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The basic concepts of neutrino physics are presented at a level appropriate for integration into
elementary courses on quantum mechanics and/or modern physic&00@merican Association of
Physics Teachers.

[. INTRODUCTION decays to a daughter with the same atomic mass, but an

) ) i atomic number changed by one unit, with the missing charge
The neutrino has been in the news recently, with reportgarried off by an electron or positron

that the SuperKamiokande collaboration—which operates a
50 000-ton detector of ultrapure water isolated deep within
the Japanese mine Kamiokande—has found evidence of a
nonzero neutrino massThe neutrino, a ghostly particle o o .
which can easily pass through the entire earth without interJ his is quite literally nuclear transmutation of the type that
acting, has long fascinated both the professional physicid@scinated alchemists of an earlier age. Beta decay was first
and the layman, as this poem from writer John Updike recognized because of naturally occurring radioactivity but

(A,Z)—(A,Z=1)+e". (1)

tests: today has been studied for a vast range of parent isotopes.
Neutrinos, they are very small One example of considerable modern interest is the decay of
They have no charge and have no mass a free neutron into a proton and electron, with a half life of
And do not interact at all. about 10 min. Another is the decay of a bound neutron in
The earth is just a silly ball tritium to produce an electron antHe with a half life of
To them, through which they simply pass, 12.26 years: The effects of the nuclear binding in changing
Like dustmaids down a drafty hall the energy released in the decay are responsible for the great
Or photons through a sheet of glass. increase in the half life. At the end of the 1920’s the exis-
They snub the most exquisite gas, tence of beta decay was well established. However, the spec-
Ignore the most substantial wall, trum of the emitted electrons was puzzling. If beta decay
Cold-shoulder steel and sounding brass, occurs from rest into a two-body final state as given in Eq.
Insult the stallion in his stall, (1), momentum conservation would require the momenta of
And, scorning barriers of class, the emitted electron and recoiling nucleus to be equal and
Infiltrate you and me! Like tall opposite. Energy conservation would then fix the outgoing
And painless guillotines, they falll electron energy which, because the nucleus is heavy and thus
Down through our heads into the grass. recoils with a negligible velocity, is nearly equal to the dif-
At night, they enter at Nepal ference of the parent and daughter nuclear magsesvn as
And pierce the lover and his lass the reaction energy release Qrvalue
From underneath the bed—you call
It wonderful; | call it crass. Q=M(A,Z)—M(A,Z+1). )

We present this pedagogical discussion of basic neutrino
physics in the hope that aspects of this topical and fascinaizg the Q-value in the beta decay of tritium is 18.6 keV, one
ing subject can be integrated into introductory courses, progqy|q expect a monochromatic spectrum with all emitted
viding a timely link between classroom physics and scienC&ecirons having this energy. Instead experimentalists found
news in the popular press. In this way an instructor may be, continuous spectrum of electron energies ranging from the
able to build on student curiosity in order to enrich the cur- ot massm. to the Q value, peaking at an energy about
riculum .With SOme _unusual new physips. In t_his spirit we halfway in lgetween as sho'vvn in Fig. 1. Various explana-
present in the following some of the basic physics underlying; ¢ \vere considered—Niels Bohr even proposed the possi-
massive neutrinos and neutrino mixing, as well as othefy . ihat energy conservation was no longer exact in such
properties of neutrinos relevant to both terrestrial EXPeIl5,patomic processes, and rather preserved only in a statisti-
ments and astrophysics. cal sense, somewhat in analogy with the second law of ther-
modynamics! However, in a letter dated December, 1930,
II. NEUTRINOS: HISTORY Pauli suggested an alternative explanation—that an unob-
served light neutral particlecalled by him the “neutron” or
We begin with a bit of history—an interesting and more neutral one but later renamed by Fermi the “neutrino” or
detailed discussion can be found in Laurie Brown’s article inlittle neutral ong¢ accompanied the outgoing electron and
the September 1978 issue of Physics Tot&uclear beta carried off the missing energy that was required to satisfy
decay is a form of radioactivity wherein a parent nucleusenergy conservation. Pauli offered this explanation tenta-

15 Am. J. Phys68 (1), January 2000 © 2000 American Association of Physics Teachers 15



2
GF dgpe dapv 2
dF“(E (2—77)3(2—#)32775(Q—Ee_Ep)|Mw|
observed |expected )
spectrum  |spectrum Ge | (4m)? JE.E.p (O EJP_T?
-~ E W eEePe (Q— e) —-m,
dr
dEe X(Q_ Ee)|MW|2| (4)
whereM,, is the nuclear matrix element. Takimg,=0 and
assumingM,,|2~ constant we find
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Fig. 1. TheB energy spectrum for decay into a heavy daughter nucleuswherepe and E. are the momentum and energy of the elec-

electron, and neutrino is compared to the monoenergetic spectrum for decqyon When this simple formula was corrected for the distort-

into a daughter nucleus and electron, only. The spectrum is idealized: Di ) .

tortions due to the Coulomb interaction between the electron and daughtjrr1g Ef.feCtS of the dathter n.UC|eus Coulomb fl.eld on the

nucleus have been neglected. outgoing electron wave function, an excellent fit was ob-
tained to several experimentally measured spectra. This was
an important confirmation of Fermi's theory, and thus of
Pauli’'s postulate of the neutrino. Yet it would take another

two decades to detect this elusive particle directly.
Although he publicized it in various talks over the next threeneutrino can be seen in the size of the weak couplizg
years, no publication occurred until his contribution to theFrom the 887-s lifetime of the neutron one finds that
Seventh Solvay Conference in October 1933e also pro- =7#/7,~7Xx10 ?8GeV, while Fermi's theory gives
posed(correctly that the neutrino was a particle carrying

spin 1/2 in order to satisfy angular momentum conservation Gr 2 d®pe dp,

and statistics. Fermi was present at a number of Pauli’s pre- I'v~|— 2m)3 (2m)°

sentations and discussed the neutrino with him on these oc- \Z (2m m

casions. In 1934 he published his insightful model for the X 27 8(My—My— Eg—E,)|M,|2

beta decay process and indeed for weak interactions in nooeme

generaP He described beta decay in analogy with Dirac’s GE (4m)2 [mp—mp ’ )
successful model of the electromagnetic interaction, wherein =2 2np J dEcEepe(m,—m,—Ec)?[M,|
two charged particles interact via the exchange 6Ofidual) Me

photon that is produced and then absorbed by the electro- ~4.59x 10*19Ge\,5@§||\/|w|2_ (6)

magnetic currents associated with the partitdsFig. 2a)].
Fermi represented the weak interaction in terms of the prodas |Mm, |2~ 6, one findsG~10"°>GeV 2. In order to under-

uct of weak “currents,” one connecting the initial and final stand why this interaction is called “weak,” we note that the
nucleon and the other connecting the final state electron/ontemporary picture is tha. can be understood in anal-

positron and Pauli’s neutrinfef. Fig. Ab)]. In electromag- gy with the electromagnetic interaction as the result of an
netism the virtual photon connects the two currents at d'séxchange of a virtual but very massive and charged

tinct points in space—time: Indeed the masslessness of th " - A2IN2 i
photon is the reason for the long-range Coulomb force. In his’%hOton the W boson S0 th‘?“G.F & /My with M‘.’V
weak interaction theory, however, Fermi connected the cur-_ 8(.) GeV._ By the uncertainty principle, however, a V|.rtua|
rents at thesamespace—time point, in effect assuming that Particle with such a heavy mass can propagate a distance
the weak interaction is very short ranged. The strength of thé X~ CAt~%¢/My,~0.0021m, i.e., a very small fraction of

interaction was determined by an overall coupling strengtﬁhe nucleon radius. This exceedingly small interaction
Ge range—which allows point particles, such as the neutrino

and the quarks that are the underlying constituents of a
nucleon, to interact only if they fortuitously pass very close

CT + to one another—is the reason that the weak process in Fig.
HW_% YpOputhnibeO g+ h.c. ®) 2(b) is much less probable than the electromagnetic process
of Fig. 2a).

where h.c. denotes the Hermitian conjugate of the first term Ferr_ms theory_ is a relativistic quantum field the(_)r_y,
on the right. As written above, one of the weak currents iﬁwherem a given field ope'rato,kq represents both an a”r?'h"
associated with the conversion of a neutron into a protoni@tion operator for generic particlg as well as a creation
and the other with the production out of the vacuum of anOPerator for the corresponding antiparticje Thus Eq.(3)
electron and antineutrino, which carry off almost all of the contains not only the interaction for beta decay—pe v
released energy. The electron spectrum predicted by thandp—ne*v—but also the following.

weak Hamiltonian can be readily calculated by using Fermi's (i) Electron capture, where an atomic electron orbiting the
golden rule for the differential decay rate, yielding in the nucleus interacts with one of the nuclear protons, converting
no-nuclear-recoil approximation it to a neutron and producing an outgoing neutrigdo+ p
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two plastic tanks each filled with 200 of water, in which
was dissolved cadmium chloride. The protons in the water
e p e p provided the target for the reaction+ p—n+e*, while the
cadmium has a large cross section for neutron capture. The
tanks were sandwiched between three scintillation detectors.
The group looked for a signal consisting of gamma rays from
G the annihilation of the emitted positron on an electron fol-
v K lowed closely(within a few microsecondsby gammas from
the de-excitation of the cadium nucleus that had captured the
neutron. The observed signal was correlated with the reactor
being in operation. With this evidence they announced in
1956 that the neutrino had been dete&edmost 25 years
a) b) after Pauli's original suggestion. In 1996 Reines was
Fig. 2. Schematic representation(af the electron—proton electromagnetic award_ed the NObeI, Prize for this discovetgZlyde Cowan
interaction arising from the exchange of a virtual photon between the elechad died years earlier.

tromagnetic currents generated by these particles(artie corresponding However, this was not the end of the story, but only the
charge-current weak interaction arising from the local product of thebeginning. Indeed within seven years there was another
neutrino—electron and neutron—proton weak currents. NobeI-Prize—Winning neutrino discovery: Lederman,

Schwartz, and Steinberger demonstrated that there was more
] . than one type of neutrinbln order to explain their discovery
—n+v. (An analogous process for positrons; +n—p e first provide a bit of theoretical background. As previ-
+v, is important in the hot plasmas encountered in the bighusly discussed, the processes associated with Fermi’s pic-

bang and in explosive stellar environmehts. ture of beta decay are called “weak,” characterized by rates
(i) The charged current neutrino reactions n—p-+e~ or cross sections nearly 20 orders of magnitude smaller than

andv+ p—n+e* [which are the inverses of the reactions in those involving strongly interacting particles, such as the

(i), but are often referred to as “inverse beta dechy” cross sections for scattering one nucleon off another. Par-

(i) The exotic resonant reactionste +p—n and v ticles, such as neutrinos, that do not participate in strong
+e"+n—p, the true inverse reactions of beta decay. Thednteractions are called “leptons.” Thus the electron is also a

first can occur in an atom; both can take place in astrophysi€pton. (Of course, as the electron carries a charge, it has
cal plasmas. both electromagnetic and weak interactions, while we be-

Reaction(ii) is the one relevant for neutrino detection, as!ieve neutrinos react only weaklyln the 1930's another
the produced electron/positron and nuclear transformatiogharged particle was found that does not interact strongly—
are signals for a neutrino interaction. Such a process is chaf’® muon. Except for the fact that it is about 200 times
acterized by the scattering cross sectiowhich, when mul- heavier, the muon’s behavior is remarkably similar to that of
tiplied by the incident particle flux and the number of scat-the electrorf. The muon, however, is unstable and decays in
tering targets and integrated over solid angles, yields the-10 °s into an electron and two neutral unseen particles
number of scattering events per unit time. The cross sectioiflat we now know are a neutrino and an antineutrino. This
has the dimensions of area. In the approximation that théme scale is appropriate for a weak interaction, as can be

neutron is much heavier than the positron seen from the estimate
2
G d® 2
o~|— J(Z—p)egZ'zré(mp%—E,,—mn—EeHMWF oL |Gk f d°p. d°p, d°py (2
v2 T vl ] @mE 2n)® (2n)?
GZ _
~ o PeE M. (7) X84 (p,—Pe=P,—Py)
GZm>

For incident neutrino energies that are large compared to the ~ ﬁ 9
electron rest mass this becomes~G2EZ2|M,|%/2m
~10 *“cn? for E,~1 MeV. If we consider a single neu- e
trino passing through a slab of material having a target den:€ 7,~10"s.

(The numerical coefficient will change in a more careful
calculation that takes into account the opera@yy.) Muon
decay fits easily into Fermi’s interaction provided the lepton

sity p (e.g.,~ 10?2 atoms/cm for typical materialy, it would
travel a distance

Ax~1/(po)~10tcm (8)  current is generalized to
before interacting, a distance equivalent to 100 billion earth | : :
radiil This is indeed aveakinteraction! The only way to "= 0,0, + 4,04, (10

circumvent this problem is to have lots of low energy neu-

trinos. The original plan of a Los Alamos team led by FredThen the product of the lepton current with its Hermitian
Reines and Clyde Cowan was to use a fission bomb to prazonjugate yields an interaction responsible for muon decay.
duce the needed neutrinos. Later, however, they decided to In order to understand the experiment of Ref. 7, it is useful
use a nuclear reactor, which produces large numbers of ae go one step further and introduce modern quark notation.
tineutrinos. Working at the Savannah River reactor in Southn the quark model the neutron is a composite object com-
Carolina, which has a neutrino flux of about'd@er square prised of a pair ofl quarks and a singla quark, while the
centimeter per second, they designed a detector consisting pfoton consists of a pair af quarks and a singld quark.
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The weak current connecting the proton and neutron can then quark and lepton identitigss coupled to its Hermitian
be replaced by a corresponding current connectingjaark  conjugate,
with a d quark,

Jhad= yto ife} 11 d oot t Vi
u = 00— g0 ¥y (11 juzj;a +jlfp=(¢u¢c¢,t)o;“v°') e
As the field operatowg can both create d quark and de- i
stroy the corresponding antiparticlel)( this same current Py
describes the quark component of the process wheda a +(Ygply) O s
system(i.e., aw" meson decays to a muon and a neutrino Yo
at—ut+, (12 e
. . . Tt ot T
which is the dominant decay mode of the charged Sidhe +(ylyh oDl v,
experimenters of Ref. 7 collided neutrinos from such decays ¥,

with neutrons in an attempt to produce electrans muons,
as predicted by the current of E{.0). But they found only Vv
muons,not electrons. The explanation for this result is that +(yl gt gl yolre eIl g, (16)
neutrinos come irtwo distinct species, an electron typeg R v,
and a muon type’,,, with the weak current coupling elec- T
trons only tov, and muons only to,,, with

lep_ . T T
‘ij_ ‘/’eo,ulpve_{— w,uo,u‘ybvﬂ' (13)

The neutrino produced in pion decay thus must be, and
of the wrong type, or “flavor,” to produce an electron. In In this case the interaction arises from the exchange of a
1977 a third charged lepton, the was discovered and an- heavy neutral particle—theZ boson with massm;,
other term has now been added to this equation—the cou-91 GeV—and can again be taken to be of contact form for
pling of the 7 to its neutrino, thev.. Measurements of the low-energy reactions.
decay width of the neutra bosort® and astrophysical argu- Before leaving this historical journey it is useful to remark
ments based on helium abundance in the uniémeggest on one additional feature of the weak interaction important to
that this may exhaust the set of lepton—neutrino pairs: therenodern studies—the handedness. We have noted that the
appear to be no more light neutrinos beyond the Dirac fields ' can both create a particle and destroy the
The modern picture of the weak interaction consists notorresponding antiparticle. Quarks and leptons are also spin-
only of three doublets of charged lepton—neutrino pairs bufl/2 objects, coming in two magnetic spin states. Thus it is
also of three doublet®ften called “generations)’of charge  convenient to “package” four degrees of freeddspin up/
2/3, charge—1/3 quarks—(,d),(c,s),(t,b). The charged spin down and particle/antipartiglen four-component Dirac
weak current then can be written as the sum of six separaféelds. The operator®, coupling these fields to form the

Gr
Hw~ ﬁ \.7;2\7“ (17

currents connecting such quark and lepton doublets charged weak current are therx4 matrices. As this still
v leaves quite a number of possibilities open @y, careful
had,, lep - u experiments were done to determine which operators de-
3, =37 3.P= (Pathspp) UkmO | ¥ scribe nature. The results indicated an equal mixture of polar
i and axial vector structures
U, 10,U0= Y0¥ (1= ys) . (18)
+(eph DO, Y, | (14 The Dirac matrix
U, 1 -1
Low-energy weak interactions are then described by an ef- 1~ 75= -1 1 (19)
fective current—current interaction with a single overall cou-
pling Gg, is called a *“chirality” operator and, for particles of zero

mass, projects out only “left-handed” particles, i.e., those
~Ge . whose spins are aligned opposite to their momenta. In order
Hw_z‘]y‘] . 19 o see this, we introduce the wave equation for a Dirac
particle/antiparticle of mass propagating in free space
Such a contact interaction is a good approximation at low .
energies to a more complete theory described in terms of the (id =m)yp(x)=0, (20
exchange of a heavy charged W boson, as we mentiongghere 4 = 3,y,+ @ y. We use the standard representation
earlier. HereUy ), is a general unitary 83 matrix, which is o the 4x4 Dirac matrice¥
not needed in the case of the lepton current due to the as-
sumption in the standard model that the three neutrinos are 1 0 0 o
degenerate. Consequently Fermi’s weak interaction, in its  Yo=|q4 _4/+ Y=\ __, o}
modern guise, contains an enormous range of physical pro-
cesses. In addition, in 1972 a different kind of weak interac-The positive energy plane wave solutions of Egl) are
tion was found, wherein aeutral current(which is diagonal  well-known,

(21)
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Set S, the charged pion is not completely forbidden but rather
— : highly suppressed compared to its muonic counterpart,
@ (7t —e"+v,) me|2[ m2—m?2\?
¥ = & _|* T_e) _ —4
e e R e, ) \mmg) TR
right-handed left-handed (26)
, _ _ _ _ which is confirmed by experiment
Fig. 3. Schematic representation of a pion at rest decaying to a massless
positron and a neutrino. Such a decay is forbidden by angular momentum R:Xpt: (1,230i 0_004) X 10‘4_ (27)

conservation. o ) ) ) .
It is interesting to note one final point about neutrinos

which has a close connection to helicity. The reader will
have noticed that we have throughout distinguishedthe
produced when a proton beta decays in a nucleus fromghe
produced in neutron beta decay. The concept of a distinct
antiparticle is certainly clear for charged leptons like the
electron, as its antiparticle—the positron—carries the oppo-
site charge. More generally, particle—antiparticle conjugation
reverses the signs @fll of a particle’s additively conserved
quantum numbers. The neutrino is immediately seen to be
quite interesting then, as it lacks a charge, magnetic moment,
or other measured quantum number that would necessarily
reverse under such an operation—it is uniqgue among the
leptons and quarks in that the existence alfigtinctantipar-
P ticle is an open question.
(1—yg) lﬁo(X):| Yo(X) R T PX="X Early on, before the handedness of the weak interaction
0 o px=x was discovered, there appeared to be a simple test of the
as claimed. This result is important, as will be discussed ifParticle—antiparticle properties of a massive neutrino. If one
Sec. Ill, because the neutrino is either masslesscnemely ~ defines thev as the neutrino produced when a proton decays
light. Therefore, since the neutrino interacts only via thein @™ source, then one finds thag's produce electrons by
weak interactions which involve the chirality operator 1 the reaction

(22

W)= A ); K—ip-x)
X)= —_— ag- exp—I1p-x),
2E X P

E+m

wherey is a two-component Pauli spinor. Then in the limit
asm—0 andE—|p| this becomes

exp(—ip-x), m—0, (23

10 x
lﬂ(x)ﬂlﬂo(x)zﬁ (0., fJX)

so that

(29)

— s, all neutrinos must be left-handéd! Similarly, it is vetn—p+te, (28
easy to see that all antineutrinos must be right-handed. ) , ,

Another way of stating this result is to say that, althoughPUt not positrons in the analogous reaction
Dirac spinors ardour-component objects, those describing vet+p+n+e’. (29

zero mass neutrinos involve only two of the four compo- = ] i _ ) )
nents. This “two-component neutrino” theory has beenSimilarly if we define thev, as the particle produced in the
tested in a direct measurement of neutrino helicity in the8™ decay of the neutron decay, theg's produce positrons

reactiort by the reaction

22407 )+ e~ — 152801 (17) + ve— 1525m(0 ") + y+ . Vetp—nte’ (30
(29 byt not electrons by the reaction

The clever idea behind this scheme is that one can select Tetnepte . (31)

thosey's from the decay of the Sm excited state which travel
oppositely to the direction of the electron-captuses (i.e.,
in the direction of the nuclear recpiby having them reso-

Thus it would appear that the, and thev, are operationally
distinct. In fact, the absence of the reactions in E89) and

nantly scatter from a Sm target. By angular momentum con¢31) became apparent around 1950 from an experiment done

servation, the helicity of the downward-goingis the same
as that of the upward-traveling,. The results of the experi-

by nature, a form of natural radioactivity known as double
beta decay. If, for example, the reaction in E81) were

ment convincingly showed that neutrinos emitted in beta deallowed, certain nuclei could undergo the second-order weak

cay have a definite helicity.
It is interesting to note that the chirality structure of the

weak current also explains why the decay of the charged

pion proceeds predominantly via* — u* + v, rather than

decay
(A Z)—(AZ+1)+e +v—(AZ+2)+2e, (32

where the neutrino produced in the first decay is reabsorbed

by the moden* —e* +v,, which is strongly favored by DY the nucleus, producing a final state with two electrons and

phase space. The point is that if the positron were masslesB0 neutrinos. The intermediate nuclear stafeZ(+1) is

it too would be described by a two-component theory andnore massive than the parent nucledsZ), so that ordi-
any such particle coupled to the weak interaction would haveary first-order beta decay is energetically impossible. But
to be purely right-handed. Then, as diagrammed in Fig. 3the uncertainty principle allows one to violate energy conser-
the decay of a pion into a positron and a neutrino must bgation for a short time, allowing the second-order process to
forbidden because angular momentum conservation prohibitsccur through the “virtual” intermediate stateA(Z+1).

the coupling of a right-handed positron and left-handed neuThe absence of such “neutrinoless double beta decay,”
trino to a spinless system. Of course, in the real world thevhich has a distinctive experimental signal because the en-
positron is light but not massless. Thus the positron decay dire energy release is carried off by the electrons, thus
19 Am. J. Phys., Vol. 68, No. 1, January 2000

W. C. Haxton and B. R. Holstein 19



seemed to show that the, and v, were indeed distinct
particlest® This prompted the introduction of a distinguish- grof
ing quantum number, lepton number. Thg and electron
were assignetl,.= + 1, thev, and positrorl ;= —1. The as-
sumption of an additively conserved lepton number in weak 4 klein
interactions then allows the reactions in E&8) and (30),
but explains the absence of the reactions in Eg8), (31), u=0
and (32). A neutrino with a distinct antineutrino is called a
Dirac neutrino: A four-component field describes the
particle/antiparticle and two helicity degrees of freedom. E,
However th.e disco.very of t.he appar_ent_exact handed.neﬁlsl 4. A reproduction of curves from Fermi's pap@tef. 5 showing the

of the weak interaction mva“d?‘tes this S|mple_ ConCILISIon'shgape of theg spectrum near the end point for thF()a gases 2‘ zero angd nonzero
All of the results are also explained by the assignments | eutrino masses.

Ve— v'éH , Ve VSH , (33

and a weak interaction that violates parity maximally. Herel/iN0S have masses. Indeed, the puzzle is rather to explain

RH denotes a right-handed particle and LH a left-handedVhY these masses are so much smaller than those of charged

one. Thus the possibility that the neutrino is its Ownparti_clhesh_ Historical back q fth
antiparticle—a so-called Majorana neutrino—is still open. WVith this historical background out of the way, we now

The field describing such a neutrino would thus have onlyVe to consider aspects of the neutrino that have recently
two components, corresponding to the two helicity states. I?€€N in the news—masses and mixings.
this case a reaction like that of E(2) is not forbidden by

an exact additive conservation law, but rathetigicity: the || NEUTRINO MASS: DIRECT MEASUREMENTS
right-handed intermediate-state neutrino has the wrong helic- '
ity to initiate the v+ (A,Z+1)—e +(A,Z+2) reaction. The issue of whether the neutrino has a nonzero mass has

But, very much as in ther* —e* + v, example, if the Ma- long been one of interest. That any such mass must be small
jorana neutrino has a small mass, neutrinoless double betguld be seen from the feature that the maximum energy
decay would occur, but the decay rate would be suppressedeasured in the beta spectrum agreed to high precision with

by the small quantity the mass difference of initial and final nuclear states. How-
ever, Fermi, in his seminal paper on beta decay, noted that

m,\? this question could be answered more definitively by care-

E | (34) fully studying the end point of the electron spectrum—it is

possible to plot the spectrum in such a way that a nonzero
whereE,~50MeV is an energy characteristic of the virtual Mmass would be revealed as a distortion at the end point tan-

neutrino emitted and reabsorbed in the decay. Moder§€nt to(perpendicular ththe energy axis, as shown in Fig. 4.

searches for neutrinoless double beta have established limid the years since Fermi's paper there has been a series of
on half lives of~10?yr, corresponding to a Majorana neu- such measurements, with steadily increasing precision. It is
trino mass below 1 e\%”.' clear that use of @ decay parent nucleus with a relatively

Given that the familiar charged leptons have only DiracIOW Q value is helpful, as a larger fraction of the total decays

masses, it is natural to ask why neutrinos, which can hav&'en resides within a given interval from the end point. Most
two kinds of masses, would then be the only massless legeXPerimenters have selected tritium, which has an 18.6-keV
tons in the standard model. The absence of Dirac neutrin§d POINt. An early tritium measurement by Hamilton, Al-
masses in the standard model follows from the need to ha9"d: and Gross found an upper linmit(ve) =250 keV.™ A

both left-handed and right-handed fields in order to constructeW years later, Bergkvist, by combining electrostatic and
such masses. We have noted that neutrinos interact onff@gnetic spectrometric methods, was able to reduce the limit
weakly and that weak interactions involve only left-handedSubstantially—m(v¢)<60eV® Then in 1980 Lubimov
components of the fields. The standard model, being vergt al. using a high-precision toroidal spectrometer and tri-
economical, has no right-handed neutrino fields and thus ndum in the form of the valine molecule ¢8;,NO,),
Dirac neutrino masses. However, the absence of Majorangaimed the first nonzero mass—14=sYh(v,) <46 eV a
masses has a more subtle explanation. One can constructesult that set off a flurry of new, high precision experiments.
left-handed Majorana mass with the available standar@efore discussing the results, however, we first examine one
model neutrino fields, but it turns out this term is not “renor- of the reasons these experiments are important—the cosmo-
malizable,” i.e., it generates infinities in the theory. Our logical significance of a massive neutrino.

point-like FermiB decay theory is another example of a non- We are all aware that at the present time the universe is
renormalizable theory, though it works quite well in the do-expanding. However, what will be its ultimate fate? Will it
main of low-energy weak interactions. If we were to relegatecontinue to expand forever, or will the expansion slow and
the standard electroweak model to a similar status—that diinally reverse? In order to see what role neutrinos may play
an effective theory—Majorana mass terms could then be inin answering this question, we explore their effects in an
troduced. In effect, most extensions of the standard model dexpanding homogeneous and isotropic universe. Consider a
precisely that, and also generally introduce new fields suckmall test massn which sits on the surface of a spherical
as those creating right-handed neutrinos. Thus almost atlhunk of this universe having radil® If the mean energy
theorists, believing the standard model is incomplete andensity of the universe ig, then the mass contained inside
must be extended in some such ways, also believe that nethe spherical volume is
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M(R)=47R5%p. (35) och when neutral hydrogen is formed—the photons were
characterized by a blackbody spectrum at a temperature
Vﬁfcomb~ 4000 K. Because of the subsequent expansion of the
universe, the spectrum today has been redshifted to a tem-
M(R)m peratureT’*"~2.72 K, as was established in the COBE mea-

The potential energy of the test mass, as seen by an obser
at the center of the sphere, is

U=-G R (36) surements. The energy density of these relic photons is given
S . by Stefan’s law,
while its kinetic energy is 5
d°q q
1 1 [(dR\? = =40T4~4x 103
T=Zmv2=2m|— @7 P2 G e =1 40Ty 4x10°* glen,
2 2 dt (46)
By Hubble's law the expansion velocity is given by whereo = 7?/60 is the Stefan—Boltzmann constant.
v=HR, (38) An analogous relic neutrino spectrum remains from the

) big bang. At the high temperatures characteristic of the very
where H=(1/R)(dR/dt) is the Hubble constant. Although eariy universe, neutrinos interact frequently with electrons

the size ofH is still uncertain, most values are in the range anq other matter through weak interactions such as

50 km/s/MpesHey,=100 km/s/Mpc B9 ette v+, etneettr, e +reet+u,
(with perhaps~65 km/s/Mpc being the best valudhe total (47
energy of the test particle is then (where v, represents @y, v,, or v,). They also interact

Eo=T+U=ImR(H%- SmpG) (40 With each other via reactions like
and the fate of the universe depends on the sign of this num- Vet Ve v, tv,. (48)
ber, or equivalently on the relation of the density to a criticalTnys the neutrino spectrum, which contains all flavors, is in
value thermal equilibrium with other matter at this epoch. How-

H?2 ever, once the temperature cools to about’ KOthe weak

Pe=g-g 2% 1072 glen®, (41)  reaction rates—which depend @n,.,nv, wheren is the
_ lepton density andv the relative velocity, and vary as
€., T°—can no longer keep up with the expansion rate,

p<p.=continued expansion, ~R/R~T2, which slows less rapidly. The neutrinos then

_ ) (42) drc_)p out of equilibrium with the charged leptons. From thig
p>pc=ultimate contraction. point they are essentially decoupled from the rest of the uni-

It is not yet clear which situation describes our universeYerse, but, of course, cool as expansion proceeds. The neu-
Analysis of the dynamics of gravitationally bound systemstfino energy density at the present time is given by
via the virial theorem and comparison with measured lumi- p,=N,oT (49)
nosities yields the “visible” mass density

whereN,=3 is the number of “massless’nf,<T) two-

puis=0.02pc. (43 component neutrino generatioflsNote, however, that the
However, Doppler studies of the rotation rates of spiral galpresent neutrino and photon temperatures are different:
axies indicate that these systems are much more massiWhile above~ 10K the reactione”™ +e~ — y+ y proceeds
than their luminosities seem to suggest in both directions, below this temperature the photon energy

—20p.. (44) is no longer sufficient to produ_ce pairs. T_hus _subsequeni re-

Prot Puis - actions proceed only to the right, resulting in a reheating
The origin of the “dark matter” responsible for this discrep- process that raises the photon temperature with respect to the
ancy is a matter of current study: There are several possibilineutrinos by the factor

ties, including massive neutrinos. But regardless of the origin to_+ U3 (1713
of the dark matter, it appears that the energy density of our | Py PeTPer | (_> _ (50)
universe is within an order of magnitude of the critical value Py 4

required f°i closu.re. . The present-day relic neutrino temperature is thus
Before discussing the relevance of neutrinos to the dark 3

matter, we consider the more familiar case of the relic pho- T =T _104 K 1
ton spectrum, which has been carefully studied recently via vl T : (51

the COBE satellite. In the early universe, electromagnetic ) ) )
interactions such as The corresponding average neutrino energy is only

L B B ~103eV, so that scattering cross sections are unobservably
e te oyty, yte oyte (49 small. But such relic neutrinos do contribute to the mass

kept the photons in thermal equilibrium with the electronsdensity of the universe, yielding in the case of massless neu-
and nucleons. However once the universe coolednos

sufficiently—toT~1 eV at abqut 10yr after the big bang— p,=p N (£)¥3=0.7p. . (52)
electrons and protons combined to form neutral hydrogen. vorye 4

The absence of charged particles rendered the universe trari§-however, neutrinos have a nonzero mass, then a contribu-
parent to photons, which then thermally decoupled from théion comparable to the critical density results if the sum of
rest of the matter. At the time of “recombination”—the ep- the masses for the three neutrino species is as little 265
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eV. Thus neutrino masses easily compatible with existing
experimental limits could close the universe and ultimately
lead it to recollapse. In particular, since this number is within
the range found in Ref. 20 for the electron antineutrino
along confirmation of that experiment was clearly crucial to
cosmology.

Stimulated by the Lubimov result, several groups at-
tempted improved versions of this experiment. One of the
criticisms of the Russian experiment was the use of a triti-
ated valine source, which introduced a substantial uncer-
tainty because of binding effects and because the contribu-
tion of molecular excited states, populated in the beta decay,
to the energy loss could not be calculated easily. Thus a _
group at Los Alamos used a much simpler source, gaseous [ nglo-Australian Observatory .«
tritium molecules, tackling at the same time the serious

safety issues associated with handling a kilocurie of this gagig- 5. Views of a region in the Large Magellanic Cloud befaight) and

After a series of measurements with a carefully constructe fter (left) the morning of February 23, 1987: SN1987A is clearly visible.
opyright Anglo-Australian Observatory. Photograph by David Malin

mag£1et|c spzezctrometer Fhat filled an_ent|re_ room, they fOl_Jn http://www.aa0.gov. aulocaliwww/dfm/aato50.himl
rme~9.3 eV An experiment at Mainz using a frozen tri-

tium source reported a similar limitng <7.2 eV? and a

Livermore group using gaseous tritium and a toroidal mag
netic spectrometer achieved comparable statiétiesl of

ashes of the previous burning cyclepeats several times,
leading finally to the explosive burning %Si to Fe. For a

these experiments, however, were troubled by a puzzling eneavy star, the evolution is rapid: The star has to work harder

cess of events near the end point. Although this problem had Maintain itself against its own gravity, and therefore con-
been described as rmegativevalue form2 (1), in fact this ~ SUMes its fuel faster. A 25 solar mass star would go through

. e Ve all of these cycles in about 7 My, with the final explosive Si
was too simple a characterization: Each of the groups deyyrning stage taking only a few days!

scribed the anomaly with a different functional form. While  |ron is the most strongly bound nucleus in the periodic
standard statistical techniques were then used to establish thghle. Thus once the Si burns to produce Fe, there is no
above bounds Oiﬂ%e, it is apparent that an unknown sys- further source of nuclear energy with which to support the

tematic contributing excess events at the end point could als#far. So, as the last remnants of nuclear burning take place,

mask the effects of a positiver%. This has tended to the core is largely supported by the electron degener_acy pres-
e sure. When enough ash accumulates so that the iron core

weaken the community’s confidence in the stated bounds,, .eeqs the Chandrasekhar I#%it-a limit of about 1.4 solar
Ongoing experiments at Mainz and Troitsk now claim limits masses above which it is no longer stable—the core begins

of ~(3-9 eV and, while improved resolution and under-, c,anse. Gravity does work on the infalling matter, lead-
standing of ene.rgyzloss in the target have significantly miti-, "4, ranid heating and compression of the iron, and ulti-
gated the negativer; problem, certain anomalies remain in mately “boiling off” a’s and a few nucleons from the nu-
the end-point region. clei. At the same time, the electron chemical potential is

Because of this situation, it was fortunate that a speciaincreasing, making electron capture on nuclei and any free
event occurred that established an independent bound on tipgotons favorable,
Ve mass. This was the observation of Supernova 1987A, -
which was found in the southern hemisphere on February & Fpovetn. (53
23rd of that year—cf. Fig. 5. SN1987A resulted from the Both the electron capture and the nuclear excitation and dis-
explosion of a star in the Large Magellanic Cloud aboutassociation take energy out of the electron gas, which is the
170000 years ago, the ligiiand neutrinosfrom which fi-  star’s only source of support. This means that the collapse is
nally reached earth in 1987. This was the first such opticavery rapid. Indeed, numerical simulations find that the iron
supernova in our vicinity in nearly 400 years, the previouscore of the sta~1.2—-1.5 solar massesollapses at about
occurrence having been noted by Kepler in 1604! 0.6 of the free fall velocity.

A brief discussion of stellar evolution is needed in order to In the early stages of the infall the’s readily escape. But
make the connection between SN1987A and neutrinosaeutrinos become trapped when a density-dfo*?g/cn? is
Small stars like our sun live relatively quiescent lives, spendreached, at which point they begin to scatter off the matter
ing billions of years slowly burning hydrogen to helium in through both charged current and coherent neutral current
their hot dense cores, with the liberated energy maintainingrocesses. The neutral current neutrino scattering off nuclei
the electron gas pressure that stabilizes the star against gras- particularly important, as the scattering cross section in-
tational collapse. A Type Il supernova—the type to whichvolves the total nuclear weak charge, which is approximately
SN1987A belongs—is the last evolutionary stage of a morghe neutron number. This process transfers very little energy
massive star, in excess of 10 solar masses. Like our sun, sublcause the mass energy of the nucleus is so much greater
a star begins its lifetime burning the hydrogen in its corethan the typical energy of the neutrinos. But momentum is
under conditions of hydrostatic equilibrium. When the hy-exchanged. Thus the neutrino “random walks” out of the
drogen is exhausted, the core contracts until the density anstar, frequently changing directions. When the neutrino mean
temperature are reached where helium can ignite via thiee path becomes sufficiently short, the “trapping time” of
3a—12C reaction. The He is then burned to exhaustion. Thighe neutrino begins to exceed the time scale for the collapse
pattern (fuel exhaustion, contraction, and ignition of the to be completed. This occurs at a density of about
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10*2g/cn?, or somewhat less than 1% of nuclear density. st ov m?> SE,

After this point, the energy released by further gravitational 7~~~ EE (56)
collapse is trapped within the star. If we take a neutron star v

of 1.4 solar masses and a radius of 10 km, an estimate of thigheret is the total time in transit from the Large Magellanic
gravitational energy is Cloud. The 11 events seen by the Kamiokande detector and
the 8 seen in Ohio have an energy spré&g~ 10 MeV and

an average energy, 2—3 times larger. The events arrived

over a 10-s time span. Thus we find in a simple analysis

2

2R

~2.5x 10" ergs. (54)

1/2 1/2
. . . » 10s

The collapse continues until nuclear densities are reached. m.-<E,|——| ~10 Me\/( F) ~10eV. (57
As nuclear matter is rather incompressikl@mpression ¢ t oE, 10™s

modulus~300 MeV), the nuclear equation of state then halts A more careful analysis, which takes into account the time
the collapse: maximum densities of 3—4 times nuclear denand energy distribution, yields a similar limitrs:
e

. E:]4 .
Sity are reached, e.g., perhapx g/c_m3. This sudden =<20eV. It is remarkable that a handful of neutrino events
braking of the collapse generates a series of pressure wavg:

. . dm a star that lived and died long before the advent of
Wh'(.:h tra_lvel outward through the.lron core and collect at thecivilization places a bound on the neutrino mass comparable
sonic point(where the infall velocity of the iron matches the

sound speed in irgneventually forming a shock wave that ?C:ig?]t gtilgieeilfrom many years of high precision weak inter-
travels out through the mant_le O.f the.star. Theory suggests We have focused on electron neutrino mass measurements
that this shock wave in combination with neutrino heating of

the matter is responsible for the ejection of the mantle—an(%ij)ecause these have achieved the greatest precision. Bounds
thus the spectacular optical display we saw in 1987. ave also been established on the masses of frend v,

Yet this visible display represents less than 1% of the en- m, <170keV, m, <24 MeV, (58
ergy locked inside the protoneutron star. After the core col- ® 7
lapse and shock wave formation are completed—events thétom careful kinematic analyses of decays such &S
take on the order of tens of milliseconds—the protoneutron—u ™ + v, and 7—5m+v,. The large energy releases in
star cools by emitting a largely invisible radiation, a hugedecays of ther and = and limited energy resolution of de-
fluence of neutrinos of all flavorgAs in the big bang, there tectors result in less precise neutrino mass bounds. It is worth
is an approximate equipartition of energy per flavor becauseaoting that some theories of neutrino mass predict tharthe
the neutrinos trapped in the core are in weak equilibriumwill be the heaviest neutrino, e.g., in some models neutrino
with the surrounding matter and each oth&ssentially all masses scale as the squares of the masses of the correspond-
of the 3x 10°3ergs released in the collapse are carried by théng charged leptons. From this perspective the limits directly
electron, muon, and tauon neutrinos that leak out of the corabove are not necessarily less significant as tests of the un-
over the next 10 s. derlying particle physics than the tighter bounds established
In 1987 there existed deep underground two detectors comn thev,.
sisting of tanks of ultrapure water instrumented with photo- This discussion can be succinctly summarized: There ex-
tubes. They were originally constructed for the purpose oists no evidence for massive neutrinos from direct measure-
detecting proton decay, e.gp—~€" + v, a process predicted ments. Naturally, when increasingly precise experiments
by certain grand unified theories of elementary particle struceontinue to yield values consistent with zero, it is tempting to
ture, but not yet observed. The ray and Cerenkov light assume that the number realt/zero. Indeed, as previously
generated by the passage of the positron through the waterentioned in the so-called “standard model” of elementary
would be detected by the phototubes, signaling a proton departicles, the neutrino mass is assumed to vanish. This does
cay event. One detector was located in a Morton salt min@ot follow from any fundamental principle, however, and
outside Cleveland, OH, while the second was on the othecould be modified accordingly if the evidence were to
side of the globe in the Kamioka mine within the Japanese&hange, as we have noted before. That is precisely what has
alps. While the search for a proton decay signal proved fubeen happening over the last several years, as we will now
tile, on February 23, 1987 both detectors recorded a handfulescribe.
of events associated with the passage of a strong burst of
antineutrinos through the tanks, a few of which initiated thelvV. PROBING MASSES THROUGH NEUTRINO
reactionv,+ p—e* +n. Within several hours a Canadian MIXING
astronomer observing in Chile noted a new bright star. This ) ] ] )
was SN1987A. Significant improvements in the above-described “direct”
How do these supernova neutrino events limit the neutring'€utrino mass measurements will probably require consider-
mass? If a neutrino has mass, neutrinos of different energ9b|e time and effort. For this reason there is great interest in

v

will travel with different velocities according to measurements of a different type—those exploiting neutrino
mixing—which might be able to probe far smaller masses,
D m?2 albeit in a less direct fashion. The essential idea can be traced
VAL A R —— (55  to the seminal paper of Pontecorfowho first pointed out
Jp2+m? 2E, that neutrino oscillations would occur if the neutrino states of

definite mass do not coincide with the weak interaction
rather than with the uniform velocitg. Consequently the eigenstates. To understand neutrino oscillations, it is helpful
time of arrival of higher energy neutrinos will be earlier thanto first consider the more familiar phenomenon of Faraday
their lower energy counterparts. The difference in arrivalrotation, the rotation around the beam direction of the polar-
times is then ization vector of linearly polarized light as the light propa-

23 Am. J. Phys., Vol. 68, No. 1, January 2000 W. C. Haxton and B. R. Holstein 23



gates through a magnetized material. Faraday rotation occut~———Li—— L

because the index of refractidiand thereby the potential

acting on the lightdepends on the state of circular polariza- 5 ANy,

tion, i.e., the two states of definite circular polarization Reactor | ~ 73, D, S;ﬁ“ Ny, D,
L, |

(|Xi>=\/§(|+x>ii|+y>) evolve in time with distinct
phases. Thus ify(t=0))=|+X)= \/§(|X+)+|X,>), then |

a) b)
\/I . Wo
|X(t)>_ 5( |X+>eXF< L E t) Fig. 6. (@ A neutrino oscillation experiment of the “disappearance”
type—a flux of reactor antineutrinos is monitored by detectors at various
L wq distances from the source—in which deviations from a simplé alloff
+ |X_>ex —1—1t are sought{b) A neutrino oscillation of the “appearance” type: detectors
n- are placed at various distances from a beam stop neutrino source in order to
Cwo Ny N detect the appearance of an oscillategycomponent.
=exp — i 5 ——
2 n.n_
. W N.—nN_ t Then, noting that
X X)CO§ — —— 2 2 2
) 2 ngn_ mi+m; ém
By Pt — o o
_ 4p 4p
—|+y)sin ©oly 7N, (59 (65)
y 2 n.n_ ' mi+m3  Sm?
o . E,~p+ 4— + 4—,
so that the polarization vector rotates with frequency P P
where sm?=m3—mZ, we find att>0 a probability

wo n+_n_

“p= 3 hin_
p(t) =[(w,[y(t))|*=sir? 26 sinf—
Although we have three neutrino families, the essential P

physics of oscillations is illustrated very well by considering that thev, will have transformed into a,,. This change of
the interactions of only two of these, which we choose to beyeutrino identity is called a “neutrino oscillation,” due to
the Ve and Vf’“ . In this limit the S|tuat|0n. is similar to the the time- or distance-dependent OSC|||at|orp(m) This phe-
above-described two-state Faraday rotation problem. The rehomenon is a sensitive test of neutrino masses given nonde-
evant part of the weak current involves the combinationgenerate neutrinos and a nonzero mixing angleds the
evetuv, and is given by Eq(13). This effectively defines  standard electroweak model describes neutrinos as massless,
theve andv,, : they are the neutrino weak interaction eigen-the observation of neutrino oscillations would constitute de-
states, the neutrinos accompanying the electron and muofinitive evidence of physics beyond the standard model.
respectively, when these particles are weakly produced. Yet Three sources of neutrinos have been exploited by experi-
there is a second Hamiltonian, the free Hamiltonian describmentalists seekingand apparently finding'neutrino oscilla-
ing the propagation of an isolated neutrino. The eigenstatetsons.
of this Hamiltonian are the mass eigenstates. If the two mass
eigenstates are distin¢and thus at least one is NoNzgro A Accelerator and reactor experiments
then in general the eigenstates diagonalizing the mass Hamil-
tonian will not diagonalize the weak interaction. If we label ~ Such experiments exploit an accelerator or reactor to pro-

2

(60 omat

(66)

the mass eigenstates [ag) and|v,), then duce a large flux of neutrinos/antinegtrinos. Measurements
are then done downstream to determine whether the charac-
|v1)=cosf|ve) +sindlv,) with massmy, ter of the neutrinos has changed. Such experiments fall into
. : (61) one of two categories. In the first—called “disappearance”
|v2)=—sin6|ve)+cosflv,)  with massmy, experiments—one looks for deviations in the expected flux

whered is a mixing angle which distinguishes the mass and°f neutrinos of a definite type. For example, the flux from a
weak eigenstates. Also suppose that at tim® an electron reactor is overwhelmingly of the, type. Thus oscillations

neutrino is produced with fixed momentym into a second flavor would lead to an unexpected reduction
] in the flux some distance downstream, which might be moni-
|4(t=0))=|ve)=cos|v1) —sing|vy). (62 tored through reactions such as+p—e*+n. Even if the

The mass eigenstates propagate with simple phases, as tr{g)actor flux were poorly understood, a definitive signal could

are the eigenstates of the free Hamiltonian. At a distancé€Sult from detectors placed at different distancesandL ,
~ct from the source the neutrino state is from the reactor, as shown in Fig(ep. In the absence of

e e oscillations the flux must fall off as L (apart from correc-
|g(t))=cosb|v,)e” =1 —sing|v,)e =2, (63 tions due to the finite size of the souycelowever, oscilla-
tions superimpose an additional factor of p(t), leading to

— 02+ m2 iacti i
where E;=yp=+m. Projecting back upon weak eigen- a modulation that clearly signals the “new physics.” The

states, we have second type of oscillation experiment, called an “appear-
(vl (1)) =cog fe  E1t+sir? e 'Eat, ance” experiment, is a search for the product of the oscilla-
' , (64)  tion. For example, at an accelerator like the Los Alamos

(v, l(t))=cos@sing(e Ert—e1E), Meson Physics FacilityLAMPF), proton interactions in the
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beam stop produce large numbersigfs, v,’s, and v¢'s, — 102
but very fewwv.s: The reaction chains involver™ — u™

+v, followed by u™ —e* +vetv,, or " —u" +7v, fol-
lowed byu™ +(A,Z)—(A,Z=1)+v,. Itis the importance

of this last reaction that prevents tpe from undergoing the
free decayu™ —e ™ + v+ v,—negative muons are slowed
by their interactions with nuclei in the beam stop and cap-
tured into atomic orbitals, then rapidly cascade electromag-
netically into the & orbital. There theu ™ wave function has

a strong overlap with the nucleysspecially for the higtz
nuclei in the beam stgpallowing thex ™ capture to proceed
much more rapidly than the free decay. Thus there are very
few electron-type antineutrindsand a sensitive search for
the flavor oscillationw ,— v, can be done by looking for the
appearance of a flux af,’s downstream from the beam stop,
as shown in Fig. ). Such neutrinos can be efficiently de- KARMEN2
tected via the reactiom,+p—n-+e*. The rate should de- Feb.97-Feb.99
pend on 12 modulated byp(t). The results of such experi- 10 -1
ments are generally presented in terms of a two-dimensional
diagram withém? plotted against si26. Of course, if no

signal is observed in such an experiment it does not neces-

sarily imply that no oscillations are occurring. It could be

that the mixing anglé is very tiny [and thusp(t) too small 3 2 -1
to be detectel] or that Sm? is too small (so that effects 10 10 10
appear only at distancésso large that the neutrino flux has

fallen below detectable limitsIn order to quantify this as- Fig. 7. Regions obm? and sirf 26 ruled out by the KARMEN, Bugey, and

sertion note that we can write the oscillation probability in CCFR null experiments fop,,(v,) < ve(ve) oscillations are shown along
terms of path length with the allowed region corresponding to the LSND result. The central

shaded region is the preferré@0% confidence levelLSND solution; the

max(lhd)-4.6
ax(lhd)-2.3

Am> [eV2
=]

CCFR

10

. NOMAD

1
sin” 20

SmAL entire shaded region is possible if exclusions are done at 99% confidence
p(t):sinz 20 sir? , (67) level. Thus the portion of the LSND region below the KARMEN exclusion
4E, region and to the left of the Bugey exclusion region gives the candidate
. . oscillation parameters. An exclusion region for the NOMAD experiment is
which shows that the maximum effect occurs for also shown, though this experiment is primarily sensitive to a different os-
SmiL 27E, cillation channel, the appearance:gffrom v, — v, oscillations. This figure

= — = was provided by Bill Louis.
aE, 2T (68)

Thus a smallesm? implies a longer oscillation length, so ptherford Laboratory in England has found no such oscil-
that a more intense neutrino source is required to combat thgsion signal, though the sensitivity achieved to date leaves a
associated 17 fall off in the flux. Experiments have ruled substantial portion of the LSND allowedm?— sir? 26 re-

out a large portion of the shi26—aon? space, e.g., sfi26  gion untested. An improved experiment at Fermilab, which
=0.01 andsm*=1.0 eV?, as shown in Fig. 7. However one should have thousands of events if LSND is correct, has
experiment—LSND at Los Alamos—has claimed a positiverecently been approved and should yield results by 2002.
signal for neutrino oscillations. This experiment, situated

downstream from the LAMPF beam stop, uses a 52000, Atmospheric neutrinos

gallon tank of mineral oil and a small amount of liquid scin- ) ) _

tillator instrumented with 1220 phototubes. A neutrino event When high energy cosmic rays strike the earth’s atmo-
Vet p—n+e’ is indicated by a combination of Cerenkov spherg—:- a multitude of secondary parucl_es is produced, m(_Jst
and scintillator light produced by the positron followgadter ~ Of Which travel at nearly the speed of light in the same di-

a couple of hundred microsecondsy a 2.2-MeV gamma rection as the incident cosmic ray. Many of the secondaries
ray from the capture of the produced neutront p—d are pions and kaons, which decay as described above into

. Orly 0006000000 1% of e LANPE neutinos er- SESKE0S, mions and elecon and muon nrnes and o
act in the tank. Thus the challenge is to distinguish this tin ' b 9 :

: . . YThe fluxes are large: about 100 such cosmic ray-induced
signal from the 3¢ 10° cosmic rays Wh'ch pass thro”gh the neutrinos pass through each of us every second. Yet because
tank each day. After very careful numerical simulations, th

X Ghese particles react weakly, only one interaction is expected
LSND collaboration announced they had detected 122 er human body every thousand years! Thus a considerably
events 8com_pared to an anticipated background 0f-8.6 larger target is required for a reasonable event rate. In Su-
events?® This excess of events is consistent with ”eUt””OperKamiokande, the massive 50 000-ton water detector that
oscillations for the values ofm® and sirf 26 shown in Fig.  replaced the original 3000-ton Kamiokande detector, one
7: the narrow allowed region includes the rangé®”  event occurs every 90 min. The energies of these neutrinos
~0.2-2 eV and sirf 26~0.03-0.003. Since publication of (typically 1 Ge\) are sufficiently high to produce either elec-

the first paper, the collaboration’s data set has growr®@  trons or muons, depending on the neutrino flavor. As these
events. Concurrently, the competing KARMEN group of thecharged particles pass through the water, they produce Cer-
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enkov radiation. However, the Cerenkov ring produced by an p+p—="H+e" +» p+p+e =" H+w
energetic electron is more diffuse than the relatively clean
ring of a muon. This allows the experimenters to distinguish
electrons from muons with about 98% accuracy. Since the M4 o—He +
charged lepton tends to travel in the same direction as the P K
incident neutrino, the experimenters can thus deduce both the 86% 14%
flavor and the direction of neutrinos that react in the water. . s , 4' ,

A decade ago it was already apparent that atmospheric He+ He —"He + 2p He + "He —'Be + v
neutrino rates seen in existing detectors were anomalous. Us- 99.89% ' 0.11%
ing known cross sections and decay rates, theorists had pre-
dicted about twice as many muon neutrinos as electron neu- "Be e —'Litr Be+p —"B+7
trinos from cosmic ray events. For example, we mentioned
previously that ar* decays into a»™ and av,. The muon
subsequently decays to a positron plug.andv,, . Thus the
net resultis are™, av,, av,, and av,. Thatis, two muon
neutrinos are produced, but only ong. However, most of
electron-to-muon ratio from neutrino reactions to be approxi-
mately unity. The very precise measurements made with Su-

perKamiokande appear to show that the ratio has this unexXnechanism arises naturally in models with both Dirac and

pected value because of a deficit in muon-like eve”ts_th‘ﬂ/lajorana masses. In the case of thewe concluded from

electron event rate is about as expected. The muon deficit hasy atmospheric neutrino data that its mass might-b@ 05
a strong zenith angle dependence, with the largest suppregy, A reasonable choice fang, is the mass of the corre-
sion associated with atmospheric neutrinos coming from be- . . .

ponding third generation quark, the top quankp

low, e.g., originating on the opposite side of the earth. Such 4 .
a dependence of the muon-to-electron ratio on distance is 5200 GeV. It f(_)llows thatmR_~ 10"GeV! Th_us tiny neu-
signature of neutrino oscillations, as we have noted. Th&N0 masses might be our window on physics at enormous

most plausible interpretation of the Superkamiokande®ata €nergy scales. This large mas; is interesting because
is that atmospherie,’s are oscillating intov,’s, which are there is an independent argument, based on observations that
not observed because the's are t0o low in Ter;ergy 10 pro- the weak, electromagnetic, and strong interactions would all

; 6
duce7's in SuperKamiokande. The strong suppression in thdrave approxmately the same strength~?101 GeV,_t_hat_

v, flux is characteristic of maximal mixingg~m/4), while suggests a very similar value for the "grand unification
the zenith angle dependence indicates that the oscillatioﬁcale' This has led many in the community to hope that the
length is comparable to the earth’s diameter. The correPateM of neutrino masses now being d_lscovered may help
spondingsm? is ~2x 102 eV2. Thus this mass difference us probe the structure of the theory that lies beyond the stan-

1
suggests that at least one neutrino must have a mas35 dard modef.
eV. The quality of the SuperKamiokande data—the statisti-
cal error on the muon-to-electron event rate is well belowC. Solar neutrinos
10% and there is remarkable consistency between the sub- . L
giga-electron-volt and multi-giga-electron-volt data sets anih The thermonuclear reactions occurring in its core make
between the fully and partially contained data sets—provided'® SUn @ marvelous source of neutrinos of a single flavor,
a powerful argument that oscillations have been observed’e- 1he standard solar model—really, the standard model of
Because the zenith-angle dependence shows that teix main sequence stellar evolunon—_allows us to predict the
depends on distance, the atmospheric data provide direfif* and spectrum of these neutrinos. The standard solar
proof of oscillations. Thus this may be our strongest evi-Todel makes four basic assumptions: o
dence for massive neutrinos and for the incompleteness of (1) The sun evolves in hydrostatic equilibrium, maintain-
the standard model. ing a local balance between the gravitational force and the

There is another remarkable aspect of the atmospheri/éSsure gradient. To describe this condition, one must
neutrino results. If neutrinos are massive, there must be sonf@€Ciy the equation of state as a function of temperature,
reason that their masses are so much lighter than those of 4ENSity, and composition. L .
the more familiar quarks and leptons. In fact, a lovely expla-, (2) Energy is transported by radiation and convection.

nation is provided in many proposed extensions of the stanWh'Ie the solar envelope is convective, radiative transport

dard model that again returns to the idea that neutrinos arsominates in the core region where thermonuclear reactions
special because they can have both Dirac and Majoran ke place. The opacity depends sensitively on the solar com-

masses. The explanation is called the seesaw mechahism. POSition, particularly the abundances of heavier elements.
predicts that the neutrino mass is (3) Solar energy is produced by thermonuclear reaction

chains in which four protons are converted’tte,

m,=mg| 22|, 69) 4p—*Het2e* +2v,. (70)
Mg

99.75% f 025%

Li+ p—2 “He '3 ~%Be +et 4w

ppl ppll pplll

The standard solar model predicts that 98% of these reac-
wheremp, is a Dirac mass often equated to the mass of theions occur through thpp chain illustrated in Fig. 8, with the
corresponding quark or charged lepton, whilg is a very  CNO cycle accounting for the remainder. The sun is a slow
heavy Majorana mass associated with interactions at energi€gactor, characterized by a relatively low core temperature
far above the reach of existing accelerators. This seesaW,~ 1.5x 10’ K. Thus Coulomb barriers tend to suppress the
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rates of reactions involving high&nuclei, an effect we will Similar radiochemical experiments were done by the
see reflected in the neutrino fluxes given in the following. SAGE and GALLEX collaboratior§ using a different tar-

(4) The model is constrained to produce today’s solar raget, one containing’Ga. The special properties of this
dius, mass, and luminosity. An important assumption of thenucleus include an unusually low threshold for the reaction
standard solar model is that the sun was highly convective/!Ga(y,,e )" Ge, leading to a large cross section for the
and therefore uniform in ComDOSition, when it first enterEdcapture of |Ow-energwp neutrinos. The resumng experi-
the main sequence. It is furthermore assumed that the surfaggental capture rates are 663=6 and 76-8 SNU for the
abundances of metalsiuclei heavier than Hewere undis- SAGE and GALLEX detectors, respectively, which can be
turbed by the sun’s subsequent evolution, and thus provide @mpared to the standard solar model prediction~0130
record of the initial core metallicity. The remaining param- SNU. Most important, as thpp flux is directly constrained
eter is the initial*He/H ratio, which is adjusted until the py the rate of hydrogen burning and thus by the observed
model reproduces the known solar luminosity at the sun’solar luminosity in all steady-state solar models, there is a
present age, 4.6 billion years. minimum theoretical value for the capture rate of 79 SNU,

Figure 8 shows that thep chain is comprised of three given standard model weak interaction physics. With this
distinct cycles, each of which is tagged by a distinctive neu-assumption, it appears that there is virtually no contribution
trino. The total rate ofppl+ ppll+pplll burning is gov-  from ppll and pplll cycle neutrinos.

erned by the rate at which protons are consumed The remaining experiments, Kamiokande 11/l and the on-
) . going SuperKamiokand&,exploit water Cerenkov detectors
pt+tp—-H+e +v, (7)) to view solar neutrinos on an event-by-event basis. Just as

) ) described in our atmospheric neutrino discussion, the scatter-
a reaction which produces an allowgdiecay spectrurfthat  jng of high energy?B neutrinos produces recoil electrons and
is, a spectrum like that of Eq5)] of low-energy(0.42-MeV  n5 Cerenkov radiation that can be recorded in the surround-
end poin} v¢'s. The ppll rate is tagged by the distinctive jng phototubes. The correlation of the electron direction with
neutrino lines from electron capture dBe (0.86 and 0.36  the position of the sun is crucial in separating solar neutrino
MeV). Finally thepplll cycle is tagged by the high-energy events from background. After 504 days of operations the
neutrinos from the3 decay offB (~15-MeV end point The  rate measured by SuperKamiokande, which under current
competition between these three cycles depends sensitivefjperating conditions is sensitive to neutrinos with energies
on the solar core temperatufe. Thus the original motiva- above~6 MeV, is consistent with afiB neutrino flux of
tion for measuring solar neutrinos was to determine the relat2.44+0.05" 559 x 10°/cn?s. This is about half of the stan-
tive rates of theppl, ppll, and pplll cycles, from which the  dard solar model prediction.
core temperature could be deduced to an accuracy of a few If one combines the various experimental results and as-

percent, thereby checking the standard solar model. sumes that the neutrino spectra are not being distorted by

The neutrino flux predictions of the standard solar modebscillations or other new physics, the following pattern of
are summarized in the followint: fluxes emerges:

SS
Reaction E™  Flux (10cnfs) $(pp)~0.96°M pp),
7 ~
prp—2H+et+v, 042 5.94 ¢('Be)~0, (74)
‘Bete —'Li+v, 0.8690% 4.80x10°* (72) $(3B)~0.445M®B),
0.3610%)
8B%Be* +e + 1, 14.06 5.15 10~ where SSM stands for the standard solar model. In fact, the

) . o preferred value of("Be) turns out to be negativat 2—30)
The first experiment to test these predictions began morg, ynconstrained fits. A reducé® neutrino flux can be pro-

than three decades ago with a detector placed a mile undegyced by lowering the central temperature of the sun some-

ground in the Homestake Gold Mine in Lead, SD. This grea(Nhat’ as¢(8B)~Tg8. However, such an adjustment, either

depth protects the detector from all forms of cosmic radiatiorb :
) . : y varying the parameters of the standard solar model or by
other than neutrinos. Ray Davis, Jr. and his collaborétors adopting some nonstandard physics, tends to push the

filled the detector with 615 tons of the cleaning fluid perchlo-", 7 S . X
roethylene (GCl,) in order to make use of the reaction &( 3e)/¢>( B) ratio to h|gher_ values rather than the low one
required by the above-mentioned results,

37Cl(ve,e7)%Ar. (73 #("Be) 10 ,

_ 5(B) ¢ - (79
The few atoms of the noble g&@8Ar produced in the tank

after a typical(~two month exposure could be recovered Thus the observations seem difficult to reconcile with plau-
quantitatively by a helium purge, then counted via the subsible solar model variations: one observalg¢®B), requires
sequent electron capture reacticei +3’Ar—3'Cl+v,, a cooler core while a second, the ratig’Be)/¢(°B), re-
which has a 35-day half life. The minisculéAr production  quires a hotter one.

rate, less than an atom every two days, has been measured toThese arguments seem to favor a more radical solution,
an accuracy of better than 10% by patient effort. The deone involving new properties of neutrinos. Originally the
duced solar neutrino capture rate, 2#8616+0.16 SNU  most plausible such solution was neutrino oscillations of the
(1 SNU=10 %8 captures/atom/s) is about 1/3 of the standardype we discussed in connection with atmospheric neutrinos
solar model prediction. As this reaction is primarily sensitiveand LSND. For simplicity we consider the mixing of thg

to ®B (78%) and’Be (15%) neutrinos, one concludes that the with a single second flavor, which we will call the,,

sun is producing fewer high energy neutrinos than expectedthough it could equally well be the, or even a linear
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combination of thev, and v,). This will clearly alter the enhance oscillations even if mixing angles are quite small.
expectation for solar neutrino experiments, as the Homestaké&/e now turn to describing this effect, which is known as the
and SAGE/GALLEX experiments cannot detecfs, while ~ Mihkeyev—Smirnov—Wolfenstein mechanism.
SuperKamiokande detects’s with reduced efficiency(The The starting point is a slight generalization of our vacuum
cross section fow,, scattering off electrons is about 1/6 that N€utrino oscillation discussion. Previously we discussed the
for v, scattering. The v, survival probability at the earth is case where our |_n|t|al neutrino had a definite flavor. But we
could have considered the somewhat more general case
2~4
P, (X)= 1—sinz(20)sin2<%) ~1- % Sir?(26), (76) [v(t=0))=ac(t=0)|ve) +a,(t=0)[v,). (77
Exactly as before, we could expand this wave function in
where ¢ is the ve— v, mixing angle [This is just our earlier terms of the mass eigenstates, which propagate simply, to
result of Eq.(66), with the replacemenp~E and with the  find (this takes a bit of algebya
factors ofc and# reinserted. The result on the right is ap-
propriate if the oscillation length.o=4mAcE/dm?c* is i d
much smaller that the earth—sun distarcén that casefor dx
a broad spectrum such as tP@ neutrinog the oscillatory
factor averages to 1/2. F&B neutrinos this averaging is Note that the common phase has been ignored: it can be
appropriate ifsSm?c* exceeds 10° eV2. absorbed into the overall phase of the coefficientanda,, ,

Such vacuum oscillations were discussed many years agd1d thus has no consequence. We have also labeled the mix-
as a solution to the solar neutrino problem and remain a vering angle ast, , to emphasize that it is the vacuum value,
interesting possibility’® If the mixing angle were maximal— and equated=t, that is, sec=1.
6~ m/4—such vacuum oscillations would then produce a fac- The view of neutrino oscillations changed when Mikheyev
tor of 2 suppression in the neutrino flux, under the aboveand Smirno¥’ showed in 1985 that the density dependence
stated assumptions. If the oscillation length were comparablef the neutrino effective mass, a phenomenon first discussed
to the earth—sun separation for some neutrino sosuweh as by Wolfensteiri® in 1978, could greatly enhance oscillation
the ‘Be neutrino ling, the suppression could be nearly com- probabilities: Av, is adiabatically transformed intog, as it
plete. In this case, variations in the suppression due to theaverses a critical density within the sun. It became clear
earth’s orbital eccentricity could then result. The recent atthat the sun was not only an excellent neutrino source, but
mospheric neutrino results, which strongly favor large mix-also a natural regenerator for cleverly enhancing the effects
ing angles, have renewed interest in such vacuum oscillatioaf flavor mixing.
solutions to the solar neutrino problem. Nevertheless, one of The effects of matter alter our neutrino evolution equation
the marvelous properties of our sun is that it can greatlhin an apparently simple way,

—oém?cos®, Sm?sin24,
sm?sin29,  ém?cos X,

1

4E

ae
a,

Qe

a,)’ (79

d (a,) 1 [2EV2Ggp(x)—3m®cosd, sm? sin 9, e o
i— =— . : 7
dx \a,/ 4E Sm?sin 26, —2EV2Ggp(X)+ ém?cos X, )\ a, 79
|

wherep(x) is the solar electron density. The new contribu- sin 26,

tion to the diagonal elementsE22Ggp(x), represents the sin 20(x) = ootz

effective contribution tom? that arises from neutrino- X5(X) +sin 20,

electron scattering. The indices of refraction of electron and —X(x) (81)

muon neutrinos differ because the former scatter by charged cos X(x)= . )

and neutral currents, while the latter have only neutral cur- \/XE(X)+SIF 20,

rent interactions: The sun contains electrons but no muons, _ 2_
The difference in the forward scattering amplitudes deter—%\lhere X(x)=2V2Gep(x)E/om”—cosZ,.  Thus  6(x)

mines the density-dependent splitting of the diagonal ele[ar|1fges f(;o?ﬂv to mf2 as the density(x) goes from 0 to-.
ments of the new matter equation. we detine

_ It is helpful to rewrite Eq(79)_ ina ba_sis consisting of the |v(x))=ay(X)|vy(X))+a (X)| v (X)), (82
light and heavy local mass eigenstates., the states that

diagonalize the right-hand side of the equatjon the neutrino propagation can be rewritten in terms of the

local mass eigenstates

|y (X)) =cosO(x)|ve) —siNO(X)|v,), ii aH :( M) la(x) | (ay (83
(80) dx \a_ —ia(x) —ax(x)/\a)’
|14(X))=in B(X)| v) + COSA(X) | v,.). with the splitting of the local mass eigenstates determined by
om>
The local mixing angle is defined by 2 (0= 2E XE00 + i 20, (89
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I0(x) ~7|r/2 |0(X) ~f)v sir? 26, 6m? 1 .
VH>NVC> VH>NV[L> F),C_’}/(XC)_ Cosmv 2E 1 dp(X) >1. ( )
pe dx X=X,
5 S The resulting adiabatic electron neutrino  survival
m; P probability®® valid wheny,>1, is
2E g = diab_ 1, 1
pf}e'a =5+ 3C0S ¥, cos Y;, (89)
where 6,= 6(x;) is the local mixing angle at the density
o> ~y,> > ~ly> where the neutrino was produce@o if §,~0 and if the
p—00 p'(x) p—0 starting solar core density is sufficiently high so th&t
C

~l2, pijiab~ 0)
Fig. 9. Schematic illustration of the MSW crossing. The dashed lines cor- The physical picture behind this derivation is illustrated in
respond to the electron—electron and muon—muon diagonal elements of tkpeig_ 9. One makes the usual assumption that, in vacuum, the

m? matrix in the flavor basis. Their intersection defines the level-crossing, ; : ; : ;
v i . ; ; is almost identical to the light m igenstay i.e.
densityp. . The solid lines are the trajectories of the light and heavy local ve is almost identical to the light mass eigenstaig0), i.e.,

mass eigenstates. If the electron neutrino is produced at high density a1 <My and cog),~1. But as the densny increases, the mat-
propagates adiabatically, it will follow the heavy-mass trajectory, emergingter effects make thev, heavier than thev,, with v
from the sun as a,, . —vy(X) asp(x) becomes large. The special property of the
sun is that it produces,’s at high density that then propa-
gate to the vacuum where they are measured. The adiabatic
and with mixing of these eigenstates governed by the densit‘%’%'ianporOV)\;;Irln ?eflrzgirtlegi E[JhSetEZL\'/f initiallye .VH(X)’ the .geg- h
gradient ! y mass trajectory provided the
density changes slowly. That is, if the solar density gradient
is sufficiently gentle, the neutrino will emerge from the sun
d . as the heavy vacuum eigenstate,y, . This guarantees
E V2Ge dx p(x)sin 20, nearly complete conversion of.’'s intg v,’s, producing a
a(ﬂZ(m) X2+ s 26, (85  flux that cannot be detected by the Homestake or SAGE/
v GALLEX detectors.
) o ) Although it goes beyond the scope of this discussion, the
The above-mentioned results are quite interesting: The localase where the crossing is nonadiabatic can also be handled
mass eigenstates diagonalize the matrix if the density is conn an elegant fashion by following a procedure introduced by
stant, that is, ile=0. In such a limit, the problem is no more | andau and Zener for similar atomic physics level-crossing

complicated than our original vacuum oscillation case, alproblems. The resdftis an oscillation probability valid for
though our mixing angle is changed because of the matte) sm%/E and, ,

effects. But if the density is not constant, the mass eigen-

states in fact evolve as the density changes. This is the crux P, =3+ 3C0S 2, coS 2;(1—2e~ "%, (90
of the MSW effect. Note that the splitting achieves its mini- ) adiab

mum value, em%2E)sin26,, at a critical density p. As it must by our constructiorp, reduces tap;,, for v,

=p(X¢), >1. When the crossing becomes nonadiabgig., y.<1),
the neutrino “hops” to the light mass trajectory as it reaches
2VIE Gep.= omP cos X, , (86) the crossing point, allowing the neutrino to exit the sun as a

Ve, I.€., NO CONversion occurs.
_ ) ) ) Thus there are two conditions for strong conversion of
which defines the point where the diagonal elements of th@opjar neutrinos: there must be a level crosditigt is, the

matrix in Eq.(79) cross. solar core density must be sufficient to render vy(x;)

_ Our local-mass-eigenstate form of the propagation equaynen it is first producepand the crossing must be adiabatic.
tion can be trivially integrated if the splitting of the diagonal 1,6 first condition requires tha@m? E not be too large, and

elements is large compared t(.) the off-diagonal elements, e secondy.=1. The combination of these two constraints,
that the effects otx(x) can be ignored, illustrated in Fig. 10, defines a triangle of interesting param-
eters in the Sm?/E—sir26, plane, as Mikheyev and

_ A (X) Smirnov found by numerical integration. A remarkable fea-
y(X)= a(X) ture of this triangle is that strong.— v, conversion can
_ 5 . 2 occur for very small mixing angles ($i@6~10%), unlike
_ sirf 24, ém 1 [X(x)?+sirf 26, ] S the vacuum case. One can envision superimposing on Fig. 10
cosd, 2E |1 dp(x) sin® 26, ' the spectrum of solar neutrinos, plotted as a function of
pe dx Sm?/E for some choice ofm?. Since Davis seesomesolar

neutrinos, the solutions must correspond to the boundaries of
@7 the triangle in Fig. 10. The horizontal boundary indicates the
maximum ém?/E for which the sun’s central density is suf-
a condition that becomes particularly stringent near theficient to cause a level crossing. If a spectrum properly
crossing point, wher&(x) vanishes, straddles this boundary, we obtain a result consistent with
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107 e : : : as in the case of atmospheric neutrinos. Our conclusions fol-
low from combining the results of several experiments, and
no level crossing not from direct observation of new physics, such as the ze-
nith angle dependence in the atmospheric results. For this
reason there is great interest in a new experiment now being
readied in the Creighton nickel mine in Sudbury, Ontario,

6800 ft below the surface. The Sudbury Neutrino Observa-

i~ tory (SNO*! has a central acrylic vessel filled with 1 kt of
Q very pure(99.92% heavy water, surrounded by a shield of
N§10'6— . 7.5 kt of ordinary water. SNO can detect neutrinos through
@ the charged current reaction
”(g vetd—p+pte, (91)
L nonadiabatic | as well as through the neutral current reaction
vy (V) +Fd— v (V) +p+n. (92

Thus SNO offers the exciting possibility of comparing the
solar flux inv.'s with that in all flavors, thereby providing a
101 N definitive test of flavor oscillations. The electrons from reac-
tion (91) will be detected by the Cerenkov light they gener-
4 . = : ate: SNO’s central vessel is surrounded by 9800 phototubes.
10 1o 1 The neutrons produced in the neutral current reaction can be
sin"20, detected using either thi@,y) reaction on salt dissolved in
the heavy water or proportional counters exploiting the

Fig. 10. MSW conversion for a neutrino produced at the sun’s center. The 3 ; : ;
upper shaded region indicates th@e?/E where the vacuum mass splitting &Fg'gg]’p) H reaction. SNO began taking data in summer,

is too great to be overcome by the solar density. Thus no level crossin
occurs. The lower shaded region defines the region where the level crossing

is nonadiabatidy, less than unity The unshaded region corresponds to \/, CONCLUSIONS
adiabatic level crossings where stromg— v, will occur.

In this article we have summarized some of the basic ideas
of neutrino physics. Neutrinos come in three species or
. . . . flavors—vq, v, ,v,—with their corresponding antiparticles.

the Homestake experiment in which low energy neutrin0§ye hayve discussed the unresolved problem of the nature of
(large 1E) lie above the level-crossing boundaignd thus  hege antiparticles: Are's and 7's distinguished by some
remainve's), but the high-energy neutrindgsmall 1E) fall 5qqitive quantum numbeiDirac neutrinog or do they in-
within the unshaded region where strong conversion takegiead correspond to the two projections of opposite handed-
place. Thus such a solution would mimic nonstandard solafess of the same statMajorana neutring® We reviewed
models in that only th€B neutrino flux would be strongly  direct mass measurements, which have not yet yielded evi-
suppressed. The diagonal boundary separates the adiabajignce for nonzero masses, and the reasons that the minimal
and nonadiabatic regions. If the spectrum straddles thigtandard model cannot accommodate massive neutrinos. Yet
boundary, we obtain a second solution in which low energywe have seen strong though indirect evidence for massive
neutrinos lie within the conversion region, but the high-neutrinos in three classes of neutrino oscillation experiments.
energy neutrinogsmall 1E) lie below the conversion region |n an accelerator experiment—LSND—an unexpected flux
and are characterized by<1 at the crossing densityOf  of electron antineutrinos has been attributed’jo-7v, os-
course, the boundary is not a sharp one, but is characterizediations. Over the past 15 years a series of experiments has
by the Landau—Zener exponentjagbuch a nonadiabatic so- been carried out on the neutrinos produced when high energy
lution is quite distinctive as the flux @p neutrinos, which is  cosmic rays interact in the upper atmosphere. The increasing
strongly constrained in the standard solar model and in angvidence of an anomaly has culminated with the SuperKa-
steady-state nonstandard model by the solar luminositymiokande measurements that confirm a deficit in the muon
would now be sharply reduced. Finally, one can imagineneutrino flux, and find a zenith angle dependence directly
“hybrid” solutions where the spectrum straddles both thejndicating oscillations. When constraints from reactor and

level-crossinghorizonta) boundary and the adiabaticitgi-  accelerator experiments are taken into account, the explana-
agonal boundary for smalb, therebg/ reducing théBe neu-  tion for the atmospheric neutrino anomaly appears to pe
trino flux more than either thpp or °B fluxes. — v, oscillations corresponding to a nearly maximal mixing

‘Remarkably, this last possibility seems quite consistenangle. Finally, we discussed the evidence for a deficit in the
with the experiments we have discussed. In fact, a nearlyjux of solar electron neutrinos and the difficulty in attribut-
perfect fit to the data results from choosindm®~5 ing this deficit to uncertainties in the solar model. Again the
x 10 ®eV? and sirf26,~0.006. As thedm? is quite differ-  hypothesis of neutrino oscillations accounts for the observa-
ent from that found in the atmospheric neutrino results, theions, with one attractive possibility beingia— v, oscilla-
mixing seen in solar neutrinos is distinct from that seen intion enhanced by matter effects within the sun. One popular
atmospheric neutrinos, consistent with our attribution of thechoice for the mass differences and mixing angles needed
former tov,— v, oscillations and the latter to,— v, to account for these observations is shown in Fig. 11. The

The argument that the solar neutrino problem must be dupattern that emerges is not, unfortunately, compatible
to neutrino oscillations is quite strong, but not as compellingwith the simplest scenario of three mixed neutrinos: three
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Fig. 11. Regions ofsm? and sirf 20 that account for the solar neutrino,
SuperKamiokande atmospheric neutrino, and LSND results. The LSND re;
gion is the portion from Fig. 7 that is allowed by the various null experi-

ments. In addition to the two solar neutrino solutions shown, there is a third,
the vacuum neutrino oscillation solution discussed in the text, residing at
much smallersm?. Note that three distinafm? are required to fit the data.
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MILLICURIES IN THE MAIL

Otto Stern had extolled the future of Ernest Lawrence’s cyclotron to us in previous yea
1935, when we were in Ann Arbor, Fermi and | had corresponded with Lawrence. At that time, |
do not remember for what reason, he offered Fermi a millicurie of radiosodium. Doubting [Ber-
keley’s radioactivity measurements, Fermi replied suggesting that Lawrence had perhaps made a
mistake and actually meant a microcurie, a thousand times less. In answer, he received g letter
containing a millicurie of radiosodium. We were dumbfounded. By then | was sure | wanted {o go

to see the cyclotron.

rs. In

Emilio Segre A Mind Always in Motion—The Autobiography of Emilio Se¢umiversity of California Press, Berkeley,
1993, p. 112.
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