The LMA solution requces theflux

the accepted atmospheric oscillation parametersrof=3x 1072 and 6, evenly across the spectrum, and by 2002 it had emerged as
=ml4. It is easy to see that with an atmospheric neutrino spectrum a fevthe likely explanation.

GeV wide, there will be no effect on,, flux above the horizontal, but only A detailed analysis yields the following oscillation

1/2 of the expected, flux will be seen below the horizontal. result’

Ami~6x107° eV?, Og~ml6. (23
laboration reported the flux of electron neutrinos measured

by reaction 13 and the total flux of all neutrinos flavors mea-//& ¢an now see from Eq17) that the vacuum oscillation

sured by a reaction unique to deuterium, which is totallyl?f’;g(t)%iiafe‘(’j"_ 100 fknr:' Thils length ishsmallhcompared_ to the
blind to neutrino flavor X—e.s. 7): m radius of the solar core where these neutrinos are

born. Thus vacuum oscillation effects are totally washed out.
v+ D—p+n+u,. (22 So, for understanding solar neutrinos: think mass eigen-

: : tates!
Here the neutron is captured by another deuterium nucleu§, The flavor composition of mass eigenstates in the LMA

which produces a detectable gamma ray. The analysis of ths(?cenario is shown in Fig. 6. The simplest expression that is
data for this reaction yields precisely the flux of neutrinos ; ' 9. ©. pie p ,
expected from standard solar astrophysics. However, confonsistent with the data for the composition of neutrino mass

parison with events of the type shown in Ef3) show that eigenstates in a vacuuntfs

only 34% of these neutrinos still have electron flavor by the 3 1
time they reach us. The remaining 66% are in all likelihood v~ CE g(vﬂ— v,),

an equal mix ofv,, andv, if the atmospheric interpretation is

correct. It should also be noted that there is some evidence 1 3

that the electron fraction increases at night, when the neutri-  p,~ \ﬁVeJr \ﬁ(vﬂ— v,),
nos have passed through thousands of kilometers of the Earth 4 8

(249
(24b)

to reach the detector. 1
In retrospect, the relatively large signal in the light water vy~ \ﬁ(,, ). (249
detectors was a good clugby this time the Super- 2 #T
Kamiokande measured fraction had hardened ta“@J%];  \whether this scenario is approximately or exactly correct is
the difference between this result and SNO's is dug,f@and  one of the biggest questions in neutrino physics at present.
v.. Once thev,, andv, contributions are taken into account, gyigence, or lack thereof, for a, component invs is cru-
the measureds, fraction varies only slightly with energy. cjal, as noted above. To understand how we come to this
The Sudbury Neutrino and Super-Kamiokande observatoriegsult, we have to back track the neutrinos from a vacuum to
see no distortion; only the ultra-low threshold gallium ex-the heart of the Sun. As the rising density starts to single out
periments see a slightly larger fraction. This weak energyhe ,, as special, nearly all the electron flavor is piled into
dependence is not what you would expect from vacuum 0s;,, \whose effective mass rises because of the preferential
cillations, which have a strong energy dependence_. .Howevefnteraction betweem, and electrons. This effect is shown in
another process is at play, known as the large mixing ang| 9. 7" it is somewﬁat enerav dependent. but above a neu-
(LMA) solution?® which relies on the behavior of neutrinos | \3: '’ gy dep ' )

a?nno energy of 5 MeV, thev, component ofv, has risen

in the dense interior of the Sun. For a more mathematic | £ 2506 1 99% . (F h
approach than what follows here, see Ref.(@though this T0M @ vacuum value of 25% to-99%. (For a more math-

article was written before SNO's results were released ~ ematical account, see Ref.)28ience when a high energy
Neutrinos in dense matterMikheyev, Smirnov, and is bornin a fusion or decay reaction, it becomes mostly

Wolfensteirf®*2 first explained how neutrino mixing would Wwith a bit of »;, and possibly a tiny bit of’3. These mass

be affected by the presence of dense matter, the solar core fstates then proceed out of the Sun and on to the Earth. In

example, or perhaps the interior of the Earth. Because orddoing so,v, becomes a fairly equal mix of all flavors, and
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that is basically what we measufalong with possibly tiny  oscillations, it was vital to confirm the solar results with a
contributions fromy; andvs). controllable, terrestrial source of low energy neutrinos. The

There are hints in the Sudbury Neutrino Observatory dat@nly source intense enough for neutrino detection at dis-
that the v, fraction in observed solar neutrinos is slightly tances large enough to see oscillati¢sse Fig. 2is a com-
higher at night. The LMA scenario can easily explain thismercial nuclear reactor, or, better still, a group of them. This
increase by allowing the, to become a little more electron- idea was the origin of thg,- Japanese ultralong-baseline reactor
like after taking a long run through the dense Earth at night€xPeriment, KamLAND:* The KamLAND detector sits in

A word of caution regarding the interpretation of Fig. 7. the old Kamiokande cavity and can “see” several nuclear
The electron component o is not confirmed and might be reactors, which sit an average of 180 km away. It consists of

. - 3000 tons of liquid scintillator, which allows the reactor an-
very small. The mass scale assumes thatis zero, which tineutrinos to be absorbed by hydrogen nugtbe reaction

T o e e B e e s en 6 (8] and procce posivons. The i sinlator pro-
uces much more light per unit energy than does the Cher-

one and two; we cannot tell as yet. In any case, these mix'nkov rocess. enabling KamLAND to see much lower en-
ings are fundamental and the next challenge is to figure ougr rgactions' than tﬁe Super-Kamiokande or Sudbur
why they are this way. gy p y

Neutrino Observatory. This feature is very important given
) ) ) the low energy of many reactor neutrinos and the fact that
C. Confirmation from reactor neutrinos the oscillation effects increase with decreasing en¢Eyy.

Because of the potential uncertainties surrounding the ger{-ﬂ)]' The solar results were confirmed and refined by Kam-
eration of solar neutrinos and the importance of the neutrino

LA
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Fig. 7. A cartoon of the LMA solution for solar neutrino oscillation. We
show here the big picture of solar neutrino physics—including what we
know about atmospheric neutrinos—in terms of mass eigenstates and their
flavor components. Representing the flavor components as fixed fractions is
only really useful here because the oscillations are washed out due to the
Fig. 6. The flavor composition of mass eigenstates assuming the LMA sosource size. | assume a noninverted hierarchy mpet 0. At the moment
lution for solar neutrino oscillation. The electron componentrgfis not  there is no evidence for the electron componentviy shown here is

] I

confirmed and may be very small. The mass scale assumeshatzero, roughly the maximum possible value. The electron component ahd the
which may not be the case. The smaller mass difference may be 2—3 rathepnelectron component of, are likely very small. | have also exaggerated
than 1-2. the regeneration of, in the earth; the effect may be very tiny.
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LAND in December 2002 when the collaboration reported ™[ T T T T T T y;’,f
seeing only 60% of the expected no-oscillation antineutrino I WHIAE Timit o man 1955 007 —
signal. - il

Mentrinoless double—beta decay

S E W T N O

VI. BIG QUESTIONS

A. Why don’t charged electrons and muons oscillate? 2

—m |
my

Electrons, muongand taug are charged. The things that == [ o m,
we know oscillate(neutrinos andK®s) are neutrals. We
know two things about neutrals: we can deduce that they . i
were made(by observing other reaction produgtand we o3 =
can deduce that they did¢ty decay or absorption produgts -
What goes on in between is anyone’s guess. You can figure :
out that you just made an electron neutrino, and somewher: no oo 0l O
down the beam pipe figure out that a muon neutrino just m, feVic’)
interacted and died. The electron and muon neutrino do not
have well-defined mass@mey are not mass eigenstatetmt Fig. 8. A combination of the neutrino oscillation evidence with absolute
the mass splittings are tiny, so whatever oscillation occursmass limits from measurements of the cosmic microwave back_ground
we do not have to worry about mismatches in measured efYVMAP) and double-beta decay. The masses; ; are plotted for varying
ergies or moment® In between life and death, however, V3ues ©fms. from zero up to the absolute mass limit
they travel as mass eigenstates { 3.

Charged patrticles are different, we can track them through
a drift chamber. Like Schainger’s cat, they interact to0 fiayor content. The current best measurement indicates that
much with the environment to be in an ill-defined state. Iny,q nocturnalv, flux in Sudbury, Ontario (46°N) is (7
addition the mass differences are hugeleast 100 MeV, a 0 :

— . . . . +5)% greater than in the day.
billion times the biggest neutrino mass differejyc if you
watch a muon suddenly become an electron for a few meters
and then revert to a muon, there would be major accounting
difficulties on the energy/momentum front. For muons andD. What are the absolute masses of the neutrinos?
electrons, the mass eigenstates and flavor eigenstates are one

P R

and the same thing. We're closing in on this question; the masses are plotted as
a function ofm, in Fig. 82¢ The minimum possible value of
B. Why are the mixings so large? mj; is about 0.06 eW?, but oscillation measurements cannot

) tell us what the absolute masses are.

We don't know. A clue will come when we measure the  physicists have been trying to measure neutrino masses
electron component i3 at the Japanese Hadron Facility directly by looking atg-decay spectra ever since neutrinos
(now known as JPARQN the next decad® This angle may  were first conceived. A nonzero mass would reduce the high
be merely small or tiny enough to be a clue to some nevenergy end-point of the spectrum. Although direct, this ap-
physics. The value of this angle will also tell us whether theproach is limited by apparently unavoidable statistical and
v,—v, mixing is actually or merely approximately maximal, systematic errors and is not sensitive to masses less than a

o
and thus whether the angles are somehow randomly choséew eV/c?.

or in some way special. Enlightment may well come from less direct measure-

ments. Observation of ripples in the cosmic microwave
C. If neutrinos exit the Sun without interaction, how background’ have sensitivity to the masses of the primordial
does the density of the solar core affect them? (the Big Bang neutrinos which abound everywhere in the

. o . _ universe(reckoned to be about a billion perjn The current
This question is the most difficult to explain to the persony g jimit from this source is 0.23 ew. In addition, a varia-

at the bus stop. It is about amplitudes and probabilities. PrObﬂon on the B-decay theme known as neutrinoless double-

abilities (of interaction, sa)/ca_n be expressed as t_he squares%e,[a decadf can potentially go below the crucial 0.06 @7/
of quantum mechanical amplitudes. A solar neutrino can pas,

through a light year of lead with only a small chance c)fand also say something about the fundamental nature of neu-

interaction, so the probability here is tiny. But the amplitudetrlnos (see Sezc. V. The current limit from this source is
(its square rootis not that small. The way the electron den- 800Ut 0.2 €Vé”. Another decade of hard work should close
sity in the solar core affects neutrinos depends, however, ofiliS 9ap-

amplitudes. Hence, it is possible to alter the neutrino states

while the probability of interaction is negligibly small. The

characteristic distance required for this skewing of neutringz, \Wwhat is the mass of an electron(or mu or tau)

states is only about 100 km in the core of the Sun, and a feweytrino?

thousands of kilometers in the EarthThis large distance is

one reason why the day—night asymmetry, if it can be mea- The v, doesn’t have a well-defined mass; it is a thorough
sured at all, is very small. The Sun never dips too far belowmix of two (or thre@ neutrinos states which do have well-
the horizon even at the most southerly solar neutrino detectatefined, but different masses. If evidence of a neutrino mass
(Super-Kamiokande, 36 °N), and therefore the path length of seen ing-decay spectra, it will be an averaged valde-
the neutrinos in the Earth is seldom large enough to alter thpending on the mixing anglesf these mass eigenstates.
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F. Will we be able to see the decap—ey? A% A%

No. By the tenets of the uncertainty principle a muon can,  + +
. . . €

turn into a heavyW (the mediator of the weak interaction
and av,, for a very short period of timesee Fig. 9. Thisv,,
can in principle oscillate into &,, which can coalesce with
the W into an electron. They ray carries away the excess W+ Sl
energy and momentum and everyone is happy. However Sl
Heisenberg tells us we can borrow 80 GeV foWafor only Ta v
1026 s or so. But we already know that it takes thousands of
kllometers for .a 100 MQ\((the muon’s ma}Ssneutrlno to Fig. 9. Feynman diagram fgi— e+ y. Imagine time running left to right.
OSC_”'ate- Thaf[ IS many m_|”|5eC0n(ﬂan eternity at the speed  The heavyw* can link a muon with a muon neutrino, or an electron with an
of light, so it is never going to happen. electron neutrino, and also—because it is charged—shake off a gamma ray.

Hence if the neutrinos mix, so must the muon and electron. However, the

big mass—energy of th&/" can only be borrowed for a brief 16° s, too
VIl. A BRIEF NOTE ON NEUTRINOS AND short for the leisurely neutrino oscillation to take place.

ANTINEUTRINOS

While neutrinos and antineutrinos were thought to be
massless, the distinction between the two was fairly clea@another, although a simple change of frame should not
Massless particles are constrained to move at the speed olfiange its intrinsic nature and it should still be a neutrino.
light and have definite helicity. Helicity is the orientation of ~There are two possibilities. Either right-handed neutrinos
the particle’s intrinsic angular momentuispin) with respect  exist (and left-handed antineutringsor somehow neutrinos
to its velocity. If these two vectors are aligned, the particle isand antineutrinos are the same thing, and we only distinguish
said to be right-handed; if anti-aligned, left-handed. Therghem by the helicity we measure. Here the measuring tool is
are no other possibilities. A dazzlingly clever experiment bythe weak interaction itself, which only allows for different
Maurice Goldhaber and collaborators in 19%8e last great reactions depending on the helicity of the partigiich we
desktop experiment in particle physitsshowed us that may have mistakenly identified as “neutrinos” and “an-
neutrinos are left-handed, and antineutrinos right-handedineutrinos”). In the first case we refer to “Dirac neutrinos,”
This simple spin assignment seemed adequate at the timgy#v) and in the second, “Majorana neutrinosv€v),
but now we know that neutrinos have tiny masses, and saamed for Paul Dirac and Ettore Majorana, respectively, two
cannot travel at precisely the speed of light. Hence, one caprominent early theorists in the field.
in principle boost into a reference frame moving faster than Neutrinoless double beta deéfyis a two-stepps-decay
the neutrino. In this case the neutrino will reverse its momenprocess in which two neutrinos annihilate each other before
tum direction but its spin will remain unchanged, and so itsemerging. An observation of this process would not only
helicity will reverse itself. Therefore a left-handed neutrinogive us a good idea of the neutrino mass scale, it would also
in one frame will look like a right-hande@nti-?neutrino in  tell us that neutrinos are Majorana particles and capable of
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Fig. 10. The analogy between piano strings, neutral kaons, and vacuum oscillations. That for neutral kaons is rather exquisite, but for neatrents we h
remember that the mixture @& andx=u— 7 in v, is not equal but in the ratié:: %.
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each string, regardless of which string is struck. However,
the neutrino mixing is not 50—5(@t least not for solar neu-
trinos), and neutrinos do not decay, as does the sound of a
string.

As an aside, this analogy is much more elegant when used
to explain the other significant oscillation phenomenon in
particle physics, that of neutral kaons. Neutral kaons are

made as flavor eigenstati&§ andK®, but these are not mass
eigenstategust like neutrinos Whichever kaon we make, it

propagates as a mixKC+K® or K°—K° of two states
which have radically different decay timésalled K-long
and K-shor}. In analogy with the strings, we can regenerate
the rapidly decaying component by damping one string in the
same manner as one regenerates K-short particles by placing
a thin piece of material in the beam, thus preferentially
“damping out” the K%s.

If we consider a sound board to have a characteristic fre-
guencywg and two identical strings with frequeneys, then
we find that the resonant frequencies of the whole system
Q. behave as shown in the upper part of Fig.*4Now
look at the way neutrino masses are usually plottedn&&
against the density of the medium in the lower part of Fig.
i 11214 and the similarity is clear.
, With no coupling we have two frequenciesg and wsg.
With coupling the same is true so long ag is either much
higher or much lower thamg. The interesting part occurs
when the two frequencies are similar, and their behavior is
very similar to that ofv, as they travel out from the solar
Vacuum p Solar Core p core. At birth in the dense core; is dictated by fundamen-
tal physics and the electron densithat is, the sound board
frequencywg). As it leaves the Sun, this state passes through
Fig. 11. (a) Resonant frequencieQ.. of a system consisting of a sound the resonance region and emerges as the higher of the two
board with a characteristic frequeneys and two identical strings with mass states(], ), the one with 25% electron content.
frequencyws_. The dashed line shows the case where there is no coupling Incidentally, the small mixing angle solution involves a
between string and sound boar) The effective mass-squared of two . . .
neutrino species as a function of the electron density of the mediumvThe I’apld. Passage through the resonance reg'qn WhI_Ch allows a
eigenstate is largely, inside the Sun; the:, eigenstate is largely a non- transition from the() , to () _ states, even with a tiny cou-
electron flavor. pling. As we have seen, however, nature did not go this
route.

Q

(a)

m/E

1+)]

self-annihilating. If not observed even with a mass-
sensitivity below the minimum limits set by oscillations, then
neutrinos are probably Dirac particles. There have been dis-

cussions of this issue in Ref. 30. IX. SUGGESTED PROBLEM

VIil. A MUSICAL ANALOGY For simplicity, consider all atmospheric muon neutrinos to

Consider two adjacent piano strings that are tuned to thgzve an t(;nergy Oftl. GeV. In_an fundergbround dgt(ka)ctlor yt%u
frequenciesw,~ w,, and attached to a sound board. If we OPSEMVE TESe neutrinos coming from above and below the

pluck or strike one string, soon both strings will be oscillat- horizontal, and compare the _numbers .W'th what you expect
ing with a mixture of the two modes, one with the strings in from a computer model of the!r productlon. Assume that they
phase, one with them in antiphase. The frequencies of the&dl &€ produced at 10 km altitude in the atmosphere. If you
modes ard), andQ _ as shown in Fig. 10. The secret of the S€€ (95:5)% of the expected number above the horizontal
piano sound is that th@ , mode couples very strongly to the @nd (56=5)% coming from below, you conclude that oscil-

sound board and makes a loud but rapidly decaying soundgtions are at work. What possible values can the oscillation
The QO _ mode couples only weakly to the sound boétte parameters\Am, and 6, have? Hint: Convert the length in

motion of one string negates the othand produces a soft Ed. (17) to an observed zenith angle and replot Fig. 3 for
but sustained soun%. different oscillation parameters. A spreadsheet calculation is

The two strings are a useful approximate analogy for neuadequate. Given that equal intervals in épare equivalent
trino vacuum oscillations. Each string can be considered & equal solid-angle areas of the sky, it should be easy to
flavor eigenstate, but the time development is in terms of thestimate the observed fractions above and below the horizon-
Q). modes. Averaged over time, half the energy appears ital.

751 Am. J. Phys., Vol. 72, No. 6, June 2004 Chris Waltham 751

Downloaded 26 Sep 2012 to 152.3.102.242. Redistribution subject to AAPT license or copyright; see http://ajp.aapt.org/authors/copyright_permission



ACKNOWLEDGMENTS Q. R. Ahmadet al. (SNO collaboratiojy “Direct evidence for neutrino

flavor transformation from neutral-current interactions in the Sudbury neu-
Many thanks to my colleagues, students, and seminar au-rino observatory,” Phys. Rev. LetB89, 011301-1-6(2002; “Measure-

diences for reading and commenting on this material. Par-ment of day and night neutrino energy spectra at SNO and constraints on
ticular thanks to Douglas Scott for prodding me into writing neutrino mixing parameters89, 011302-1-52002.

it up. 18y, Itow et al,, (http://xxx.lanl.gov/abs/hep-ex/0106019
1%The Super-Kamiokande Collaboration, “Evidence for oscillation of atmo-

aEjectronic mail: waltham@physics.ubc.ca 20spheric neut!'inos,“ Phys. Rev. Le1, 1562-15671998. ‘

K. Nakamura, “Solar neutrinos,” in the 2002 Review of Particle Proper- L Wolfenstein, Phys. Rev. 07, 2369-23741978; S. P. Mikheyev and
ties, (http://pdg.Ibl.gov/2002/solarnis005313.pdt ) A. Yu. Smirnov, Sov. J. Nucl. Phygi2, 913-917(1986.

2K. Hagiwaraet al. (The Particle Data GroupPhys Rev. D66, 010001  -W. C. Haxton and B. R. Holstein, “Neutrino physics,” Am. J. Ph{s,
(2002. 15-32(2000.

3F, Reines and C. L. Cowan, “Free antineutrino absorption cross section,?”N. Jelley (private commmunication M. G. Bowler, SNO internal report,
Phys. Rev113 273-279(1959. 2002.

“R. Davis, Jr., D. S. Harmer, and K. C. Hoffman, “Search for neutrinos 2°B. Kayser, “Neutrino physics as explored by flavor change,” in the 2002
from the Sun,” Phys. Rev. Let20, 1205-12121968. Review of Particle Properties, <(http://pdg.lbl.gov/2002/
S(www.nobel.se/physics/laureates/2002/ neutring_mixing_s805.pd}.

SA. I. Abasovet al, “Search for neutrinos from the Sun using the reaction 24KamLAND, (http://kamland.lbl.goy/ and K. Eguchiet al. (KamLAND
"'Ga(ve,e7),” Phys. Rev. Lett.67, 3332-33351991). collaboration, Phys. Rev. Lett90, 021802-1—§2003.

’P. Anselmannet al, “Solar neutrinos observed by GALLEX at Gran
Sasso,” Phys. Lett. B85 376—389(1992.

8C. E. Waltham, “A brief history of heavy water,” Physics in Canat®
81-86(1993; 49, 356—357(1993, and (http://xxx.lanl.gov/abs/physics/
0206076.

9The Sudbury Neutrino Observatofttp://www.sno.phy.queensu.ga/
. S. Hirata et al, “Observation of ®8 solar neutrinos in the

24, Burkhardt, J. Lowe, G. J. Stephenson, Jr., and T. Goldman, Phys. Lett.
B 566, 137-141(2003.

263, Beacom and N. F. Bell, “Do solar neutrinos decay?,” Phys. Re@5D
113009-1-92002.

Zwilkinson  Microwave  Anisotropy  Probe (WMAP), (http://
map.gsfc.nasa.gov/nmm.htm).

Kamiokande-Il detector,” Phys. Rev. LeB3, 16—23(1989 2P, \ogel, “Limits from neutrinoless double-beta decay,” in the 2002 Re-
1y N. Gribov and B M Pontécorv-o “Ne:utrino astronc;my and lepton view of Particle Propertieghttp://pdg.lbl.gov/2002/betabeta076.pdf.

cﬁarée » Phys Lett28B .493—496(196’9 M. Goldhaber, L. Grodzins, and A. W. Sunyar, “Helicity of neutrinos,”
12E. sassaroli, “Neutrino oscillations: A relativistic example of a two-level SOPhys. Rev.’LOf), 386__389(1958' o

system,” Am. J. Phys67, 869—875(1999. L. J. Boya, “Neutrino mass and helicity,” Am. J. Phy88, 692—693
133, Bahcall,Neutrino AstrophysicéCambridge U.P., Cambridge, 1989 (2000.

LK. Matsudaet al, “Maki-Nakagawa-Sakata parameters from neutrino os- > ‘G- Weinreich, “Coupled piano strings,” J. Acoust. Soc. A2, 1474
cillations, single beta decay, and double beta decay,” Phys. Re&4,D 1484 (1977,  (http://www.speech.kth.se/music/ectures/weinreic/

013001-1-1022009). weinreic.htm}; F. L. Curzon, “Classroom simulation of the coupled mo-
. S. Hirataet al, “Observation of the smallv, /v, ratio in Kamio- tion of piano strings,” Am. J. Phys52, 137-139(1984.

kande,” Phys. Lett. B280, 146—152(1992. 32C. E. Gough, “The theory of string resonances on musical instruments,”
6super-Kamiokande(http://www-sk.icrr.u-tokyo.ac.jp/sk/ Acustica49, 124-141(1982).
752 Am. J. Phys., Vol. 72, No. 6, June 2004 Chris Waltham 752

Downloaded 26 Sep 2012 to 152.3.102.242. Redistribution subject to AAPT license or copyright; see http://ajp.aapt.org/authors/copyright_permission



