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I. INTRODUCTION and discuss why the new data may soon challenge recent
double beta decay claims. We summarize where we stand in
Several years ago, we authored a paper in this journaleutrino physics, including the new discoveries that may
hereafter called },to encourage inclusion of material involy- S0on be within reach, in Sec. VI.
ing neutrinos into the introductory curriculum. We noted at
the time that neutrinos, with new experiments about to proil. THE TWO-MINUTE REVIEW
vide initial data, might continue to be a popular topic for

studentsiand faculty. This prediction has proven true: In I we summarized the basics of neutrino physics, includ-

ing neutrino history, properties, and implications for contem-
(i) Ray Davis, the founder of the field of experimental porary physics. For the purposes of this paper, we note that
solar neutrino physics, shared the 2002 Nobel Prize inn the standard model of particle/nuclear physieshich is
physics with Mastoshi Koshiba, who led the Kamioka consistent with nearly all present experimental information,
solar neutrino experiment, and Riccardo Giacconi. there exist three massless neutrino typgs,v,,, v,, which
(i) Results from the Sudbury Neutrino Observatoryare produced with purely left-handed helicity in weak inter-
(SNO) resolved the solar neutrino puzzle, showingaction processes. If the neutrino were shown to have a non-
that approximately two-thirds of these neutrinos oscil-vanishing mass, it would be the first clear failure of the 30-
late into other flavors before reaching eatth. year-old standard model and the first proof of the existence
(ili) The KamLAND experiment, in which antineutrinos of the particle dark matter that appears necessary to explain
from Japanese power reactors were detected, corhe structure and expansion of our universe. Nonzero neu-
firmed the Sudbury Neutrino Observatory results andrino masses were suggested by the results of experiments
further narrowed the allowed range of neutrino masshat measure the flux of solar neutrinos, which are produced
differences’ as a by-product of the thermonuclear reactions occurring in
(iv) The Wilkinson Microwave Anisotropy Probe the high temperature core of our sthAdditional strong
(WMAP) measured subtle temperature differencesevidence comes from the study of atmospheric neutrinos,
within the oldest light in the universe, from the epoch which are produced when high energy cosmic rays collide
when atoms first formed 380000 years after the Bigwith the upper atmosphere, producing pions and other par-
Bang® When combined with the results of large scaleticles that then decay into neutrintsThe largest of the vari-
structure studie,a new bound on the sums of the ous atmospheric neutrino experiments is SuperKamiokande,
neutrino masses has been obtained. a detector in a mine in the Japanese alps that contains 50 000
tons of ultra-pure water. SuperKamiokande’s precise data
In addition, evidence has been publish@hd disputed  show that the flux of muon-type atmospheric neutrinos arriv-
for the existence of neutrinoless double beta decay which, ifng from the opposite side of the earth, which have traveled
confirmed, would show that one of the standard model'sa long distance to reach the detector, is depleted.
most important symmetries, the conservation of lepton num- Both the solar and atmospheric neutrino results can be
ber, is violated® Thus we decided to bring our earlier paper explained quantitatively if neutrinos are massive and if the
up to date by explaining the importance and implications ofmass eigenstates are not coincident with the weak interaction
the new results. eigenstatesys, v, ,v,, that is, if the neutrinos produced in
In Sec. Il we present a much abbreviated summary of theveak interactions are combinations of the various mass
material presented in I. In Sec. Il we discuss the Sudburyigenstates. This situation is exactly what is known to occur
Neutrino Observatory results and how they resolved the puzn the analogous case of the qua?kEhe relation between
zling discrepancies Davis first uncovered 30 years ago. lthe neutrino mass and weak-interaction eigenstates is de-
Sec. IV we discuss KamLAND, the first terrestrial experi- scribed by a unitary matrix: for three neutrinos, the mass and
ment to achieve the sensitivity to the small neutrino massveak-interaction eigenstates can be viewed as two distinct
differences relevant to solar neutrino experiments. In Sec. ‘three-dimensional coordinate systems. The unitary matrix
we describe marvelous new cosmological probes of largspecifies the three rotations describing the orientation of one
scale structure and of the time when atoms were first formed;oordinate system relative to the other.
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flux was substantially below that predicted by the standard
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ol 3 10 Rt The favored explanation became neutrino oscillations
. P mé-””h e which, as we have just summarized, occur for massive neu-
o7 @h D BE 1 o AE W o8 trinos when the weak and mass eigenstates do not coincide.

The SuperKamiokande discrepancy, a solar neutrino rate less
than half that expected from the standard solar model, would
Fig. 1. The SuperKamiokande atmospheric neutrino results showing excetequire that approximately two-thirds of the high energy

lent agreement between the predicted and observed electron-like events, té'Fectron neutrinos generated in the solar interior oscillate
a sharp depletion in the muon-like events for neutrinos coming from below; : _ )
through the earth. The results are fit very well by the assumption,of into Y and v, before reaching earth. Low energy, s and

— v, oscillations with maximal mixing. v, s are invisible to the Davis and SAGE/GALLEX detec-
tors and scatter electrons in the SuperKamiokande detector
with a reduced cross section, as we noted previously.

The key idea behind the Sudbury Neutrino Observatory
experiment was the construction of a detector that would
have multiple detection channels, recording th&s by one
reaction and the total flux of all neutrinog{+ v,+v,) by
another. This was accomplished by replacing the ordinary

cosing of zenith angle

The reduced flux of atmospheric muon neutrifese Fig.
1) is quantitatively explained by,— v, oscillations gov-
erned by maximal mixing¢,3~ 7/4: the relationship be-
tween the mass eigenstates and v; and the flavor eigen-

n involv rotation of 45°. The magni i )
statesv,, and v, involves a rotation of 45 e magnitude water in a water Cerenkov detector with heavy watefOD

- 2 2
of the mass{square@dd|fferenc_e§m23— M3~ M; bet\_/veen the instead of HO. The charged-current channel that records the
two equal components making up the flavor eigenstates is, . . . .
—2%10-3 eV2. When | was written. the favored solution to ¢ S IS analogous to the reaction used in the Davis detector,
the solar neutrino problem was also neutrino mixing, but was
described by a much smaller mixing an@lg specifying the

relationship between mass eigenstatesnd v, and the fla-

vet+td—pt+pte . 3

Because the electron produced in this reaction carries off
. ta d The effects of thi Il mixi most of the neutrino energy, its detection in the Sudbury
vor eigenstates, andv,, . 1nhe etiects ol this small mIXINg  Neytring Observatory detectdy the Cerenkov light it gen-

are magnified by interaction with matter in the sun. This iSe ateg allows experimentalists to determine the spectrum of
the Mikheyev—Smirnov—Wolfenstein effect and is descnbedSolar V'S, not just the flux. A second reaction, the neutral

in I. But the results of the Sudbury Neutrino ObservatoryCurrent breakup of deuterium, gives the total flux, indepen-

provided a bit of a surprise. dent of flavor(the v¢, v,, andv, cross sections are identi-
cal),
Ill. THE SUDBURY NEUTRINO OBSERVATORY
EXPERIMENT vt d=ntpty. @)
The only signal for this reaction in a water Cerenkov detec-
®ris a neutron, which can be observed as it is captured via
the (n,y) reaction. The Sudbury Neutrino Observatory is
(1) currently operating with salt added to the water, because Cl
. . T , in the salt is an excellent target for neutrons, producing about
experimentalists cannot easily distinguighs from thev,,’s 8 MeV ys.
and v.'s: the _Qe_tector records both fluxes, though with a Although this strategy may sound straightforward, devel-
reduced sensitivity0.15 for the heavy-flavor ¢, andv;)  oping such a detector was an enormous undertaking. The
types. The reaction produces energetic recoil electrons thafeeded heavy water—worth about $300®&nadiai—was
generate Cerenkov radiation which is recorded in an array ojyailable through the Canadian government because of its
phototubes surrounding the detector. Because the cross SRGANDU reactor program. The single-neutron detection re-
tion is sharply forward peaked, the correlation with the po-quired for the neutral current reaction is possible only if
sition of the sun can be used to remove the background corbackgrounds are extremely low. For this reason the detector
tributions associated with cosmic rays and radioaCtiVity inhad to be p|aced very deep underground’ beneath approxi_
the rock walls surrounding the detector. Because the threshinately 2 km of rock, so that cosmic-ray muon backgrounds
old for electron detection is-6 MeV, only the high energy would be reduced to less than 1% of that found in the Su-
portion of the®B solar neutrino flux is measured. These areperKamiokande detector. The desired site was chosen to be
the same neutrinos that dominate the radiochemical measuri+ an active nickel mine, the Sudbury mine in Ontario,
ments of Ray Davis: Superkamiokande confirmed that thisanada, where experimentalists worked with the miners to

Because both charged and neutral currents contribute
the reaction important to SuperKamiokande,

vyte —vte,
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carve out a 10-story-high cavity on the mine’s 6800 ft level. AT
Trace quantities of radioactivity were another background '
concern: if a thimblefull of dust were introduced into the
massive cavity during construction, the resulting neutrons
from uranium and thorium could cause the experiment to
fail. Thus, despite the mining activities that continued around
them, the detector was constructed to the strictest cleanroom
standards. The detector also provided a third detection chan-
nel, neutrino elastic scatteringeS off electrons[Eq. (1)],
which we have noted is sensitive iQ’s and, with reduced
sensitivity,»,'s andv,’s. i e
The elastic scattering reaction, of course, provides the 0 1 2 3 4 g @
Sudbury Neutrino Observatory a direct cross check against o, (10° em? s
SuperKamiokande. Sudbury Neutrino Observatory’s thresh- ’
old for measuring these electrons is about 5 MeV. Assuminggig. 2. The flux of'B solar neutrinos is divided inte, /v, andv, flavors by
no oscillations, the Sudbury Neutrino Observatory’s detecthe Sudbury Neutrino Observatory analysis. The diagonal bands show the

.3

g 10 em

tion rate is equivalent to a, flux of total ®B flux as predicted by the standard solar modielshed linesand that
€ measured with the neutral current reaction in the Sudbury Neutrino Obser-
Eﬁoz 2.39+ 0.34(stah = 0.15 sysh X 1f cm2s 1, vatory (solid band. The widths of these bands represent théo errors.

(5) The bands int(_arsect in a single region f@fve) an_d ¢(VH/1./,), indicating
that the combined flux results are consistent with neutrino flavor transfor-

a result in excellent accord with that from SuperKamio-mation assuming no distortion in tf8 neutrino energy spectrum.
kande,

ES_ —2o-1

$sk=2.32£0.03 sta = 0.06(sysy x 10° em™*s". () identified by the 6.25 MeWy ray it produces when captured
The greater accuracy of the SuperkKamiokande result refleciy deuterium. The resulting total flux, independent of flavor,
the larger masg$50 ktong and longer running time of the Is
Japanese experimenThe Sudbury Neutrino Observatory NC _
detector contains, in addition to the 1 kton of heavy water in Psnd V) =5.09+0.44stah = 0.45 sy}

its central acrylic vessel, an additional 7 ktons of ordinary x10°P em 251 (10)
water which surrounds the central vessel, helping to shieltii . .
it.) f we combine the net total flux with the charged-current

The crucial new information provided by Sudbury Neu- Signal, we obtain
trino Observatory detector comes from the two reactions ¢\ ve) =1.76+0.05 stap + 0.09 sysh
which take place in deuterium. The charged-current channel P
is only sensitive tov,'s. Given the assumption of an undis- X10° em ?s™H, (11a
8 : .
e D0 o, e dbury Neulino OBSENAIO) g, 1) ~34L-0.48 510 0425y

e x10°P cm 2s7 1, (11b
dend ve) =1.75=0.07stah +0.12 sy = 0.05 theory) .
The presence of heavy-flavor solar neutrinos and thus neu-
x10°P ecm 2571, (7)  trino oscillations is confirmed at the Bx3evel! Furthermore,

the total flux is in excellent agreement with the predictions of

The gharged—gurrent ﬂL.]X i.s Ie;s than that deduced from thﬁhe standard solar model, E®), an important vindication of
elastic scattering rate, indicating thaj’s and v,'s must be stellar evolution theory. ' '

contributing to the Iatter_. From th_e difference between the Tpq Sudbury Neutrino Observatory analysis is summa-
SuperKamiokande elastic scattering and the Sudbury Ney,eq in Fig. 2, which shows the three bands corresponding
trino Observatory charged-current results, to the charged-current, neutral current, and elastic scattering
8¢=0.57+0.17x10° cm 251, (8)  Measurements coinciding in a single region. These results
can now be combined with other solar neutrino measure-

and recalling that the , /v, elastic scattering cross section is ments to determine the mixing angle and mass-squared dif-
only 0.15 of thev,, we can deduce the heavy-flavor contri- ference parameters governing the oscillations. At the time |

bution to the solar neutrino flux to be was written, there were several contending solutions, though
PR the data favored one characterized by a small mixing angle

$(v,/v,)=3.69-1.13<10° cm s~ (9 (thus called the SMA solutionFigure 3 shows that the Sud-
That is, approximately two-thirds of the solar neutrino flux is Pury Neutrino Observatory result has determined an oscilla-
in these flavors. tion solution that, at the 99% confidence level, is unique, and

While the first Sudbury Neutrino Observatory analysis@S in the atmospheric neutrino case, has a large mixing angle,
was done in the manner described, a second publication galz2~30°. This large mixing angle oscillation is clearly dis-
the long awaited neutral current results. The measurement #fct from that observed with atmospheric neutrinos, with
the neutral current event rate allowed a direct and very acém2,=m5—m3 centered on a region 8x 10~° V2,
curate determination of the flavor content of solar neutrinos, The discovery that the atmospheric and solar neutrino
without the need for combining results from two experi- problems are both due to neutrino oscillations has provided
ments. The published neutral current results were obtainethe first evidence for physics beyond the standard model.
without the addition of salt to the detector: the neutron wasThat neutrinos provided this evidence is perhaps not unex-
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Fig. 4. The 95% confidence level. The large mixing angle allowed region of
Fig. 3. For two-flavor mixing, the values of the mass difference and mixingthe Sudbury Neutrino Observatory and other solar neutrino experiments is
angle consistent with the world’s data on solar neutrinos, post Sudburghown. The regions marked “Rate and Shape allowed” show the 95% c.I.
Neutrino Observatory. At 99% confidence level, the addition of the SudburyKamLAND allowed solutions. The thick dot indicates the best fit to the
Neutrino Observatory data isolates a unique, large mixing angle solution. KamLAND data, corresponding to £ig6,,~1.0 and 5m§2~6.9
X107% eV2,

pected: if the standard model is viewed as an effective
theory, one largely valid in our low-energy world but missing
physics relevant to very high energies beyond the reach of

4 . . )
current accelerators, then a neutrino mass term is the lowe _he\z/re thee |sdsee3 g‘ ctcr)]mmdetnce W]'(”:hthe delayed 2.'2
order correction that can be added to that theory. But a surY'.cV Y fay produced by the capture ol the accompanying

prise is the large mixing angles characterizing the neutring'€utron by a proton. This coincidence allows the experimen-

oscillations, which contradicts the simple prejudice that neul@liSts to distinguishv, reactions from the background. _
From the reactor operation records the KamLAND experi-

trino mixing angles might be similar to the small angles fa- ; : .
miliar from quark mixing. Perhaps this result simply rein- mentalists can calculate the resulting flux at Kamiokande to a

forces something that should have been apparent at tHaecision of~2%, in the absence of oscillations. Thus, if a
outset: with their small masses and distinctive mixings, neusignificant fraction of the reactar,’s oscillate intov,,’s or
trinos likely have an underlying mechanism for mass generar,’s before reaching the detector, a low rateedf capture-
tion that differs from that of the other standard model fermi-y-ray coincidences will be evidefsee Eq.(12)]. This type
ons. of experiment is an example of the “disappearance” oscilla-
tion technique we described in I. For the 162 ton/yr exposure
so far reported by the KamLAND collaboration, the number
IV. THE KAMLAND EXPERIMENT of events expected in the absence of oscillations is 86.8

+5.6. But the number measured is 54, just 61% of the no-

_One remarkable aspect of the solar and atmospheric ne . .tion expectation. From the two-neutrino-flavor oscilla-
trino discoveries is that the derived oscillation parameters arg 1 survival probabilitysee Eq(66) in I]

within the reach of terrestrial experiments. This fortunate

circumstance did not have to be the case—solar neutrinos are ,

sensitive to neutrino mass-squared differences as small as ) _oompL
10 12eV2, for which terrestrial experiments would be un-  P(Ve—7e)=1—sir Zﬁlzslnzf, (13
thinkable. :

Very recently, KamLAND(the Kamioka Liquid Scintilla- ] o )
tor Anti-Neutrino Detectoy, the first terrestrial experiment to We obtain the oscillation parameters of Fig. 4. KamLAND
probe solar neutrino oscillation parameters, reported theigonfirms the large mixing angle solution and significantly
initial results. The inner detector consists of 1 kton of liquid harrows the Sudbury Neutrino Observatory’s allowed region
scintillator contained in a spherical balloon, 13 m in diam-(the dark area in Fig.)4KamLAND has excellent sensitivity
eter. The balloon is suspended in the old Kamioka cavityo dmZ,, but less sensitivity to sfi26;, (due to uncertainties
(where SuperKamiokande’s predecessor was housgd in the shape of the reactar, spectrum. The result is the
Kevlar ropes, with the region between the balloon and theseparation of the Sudbury Neutrino Observatory large mix-
18-m-diam stainless steel containment vessel filled with ading angle allowed region into two parts, with the best-fit
ditional scintillator (to shield the target from external radia- sm?,~7x10°° eV?, but with a larger mass difference
tion). Several Japanese power reactors are about 180 kmj 5x 10-4 eV2 also a good fit. KamLAND is an excellent
from the Kamioka site, and the electron antineutrinos emittedyample of complementary terrestrial and astrophysical mea-
by nuclear reactions in the cores of these reactors can hg,rements: solar neutrino experiments provide our best con-
detected in KamLAND via the inverse beta decay reaction, gy aints ondy,, but KamLAND places the tightest bounds on

Tetp—et+n, (120 oma,.
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V. WMAP, DOUBLE BETA DECAY, AND NEUTRINO these is the recent WMAP full-sky map of the cosmic micro-
MASS wave background and its subitew millionths of a degree
temperature anisotropies. This background is the oldest light
Despite the wonderful recent discoveries in neutrino physin the universe, the photons that decoupled from matter at the
ics, there remain quite a number of open questions. Severéime atoms formed, about 380 000 years after the Big Bang.
have to do with the pattern of neutrino masses. All of theThe cosmic microwave background temperature anisotropies
experiments described previously probe mass differencesgll us about the structure of the universe, its clumpiness, at
not absolute neutrino masses. Furthermore, the atmosphetitis very early epoch. Measurements of distant type-la super-
neutrino experiments only constrain the magnitudémf,, ~ novae, a sort of “standard candle” by which astronomers can
and not its sign. As a result, there exist several mass patterfigeasure cosmological distances, have constrained the expan-
fully consistent with all known data. One choice would be tosion rate and mass/energy budget of the universe. Large-
assignm; to be the heaviest neutrino, split by the atmo-Scale surveys, such as the 2dF Galaxy Redshift Survey, have
spheric mass differencém§3~2>< 10~2 eV2 from a lighter, mapped t_he dlstrlbu_tlon of visible matter in the_ universe to-
nearly degenerate pair of neutrinos responsible for solar neLSi-ay and in recent tl_me75.The re_sult from combining the_se
trino oscillations. (This pair is split by the solar neutrino and other cosmological probes is a rather sharp constraint on

. 2 A5 w2 the amount of hot dark matter, in particular, the mass density
mass d|ffe2re.nceém12 10 i eve) i HOWG‘_’EL becagse the in neutrinos, that can be allowed, given that our universe has

lightest neutrino, with heavier, nearly degenerateandm,. _
Finally, the best direct experimental constraint on absolute P! pei=0.022, (16)

neutrino masses comes from studies of tritium beta decay, afat is, an upper bound on the sum of neutrino masses of
described in I. Studies of the tritium spectrum near its enchhout 1.0 eV.(Some analyses claim even tighter upper
point energy places a boutidof 2.2 eV on thev, mass(or  bounds) This bound is significantly tighter than that of Eq.
more properly, on the principal mass eigenstate contributing14), derived from laboratory data only.
to thev). Consequently, we can add an overall scale of up Cosmology now demands that neutrino dark matter can
to 2.2 eV to the mass splittings described earlier. That is, nanake up no more than 2%-3% of the universe’s mass—
terrestrial measurement rules out three nearly degenera&mergy budget and, in particular, is less important than other
neutrinos, each with a mass2.2 eV, but split bydm%,,,s  forms of matter we know aboufor example, nucleons(We
and 6m2,,,,. will not go into the disconcerting fact that at least 93% of the
As discussed in I, the absolute neutrino mass is crucial i¥NVerse’s mass—energy budget appears to be dark energy
cosmology, because a sea of neutrinos produced in the B'd cold dark matter that we have not yet adequately char-
Bang pervades all of space. If these neutrinos carry a signifidcterized! It also tells us that neutrino mass at thel eV
cant mass, they would constitute an important component devel now effects cosmological analyses: such analyses
particle dark matter, invisibly affecting the structure and ex-Would constrain other cosmological parameters more tightly
pansion of our universe. Light neutrinos, such as those wé neutrino masses were measured, rather than being free
have been discussing, decoupled from the rest of the matt@arameters that one must dial into cosmological models until
as relativistic particles, aboud s after the Big Bang. Their Unacceptable deviations are fouri{@he 1 eV bound was
number density and temperature can be calculated at the ting€rived by such cosmological arguments, which underscores
of decoupling and at the present. Their contribution to the’OW important it is to significantly improve laboratory mass
universe’'s mass—energy budget is now dominated by thelfmits.)

masses, One possibility is a new-generation tritium experiment.
There is a serious effort under way to improve the current
PV=0-0230cm§i: m,(i), (14) bound on thev, mass to about 0.3 eV, which would then

place an upper bound on the sum of the masses of about 0.9
. . . . eV Another possibility—less definitive, perhaps, but with

wherepg is the critical density that will just close the uni- e greater reach—is offered by new-generation neutrino-
verse andn, is in electron volts. A variety of cosmological |ess double beta decay experiments.
probes suggest that our universe is very close to the critical The phenomenon of neutrinoless double beta decay, de-
density p/ p¢;iy=1.0+0.04. scribed in |, tests not only mass, but also whether a standard

From this discussion, we know that at least one neutrinanodel symmetry called lepton number conservation is vio-
must have a mass of at leagbm?,.. Similarly, the tritum  lated. In neutrinoless double beta decay a nucleus spontane
beta decay limit places an upper bound on the sum of theusly decays by changing its charge by two units while emit-
masses of 6.6 e\(corresponding to three nearly generateting two electrons,
neutrinos of mass 2.2 gVIt follows that the neutrino con- e - -
tribution to dark matter is bounded above and below by (AZ)=(Aztl)te tre—(AZt2)te +e, (17)

0.0012<p,/peri=0.15. 15 \yhere the intermediate nuclear stafeZ+1) is virtual. The

This broad range implies that the amount of mass in neutriemitted electrons carry off the entire nuclear energy release,
nos could easily exceed all the familiar baryon matter—starsallowing this process to be distinguished from the standard-
dust, gas clouds, and us!—visible or invisible: big-bang nu-model-allowed process of two-neutrino double beta decay
cleosynthesis and precision measurements of the cosmic niiwhere the energy is shared between two electrons and two
crowave background both indicate thafyyond perit~0.042.  v¢'s in the final statg The neutrinoless process clearly vio-

However, in the past few years a series of extraordinarilylates lepton number, as two leptofise electronsare spon-
precise measurements have been made in cosmology. Onetaheously producedBy contrast, because thes carriesl|
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=+1 and thev, carries|=—1, two-neutrino double beta B

decay conserves lepton number. :
What conditions will lead to neutrinoless double beta de- ;-
cay? The necessary lepton number violation is present if the

neutrino is a Majorana particle, that is, is identical to its

antiparticle. Most theoretical models include Majorana neu- *¢

trinos, because they arise as part of the mechanism that a 2

lows us to understand why neutrinos have masses mucl

smaller than those of the other standard-model fermions

such as electrons and quarks. But the existence of a Majo '

rana neutrino alone is not sufficient because of the exac ™ I l
handedness of neutrinos, which we discussed in I. In the

. | i i I;_!‘LHHI 2000 M2 260 201} HA0 2wl JI.I'.'IEI 80
neutrinoless double beta decay reaction given in(Eg, the
v, appearing in the intermediate nuclear state was produced
in the nucleus by the neutro@ decay reactiom—p+e~ Fig. 5. The spectrum found in Ref. 8. The claimed signal is as shown.
+v,. To complete the decay, the antineutrino must be reab-
sorbed by a second neutron,+n—p-+e . At first glance,
if vo=v,, thatis, if the neutrino is its own antiparticle, this VVI. CONCLUSION
reabsorption looks possible. However, this conclusion over-
looks the neutrino handedness. In the first step,thero- _ In.t_he three years _since the publication of I, several very
duced is right-handed, while the second reaction only proSignificant neutrino discoveries have been made.
ceeds if they, is left-handed. Thus it would appear that the (i) The Sl_Jdbury Neutrmp Observatory d_etector has ?hOW”
neutrinoless process is forbidden, eveigf v, . that approximately two-thirds of tH#8 neutrinos that arrive

This argument, however, overlooks the effects of neutrind’" earth have oscn_lated mtpM S orv.s, thgs demonstrat-
\g that new neutrino physics is responsible for the solar

mass: a small neutrino mass breaks the exact neutrino han!

. : neutrino puzzle first uncovered by Davis. Together with the

;ahdness, ?tllo(;/wng neutrmole;?f tc)iec;\y t? p:gc;aEed, altrrllough atmospheric neutrino discoveries of SuperKamiokande, this
€ ampiitude 1S suppressed Dy the tactoj/e,, where discovery of an effect requiring massive neutrinos and neu-
E,~30 MeV is the typical energy of the exchanged neu-ying mixing is the first evidence for physics beyond the stan-

trino. It follows that neutrinoless double beta decay measuregard model. The Sudbury Neutrino Observatory results for
the neutrino mass—at least the Majorana portion of thathe total solar neutrino flux, independent of flavor, are in
mass.(Making this statement more precise, unfortunately.excellent agreement with the predictions of the standard
takes us beyond the limits of this paper. model—despite the challenge of calculating a flux that varies
In the simplest case—a single Majorana mass eigenstatgsT 22 whereT, is the solar core temperature. The Sudbury
dominating thesB decay—the neutrinoless amplitude is pro- Neutrino Observatory results, when added to other solar neu-
portional toU2m;, whereU3; is the mixing probability of  trino data, isolate a single oscillation scenario, the large mix-
the ith mass eigenstate in the and m; is the mass. Cur- ing angle solution.
rently the best neutrinolesgB decay limits are those ob- (i) The first terrestrial experiment to probe solar neutrino
tained by the Heidelberg-Moscow and IGEX enricti86%) oscillation parameters, KamLAND, has confirmed the Sud-
%Ge experiments, which both probe lifetimes beyondbury Neutrino Observatory results and further narrowed the

. HH 2

10?° yr—corresponding to roughly one decay per kd§yiP  large mixing angle range of allowesms,.

These experiments employ Ge crystals—the Ge is both (iii) Both the absolute scale of neutrino masses and the
source and detector—containing about 10 kg of active matedetailed pattern of the masses remain unknown, as the
rial. Next-generation experiments, using a variety of doublegPrésent resglts measure only mass differertaed leave the
beta decay Source576Ge, l36>(ey 100'\/|0)’ have been pro_ Slgn Of 5m23 Undetermlneﬁ The most S'[I’Ingent current
posed at the 1 ton scale. These have as their goals sensitifiound on the absolute scale of neutrino mass comes from
ties to neutrino masses of 10—50 meV, corresponding to lifelecent precision tests of cosmologyotably WMAP and the
times well in excess of Edyr. One important motivation 2dF Galaxy Redshift SurveyThis limit, a bound of about 1

. . —~——>— eV for the sum of neutrino masses, is likely to improve as
for these heroic proposals is the nuMb&OMamos  peyy surveys are done. In addition, much improved tritigm

~55 meV: in §evergl scenarios accpmmodatlng the 50'96ecay and neutrinolesgp decay experiments are being
and atmospheric oscillation results, this scale plays a role igjanned. There is one controversial claim of an observation
determining the level at which neutrinolegg decay might of neutrinoless3B decay that must be checked sdon.
be observed. _ _ We stress, as we did in I, that this field is producing many
A few members of the Heidelberg-Moscow collaborationneyw results that promise to impact physics broadly. The most
have claimed that their present results are not a limit, butommon mechanisms for explaining neutrino mass suggest
rather a detection of neutrinolegg decay, with a best value that current experiments are connected with phenomena far
for the Majorana neutrino mass 6f0.4 eV8 This claim has  outside the standard model, residing near the grand unified
been strongly criticized by a group that argues that theenergy scale of 6 GeV. Thus there is hope that, by fully
claimed peak, shown in Fig. 5, is not statistically significant.determining the properties of neutrinos—a few of the unre-
Regardless, this claim will clearly be tested soon in off)@r solved problems have been mentioned here—we may equip
decay experiments and in future cosmological tests, whicltheorists to begin constructing the next standard model. Neu-
promise to soon be probing masse$.3 eV. trino physics is also crucial to astrophysics—not just the
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energy [keV]
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standard solar model, but also in supernovae and in higﬁ’D- N. Spergelet al,, “First year Wilkinson microwave anisotropy probe
energy astrophysical environments—and to cosmology. We (WMAP) observations: Determination of cosmological parameters,”
now have identified the first component of particle dark mat- arXiv: astro-ph/0302213. , ,
ter, although the significance of the neutrino mass is still J. Peacoclet al, “A measurement of the cosmological mass density from
unclear due to our ignorance of the overall scale. Neutrinos ©UStening in the 2dF galaxy redshift survey,” Natutendon 410, 169~

; . : 173(200).
could prove central to one of cosmology’s deepest questions, | \f KIDd Klei h L *Evid ‘ inoless doubl
why our universe is matter dominated, rather than matter— __ _° apdor-Kleingrothauset al, “Evidence for neutrinoless double

d . his i f h beta decay,” Mod. Phys. Lett. A6, 2409-2420(200)); C. E. Aaalseth
antimatter symmetric. But this is a story for another paper et al, “Comment on evidence for neutrinoless double beta decity.

and another time. 17, 1475-14782002.
9See, for example, J. F. Donoghue, E. Golowich, and B. R. Holsiyjn,
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STYLE

My first course was on Plato’s dialogdiéeatetusl went through the dialogue line by line wit
frequent asides on ancient and modern problems. For example, | connected Plato’s theory of
perception with quantum mechanics, and | dealt at length with his reason for choosing the dia-
logue over the epic, the drama, the public speech, and the scientific essay as a means of commu-
nication. “Plato thought about his style,” | said; “today the style of a scientific paper is decided by
editors.”

Paul K. Feyerabendilling Time: The Autobiography of Paul Feyerabefithe University of Chicago Press, Chicagg
1999, p. 159.
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