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W e g iv e a n e le m e n ta ry re v ie w o f re c e n t d isc o v -
e rie s in n e u trin o p h y sic s, c u lm in a tin g in th e so -
lu tio n o f th e so la r n e u trin o p ro b le m a n d th e d is-
c o v e ry o f n e u trin o m a ss. A tm o sp h e ric n e u trin o s,
re a c to r n e u trin o s a n d o th e r im p o rta n t d e v e lo p -
m e n ts a re a lso b rie ° y d e sc rib e d .
1 . In tro d u c tio n
T h is is an elem en tary accou n t of th e recen t d iscover-
ies in N eu trin o P h y sics. B ecau se o f its h istorica l im -
p o rtan ce a n d its ro le in th e story of H a n s B eth e, th e
gen esis of th e so lar n eu trin o p ro b lem an d its so lu tion in
term s o f n eu trin o oscillation are d escrib ed in g rea ter d e-
tail. In p articu lar, w e trace th e story of th e 8 0-y ea r-old
th erm o n u clea r h y p oth esis w h ich states th at th e S u n a n d
th e sta rs a re p ow ered b y th erm on u clea r fu sion rea ction s.
W e d escrib e h ow th e S u d b u ry N eu trin o O b servato ry in
C a n ad a w a s ¯ n ally ab le to g iv e a d irect ex p erim en ta l
p ro of of th is h y p oth esis in 20 02 an d h ow , in th e p ro cess,
a fu n d a m en tal d iscovery, i.e. th e d iscovery o f n eu trin o
m ass w as m a d e.
A tm osp h eric n eu trin o s an d rea cto r n eu trin os are im -
p o rtan t fo r a com p lete an a ly sis of n eu trin o oscillation s.
T h ese an d m an y oth er eq u ally im p ortan t issu es are b rief-
ly d iscu ssed at th e en d .
2 . S o la r N e u trin o s
In th e 19 th cen tu ry, th e sou rce of th e en ergy in th e S u n
an d th e stars rem a in ed a m a jo r p u zzle in scien ce, w h ich
led to m an y co n troversies. F in ally, a fter th e d iscov ery
of th e trem en d ou s am ou n t o f en erg y lo ck ed u p in th e
n u cleu s, E d d in g ton in 1 92 0 su gg ested n u clear en ergy a s
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How does the Sun

shine? Thermonuclear

fusion is the answer.

But, observation of

neutrinos from the

Sun is the only direct

experimental

evidence for this

hypothesis. That is the

importance of

detecting neutrinos.

Neutrino is the only

particle that has

only weak

interactions and

hence the extreme

difficulty of its

detection.

th e sou rce of sola r an d stellar en erg y. It to ok m a n y m ore
years for th e d ev elop m en t of n u clear p h y sics to ad va n ce
to th e sta ge w h en B eth e, th e M a ster N u clea r P h y sicist,
an a ly sed a ll th e relevan t facts a n d so lv ed th e p rob lem
com p letely in 19 39 . A y ea r ea rlier, W eiszÄa cker h a d given
a p artial solu tion .
B eth e's p ap er is a m a sterp iece. It gav e a co m p lete p ic-
tu re of th e th erm on u clea r rea ction s th at p ow er th e S u n
an d th e stars. H ow ever, a n ot-so -w ell-k n ow n fact is th at
B eth e leaves ou t th e n eu trin o th at is em itted alon g w ith
th e electron , in th e rea ction s en u m erated b y h im . N eu -
trin o, b orn in P au li's m in d in 193 2, n a m ed an d m ad e
th e b asis of w ea k in tera ction b y F erm i in 1 934 , w a s al-
read y a w ell-k n ow n en tity in n u clea r p h y sics. S o it is
rath er in ex p licab le w h y B eth e ign o red th e n eu trin os in
h is fam ou s p a p er. T h e au th ority of B eth e's p a p er w a s
so g rea t th at th e a stron o m ers a n d astro p h y sicists w h o
follow ed h im in th e su b seq u en t y ears failed to n ote th e
p resen ce o f n eu trin os. E ven m an y tex tb o ok s o n astro n -
om y a n d a strop h y sics w ritten in th e 40's a n d 50 's d o
n ot m en tion n eu trin os! T h is w a s u n fortu n a te, sin ce w e
m u st realize th a t, in sp ite o f th e g rea t su ccess of B eth e's
th eory, it is n everth eless on ly a th eo ry. O b servation of
n eu trin o s fro m th e S u n is th e on ly d irect ex p erim en ta l
ev id en ce for E d d in g ton 's th erm o n u clea r h y p o th esis a n d
B eth e's th eory o f en ergy p ro d u ctio n . T h at is th e im p o r-
tan ce of d etectin g so la r n eu trin o s.
T h e b asic p ro cess of th erm o n u clea r fu sio n in th e S u n a n d
sta rs is fou r p roto n s co m b in in g in to an alp h a p a rticle
an d releasin g tw o p ositron s, tw o n eu trin os an d 26 .7 M eV
of en ergy. S o it is triv ia l to ca lcu late from th e solar
lu m in osity th e total n u m b er of n eu trin o s em itted b y th e
S u n ; for èv ery ' 26 .7 M eV of en erg y receiv ed b y u s, w e
m u st get 2 n eu trin o s. T h u s o n e gets th e solar n eu trin o
° u x at th e E arth a s 7 0 b illio n p er sq u a re cm p er sec. S o
an en o rm o u s n u m b er of n eu trin os a re p a ssin g th rou gh
ou r b o d y !
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Box 1. Carbon Cycle

The net process is 4p→ 4He + 2e+ + 2ν
e
.

The neutrinos emitted in the beta decay

of 13N have energies of 0 to 1.20 MeV

while those from 15O range from 0 to

1.73 MeV.

Box 2.  p–p Chain

In all the branches of the p–p

chain, the net process is

4p→4He + 2e+ + 2ν
e
. Neu-

trino energies (both continu-

ous as well as discrete) are

indicated at the correspond-

ing reaction or decay. The

percentage numbers are the

relative probabilities for the

various branches, as calcu-

lated in the Standard Solar

Model (SSM).

H ow ev er, th e p rob a b ility o f fo u r p ro ton s m eetin g at a
p o in t is n eglig ib ly sm all even a t th e larg e d en sities ex -
istin g in th e solar core. H en ce th e actu a l series o f n u -
clear rea ction s o ccu rin g in th e solar an d stellar co res are
given b y th e so-called ca rb on cy cle (B ox 1) an d th e p {p
ch a in (B ox 2). In th e carb o n cy cle th e fo u r p ro ton s are
su ccessiv ely a b sorb ed in a series of n u clei, startin g a n d
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The net process is

the fusion of four

protons to form an

alpha particle with

the emission of

two positrons and

two neutrinos.

The high energy

flux of neutrinos

from the Sun is

proportional to the

18th power of the

temperature in the

solar core and

hence is a very

sensitive

thermometer for

the solar core.

en d in g w ith ca rb on . In th e p {p ch ain tw o p roton s com -
b in e to fo rm th e d eu tero n a n d fu rth er p ro ton s are a d d ed .
W e sh all n ot go in to d etails h ere ex cep t n o tin g th a t b oth
in th e carb o n cy cle an d th e p {p ch ain , th e n et p ro cess
is th e sam e a s w h at w as m en tio n ed a b ov e, n a m ely th e
fu sion of fou r p ro ton s to form an alp h a p a rticle w ith th e
em ission of tw o p ositron s an d tw o n eu trin o s.
In th e S u n , th e d om in an t p ro cess is th e p {p ch ain . A l-
th ou gh th e total n u m b er of n eu trin os em itted b y th e
S u n cou ld b e triv ially calcu lated from th e solar lu m i-
n osity, th eir en erg y sp ectru m w h ich is cru cial for th eir
ex p erim en tal d etectio n , req u ires a d eta iled m o d el o f th e
S u n , th e so-ca lled S tan d ard S ola r M o d el (S S M ). S S M
is b ased on th e th erm on u clear h y p oth esis an d B eth e's
th eory, b u t u ses a lot m ore p h y sics in p u t. A k n ow led ge
of th e n eu trin o en erg y sp ectru m is n eed ed sin ce th e n eu -
trin o d etectors are stro n gly en erg y sen sitiv e. In fact all
d etectors h ave a n en ergy th resh old an d h en ce m iss ou t
th e very low en erg y n eu trin o s.
L eav in g o u t th e d eta ils, th e solar n eu trin o sp ectru m is
rou g h ly ch a racterized b y a d om in a n t (0.99 75 of all n eu -
trin os) low en ergy sp ectru m ran gin g fro m 0 to 0.42 M eV
an d a very w eak (0 .00 01 of all th e n eu trin o s) h igh en -
ergy p art ex ten d in g from 0 to 14 M eV (B ox 3). T h e
form er arises fro m th e p { p reactio n o f tw o p roton s com -
b in in g to fo rm a d eu tero n , a p o sitro n an d a n eu trin o .
T h e la tter co m es from th e b eta d ecay o f B oron -8 w h ich
is p ro d u ced in a th erm on u clear reactio n in itiated b y a
p roto n com b in in g w ith B ery lliu m -7. M ost of th e n eu -
trin o d etecto rs d etect on ly th e tin y h igh -en ergy b ra n ch
of th e sp ectru m , th e so -called B oron -8 n eu trin os.
W h ile th e d o m in an t low -en ergy n eu trin o ° u x is b asi-
cally d eterm in ed b y th e solar lu m in o sity, th e ° u x of th e
h igh -en ergy B oro n -8 n eu trin o ° u x is v ery sen sitive to
th e va rio u s p h y sical p ro cesses in th e S u n a n d h en ce is
a test of S S M . In fact, th is la tter ° u x is a very sen si-
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Box 3. Energy Spectrum of the Solar Neutrinos

The y axis represents the

flux of the neutrinos in

units of cm–2 sec–1 MeV–1

for the continuum neutri-

nos and cm–2 sec–1 for the

neutrinos of discrete en-

ergy. The thresholds of

various detectors are also

shown.

tiv e fu n ction of th e tem p era tu re o f th e solar core, b ein g
p rop ortion a l to th e 18 th p ow er o f th is tem p eratu re a n d
h en ce th is n eu trin o ° u x p rov id es a v ery g o o d th erm om e-
ter fo r th e so la r co re. In co n tra st to th e p h oto n s w h ich
h ard ly em erge fro m th e co re, th e n eu trin o s escap e u n -
scath ed a n d h en ce give u s d irect k n ow led ge ab ou t th e
core.
T h ere is a sim p le p h y sical rea son fo r th is sh arp d ep en -
d en ce o n tem p eratu re. It is related to th e q u an tu m -
m ech an ica l tu n n ellin g form u la, th e fa m o u s d iscovery of
G eorg e G am ow . T h e p rob a b lity for tu n n ellin g th rou gh
th e rep u lsive C ou lom b b arrier h a s a sh a rp ex p on en tia l
d ep en d en ce on th e k in etic en erg y o f th e collid in g ch a rged
p articles.
T h e p io n eerin g ex p erim en t o n so la r n eu trin os started
b y D av is a n d co llab o rato rs in th e 60 's is b a sed o n th e
in v erse



54 RESONANCE  October   2005

GENERAL   ARTICLE

Box 4.  Beta Decay and Inverse Beta Decay

(Z,N) represents a nucleus with Z

number of protons and N number of

neutrons. At the bottom, β – and β +

decays are shown digrammatically.

W– and W+ are charged intermedi-

ate weak bosons. If the direction of

the arrows in the neutrino lines are

reversed and ν
e
 and ν

e
 changed to ν

e

and ν
e 
respectively, they will repre-

sent the inverse β decay reactions.

in v erse b eta d ecay p ro cess: C h lo rin e-3 7 ab so rb s th e n eu -
trin o to y ield A rg on -37 an d an electron . (S ee B ox 4
for b eta d ecay a n d in verse b eta d ecay.) A tan k co n -
tain in g 6 15 ton s of a ° u id rich in ch lorin e ca lled tetra -
ch loro eth y len e w as p la ced in th e H o m esta ke go ld m in e in
S ou th D a kota (U S A ). T h e ° u id w as p erio d ica lly p u rged
w ith h eliu m ga s to rem ov e th e arg on a tom s w h ich w ere
th en cou n ted b y m ea n s o f th eir rad ioa ctiv ity. In a ty p -
ica l series of 62 ru n s d u rin g 197 0-1 98 3, th e n u m b er of
rad ioa ctive A rgo n -37 a tom s d etected p er d ay w a s 0 .4 4
§ 0.04 . O f th is, 0.08 § 0 .03 w as attrib u ted to cosm ic
ray a n d o th er b a ck grou n d a n d so th e n u m b er of arg on
ato m s p ro d u ced b y solar n eu trin o cap tu re w a s 0 .3 6 §
0.05 p er d ay. T h ese n u m b ers give an id ea of th e lev el of
ach ievem en t o f D av is in d ev isin g m eth o d s of ex tractin g
th e a rgon ato m s a n d cou n tin g th em . N o w on d er it h a s
b een liken ed to ¯ n d in g a p a rticu lar grain of san d in th e
w h o le o f th e S ah a ra d esert.
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Out of the millions

of high-energy

neutrinos arriving

per sec at Davis’s

huge tank of the

detecting fluid, only

about one neutrino

per three days

interacted. That is

the meaning of

‘weak interaction’.

Over the 3 decades

of operation of

Davis’s experiment,

the discrepancy

between the

predicted and the

detected numbers of

solar neutrinos

remained and was

known as the solar

neutrino puzzle.

1 See S N Ganguli, Neutrinosand our Sun, Resonance , Vol.9,Nos.2,3. 2004.

T h e d etection th resh old in D av is's ex p erim en t w as 0.8
M eV an d th u s on ly th e h ig h -en ergy B o ron -8 n eu trin o s
w ere d etected . S S M cou ld b e u sed to g et th e n u m b er
of n eu trin os ex p ected a b ov e th is th resh old an d th e d e-
tected n u m b er w as less th an th e p red icted n u m b er b y a
factor of ab ou t 3. O v er th e th ree d ecad es o f o p eration of
D av is's ex p erim en t, th is d iscrep a n cy h as rem ain ed a n d
h as b een k n ow n as th e solar n eu trin o p u zzle.
D av is's rad io ch em ica l ex p erim en t w a s a p a ssive ex p eri-
m en t. T h ere w as actu ally n o p ro of th at h e d etected a n y
so la r n eu trin os. In p articu lar if a critic cla im ed th at all
th e ra d io activ e atom s th at h e d etected w ere p ro d u ced b y
so m e b ack g rou n d ra d ia tio n , th ere w as n o w ay o f con clu -
sively refu tin g it. T h at b eca m e p ossib le th rou g h th e
K am io ka ex p erim en t1 th at w en t in to op era tio n in th e
19 80 's.
In co n tra st to D av is's ch lo rin e tan k , th e K am ioka w ater
C eren kov d etector is a real tim e d etecto r. S olar n eu -
trin o k ick s ou t an electron in th e w a ter m olecu le (ela s-
tic sca tterin g) a n d th e electron is d etected th ro u gh th e
C eren kov ra d ia tio n it em its. S in ce th e electron is m o stly
k icked tow a rd th e fo rw a rd d irection , th e d etector is d i-
rection a l. A p lot o f th e n u m b er o f ev en ts a gain st th e
an g le b etw een th e electron tra ck an d S u n 's d irection
gives an u n m istakab le p ea k a t zero an gle, p rov in g th at
n eu trin o s from th e S u n w ere b ein g d etected . T h e orig -
in al K am ioka d etecto r h a d 2 k iloto n s of w ater a n d th e
C eren kov ligh t w as collected b y an a rray o f 10 00 p h o -
tom u ltip lier tu b es, each of 20 " d ia m eter an d th is w a s
later su p erced ed b y th e S u p erK am ioka d etecto r w h ich
h ad 5 0 k ilo ton s o f w ater faced b y 1 1,000 p h otom u tip lier
tu b es. B oth K am io ka an d S u p erK g ave co n v in cin g p ro of
of th e d etection of so la r n eu trin o s. T h e en erg y th resh -
old o f th ese d etecto rs w as ab ou t 7 M eV an d so o n ly th e
h igh -en ergy p art o f th e B oron -8 sp ectru m w a s b ein g d e-
tected . T h e ratio o f th e m ea su red so la r n eu trin o ° u x
to th e p red icted ° u x w a s a b ou t 0 .5 , th u s co n ¯ rm in g th e
so la r n eu trin o p u zzle.
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All the three

classes of neutrino

detectors with

different energy

thresholds

detected the solar

neutrinos, but at a

depleted rate.

John Bahcall who

played a major role in

the genesis of the

solar neutrino

problem and

hammered at SSM

for more than 30

years until it reached

a precision suitable

for its eventual

confrontation with

solar neutrino

experiments died on

17 August 2005.

T h e n ex t in p u t cam e fro m th e ga lliu m ex p erim en ts. T h e
B oron -8 n eu trin o ° u x is very sen sitive to th e d eta ils of
th e S S M a n d so S S M co u ld b e b lam ed for th e d etection
of a low er ° u x . O n th e oth er h a n d th e low en erg y p {p
n eu trin o s a re n ot so sen sitive to S S M . S o th e ga lliu m
d etector b a sed on th e in v erse b eta d ecay of G a lliu m -7 1
w as con stru cted . A lth ou g h th is w a s also a p assiv e ra -
d io ch em ica l d etecto r, its th resh old w a s 0.23 3 M eV a n d
h en ce it w as sen sitiv e to a la rge p a rt of th e p { p ° u x ex -
ten d in g u p to 0.42 M eV . A ctu ally tw o ga lliu m d etecto rs
w ere m ou n ted , ca lled S A G E an d G A L L E X an d b oth
su cceed ed in d etectin g th e p { p n eu trin os in ad d ition to
th e B -8 n eu trin os b u t a ga in at a d ep leted lev el b y a
factor of ab ou t 0.5.
T o su m u p , th ere w ere th ree classes o f n eu trin o d etecto rs
w ith d i® eren t en ergy th resh old s, all of w h ich d etected
so la r n eu trin o s, b u t at a d ep leted rate. T h e ratio R
of th e m easu red ° u x to th e p red icted ° u x w as 0 .3 3 §
0.02 8 in th e ch lorin e ex p erim en t, 0.56 § 0.04 in th e tw o
ga lliu m ex p erim en ts (av era ge) a n d 0 .47 5 § 0.015 in th e
S u p erK ex p erim en t.
A ctu a lly it m u st b e regard ed as a great ach ievem en t for
b o th th eory a n d ex p erim en t th at th e o b served ° u x w a s
so close to th e th eoretical on e, esp ecia lly co n sid erin g th e
trem en d ou s am ou n t o f p h y sics in p u t th at g o es in to th e
S S M . A fter all, R d o es n ot d i® er from u n ity b y ord ers
of m a gn itu d e! T h is is all th e m o re sig n ī ca n t sin ce th e
large u n certa in ties in so m e of th e low en erg y th erm on u -
clear cross-sectio n s d o lead to a large u n certain ty in th e
S S M p red iction . B u t a strop h y sicists led b y late J o h n
B ah call w ere a m b itio u s an d claim ed th a t th e d iscrep -
an cy w a s real an d m u st b e ex p lain ed . T w o p oin ts fav ou r
th is v iew . A s a lread y stated , th e g alliu m ex p erim en ts
sen sitiv e to th e p {p ° u x w h ich is co m p a ratively free of
th e u n certa in ties of S S M , also sh ow ed a d ep letion in th e
° u x . S eco n d , S S M h as b een fo u n d to b e v ery su ccessfu l
in acco u n tin g fo r m a n y oth er ob serv ed featu res o f th e
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Box 5.

Electron (e), muon (µ), tauon (τ)) and their associated

neutrinos.

Box 6.

Reactions on 37Cl induced by

the three flavours of neutrinos.

At low energies, only the ν
e
 can

induce the reaction.

S u n , in p articu lar th e h elio seism olog ical d ata , i.e d a ta
on solar q u a kes.
H en ce so m eth in g else is th e rea son fo r R b ein g less th an
u n ity a n d th a t is n eu trin o oscillation .
In ad d itio n to th e w ell-k n ow n electro n , tw o h eav ier ty p es
of electron s are k n ow n to ex ist. R eserv in g th e n a m e
electro n to th e w ell-k n ow n p article o f m ass 0.5 M eV , th e
h eav ier on es a re called m u on a n d tau o n an d th eir m a sses
are 10 5 an d 17 77 M eV resp ectiv ely. C o rresp o n d in g ly
th ere are th ree ty p es o r ° avou rs o f n eu trin os called e, m u
or tau n eu trin o th a t g o resp ectively w ith th e electron ,
m u o n o r tau o n in th e b eta d ecay a s w ell a s in v erse b eta
d ecay in tera ction s (S ee B ox 5 ).
W h a t is p ro d u ced in th e th erm o n u clea r rea ction s in th e
S u n is th e e n eu trin o . If so m e of th e e n eu trin os oscillate
to th e m u o r th e ta u n eu trin os on th e w ay to th e E arth ,
th e d ep letion in th e n u m b er d etected o n th e E a rth can
b e ex p la in ed sin ce th e ch lorin e an d ga lliu m d etecto rs
can n o t d etect th e m u or tau n eu trin os. J u st as th e e
n eu trin o p ro d u ces a n electro n in th e in v erse b eta d ecay
p ro cess, th e m u or ta u n eu trin o h as to p ro d u ce a m u on
or a tau o n resp ectively in th e ¯ n al state (S ee B ox 6 ).
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If we say that

neutrinos have

oscillated into some

other flavour, we

have to detect the

neutrinos of those

flavours too.This is

precisely what the

Sudbury Neutrino

Observatory (SNO)

achieved and thus

finally solved the

solar neutrino

problem.

B u t sin ce th e en ergy of th e sola r n eu trin os a re lim ited to
14 M eV , th e m u o n or tau o n w ith th e h igh m asses of 10 5
an d 17 77 M eV can n o t b e p ro d u ced in th e in v erse b eta
d ecay a n d so th e n eu trin os th at h av e b een co n v erted
in to th e m u or ta u ° avo u r th ro u gh o scilla tio n escap e
d etection .
A lth o u gh ela stic scatterin g of n eu trin o s on electro n w h ich
is u sed a s th e d etectin g m ech an ism in th e K am io ka a n d
S u p erK w ater C eren kov d etectors can d etect th e co n -
verted m u o r tau ° avou rs also, it h as a m u ch red u ced
e± cien cy. H en ce th e d ep letio n of th e n u m b er of n eu tri-
n os o b served in th e w ater d etector also is a ttrib u ta b le
to oscillatio n .
T h ere w a s a fam ou s p ain tin g called T̀ h e C ow an d G ra ss'.
B u t n o th in g ex cep t a b la n k con vas w a s v isib le. W h en
asked to sh ow th e g rass, th e p ain ter said th e cow h ad
eaten th e gra ss. W h en p ressed to sh ow a t least th e cow ,
h e sa id it w en t aw ay after eatin g th e g rass.
O u r n eu trin o sto ry so fa r is like th at. W e sa id th er-
m on u clear rea ction s in th e S u n m u st p ro d u ce so m a n y
n eu trin o s. W e d id n ot see so m an y n eu trin o s, b u t th en
ex p lain ed th em aw ay th rou g h oscillation s.
In scien ce w e h ave to d o som eth in g b etter. If w e say
th at n eu trin os h ave o scillated in to so m e o th er ° avou r,
w e h ave to see th e n eu trin o s of th ose ° av ou rs to o .
T h is is p recisely w h a t is d o n e in a tw o-in -on e ex p eri-
m en t (B ox 7 ). T h ere a re tw o k in d s o f w eak in teraction
p ro cesses. B eta d ecay in w h ich a n u cleu s d ecay s in to a n -
oth er n u cleu s em ittin g a n eu trin o alon g w ith an electron
as w ell as th e related in v erse b eta d ecay in w h ich a n eu -
tral n eu trin o co llid in g w ith a n u cleu s lead s to a ch arged
lep to n an d a d i® eren t ¯ n al n u cleu s are b oth ch arged
cu rren t (C C ) w eak in tera ction p ro cesses. (H ere ch arged
lep to n m ean s electron , m u o n o r ta u on .) T h ere is a sec-
on d class of w ea k in tera ction k n ow n as n eu tral cu rren t
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Box 7.  CC and NC Reactions

να 
stands for ν

e
 νµ  

or  ντ.

W– is the charged weak

boson while Z0 is the neu-

tral weak boson.

(N C ) w ea k in tera ction in w h ich th e n eu trin o collid in g
w ith th e n u cleu s ex cites or d isin tegrates it b u t rem ain s
as th e n eu trin o in th e ¯ n a l state. A low en ergy m u or
tau ° av ou red n eu trin o w ill n o t cau se th e C C in teraction
in th e n u cleu s a s w e a lread y stated , b u t it ca n cau se
N C in tera ction . S o if w e d esign an ex p erim en t in w h ich
b o th th e C C an d N C m o d es are d etected , alth ou gh th e
C C m o d e w ill give on ly th e n u m b er of e n eu trin o s, th e
N C m o d e w ill g iv e th e tota l n u m b er o f e, m u an d tau
n eu trin o s. T h e total n u m b er d etected w ill b e a test of
S S M in d ep en d en t o f o scilla tio n s w h ile th e N C m in u s C C
even ts w ill give th e n u m b er th at h ad o scilla ted aw ay.
A h u ge tw o -in -on e d etecto r (B O R E X ) w a s p rop osed b y
P ak vasa a n d R a gh ava n b u t th at h as n ot m aterialized .
T h e tw o-in -o n e d etector b ased on d eu teron in h eav y w a -
ter p ro p o sed b y C h en h as com e u p . T h is is th e S u d b u ry
N eu trin o O b servato ry (S N O ) th at h as ¯ n a lly so lv ed th e
so la r n eu trin o p rob lem .
S N O u ses 10 00 ton s o f h eav y w ater. S olar n eu trin o
b reak s u p th e d eu tero n b y C C an d N C m o d es. W h ile
C C m o d e lead s to tw o p roto n s a n d an electron , N C m o d e
lea d s to a n eu tro n , a p roton a n d a n eu trin o. T h e th resh -
old of d etection w a s ag ain h ig h like S u p erK so th at o n ly
th e B -8 n eu trin o s w ere d etected . L et u s n ow straigh t-
aw ay g o to th e ex citin g resu lts o f S N O th a t cam e o u t in
A p ril 20 02 .
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In trying to verify the

thermonuclear

hypothesis

experimentally

through the detection

of solar neutrinos,

Davis and the other

scientists made a

discovery of

fundamental

importance, namely

that the neutrinos

have mass.

In Quantum

Mechanics, a

particle behaves

as a wave too and

vice versa. To

understand

neutrino oscillation,

think of neutrino as

a wave.

T h e C C m o d e gav e th e ° u x (m illio n n eu trin os p er sq
cm p er sec) as 1 .7 6 § 0 .1 1 w h ile th e N C gave 5 .0 9 §
0.65 in th e sa m e u n its. T h u s w e con clu d e th a t th e ° u x
of e + m u + tau n eu trin os is 5.09 § 0.65 w h ile th a t of
th e e ° av ou r alon e is 1.76 § 0.11 . T h e d i® eren ce 3 .33 §
0.66 is th e ° u x o f th e m u + tau ° avo u rs. H en ce o scilla -
tio n is con ¯ rm ed . R ou g h ly tw o th ird o f th e e n eu trin o s
h ave oscillated to th e oth er ° avo u rs. F u rth er, co m p a r-
in g w ith th e S S M p red iction o f 5 .0 5 § 0.40 , S S M also is
con ¯ rm ed . S o at on e sw eep th e S N O resu lts con ¯ rm ed
b o th th e S S M a n d n eu trin o o scilla tion .
W h a t is th e m ora l of th e sto ry ? W h en w e sa id in th e b e-
gin n in g th at th e th erm on u clear h y p oth esis fo r th e S u n
h as to b e p rov ed , it w as n o t a q u estio n of p ro of b efore
a co u rt of law . S cien ce d o es n ot p ro gress th at w ay. In
try in g to p rove th e h y p oth esis ex p erim en tally th rou gh
th e d etection of so lar n eu trin o s, D av is a n d th e oth er
p h y sicists h ave h elp ed in m ak in g a d iscovery o f fu n d a -
m en tal im p ortan ce, n am ely th a t th e n eu trin o s oscillate
an d h en ce h av e m a ss.
3 . N e u trin o O sc illa tio n
T o u n d erstan d n eu trin o oscillation , on e m u st th in k of
n eu trin o a s a w ave ra th er th an a p a rticle (rem em b er
q u an tu m m ech a n ics). N eu trin o o scilla tio n is a sim p le
con seq u en ce o f its w av e p rop erty. L et u s con sid er th e
an a lo gy w ith ligh t w ave. C on sid er a ligh t w av e travellin g
in th e z -d irectio n . Its p olarization cou ld b e in th e x -
d irectio n , y -d irection or a n y d irectio n in th e x -y p la n e.
T h is is th e case of p lan e-p o la rized w av e. H ow ev er th e
w ave cou ld h av e circu lar p olarization to o, eith er left or
rig h t. C ircu la r p o la rization ca n b e com p osed a s a lin ear
su p erp osition of th e tw o p lan e p o la rization s in th e x
an d y d irection s. S im ilarly p lan e p olariza tio n can b e
regard ed a s a su p erp ositio n of th e left an d righ t circu lar
p o la rization s.
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N ow con sid er p lan e p o la rized w ave trav ellin g th rou gh
an o p tical m ed iu m . D u rin g p ro p aga tio n th rou gh th e
m ed iu m , it is im p ortan t to resolve th e p lan e p olarized
ligh t in to its circu la rly p olarized com p o n en ts sin ce it is
th e circu la rly p olarized w av e th at h a s w ell-d e¯ n ed p ro p -
ag ation ch a racteristics su ch a s th e refractiv e in d ex or
velo city o f p rop a gation . In fa ct in a n op tical m ed iu m ,
w aves w ith th e left an d righ t circu lar p olariza tion s trav el
w ith d i® eren t velo cities. A n d so w h en lig h t em erges
from th e m ed iu m , th e left an d righ t circu la r p olariza -
tio n s h av e a p h a se d i® eren ce p rop o rtio n al to th e d is-
tan ce travelled . If w e reco m b in e th e circu la r co m p on en ts
to form p la n e p olarized ligh t, w e w ill ¯ n d th e p lan e of
p o la rization to h av e ro tated from its in itial orien ta tion .
O r, if w e start w ith a p o la rization in th e x -d irection , a
com p o n en t in th e y -d irection w ou ld b e gen era ted a t th e
en d of p rop a gation th rou g h th e op tical m ed iu m .
F or th e n eu trin o w ave, th e a n alogu es of th e tw o p lan es
of p o la rization s of th e ligh t w ave a re th e th ree ° avo u rs
(e, m u or ta u ) of th e n eu trin o (S ee B ox 8 ). W h en
th e n eu trin os are p ro d u ced in th e th erm on u clear reac-
tio n s in th e solar core, th ey a re p ro d u ced a s th e e-ty p e.
W h en th e n eu trin o w av e p ro p aga tes, it h a s to b e re-
so lv ed in to th e a n alog u es of circu la r p olariza tio n w h ich
are en ergy eigen sta tes or m ass eigen sta tes of th e n eu -
trin o. T h ese sta tes h ave w ell-d e¯ n ed p ro p ag ation ch a r-
acteristics w ith w ell-d e¯ n ed freq u en cies (rem em b er fre-
q u en cy is th e sam e a s en erg y d iv id ed b y P lan ck 's co n -
sta n t). T h e e-ty p e o f n eu trin o w ave w ill p ro p ag ate as

Box 8.  The Analogy

between Light Wave

and Neutrino Wave
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The fundamental

importance of

neutrino oscillation

is that it implies

that neutrinos have

mass, since so far

neutrinos were

thought to be

massless particles

like photons.

a su p erp osition of th ree m a ss eig en states w h ich p ick u p
d i® eren t p h a ses a s th ey travel. A t th e d etector, w e re-
com b in e th ese w aves to fo rm th e ° avo u r sta tes. B ecau se
of th e p h a se d i® eren ces in tro d u ced d u rin g p rop a ga tion ,
th e recom b in ed w av e w ill h ave ro tated ìn ° av ou r sp a ce'.
In gen era l, it w ill h av e a m u com p o n en t an d tau com -
p o n en t in ad d ition to th e e com p on en t it started w ith .
T h is is w h at is called n eu trin o o scilla tion or n eu trin o
° avo u r con version th rou gh oscillation .
F lav ou r con version is d irectly d u e to th e p h ase d i® eren ce
arisin g from th e freq u en cy d i® eren ce or en erg y d i® eren ce
w h ich in tu rn is d u e to th e m ass d i® eren ce. M ass d if-
feren ce can n n ot co m e w ith o u t m ass. H en ce d iscov ery of
° avo u r co n v ersio n th ro u gh n eu trin o oscillatio n am ou n ts
to th e d iscovery of n eu trin o m ass. T h is is th e fu n d am en -
tal im p o rtan ce of n eu trin o oscillatio n , sin ce sofa r n eu tri-
n os w ere th o u gh t to b e m assless p articles lik e p h oto n s.
S in ce it is an oscillato ry p h en om en on , th e p rob ab ility
of ° av ou r con v ersion is g iv en b y o scilla tory fu n ction s of
th e d istan ce travelled b y th e n eu trin o w av e, th e ch a rac-
teristic ò scillation len gth ' b ein g p rop ortion al to th e av -
erage en erg y o f th e n eu trin o a n d in versely p rop ortion a l
to th e d i® eren ce o f sq u a res of m a sses. F u rth er, th e over-
all p ro b ab ility for con version is co n tro lled b y th e m ix in g
co e± cien ts th a t o ccu r in th e su p erp o sition of th e m a ss
eig en states to fo rm th e ° avou r sta tes a n d v ice versa .
T h ese m ix in g co e± cien ts fo rm a 3 £ 3 u n itary m atrix .
N eu trin o o scilla tion s d u rin g n eu trin o p rop a gation in m a -
tter b eco m e m u ch m ore co m p lex a n d rich er in p h y sics,
b u t w e sh all n ot g o in to th e d etails h ere. H ow ever it is
im p ortan t to m en tio n tw o th in gs. H a n s B eth e red eem ed
h im self fo r h is ea rlier o m ission of n eu trin o s in h is fa -
m ou s p ap er on th e en ergy p ro d u ction in sta rs. T h is
red em p tion ca m e in th e follow in g w ay. A fter W o lfen -
stein p oin ted ou t th e im p ortan t e® ect of m atter on th e
p rop aga tin g n eu trin o an d M ik h ey ev an d S m irn ov d rew
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Neutrinos are the

most penetrating

radiation known to

us. Hence

tomograhy of the

Earth’s interior by

neutrino beams will

be possible

sometime in the

future.

atten tio n to th e d ra m a tic e® ect o n n eu trin o oscillation
w h en th e n eu trin o p a sses th rou g h m atter o f va ry in g d en -
sity, it w a s B eth e w h o gav e an elegan t ex p la n ation of th e
M S W (M ik h eyev { S m irn ov {W o lfen stein ) e® ect b a sed on
q u an tu m m ech an ical lev el-crossin g . In fact m ost p eo p le
(in clu d in g th e p resen t au th or) ap p reciated th e b ea u ty
of M S W e® ect o n ly a fter B eth e's p ap er cam e ou t.
T h e seco n d im p ortan t th in g ab ou t th e m a tter e® ect is
th e p o ssib ility of n eu trin o tom ogra p h y. N eu trin o s are
th e m o st p en etratin g rad iatio n k n ow n to u s. A ty p i-
cal n eu trin o can travel th ro u gh a m illio n E arth d iam e-
ters w ith ou t gettin g sto p p ed . H ow ever b ecau se of th e
M S W e® ect th e n eu trin o sen ses th e d en sity p ro¯ le of
th e m a tter th ro u gh w h ich it trav els an d so th e ° av ou r
com p o sition o f th e ¯ n al n eu trin o b eam ca n b e d eco d ed
to give in form ation ab o u t th e m atter th ro u gh w h ich it
h as travelled . H en ce to m o gra p h y o f th e E arth 's in terior
th rou g h n eu trin os w ill b e p ossib le. O f co u rse th is re-
q u ires o u r m astery of n eu trin o tech n ology. B u t n eu trin o
tech n o log y w ill b e m astered an d n eu trin o to m o grap h y
w ill com e!
4 . A tm o sp h e ric N e u trin o s
S olar n eu trin os are M eV n eu trin os. W e n ow sh ift to
G eV n eu trin o s. C osm ic ray s, w h ich a re m o stly p ro ton s,
collid e on th e n itro gen a n d ox y gen n u clei of th e E arth 's
atm osp h ere an d p ro d u ce a la rge n u m b er o f p io n s w h ich
u ltim ately d ecay in to n eu trin os an d electro n s. T h ese are
called atm osp h eric n eu trin o s. A p io n eerin g ex p erim en t
w as d on e in In d ia 40 y ea rs a go. T h is w as th e u n d er-
gro u n d cosm ic ray ex p erim en t in th e K olar G old F ield
(K G F ) m in e w h ich is on e of th e d eep est m in es in th e
w orld . W h en th e ex p erim en t w as d o n e a t d eep er a n d
d eep er lev els, th e cosm ic ray d etecto r b eca m e silen t at
a certain d ep th . It w as realized th at a t th a t d ep th a n d
b eyo n d , th e oth er cosm ic ray p ro d u ced p a rticles su ch a s
m u o n s w ere com p letely sh ield ed b y th e ov erly in g ro ck
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The first detection of

atmospheric

neutrinos took place

in India exactly 40

years ago, in the

underground cosmic

ray experiment in the

Kolar Gold Field

(KGF) mine.

(a few k m th ick ) an d h en ce on e rea ch es th e cap ab ility
of d etectin g th e cosm ic ray p ro d u ced n eu trin os a t th ose
d ep th s.T h e ex p erim en ters w en t ah ea d an d d id d etect
th e n eu trin o s. T h at w as in 19 65.
D etailed stu d ies o f th ese atm osp h eric n eu trin o s w ere u n -
d ertaken in m a n y u n d ergro u n d la b ora tories a rou n d th e
w orld in th e su cceed in g d ecad es. A w ell-k n ow n fact of
w eak in tera ction p h y sics is th at a p ion m ostly d ecay s
in to a m u on an d a m u -ty p e n eu trin o . S u b seq u en tly th e
m u o n d ecay s in to a n electron an d tw o n eu trin os, a n e-
ty p e an d a m u -ty p e. S o in th e ¯ n al d eb ris of n eu trin o s
d etected d eep u n d erg rou n d , for every e n eu trin o th ere
m u st b e tw o m u n eu trin os. In oth er w o rd s, th e ratio
R of m u -ty p e to e-ty p e m u st b e 2 . O n e cou ld d istin -
gu ish b etw een th e tw o ty p es of n eu trin o s b y ob serv in g
eith er th e electron or th e m u on th at w ill b e resp ectively
em itted w h en th e e n eu trin o or th e m u n eu trin o h a s a
C C in teraction in th e d etecto r. S in ce th e a tm o sp h eric
n eu trin o s h ave en erg ies in th e G eV ra n ge, b o th th e e-
ty p e a n d th e m u -ty p e o f n eu trin os can in d u ce th e C C
reactio n s, in co n tra st to th e solar n eu trin os.
T h e K a m ioka w a ter C eren kov d etecto r in J ap a n cou ld
d istin g u ish b etw een th e electron an d th e m u on an d th u s
m ea su re th e ratio R . It w a s fo u n d th a t th e ratio w a s in
fact 2 fo r th e n eu trin os com in g in th e d ow n w ard d irec-
tio n , b u t it d ev iated co n sid era b ly fro m 2 an d w as ab ou t
1 fo r th ose n eu trin os com in g in th e u p w ard d irection
w h ich h ave o b v iou sly trav elled th rou g h th e 13,00 0 K m
of th e E a rth d iam eter. A lth ou g h th e K am io ka d etector
an d a few o th er d etecto rs saw th is an o m a ly in 19 90, it
req u ired th e S u p erK am io ka d etecto r w ith its su p erior
sta tistics to estab lish th e e® ect in 1 998 .
T h e ex p lan ation of th is a n om aly is aga in n eu trin o o scil-
latio n . S in ce th e a n om aly w as in th e ratio of th e ° u x es
of tw o ty p es of n eu trin os, u n like th e solar n eu trin o p ro b -
lem b efore th e a d ven t of S N O , th e in feren ce of n eu trin o
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In the discovery of

neutrino mass

through oscillation,

the atmospheric

neutrino experiment

of SuperK won the

race, since this

experiment depended

on a ratio rather than

on absolute flux.

A new window on

Geophysics was

opened when

KamLAND announced

in July 2005 the first

detection of

geoneutrinos, ie,

antineutrinos from the

radioactive uranium

and thorium ore

buried in the bowels of

the Earth.

oscillation from th e atm osp h eric n eu trin o an o m a ly w a s
rela tively free of th e larg e u n certain ties o f th e ab so lu te
° u x . H en ce in th e d iscovery of n eu trin o m ass th rou gh
oscillation , S u p erK an d th e atm osp h eric n eu trin o ex p er-
im en t w on th e ra ce.
5 . R e a c to r N e u trin o s
A ¯ ssion reactor is a co p io u s so u rce o f n eu trin os (ac-
tu ally e-ty p e an tin eu trin o s). T h e very ¯ rst ex p erim en -
tal d etection of n eu trin o w a s in fa ct m a d e w ith reac-
tor n eu trin os. F erm i's th eory of b eta d ecay w h ich w a s
b ased on th e ex isten ce o f n eu trin o w as in su ch b eau tifu l
ag reem en t w ith ex p erim en tal d ata on th e b eta d ecay s
of n u clei th at h ard ly an y b o d y d ou b ted th e ex isten ce of
n eu trin o s. N ev erth eless C ow an an d R ein es realised th e
im p ortan ce o f d irectly d etectin g th e a n tin eu trin o s p ro -
d u ced in a ¯ ssion rea cto r an d su cceed ed d o in g it in 19 54 ,
th u s u sh erin g th e ex p erim en tal stu d y of n eu trin os. T h ey
u sed in verse b eta d ecay fo r th e d etectio n . T h e a n tin eu -
trin o is ab sorb ed b y a p roto n , g iv in g a p o sitro n an d a
n eu tron , b o th o f w h ich are d etected b y d elay ed coin ci-
d en ce.(S ee B ox 4 )
A very im p orta n t resu lt on n eu trin os w a s o b tain ed in
19 98 in a reactor n eu trin o ex p erim en t a t C h o oz in F ra n -
ce. T h e rea cto r w as so p ow erfu l th at th e n eu trin o d etec-
tor cou ld b e p laced even 1 k m aw ay. T h e d etected ° u x
ag reed w ith th e calcu la ted ° u x w ith in ab o u t 2 p ercen t,
th u s sh ow in g th a t th ere w a s n o oscillation u p to 1 k m .
A lth o u gh th is w a s a n u ll resu lt, th is p layed a cru cial ro le
in th e glob a l a n aly sis of n eu trin o oscillatio n s.
E v en m ore recen tly, an tin eu trin os fro m a d o zen p ow er
reactors in J ap an w ere d etected in a scin tilla tio n d etec-
tor called K a m L A N D . A lth o u gh th e reactors w ere at
variou s lo cation s, th ey w ere all a t ab ou t 1 80 k m from
th e d etector an d a t su ch a d ista n ce th e a n tin eu trin o s
m u st oscillate an d th is h as b een con ¯ rm ed b ea u tifu lly.
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6 . O th e r M a tte rs in B rie f
A co m b in ed a n aly sis of th e solar, atm osp h eric an d re-
actor n eu trin o d ata h as led to a rou g h d eterm in ation
of th e tw o d i® eren ces of n eu trin o m ass sq u ares an d th e
3 £ 3 m ix in g m atrix , alth ou gh th ere are still m an y u n -
certa in ties to b e resolved . T h e m ass-sq u a re d i® eren ces
are fou n d to b e very tin y : 0 .0 02 an d 0 .0 000 7 in u n its of
electro n -V olt (eV ) sq u a red .
N eu trin os fro m su p ern ovae w h ich a re ex p lo d in g stars is
an im p ortan t top ic w e h av e n ot d iscu ssed . In fa ct B eth e
m ad e fu n d am en tal co n trib u tion s to th e th eory of su p er-
n ova ex p losion a n d co n tin u ed to w ork on it alm o st to th e
last d ay. N eu trin o s in cosm o log y is an o th er fascin atin g
su b ject w e h ave n ot tou ch ed .
N eu trin o P h y sics h a s on ly started . T h ere are still m a n y
q u estio n s to b e an sw ered . A lth o u gh n eu trin os are n ow
k n ow n to b e m a ssive fro m th e ex isten ce of n eu trin o o s-
cilla tio n s, w e d o n o t k n ow th e valu es o f th e m a sses, sin ce
on ly d i® eren ces in n eu trin o m ass-sq u ares can b e d eter-
m in ed fro m th e oscillation p h en o m en a . H ow ever n u clear
b eta d ecay ex p erim en ts ca n g iv e th e ab solu te m asses,
alth ou g h so far th ey h ave led o n ly to a n u p p er lim it to
th e n eu trin o m ass an d th a t lim it is 2 .2 eV . E ven th e
fu n d a m en tal n a tu re o f th e n eu trin o is still n o t k n ow n ,
n am ely w h eth er n eu trin o is its ow n an tip a rticle o r n o t.
T h is q u estion ca n b e an sw ered on ly b y th e ǹ eu trin oless
d ou b le b eta d ecay ex p erim en t'.
T h ere are m an y p lan s to start n ew n eu trin o lab orato -
ries all over th e w orld . In d ia w as a p ion eer in n eu trin o
ex p erim en ts. A s w e a lread y p oin ted o u t, a tm o sp h eric
n eu trin o s w ere ¯ rst d etected in th e d eep m in es o f K G F
in 196 5. It is p lan n ed to rev iv e u n d erg rou n d n eu trin o
ex p erim en ts in In d ia. A m u lti-in stitu tio n al N eu trin o
C o llab oration h as b een form ed w ith th e ob jective of
crea tin g th e In d ia-b a sed N eu trin o O b servato ry (IN O ).


