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II 

We di s cu s s  the theor e t i c a l  i d e a s  wh i ch make  it na tura l  to  
expect  that neu t rinos  do indeed have mas s .  Then  we  f o cus on the  
phy s i ca l  consequence s  of neu t r i n o  ma s s, inc lud ing neu t r ino  o s c i l ­
l a t i on and o t her phenomena who s e  o b s e rv a t i on would be very i n t e r ­
e s t i ng, and wou l d  s e rve t o  demons t r a t e  that  neu t r ino s  are  indeed 
mas s i ve .  We comment on the l e g i t ima cy of compa r ing r e s u l t s  f r om  
d i f f e rent t y p e s  of exp e r ime nt s .  F ina l ly, w e  cons i d e r  t h e  que s ­
t i on o f  whe ther  neu t ri no s  a re their  own an t i pa r t i c l e s .  We 
e xp l a i n  wha t  t h i s  que s t i on me ans , di s cu s s  the na ture  of a neu­
t r ino whi ch is i ts own ant i p a rt i c l e, and cons i de r  h ow one might  
d e t e rmine exp e r iment a l l y  whe ther  neu t r ino s  are  the i r  own ant i ­
p a r t i c l e s  or not . 
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I wou l d  l ik e  to  be g in  t h i s  int rodu c t ion  t o  the subj e ct of 
ma s s i ve neut rinos  by b r i e f ly d i s cu s s i ng the o re t i ca l  p r e j u d i c e s  
about neu t rino  ma s s . Do cu rrent the o r e t i ca l  views l e a d  us t o  
expect  that neut r in os a re indeed ma s s ive ? I f  they do , do they 
t e l l  us how heavy the neu t r i no s  mi ght  be ? The n ,  I wou l d  like to 
f o cus on the phy s i ca l  c onsequences  of neu t r ino mas s .  H ow d o e s  
neu t r ino  ma s s  l ead  t o  neu t r ino os c i l la t i on ,  and what i s  t h e  phys -
i cs o f  t h i s  p r o ce s s ?  How d o e s  one l o ok f o r  mas s i ve neut rinos  i n  
me s on decay , o r  in neu t rino  de cay ? Need one worry about quantum­
me chani cal  s ub t l e t i es when compar ing r e su l t s  f r om d i re c t  s ear ches  
for  neu t rino  ma s s  wi th  tho s e  from neu t r i no o s c i l l a t i on exp e r i ­
ment s ? F ina l ly , I wou l d  l ike t o  cons i d er t h e  que s t ion o f  whe ther 
neu t rino s  are the i r  own ant i pa r t i c l e s . In phy s i ca l  t e rms , what  
pre c i s e l y  d oes t h i s  que s t i on mean?  Why i s  i t  that we  do  not 
a l ready know the answe r ?  How does one de s cr i be a neu t r ino  whi ch 
i s  i t s  own ant i pa r t i c l e  in f i e ld theory ?  W i l l  a c ce l erat o r  exper­
iments  at higher  ene r g i e s  h e l p  t o  t e l l  us whe the r  neu t r ino s  are  
their  own ant i pa r t i c l e s ?  
answe r th i s  que s t i o n ?  

I f  no t ,  what e xp e r iments  w i l l  h e l p  t o  

Prejud i ce s  f r om The o ry 

F r om the s t andpoint o f  the grand uni f ie d  the o r i e s  ( GUTS ) ,  
wh i ch s e ek to  unify the d e s c r i p t i on o f  the weak ,  e le c t r omagne t i c ,  
and s t r ong in t e rac t i ons , i t  i s  mo re nat u r a l  f or neu t rinos  t o  be 
mas s i ve than to  be mas s l e s s .  The r e a s on is t ri v i al. In any 
grand uni f i ed  theory , a given neu t r ino  i s  put t o g e ther  wi t h  a 
cha rged l e p t on and w i th quarks in one l a rge mu l t i p l e t .  Now ,  i f  
the  neu t rino  be comes  a broth e r  of a ch arged  l e p t on , whi ch , o f  
c our s e ,  i s  mas s i ve ,  and  o f  quark s , whi c h ,  o f  c our s e ,  are  a l s o  
ma s s i ve , th en  the neu t r i n o  i t s e l f  wou l d  have t o  be exc e p t i ona l  t o  
be mas s l e s s .  Natura l l y ,  t h i s  i s  not a p r o of that neut rinos  have 
ma s s .  One can con s t ru c t  grand uni f i e d  the o r i e s  in whi ch the 
neu t r inos are p r e s umed to  be mas s le s s ,  and their mas s le s s ne s s  i s  
put i n  by hand . P e o p l e  have cons t ru c t e d  such GUT S . H oweve r ,  I 
t h ink i t  i s  c l ea r  tha t ,  g i ven the b a s i c  cha rac t e r  o f  g rand uni-
f ie d  theor i e s , th i s  i s  not the na t u r a l  thing t o  do . The na tura l  
thing in a GUT i s  f o r  a neu t r i no t o  be mas s i ve ,  j us t  as t he �ther  
par t i c l e s  in it s  quark - l e p t on mu l t ip l e t  are . 

A s s uming , now ,  that  neut r inos a re indeed mas s i ve a s  the  



g r and uni f i ed  the o r i e s  sugge s t ,  l e t  us ask how heavy they are 
l ike ly  t o  b e .  Unf o r tunat e l y ,  a s  f a r  a s  gauge the o r i es a r e  con-
ce rned , the neut r ino  ma s s e s  could  be any thing at al l .  I f  you 
f o r ce yours e l f  to  make an e s t imate o f  t he neu t r i no mass s ca l e  
which i s  na tu r a l  in GUT S , you c a n  do s o  by ins i s t ing  that the 
neu t ri no mass t e rm in the Lagrangian contain  only known , r a th e r  
t igh t ly  con s t rained  ingr e d i ent s . Let me exp l a i n .  

1 3  

The re can be two types of neu t r i no mass t e rms in t h e  Lag ran­
g i an for a the o ry . The f i r s t  is the fami l i a r  D i r a c  mas s  t e rm , o f  
the  f orm 

-Mv v 

H e re , M i s  the neu t r i n o  mas s ,  and a r e  the le f t - and 

r i gh t -handed p r o j e c t i ons of the neut r ino f i e l d ,  g i ven by 

1 ± y 5 --2-- v • 

( 1 )  

( 2) 

The s e cond type  of ma s s  t e rm is the Maj o rana ma s s  t e rm , wh i ch has 
the f orm 

H e re 

LM -M( vc ) R vL + h . c . ) 

-M( v� C vL + h . c . ) 

vc , the so -c a l l e d  cha r ge -conj ugate  f i e l d ,  is 

(3) 

where  C 
t ransp o s e . 

y2y4 is the cha r ge conj ugat i on mat r ix and T deno te s  
In go ing f r om the  f i r s t  l ine  o f  E q .  (3) t o  the s e c -

ond , we have used the e as i ly v e r i f i ed i dent i t i e s  ( vc ) R = ( vL ) c 

and ( vL ) c = v�C • As we s ha l l  d i s cu s s  l a t e r , a Maj o r ana ma s s  
t e rm l e a d s  t o  a neu t r ino whi ch is i t s  own ant ipar t i c l e . N o t e  
t ha t  t h e  Maj o rana ma s s  t e rm o f  E q .  (3) has  been cons t ru c t e d  
e nt i r e ly ou t of t h e  fami l i a r  le f t -hande d  neu t r ino  f i e l d  vL 
N ow , 1 1  in the s t andard e le c t r oweak mode l ,  this  f i e l d  c a r r i e s  weak 
i s o s p in Iz = + 1/2 , so that the ma s s  term , as wr i t t en , c a r r i e s  
I z = +l Thu s ,  in o r d e r  t o  c on s t ruct  a t e rm whi ch i s  p r o p e r l y  
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weak-io s op in invar i ant be f ore  symme t ry breaking occur s , you have 
to int roduce s ome ad d i t i onal f ie l ds whi ch c a r ry negat i ve I z 0 
The neu t r a l  Higgs f i e l d  � of the s t andard mo d e l  has I z 
- 1 / 2 , s o  a t e rm of the f o rm 

L - - ( � O)  2 v1 
T C v1 + h, c • (4) 

w i l l  do . When the Higgs deve l o p s  a vacuum exp e c t a t i on va lue  
< �0 > , th i s  t e rm w i l l  y ie ld  one of t he Maj orana mas s  t e rm f orm  

o 2 T T - <� > v1 C v1 , w i th  a cons t ant mu l t i p ly ing v1 c v1 as in Eq . 
( 3 ) .  Howeve r·, s ince  < �0> 2 has t he d imens i ons ( ma s s ) 2 , it mus t 
appear  mu l t ip l i ed  by an add i t i onal cons t ant K wi th  dimens i ons 
( mas s ) - 1  if we a re to have a mass t e rm of the p r oper  d imen-
s i ons . Now , as exp l a ined in Ref. 1 ,  the t e rm (4 ) cannot occur in 
the fundamenta l  La grang i an of the theory ,  but must be an e f f e c ­
t i ve int e ra c t i on induc e d  b y  t h e  exch ange o f  some ve ry heavy par­
t i c l e s . These  p ar t i c l es p re sumably have mas s es of  o rder  
MGUT - 1 0 1 5 G eV  , the nat u ra l  ma s s  s c a l e  in  grand uni f ied  t h eor-
i e s . Then K mu s t  be - f /MGUT , whe re f i s  some dimens i on l e s s  
e f f e c t i ve coupl ing cons tant . That is , the e f f e c t i ve int e r a c t i on 
( 4 ) l e ads t o  t he Majo rana mass t e rm  

L = - �f� < �o > 2 ( vL
Tc vL + h . c . )  • M MGUT 

F rom E q .  ( 3 ) , the ma s s  of the neu t rino i s  then 

( 5 )  

( 6) 

S ince < �0 > i s  known t o  be 300 GeV from the va lue  of the Fermi 
coupl ing cons tant GF , eve rything in this  expre s s i on for  the 
neu t r ino mass i s  known except f o r  f , and we l e a rn that 

M � f ( O . l  eV)  ( 7 )  

I f  f i s  sma l l e r  than uni t y ,  as  many coup l ing cons t ants  are , the 
neu t r ino wei ghs l e s s  than 0 . 1 eV • 

I re peat  that  this  is only one es t ima t e .  Gauge the o r i e s  can 
c ont ain o ther  mass t e rms wi th  mu ch l e ss p r e d i c t i ve p owe r ,  and s o  



the neu t rino mas s e s  c ou ld  be any thing at a l l .  Howeve r ,  as  Eq . 
( 7 )  i l lu s t rat e s ,  t h e s e  mas s es could  in pa rt i cu l a r  be much l e s s  
than th o s e  t o  which  mo s t  cu rrent exp e r imen t s  are sens i t ive . 
Thu s , i f  p e o p le a t  t h i s  Work s h op have c lever  i d eas on how t o  l o ok 
f or ma s s e s  we l l  be l ow 1 eV , such ideas  mi ght  be ve ry he l p fu l . 

An int e r e s t ing que s t i on about neut rinos  i s  whe the r  they are  
the i r  own ant i p art i c l e s . Neu t r inos  mi ght  be Maj orana par t i c le s , 
whi ch means that v = v , and l e p t on number i s  obvi ou s ly vio-
l a t e d . O r ,  they mi ght  be D i rac  part i c l e s , whi ch  means that 
v * v , and there i s  a conse rved l e p t on number . I w i l l  exp la in  
the Maj orana-Dirac d i s t in c t i on mo r e  care f u l ly l at e r , when we 
d i s cu s s  the exper imen t a l  p o s s i b i l i t i e s  f or t e l l ing whe ther  neu-
t r inos  are of Maj orana or of D i rac  chara c t e r .  Howeve r ,  a s  f a r  as 
t h e o r e t i cal  p r e j udi ces  are conce rned , gr and uni f i e d  t h eo r i e s  are  
theorie s  in wh ich  le p t on numbe r ,  l ike  baryon  numbe r ,  is  in gen-
e ral vio l a t e d . I t  is v i o l at e d ,  f o r  i n s t ance , in the d e c ay 

Con s e quent l y , one wou l d  nat u r a l l y  exp e c t  that in GUTS 
neu t r inos  wou l d  be of the l e p t on-vi o l a t ing  Maj orana var ie ty , 
rather  than of the D i rac  varie t y .  O f  cou r s e ,  t h i s  i s  only a 
the o r e t i c a l  bias , and one can cons t ru c t  grand uni f i ed  theor ie s  in 
whi ch the neu t r inos are D i rac  part i c l e s ,  but I t h ink it i s  more 
natural  in such the o r i e s  for them to be Maj o rana pa r t i c l e s .  
Ind e e d ,  there has been a lo t  of d i s cu s s i on ,  in the context o f  
v a r i ou s  grand un i f i ed  mo de l s , abo u t  t h e  po s s i bi l i ty th at  neu­
t r inos are of Maj orana chara c t e r . F or e xamp l e ,  the Ge l l -Mann , 
Ramond , S lansky me chani sm , 2 1 wh i ch prot e c t s  neu t rinos  f r om becom­
ing as heavy as quark s ,  i s  a me chanism in whi ch the neu t r inos are  
Maj orana part i c le s . Now the Ge l l -Mann , Ramond , S laasky me chani s m  
l eads  one to expect  naive ly that neu t r i no mas s e s  M are of order  
2 Mq /MGUT ' whe re Mq i s  a ty p i ca l  quark mas s .  I f  we take Mq - 1 

M - 1 0- 6  eV Let  me s ay yet  again that neu t rino GeV , then 
ma s s e s cou l d  be any th ing , bu t in pa r t i cu l a r  they cou l d  be mu ch 
l e s s  than eV so i de as on h ow t o  l o ok for s u ch s ma l l  mas s e s 
wou l d  be we l c ome . 

Phenomenology  of Mas s i ve Neu t rinos  

I wou l d  like  t o  turn  now to a d i s cu s s ion of the  phenomeno-
l o g i c a l  consequence s  of neu t r i no mas s .  One of the mos t  int e r e s t -
ing cons equences  is neu t rino os c i l l a t i on .  Let  u s  re c a l l  what  

1 5  
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that is . Imagine a wor l d  with j u s t  two kinds of neu t rinos . 
other word s , f orge t  f o r  the moment about the T and i ts neu-
t rino . )  Suppo s e  that these two neu t r ino s ,  whi ch I shall  c a l l  

( I n  

v1 and v2 , are mas s i ve , and that i n  par t i cular  the i r  mas s e s  
M1 and Mz are d i f f e rent . Sup p o s e  tha t i n  the decay 
n+ + e+ + Ve , the ou t going neu t rino ve , whi ch is c a l led  the 
" e l e c t ron neut rino"  by way of d e f i n i t i on ,  i s  nei ther of the phy s -
i c a l  neu t rinos  and v2 with d e f in i t e  mas s ,  bu t a linear  
combinat i on of the m .  That i s , 

(8) 

where 6 i s  a mi xing angl e . Suppo s e  f ina l ly that in the corre s -
ponding muoni c de cay , n+ + µ+ + vµ , the ou t going neu t rino vµ , 
whi ch i s  c a l led the "muon neu t r ino" by d e f i n i t i o n ,  is the or th-
ogonal linear combinat i on . That is , 

( 9 )  

Note  that in hypothe s i z ing that the neu t rino whi ch accompanie s  a 
s p e c i f i c  charged l ep t on in weak d e c ays  i s  a mixture of neu t r ino 
mas s  eigens t a t e s , we are s imply suppo s i ng that the le p t ons behave 
exa c t ly as we know the quarks do . Name l y ,  f r om l ow-ene rgy d a t a  
w e  know that , expre s s e d  in t e rms of quark s ,  the had roni c decays  
of the W-bos on are of the f orm 

w .. u + d c ( 1 0 )  

and 

w .. c + s c ( 1 1 ) 

In the decay  to the ant i up-quark u ( the ana l o gue of the e+ 
in n+ + e+ve ) ,  the a c c ompany ing quark d e i s  a c oherent mix­
ture of the quark s d and s of d e f in i t e  ma s s :  

d c o s  ec + s s i n ec ( 1 2 )  

He r�. 6c is the Cabi bbo ang l e . In the de cay to the ant i  



charmed-quark c ( the anal ogue of µ+ ) ,  the a cc ompanying 
quark sc is the orthogonal  l i near combinat ion : 

( 1 3 )  

Conside r, now , a beam o f  neu t r i nos wh ich  have momentum P v 
born as muon neu t r i nos  in p i on d e c ays  of the d ominant and a re 

va r i e t y  w+ + µ+ + v I f  t h e  supp o s i t ions we  have mad e  abou t µ 
neut rinos are right, then, at bir th, each neu t rino in the beam is 
the par t i cu lar l i ne ar supe r p o s i t ion of the neutrinos of d e f i n i t e  
mass given b y  Eq . ( 9 ) .  Now, i f  and have di f f erent 
masses, then at t he g iven momentum P v the v2 compon-
ents of the beam w i l l  t ravel  at d i f f e rent spe e d s, the l i ght er  
c omponent ge t t ing ahead  of the  heavier  one . Thus, downs tream of 
its po int of b i r th, the beam will no l onger cons ist of p r e c i s e ly 
the admixture ( 9 )  of v2 , bu t of some other 
admixture . That me ans that the beam i s  no longer pure ly 
but cont ains a Ve c omponent a s  we l l .  Obvi ous l y, the  
compo s i t i on of the  b eam wi l l  vary wi th d i s tance . 

v µ 
v - v e µ 

This i s  the phenomenon of neu t rino os c i l l a t i on .  Not i c e  that 
f or it to  o c cur, two things mu s t  be t r u e .  F i r s t, t h e  d i f f e rent 
neu tr ino mas s  eigen s t a t es  must have d i f f e rent  mass e s ,  wh i ch imp -
l i e s  that at l e a s t  one of them mu s t  have a non- z e ro mas s .  S e c -
ondly, t h e  neu tr ino s  that g o  wi th  part i cu l a r  charged l e p t on s  mu s t  
be non-trivial  mi xtures o f  the ma s s  e i gens t a t e s . 

Let  us now treat  neutr ino os c i l l a t i on  quan t i t a t i ve ly, as s um­
ing that there are not j u s t  two but N d i f f e rent va r i e t i e s  
( " f l avor s " )  o f  charged l e p t on : e µ , T , and however many mo re  
there  may  be . Corr e s p onding ly, we a s sume that there are  N 
physi c a l  neu t rinos  (ma s s  eigens t a t e s ) vm , wi th non-degenerate  
mas s es As b e f o re, we a s s ume that the neutrinos  o f  
d e f inite  f lavor ( ve , vµ , e t c . )  a r e  n o t  t h e  mas s  e igens t a t e s, 
but l i near combinati ons of them : 

( 14 ) 

Here U is a uni t ary mixing ma trix  which  can be taken to  be real  
i f  CP  is con�erve d . 3) 

17 
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Cons i d e r  a beam of neu t r inos  wi t h  a de f i ni t e  momen tum 
born in a s s o c i a t ion wi th  a pa r t i cu l a r  charged l e p t on if 

p v ' 
( s u c h  

as a muon ) .  I f  the mass r e s o l u t i on of t he exper iment i s  insuf-
f i c i ent t o  t e l l  which neu t rino mass eigens t a t e  is a c t u a l l y  
invo l ved i n  e a ch even t , e a ch neu t rino i n  t he beam w i l l  b e  a 
coherent su perpo s i t i on of the va r i ou s  v The v component m2 2 1; m 
of the neut rino w i l l  have ene r gy Em = ( p v + Mm ) 2 • At t ime t 
0 , the moment of i t s  b i r t h ,  t he neut rino i s  a vf that  i s ,  i t  
i s  the l inear combina t i on ( 1 4 )  o f  the  Thus ,  a t  t = 0 , 

i t s  wave func t i on i s  

ijl( x ' t 
ip x 

o) = 2: uf v e v 
m m m 

Af t e r  a t ime t t h i s  wave fun c t i on evolves  int o 

1/1( x ' t )  

s i nce each v m 
are very l i ght 
Under  the s ame 

e 
-iE  t m 

has de f ini t e  ene rgy Em • 

( Mm << P v) , we may w r i t e  
a s sump t i on, o u r  neu t rino , 

A s s uming that  the 
Em ;;;- p v + ( M;/ 2p v) 

whi ch was born as a 
a t  t = 0 , will be t r ave l i ng at roughly t he s p e ed  of l i gh t . 

( 1 5 )  

( 1 6 )  

v m 

Thus , if i t  was born at x = 0 , at t ime t i t  wi l l  be approxi-
ma t e ly a t  x = t • At  that  p o int the  wave func t i on is  

1/1 (  t ' t )  

Thi s  s t a t e  i s  a s u p e rp o s i t ion of a l l  the  f l avo r s  
u s e  t he inve r s e  of E q .  ( 1 4 ) , E q .  ( 1 7 )  be c ome s 

1/1( t ' t )  
- i (M 2 / 2p ) t  

L [2: ufmu f'me m v J vf, • f'  m 

Squar ing the  coef f i c i en t  of ( and no t ing tha t  

( 1 7 )  

I f  we 

( 1 8 )  

t = x ) , we 
f i nd tha t  the  p robabi l i ty of f ind ing the  neu t r ino t o  have 
f lavor f'  a t  a d i s t ance  x f rom i ts  sou r c e , i f  o r igina l ly i t  
had  f lavor f , i s  

P [ f  + f' ; x] 
( 1 9 ) 



Here  the os c i l l at i on lengths  

R, mm 

R, mm are given by 

( 2 0 )  

N o t e  that the o s c i l l a t ing t e rm in P ( f  + f ' ; x )  come s f r om  int e r -
fe rence be tween t h e  d i f f e rent m a s s  e i g ens t a t e s  in t h e  neu t rino 
wave fun c t i o n .  

When x i s  sma l l  compared  to  t h e  o s c i l l a t i on l e n g t h s  R,mm' , 
the e f f e c t s  of o s c i l l a t i on a re not  yet  vi s i b l e , and the neut rino 
has  e s s ent i a l ly its  o r i g ina l  f lavor . When x i s  comparab l e  t o  
the o s c i l l at i on l ength s , t h e  f lavor content  of t h e  b eam var i e s  
with  d i s tance in the  chara c t e r i s t i c  o s c i l l a t o r y  manne r de s cr i b e d  
b y  E q .  ( 1 9 ) .  When x i s  much l a rger  than the o s c i l l a t i on 
length s , then in pra c t i ce the f l avor  content  of the beam no 
l onger varie s  wi th d i s t anc e .  
has a f ini t e  momentum s p r ead  

The  r e a s on i s  that any actual  beam 
opv , s o  that  f r om  Eq . ( 20 )  i t  a l s o  

ent a i ls a f i n i t e  s p read in t h e  o s c i l l a t i on l eng th c o r r e s ponding 
to  any pai r o f  mas s  ei gens t a t e s . Supp o s e ,  for  examp l e , that only 
two ma s s  e i gens t a t e s , v2 , p a r t i c i pa t e  a p p r e c iab ly  in  
the o s c i l l a t i o n ,  s o  that there i s  on ly one o s c i l l a t i on l ength  
R, = 4�pv/IMi - M;I Thi s  o s c i l l a t i on length  wi l l  have a f r a c -
t i ona l s p r ead  oR,/ R, = op v/p v ' and by  t h e  t ime x reaches  

( 2 1 )  

the  o s c i l l a t ory t e rm in Eq . ( 1 9 )  wi l l  have was h ed out . Not e , 
h oweve r ,  that a f t er the o s c i l l a t i ons in E q .  ( 1 9 )  have washed ou t ,  

P[f + f ' ; x ] ( 2 2 )  
m 

Wh i l e  t h i s  trans i t ion probabi l i t y  no l onger  va r i e s  wi th  di s t ance , 
i t  s t i l l  d o e s  r e f l e ct the p r e s ence of any non- t r iv ia l  neutrino  
mixi ng .  A neu t r ino  born as a can s t i l l  be found on de t e c -
t i  o n  to  be , f or e xamp l e , a vT 

In t e rms of convenient uni t s , the argument of the c o s ine in 
E q .  ( 1 9 )  is 

2. 5 3  ( x/ l  km )  
( p j l G eV )  ( 2 3 )  

19 
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where  oM2 , = jM2 - M2 -1 From thi s  exp r e s s ion , one can draw mm m m 
the obvious  con c l u s ions abou t  the sens i t i v i t y  of ac c e l e ra t o r  
exper iments t o  neut rino o s ci l l a t i on .  To men t i on a non-a c ce l e r -
a t o r  exp e r iment, i f  one s t u d i e s  - 1 GeV neu t rinos  who s e  d i s -
t ance of t ravel b e f ore d e t e c t i on i s  the d i ameter  of the e a r t h  
( x  = 104 km) , t h en  one can evident ly p r o b e  down t o  
oM2 , - 10-4 ev2 • 4] mm 

O f  cou r s e ,  s en s i t iv i ty  to neutrino os c i l la t i on depends not 
only on having an x whi ch is not t oo s ma l l  compared to the 
o s c i l la t ion lengths,  bu t al s o  on having reas onable  va lue s  of 
the Ufm ( i . e . , r e a s onably large "mixing ang le s " ) .  Unf o r t un-
a te ly, theory of f e r s  e s s en t i a l l y  no c lue s  about the va lues  of the 
neut rino mixing ang l e s, any more than i t  p red i c t s  the neut r ino  
mas s e s . In the two-neu t r ino mixing examp l e  of Eq s .  ( 8 )  and (9), 
i f  0 is equal t o  the Cabi bbo angle, the amp l i tude of o s c i l la -
t i on wi l l  b e  20%. That  i s ,  there . wi l l  be di s t an c e s  x at whi ch 
the f lux of neut rinos  of the o r iginal f l avor wi l l  be only 80% o f  
i t s  value  a t  x = 0 , t h e  rema ining 20% having gone i n t o  ano ther  
f lavor . 

Neut rino o s c i l l a t i on i s  a love l y  exampl e  of quantum me ch­
ani cs in  a c t i on . I wou l d  l ike t o  i l lu s t r ate  that . SJ Suppo s e  
that  you perf orm t h e  neu t r ino  o s c i l l a t i on exp e r iment sket ched in 
F i g .  1. In the neu t r ino s ou r c e  r e gi on, y ou c r e a t e  neu t r inos in  
a s s o ci a t ion wi t h  muons th r ough the  de c ay of pi ons in f l i gh t . 
Then, d own s t r eam, you let  the  neut rinos  i nt e r a c t  wi th a t a rg e t ,  
and  y ou  ins i s t  t ha t  e a ch  neu t rino produce,  in  p a r t i cular ,  an 
e l e c t r on .  Th is exper iment s e a r c h e s, i n  o ther  word s, f o r  
vµ <�> Ve o s c i l l a t i ons . Sup p o s e  t h a t  the s e  are  found and that, 
in  pa r t i cular ,  when the s ou r c e -t o -de t e c t or d i s tance  x i s  va r ­
i ed, the o s c i l l a t o ry x-dependence p red i c t e d  b y  E q .  (19) i s  
o b s e rve d . 

µ. 

7r �  
I 

v Source Target­
Detector 

Fig .  1. A neu t rino osc i l l a t i on  expe riment . 



2 1  

Now imagine  add ing apparatus  a t  the neut r i no source wh i ch 
measu res the momenta  of the p i on and muon in  e a ch event . Suppose  
that  the s e  momenta  are measured  so  pre c i s e ly tha t  they de t e rmine 
the mass -s quared of the neut r ino , M� , w i th an e r r o r  6(M�) 
l e s s  than a l l  I M2 - M2, I  Then you w i l l  know wh i ch phy s i ca l  m m 

v m ( ma s s  eigens t a t e )  neut r i no ac tual ly went down the beam l ine 
in e a ch event of the e xp e r iment ! 

C le a r ly , i f  you know whi ch ma s s  e i gens t a t e  i s  ac tually 
i nvo lved in  e a ch e ven t ,  the e le c t ron count ing rate  measured  by 
the de t e c t o r can no longer os c i l l a t e  wi th  x • Now only a s ingle  
phy s i cal neu t ri n o ,  as ord inary a beam par t i c le as  a proton ,  con-
t r i bu t e s  t o  any given event . You do not have the coherent  con-
t r i bu t i ons f r om s everal  v whose  i n t e r f e rence w i th one another  m 
was the o r i g in of o s c i l l a t o ry x-dependen c e . 

This  d i s appearance of os c i l l a t i on wi th  x as a r e sul t  of 
momentum measurements  wh i ch d e t e rmi ne M2 r a i s es an i n t e r e s t i n g  v 
ques t i o n .  Name l y ,  what do t h e s e  measurements .!!£._to  d e s t roy the  
o s c i l l a t i on pat t e r n ?  
unc er t ai nty p r i nc i p l e . 

The answer to this  que s t i on i s  given by the 
To  d e t e rmine M2 you mu s t  me asure the v , 

momenta of b o th the p i on and the muon . Now ,  the more a c cu rat e ly 
the  p i on momentum i s  me asured , the mo r e  unce r t a i n  the p ion  po s i -
t i on w i ll be ,  Consequent l y ,  the more  unce r t a in the p o i nt whe r e  
the neu t r ino  i s  born wi l l  be . Y ou  mi ght  gue s s  t h a t  j u s t  when the 
p i on momentum i s  me asured  a c cu r a t e ly enough f o r  6(M�) t o  be 
less than all I M2 - M2. I  t h e  unce r t a inty in t h e  neut r ino m m 
s ource  point  wi l l  exceed  a l l  the os c i l l a t i on lengths tmm ' 
Obvious l y ,  any o s c i l l a t i on p a t t e rn wi l l  then be o b l i t e rat e d .  

This  gue s s  i s  pre c i s e ly corre c t . Inde e d , we can ea s i ly  show 
tha t ,  independent of the d e t a i ls of the neut r i no s ource  and 
d e t e c t or , i f  me asurements  made  at  e i t h e r  p lace  be come suf f i -
c i e n t ly a c curate  t o  r eveal whi ch v m is  involved in  e a ch even t , 
then the cons equent unce r t ai n ty in  the neut r i no s ou r ce p o i n t , o r  
t h e  de t e c t i on p o i n t  i s  that i s  whe r e  t h e  me asuremen t s  a r e  made , 
gr ows larger  than a l l  the o s c i l l a t i on l eng t hs . In a g i ven even t , 
t he  neu t r ino  mas s  M v i s  re l a t e d  t o  i t s  energy Ev and mome ntum 
P v by 

M2 E2 - 2 (24) v v P v 
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If the mea su rement s f r om whi ch 
w i th uncorrela t ed e rr o rs 

E v and 
and llp v , 
w ill be 

P v are dedu ced  are made 
then the e r r o r  t.(M�) 

in the re s ultant value o f  

Now , i f  w e  want to know whi ch 
then we mu s t  have 

vm is involved in each event , 

f o r  all m , m  From Eq . ( 2 5 ) , we s e e  that the error  i n  P v 
mu s t  then s a t i s fy 

( 2 5 )  

( 2 6 )  

( 2 7 )  

The unc e r t ainty princi ple then impli e s  that the neut rino source  
po int , o r  i ts d e t e ct i on p o int i f  that i s  whe re the  and 
measurement s  are made , w ill have an un c e r t a in ty 

2p  
llx  > v 

I M2 - M2 
- I m m 

llx obeying 

( 2 8 )  

f o r  all m , m  From Eq . ( 20 ) ,  we s e e  that , ap ar t  f r om a f a c t o r  
of 2� , t h e  r i ght -hand s i de of t h i s  rela t i on i s  p r e c i s ely t h e  
o s c illa t i on length 1, mm 

Of cour s e ,  i f  the neu t r ino ma s s e s Mm are  of order  10 eV 
or le s s ,  and y ou p e r f orm an e xp e r iment with p v > 1 00 MeV , there  
i s  no  danger that y ou will inadve r t ent ly mea sure  P v w i th an 
a c cu racy ex ceed ing the c r i t i cal value g i ven by E q . ( 2 7 ) ,  t hereby 
a c c i dent ally obli t e rat ing the os c illat i on pat t e rn .  On t he other 
hand , y ou may be i nt e r e s t e d  in the oppos i t e  limi t ,  where neut rino 
mas s e s  are of order 1 0 0  MeV , and the mea s urement s intended to 
d e t e rmine these mas s es do reveal whi ch vm i s  p r oduced  in each 
de cay of the parent me s o n .  To s ea r ch f o r  s uch heavy neu t r ino s , 
you would not look for  an os c illat i on pat t e rn .  ( Even i f  p v > 10 

GeV , when Mm = 100 MeV and Mm- << Mm • '-mm ' < 1 0-9 cm ! )  
Rath e r ,  y ou would t ry t o  measure the charged par t i cle momenta  i n  
de cays s u ch  as �+ + e+ + v and  K+ + µ+ + v a c curat ely m m 



enough t o  det e rmine the mas s es of the v m As we have been 
s ay ing all al ong , the neu t r ino wh i ch a c companies  the charged 
l e p t on o f  f lavor  f i s , wi th  amp l i tude  U f l , the mas s  eigen-
s t a t e  v 1 , wi th amp l i tude the mas s  e i gens t a t e  
s o  f o r th. Thu s ,  i f  s ome of t h e s e  m a s s  e i gens t at e s  
en ough , the n ,  f o r  examp l e , in t h e  decay K+ + µ + + 

are 
v m 

v2 , and 
he avy 
of kaons 
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at r e s t ,  the muon momentum s p e c t rum would exh i b i t  s e ve ral v i s i b ly 
d i s t inc t  monochroma t i c  l ine s , corre s ponding to  the ma s s e s  of the 
d i f f e rent v m 

6] 

S ear ches f o r  heavy neu t r ino s  in le p t oni c K 
s o  f a r  y i e l ded l im i t s  o f  o r d e r  io-5 - io-6 

and 11 de cay 
have I U 1 2 and em on 
I u 1 2 µm 
ma s s . 7 1 

in rather  broad but not exhau s t i ve r eg ions o f  v m 
Should l im i t s  o f  t h i s  magni tude be cons i d e red very 

s t ringent ? In the Kobaya sh i -Maskawa ma t r i x ,  the quark s e c t or 
analogue of the l e p t onic  mixing mat r ix  U cons i d e r e d  here , s ome 
of the eleme n t s  could be as sma l l  as io-5 - io-6 Thu s , f o r  
a l l  we  know , there i s  mixing in the l e p t on s e c t o r  b e l ow t h i s  
leve l .  

I f  neu t r ino s  have mas s ,  then one exp e c t s  them t o  de cay 
thr ough the rad i a t i ve p r o ce s s  vm + vm, + y • Thi s  p r o c e s s  i s  
engend e red  by l o op d i ag rams s u ch a s  that i n  Fig . 2 .  I n  the 
s t andard mo de l ,  the l i f e t ime 
ext remely l ong:B l 

T (  vm ) > 10 2 2  years  x (3�eV )5 
m 

f o r  rad i a t ive decay i s  

( 2 9 )  

( Re la t i on ( 2 9 )  a s s ume s f o r  s i mp l i ci t y  th at  Mm- << Mm . )  Thu s ,  
one need not worry that the compos i t i on o f  a laborat o ry neut rino  
beam wi l l  be altered  by  rad i a t i ve decay s . On the o ther  hand , 
pe rhaps one c an o b s e rve the pho t ons c oming f r om s u ch de cays o f  
a s t rophy s i c a l  neu t r i no s . T o  the author ' s  knowledge , the be s t  
l imit  on T ( vm ) f r om s ea r ches  f or t h e s e  phot ons i s 9 l  

( 30 )  

b a s e d  on obs erva t ion s  of the C oma and Virgo  c lu s t e r s  of galax-
i e s. Obvi ous ly ,  th i s  l imit  i s  not yet  at the level  o f  the theor -
e t i ca l  pre d i c t i on .  
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'Y 
-- -c -- w+ 

Fig. 2. A l oop  di agram f o r  rad i a t ive decay of a neu t r i no. 
symbol t deno te s  a charged l e p t o n .  

The 

I f  the mas s  d i f f erence  Mm - Mm- between two ma s s  eigen­
s t at e s  exceeds  the mas s  of an e+e- pai r ,  then in  a dd i t i on to  
radiat ive de cay s ,  decays  of the type v + v e -e+ are  p o s -m e 
s i b le.  Such d e c ays  c orre s p ond t o  the d i ag ram in  F i g. 3, whi ch 
evident ly  i s  ident i ca l  to that f o r  µ de cay , exce p t  that v m 
r e p l ace s  the µ and there i s  a f a c t or o f  
vert ex. Remembe r i ng that the 
we s e e  that  

T (  V m 
- + + v e e ) e 

µ de cay p r o c e s s  
a t  the 
s ca l e s  

v e -W m 
5 as M µ , 

(30) 

From a s e a rch f or th i s  d e c ay in a w i de band neu t r i no beam at 
CERN , the CHARM c o l l abora t i on  has placed an uppe r  l imit  on 
J ue m12 .lO] For  100 MeV < Mm < 490 MeV , this l imit i s  d own in 
the range 10-5 - 10-6 , comparable  t o  the l imi t s  f r om we 2  
de c ay f or l ower mas s e s .  The CHARM group was able  t o  ob ta in  an 
even mo re s t r i ngent limit as s uming that the heavy v m i s  e s s en-
t i al l y  VT and mak i ng an a s s ump t i on about the rate  o f  VT pro-
duc t i on in a beam dump. H oweve r ,  the l imit I have quoted here i s  
more independent o f  as s ump t i ons .  



F ig . 3 .  The decay v + v e - e+ 
m e 

i s  p r o p o r t i onal t o  uem  
A s  shown , the vme W coup l ing 

S ince they are t o  be cove r e d  in other  talks  at th i s  Work­
s h o p ,  I s ha l l  not  d i s cus s  the very imp o r t ant e xp e r iment s  whi ch  
s e ek to me a sure neut r ino mas s e s d i re c t ly , e i th e r  in t r i t ium be t a  
d e cay ,  or i n  e le c t r on cap ture a s s o c i a t e d  w i th int ernal B rems -
s t rah lung. For the s ame rea s on ,  I sha l l  not di s cu s s  the a s t r o -
phy s i ca l  cons e quen ce s  of neut rino mas s ,  such as the p o s s i bi l i ty 
that neutrino s  cons t i tute the non-luminous mat t e r  in the uni -
ver s e. 

I woul d , howeve r ,  like to comment on the p o s s i b l e  imp�ica­
t i ons of exi s t ing t r i t ium r e sul t s  when the se  are compared  w i th 
re sul t s  on neut rino  os c i l l a t i on. When  jus t two mas s  eigens t a t e s , 

and v2 , p a r t i c i pa t e  s igni f i c ant ly in an o s c i l l at i o n ,  the 
ma t r i x  takes the s imple  form 

u 
( c o s  e 

-s in  e 
s i n  

( 3 1 )  
c o s  

and E q. ( 1 9 ) b e c ome s  

P [ f + ( f ' * f ) ; x] ( 3 2 )  

w i th 

25 
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P [ f  + f ; x ) 1 - P [ f  + ( f' 7' f ) ; x ] 

Negat ive os c illa t i on re s ult s are then exp r e s s e d as co rrela t e d  
limi t s  o n  the mixing angle 9 and the quan t i ty 
!Mi - M� I appear ing in t he o s c illa t i on length 

2 oM l 2 

In par t i cular ,  a s s uming that j u s t  two mas s  
eigens t a t e s  are involve d ,  the G6sgen reac tor  exper iment on 

beam f i n d s 1 1 ]  that unle s s  s i n2 2 e  � 0 . 2  , 
OS Ci 1 -

lat i on i n  a v 

oMi 2 � 0 . 0 4 eV2 Now, let u s  supp o s e  t h a t ,  as sugge s t ed  by the 
ITEP s t u d i e s  of tri t ium be t a  decay , 1 2 1 M- � 30 eV • I f  we \) 
continue to  a s s ume that 11 V " 

e i s  comp r i s ed �s s e n t i ally of  j us t  two 
ma s s  eigens t a t e s , and that the mas s e s of both of the s e  are ne a r  
30 eV , t h en  t h e  G6s gen r e s ult leaves us with  two p o s s i b il-
i t i e s . E i t h e r  the mixing i s  small , or els e 

( 3 3 )  

The lat t e r  degene racy would be int e re s t i ng , t o  s ay the le a s t . 1 3) 

Dur ing the Work shop , i t  was po inted  out by Bergkvi s t l 4 ) and 
by Rober t s on 1 5 ] that the ITEP group finds  i t s  data to be be t t e r  
f i t t ed by two qui te  d i f f e rent ma s s e s  than by two r oughly equal 
one s .  The be s t  f i t s  are achieved wi{h M 1 ( 8 0- l l S ) eV and Mz 
= ( 0- 2 0 ) eV l 4) , 1 5 ) Then oMi 2 � 1 0 4 ev 2 Now ,  in the G6s gen 
e xper iment , P v i s  o f  o rder  4MeV , and the d e t e c t or i s  
p o s i t i oned a t  e i ther  
i f  oMi 2 1 0 4ev2 , 

38m or 46m f r om the re a c t o r  core . Thu s , 
the G6s gem d e t e c t or i s  more than 3 x 1 0 4 

o s cilla t i on leng ths f r om the v s our c e! e I t  was re called by 
Wo rkshop p a r t i c i pants th a t ,  many o s c illa t i on lengths  f r om the 
neutrino  s our c e , a neut rino wave packet will break up int o non-
ove rlapping p i e c e s .  The au thor was as ked t o  t alk br ie fly on the 
que s t i on o f  whe the r  this breakup would make i t  impo s s i ble f o r  the 
Gosgen exper iment to  s ee o s c illa t i on or to s ay any thing about 
neutrino ma s s e s  and mixing i f  oMi 2 � 1 0 4ev 2 • 

I beli eve the answer t o  t h i s  que s t i on is as f ollow s . 1 6) At  
a given momentum , the  piece s  of a neut rino wave packet corre s-
ponding to  d i f f e r ent mass  e igens t a t e s  
s p e e d s . For  a h i ghly relat ivi s t i c \) m 

v t r avel at d i f f e rent m 
, s p read ing o f  i t s  p i e ce 
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of the wave packet can be s hown t o  be negl i g i b l e . Thu s , the wave 
p a cket f o r  a neut r ino b o rn a s , s ay ,  a Ve wi ll indeed s p l i t  into  
nonove r l app ing p i e c es when i t s  vari ous vm components b e come 
more wide ly s e parated  than the o r i ginal length h o f  the 
packe t . 1 7 1 Of cour s e ,  when  they no longer  ove r lap , the d i f f e rent 
vm components cannot inter f e re to make t he f lavor c ontent of the 
beam vary wi th d i s t ance . 

I f  there are j u s t  two cont r i bu t ing mas s  e i gens t a t e s  and one 
c o r r e s p ond ing o s c i l l a t i on length  t1 2 , t h e  wave pa cket w i l l  have 
s e parated  into nonove r l apping p i e c e s  by the t i me x � xs e p , 
whe r e 1 6 ]  

( 3 4 )  

N ow ,  i f  h i s  bigger  than 1 0 - 8  cm , the s i z e  of an atom , and 
p v ) 1 MeV , as in all  current neu t r ino o s cillat i on exp e r iment s ,  
then ( hp v) � 1 0 3 

• Howeve r ,  a typ i ca l  neu t r in o  beam has a f in­
i t e  momentum spread  ( op v/ p v) > 1 / 1 0  • Thu s  ( s e e  di s cu s s i on 
around Eq .  ( 2 1 ) ) ,  the x-de pendence o f  the flavo r  cont ent of the 
beam w i l l  have b e come washed out by the t i me x = xwash  , whe r e  

Hen ce , f o r  any ma c r o s c o p i c  value of h , s eparat i on o f  p i e c e s  o f  
t he wave p a cket  at a g i ven P v w i l l  not  e radi cate  t h e  o s c i llat i on 
with d i s tance unt i l  long af t e r  i t  has d i s appeared  anyway due t o  
the broad P v s p e c t rum of  t he be am. 

At d i s tance s  beyond  the momentum-s pread  indu c e d  wa s h  ou t ,  
the t rans i t i on p r obability P [ f  + f ' ; x ] i s  gi ven by Eq .  ( 2 2 ) . 
What happens to th i s  probab i l i ty a f t er the wave p a cket  break s  
u p ?  Af t e r  breakup ,  the d i f f e rent v m con t r i bu t e  to the event 
rate in c oherently . What i s  t he cont r i but i on o f  a g i ven vm t o  
an exp e r iment i n  wh i ch the neu t r inos  are born i n  a s s o c i a t i on with  
the charged  lep t on  tf , bu t de t e c t e d  through the i r  produ c t i on o f  
the  d i f f e rently-f l avored  charged lep t on tf '  ? I t  i s  the �roba-
b i l i ty u 2 o f  c reat ing the v t o gether  w i th an tf ' t ime s  fm m 
the p r obab i l i ty 2 t h at u f 'm t h i s  v will p r o duce an tf, 
Thus , the t o t a l  I 2m 2 ( 2 2 )  e vent ra te  i s  ufm  uf'm That i s ,  E q .  

m 
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d e s c r i be s  P [ f  + f';x] 
wave packet  breakup . 

c orre c t l y  both af t e r  wash  out and af t e r  

Obvi o u s ly , through Eq . ( 2 2 ) , data  f rom  a de t e c t o r  beyond the 
wash out or wave pa cket bre akup p oint do  provide l im i t s  on neu­
t r ino mi xing , even though there i s  no x-dependence at such  d i s -
t ance s .  ( Of cou r s e ,  c ompa r i s on of  da ta  f r om two d i s t ances  which  
are  bo t h  bey ond the was h  ou t  po int wou ld  show  no  e f f e c t ; i t  is  
the c ompa r i s on be twe en one of these d i s t ances  and x = 0 wh i ch 
c ount s . )  In par t i cu l a r , one may 
t r i t ium measu rements whi ch imp ly 

ask whe the r  the f i t s  t o  the ITEP 
that oM2 

• 1 0 4ev 2 are c ons i s -12 
s in2 2e � 0 . 2  for large t ent wi th the G6s gen f ind ing that 

2 oM1 2  The answer i s  that one of the two I T EP s o lu t i ons qu o t e d  
by  Robe rt s on lS )  i s  cons i s t ent w i th  t h e  G6sgen limi t , bu t ,  as s um-
ing that only two mas s  e i gens t at es are imp o rt ant , t he other  s o lu­
t i on is no t .  

Are Neu t r ino s Majorana or D i rac  Par t i c l e s ?  

Let u s  turn now t o  the que s t i on o f  whe t h e r  neu t r inos are 
their  own ant i pa r t i c l e s ,  beginning wi th a care fu l  s t at ement of 
what one means by thi s que s t i on .  Supp o s e  there exi s t s  a ma s s ive 
neu t rino v with  negat i ve h e l i c ity ( ind i ca ted  by the sub-
s cr i p t ) ,  as cons idered  at the  ext reme le f t  of Fig . 4 ( a ) .  As Fig . 
4 ( a )  ind i ca t e s ,  CPT-invar i ance then imp l i e s  that there mu s t  a l s o  
exi s t  the CPT mi rror -image o f  thi s  par t i c l e , a po s i t ive -he l i c i t y  
ant ineut rino . In ad d i t i on ,  i f  v i s  mas s i ve , i t  t rave l s  s l ower 
than l igh t ,  s o  that by t rave l l ing s u f f i ci ent ly fast y ou can ove r -
take it . I f  you do , then in your f rame it is going the other  
way , but  s t i l l  s p inning the s ame way as in the o r i ginal f r ame . 
Thu s , the Lorent z trans f o rmat i on to  you r frame tu rns v into a 
p o s i t i ve-h e l i c i ty par t i c l e , d e p i c t e d  at the f a r  r i ght o f  Fig . 
4(a ) .  Now , thi s  po s i t i ve-he l i c i t y  obj e c t  may or may no t be the 
s ame as the CPT mirror-image o f  v Let us s uppo s e  f i r s t  th at , 
as imagined in Fig . 4 ( a ) ,  it i s  not the s ame . Then i t  has i t s  
own CPT mi r r o r-image , a nega t i v e -he l i ci t y  ant ineu t r ino , and a l t o -
g e ther there a r e  f our s t a t e s  with 
is called a Dirac neu t rino vD • 

a common ma s s .  This  f o u r s ome 
In gene ra l , a Dirac  neu t rino 

wi l l  have a magne t i c  d ipole  moment , and perhaps  even an e l e c t r i c  
d i p o le moment . Thu s ,  in the D i rac cas e ,  v can be c onve r t e d  
into i t s  opp o s i t e  h e l i c i ty partne r v+ n o t  j us t  by a Lorent z  



t rans f o rma t ion but a l s o  through the act i on of an ext e rnal 
£ f i e l d . 

(a) -

Lorentz; B, E I i 
vD: ((v_ j7 +) ('ii_ v+ll 

t t I 
CPT CPT 

(b) 
Lorentz 

vM: 
i 

(v_ v+l 

t 
CPT 

o r  

F ig . 4 .  ( a )  The four  di s t inct  s t a t e s  of a D i rac  neut rino vD • 

( b )  The two d i s t i nct  s t a t e s  o f  a Maj o rana neu t r ino VM 

The s e c ond p o s s i b i l i t y ,  p i c tured in F i g, 4 ( b ) ,  i s  that when 
you reve r s e  the momentum of v by ove r t aking it , the p o s i t ive-
h e l i c i t y  pa r t i c l e  that you ob tain  i s  the s ame as the CPT mi rr or-
image of v Then there  are j u s t  two s t at e s  w i th a common 
mas s ,  
VM 

and th i s  pair  of s t a t e s  i s  called a Maj o rana neu t r ino 
In the r e s t  f rame , CPT applied  to e i th e r  of the two s p in  

s t a t e s  of s u ch  a neu t rino s imp ly reve r s e s  t h e  s p in  (due  t o  the 
t ime reve rs a l ) .  By a 1 8 0° r o ta t i on ,  y ou can then reve r s e  it 
again , returning the neu t r ino to  its original s t a t e. 
thi s  s ense --- CPT ,  f o l l owed by a 1 8 0 ° r o ta t i on 
Maj orana neu t r ino is i t s  own ant ipa r t i c l e .  

I t  i s  in 
that a 

Maj o r ana neu t r inos obvi ous ly  lead t o  lep t on number  vi o l a ­
t i on .  Given t h e  t rivial e f f e ct o f  CPT on  a Maj o rana neu t r ino , 
s u ch a par t i c l e  c l ear ly  ca r r i e s  no l ep t on  numbe r ,  and , brought to  
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re s t ,  has no memory of whe ther  i t  was made  in a de cay such as 
1T+ + µ+ + v o r  one l ike  1T + µ + v • In subs e quent in t e rac­
t i ons , this  neu t ri no can  produce  e i ther  a µ+ or a µ 

As l ong as the mass is not z e r o ,  a D i r a c  neu t r ino cons i s t s  ( D - D  -D D ) of four  s t a t e s  ( v_ , v+ ) , ( v_ , v+ ) , wh i l e  in con t ras t a Maj o rana 
neu t r i no cons i s t s  of bu t two ( v� , v� )  Neve rthe l e s s , as the 
mass  goe s  to  z e r o , the d i s t in c t i on  between a D irac  and a Maj o rana 
neu t r i no gradua l ly d i s ap p ea r s . I t  appears that  the s i tu a t ion can 
be summed up by what I like to  call the 

P r a c t i cal  D i r a c-Majorana C onfu s i on Theorem : 1 8 1 

Assume that all  weak currents  are l e f t -hand ed. Ass ume fur-
ther that exp e riment s on a given neut r ino  are always done  wi th  
one of two  incomi ng s t at e s  --- a s t a t e  " v  " of nega t i ve h e l i c -
i t y ,  o r  i t s  CPT-c onj ugat e ,  whi ch we s h a l l  c a l l  " v

+
" ( A l l  

neu t rino expe riments  hav e ,  of c our se, b e e n  d one th i s  way . )  The n ,  
as the neu t r ino  mas s  go e s  to  z e r o  compared  to  the other  ene rgy 
and mass s ca l es in the p r ob l em ,  i t  gradu a l ly becomes more and 
more d i f f i cu l t  to  t e l l  expe riment a l ly whether  " v  " and 

D -D "\\" are a c tua l ly  ( v_ ,  v
+ ) two of the f our s t at e s  of a D irac  

neut rino , or ( v� , v� )  the  two  s t a t e s  of a Maj orana neu t rino. 
When the ma s s  van i she s , the r e  is no phys i c a l  d i s t i n c t i on be tween 
these two case s. 

When a neu t rino  i s  mas s l e s s , i t  t rave ls at the s p eed  of 
l ight , s o  that one can no longer reverse  i t s  h e l i c i ty by going t o  
another Lorentz  f rame. Furthermore , i f  all weak cu rrents  are 
l e f t -handed , the magn e t i c  and e le c t r i c  d i po le moments of a neu­
t rino  mu s t  vani sh  wi th  i t s  mas s , 1 8 1 s o  that ex t e rnal B and E 
f i e l ds can no longer 
s t a t e s  ( vD , vD ) get  - + 
par tne r s  ( v� , v� )  

reverse  i t s  h e l i c i ty e i t h e r. Thu s, the 
d i s conne c t e d  f r om the i r  opp o s i t e -he l i c i t y 

and the lat t e r  s t a t e s  ne ed  not even exi s t .  
One j u s t  has two s t a t e s , and whe the r  one cho o s e s  to  ca l l  them a 
D i rac neut rino and i ts ant i par t i c l e ,  or the two s p in  s t a t es of a 
Maj orana neut rino , i s  pu r e ly a ma t t e r  of semant i c s . 

As the " confus i on theorem" s t a t e s , the approach t o  the mass­
less limi t is smo o t h  (unf o r tuna t e ly ) ,  so that i t  wi l l  be hard to 
d e t e rmine whe ther  the l i ght neut rinos w i th whi ch nature conf ronts  



u s  are Maj o rana or D i ra c  par t i c l e s .  I wou l d  l i k e  t o  i l l u s t r a t e  
t h i s  s t a t e  of a f f a i r s  b y  cons i d e r i ng neut ral -current s ca t t e ring . 

B e f o r e  doing that , I wou ld  l ike  t o  exp la in  the d i f f erence  
be tween Maj orana and  D i rac  f i e l d s . For  tho s e  unf ami l i a r  w i t h  
Maj orana par t i c le s , t h e  subs equent d i s cu s s i on of neu t ral -current 
s ca t t e r ing w i l l  then s e rve as an in t roduct o ry i l lu s t r a t i on o f  h ow 
s u ch par t i c l e s  are handl e d  in theore t i ca l  cal cu l a t i ons . 

The D i rac  neut rino f i e l d  VD i s  g iven by 

( 36) 

Here  M , p , s , and Ep are , re s p e c t i ve ly , the neu t r ino mas s ,  
momentum , s p in-proj e c t i on , and energy , u and 

and 
v _t 

f 
are the usual  

D i rac s p ino r s , 
neut r inos. A 

conj ugate  of 
ijJD w i th f+ 

f annihi l a t e s  neu t r i no s , c r e a t e s  ant i -
re la t ed  f i e ld wh i ch w i l l  be u s e ful  i s  the  charge-

t ps  

"'D 
' 

and 
( "'D ) c - C ( ;pD ) T 
_t f+ r ep l aced , p s  

The  f i e l d  ( "'D ) c i s  
f+ r e s p e c t i ve l y , by p s  

fps that i s , w i th the r o l e s  of par t i c le and ant i p a r t i c l e 
inte rchange d .  

j u s t  
and 

The Maj orana neu t rino f i e l d  ijJM , wh i ch de s c r i b e s  the c a s e  
where par t i c le and an t i par t i c le a r e  ident i ca l , may b e  g o t t en f r om 

_t t the D irac  f i e l d  s imp ly  by s e t t ing fps fp s  Thu s , 

J: p , s  
t . 

( f+ u+ ei px  + Af+ v+ e -i px ) 
p p s  p s  p s  p s  ( 3 7)  

where we have included a "crea t i on phas e  f a c t o r "  A in the crea-
t i on t e rm .  T h i s  a r b i t rary phase f a c t o r, which in gene ral i s  
p r e s ent in a Maj orana f i e l d , co r r e s p onds t o  the po s s i b i l i ty of 
re-de f i ning the one par t i c le s t ate  by mu l t i p ly ing i t  by a pha s e  
f a c t o r . For  some purp o s e s , such as the tre atment of neut r inole s s  
double beta  d e c ay , i t  can b e  convenient not t o  s e t  A = 1 1 9] 

One may eas i ly s how that ijJM obeys  the r e l a t i onZ O ] 

(38) 

Conve r s e ly , i f  one expands any f e rmion f i e l d  x obeying E q. (38) 

31 



32 

in the general  form 
that  ft  = Aft , 

(36) , one quickly f i nds  that Eq . (38) imp l i e s 

ps  p s  That i s ,  x i s  a Maj o rana f i e l d  o f  the f orm 
(37), and d e s c r i bes a p a r t i c l e  whose ant i pa r t i c le i s  i t s e l f . 

Earl i e r  i t  was s t a t e d  that the Maj o r ana mas s  t e rm (3) leads  
to  a neu t r ino whi ch is i t s  own ant ipar t i c l e .  Why i s  tha t ?  F i r s t  
o f  al l ,  �mas s  t e rm in  t h e  Lagrangian , including a Maj o rana 
mass t e rm ,  can be w r i t t en  in  the f am i l i a r  f o rm -M�w who s e  
i n t e r p r e t a t i on w e  know be cause w e  know t ha t  i t  leads t o  t h e  usual 
ma s s  t e rm in the Dirac equat i on . To cas t the ma s s  t e rm of E q .  
(3) i n  t h is canon i ca l  f o rm ,  let  us r ewr i t e  i t  i n  t e rms o f  the  
f i e l d  w d e f ined  by 2 1) 

= VL + (Ve ) R • 

(39) 

Obv i ous ly , the l e f t -handed proj e c t i on  of w,w1 
the r i gh t -handed pro j e c t i o n ,  WR , i s  ( vc ) R • 

t e rm (3) may be w r i t t en as 

, i s  vL , whi l e  
Hence , the mas s  

( 40) 

( 4 1 )  

That is , the f i e ld w that we wou ld  in t erpre t , in vi ew of Eq. 
( 40) , as the usual f i e l d  opera tor  for a s p i n...lf2 par t i c l e , obeys 
E q .  ( 38) wi th  1 • This impl i e s , as we have s a i d , that  
i s  a Maj o rana f i e l d , and d e s c r i bes a neu t r ino who s e  an t i p a r t i c l e  
i s  i t s e l f . 

Let  us now con t r a s t  the behavi o r  of D i r a c  and Maj o rana neu ­
t rinos in neu t ra l- current r e a c t i ons o f  the f orm 
v + A + v + I! , whe re A i s  s ome targe t , and B i s  any co l l e c ­
t i on  o f  ou tg o ing part i c le s . 2 2 1 A t  energi e s  we l l  be l ow the 
z0 mas s ,  where all our neu tra l-current data  have been gathe r e d , 
the  s t andard e l e c t r oweak mod e l  de s c r i be s  any such re a c t i on by an 
i n t e ra c t i on of the f o rm  



H = [�y ( 1  + y5}1j!J M ( A , B )  . µ µ (42) 

Here w i s  the neut rino f i e l d , whi ch cou ld be e i t h e r  of Maj o rana 
or D i rac  chara c t e r, and the bra cke t e d  quant i t y  is the neu t r ino 
neu t ral current . The opera tor  M µ ( A , B )  i s  a neutral  current 
p e r t aining t o  A and B , what ever they may be . 

From E q .  (36) , we s e e  that in the D i rac  ca s e  the  mat r ix  
e l ement of t h e  neu t r ino neu t r a l  curre nt i s  ( we s e t x = 0) 

Note  that it i s  the f i e l d  wD wh i ch annih i l a t es the incoming 
neut rino , and the f i e l d  wD whi ch cre a t e s  the ou tgoing one . 

(4 3) 

Turning t o  the Maj orana 
part of the neu t r ino neu t ral 

c a s e, we 
current , 

not e  f i r s t that the ve c t o r  
WMY WM , now vanish e s . µ 

The reas on i s  that,  rega r d l e s s  of whe ther  w i s  a Maj o rana or 
D i rac  f i e l d ,  the ve c t or current a lways s at i s f i es the  e a s i ly­
ve r i f  i e d  rela t i on 

-�y w µ 

On the other hand , in the Maj or ana cas e Eq . (38) imp l i e s  that 

Thu s , 

< v� l wMY/1 + Y5H
Mlvi

M> = < v� l wMYµY5 WMl v/> 

2 
= (--M __ 2 flz ( u f y µ y 5 u i - vi y µ y 5 v f ) ' Ef E i V 

where the s e cond term in the s e cond l i ne ar i s e s  f rom the f a c t  
that  WM , E q .  (37) , as wel l  as WM 

, can b o th annih i l ate  and 

( 44) 

( 45) 

(46) 

create  neutrino s . U s i ng v +  = cul. , we may rewr i t e  E q .  ( 4 6) a s  p s  p s  

( 4 7) 
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On the sur f a ce, the Dirac  and Maj o r ana cas es , Eq s . ( 4 3 )  and 
( 4 7 ) ,  appear to be quite  d i f f e rent . A l as , as the " p ract i c al 
D i rac-Maj o r ana confu s i on theorem"  pred i c t s , th i s  d i f f e rence evap-
orate s  as the neu t r ino mass g oes to z e r o . Inde e d ,  s o  l ong as the 
incomi ng ( l e f t-hande d )  neut rino i s  r e la t ivi s t i c , i t s  u spinor  
s a t i s f i e s  s o  t h a t  the r i ght-hand s i des  o f  E q s . ( 4 3 )  
and ( 47 )  cannot be di s t ingu i s hed . That is why the voluminous 
data  on neut ral-current s ca t t e r ing have t o ld us nothing about 
whe ther  neu t r inos  are Dirac or Maj orana par t i c l e s . 

Are there ways o f  g e t t ing around the " D i rac-Maj o rana confu-
s i on the orem" ?  Sugge s t i ons wou ld  ce r tainly b e  we l c ome . I my s e l f  
would l ike to  s ugge s t  a p o s s i b i l i ty who s e  cons i d e r a t i on i s  
ins t ru c t i ve . Sup p o s e  the domi nant ma s s  eigen s t a t e  in v has a µ 
mas s  g r e a t e r  than 10 keV 2 3 ]  Then ,  in a 600 GeV p i on beam , 
s u ch as wi l l  be ava i l a b l e  at the Fermi lab  Teva t ro n ,  a l l  neu t rinos  
f r om the decay  v 

µ 
wi l l  have laborat o ry momenta  in the 

f o rward hemi s phere  wi th  re s p e c t  to  the beam di r e c t ion . Cons ide r ,  
now , a v µ whi ch i s  emi t t ed e x a c t ly ba ckwa r d ,  in the p i on re s t  
f rame , by a pion i n  such a bea m .  A s  de p i ct e d  i n  Fig . S ( a ) , in 
the p i on r e s t  f rame the neutrino will  have nega t i ve h e l i c i t y  

* E* ( apar t  f r om  a negl igible  cor r e c t i on  o f  order  M / E  , whe r e  v 
is the ene rgy of the v in the p i on r e s t  f ram� ) . H oweve r ,  i n  µ 
the lab . f rame the decay wi l l  appear  as shown in Fig . S ( b ) .  The 
momentum of the vµ wi l l  po int f o rwa r d ,  and i t s  h e l i c i ty wi l l  be 
pos i t ive . Now , i f  thi s  right-handed v µ i s  a Dirac par t i c le , 
then i t  w i l l  not in t e ra c t ,  b e cause  the weak currents  are l e f t ­
handed . 2 4 1 O n  the o ther  hand , i f  i t  i s  a Maj o r ana part i c l e , 
then ,  on a c c ount of i t s  hel i c i t y ,  it is j u s t  what we usua l ly c a l l  
a v 

a µ ¥ Thu s ,  i t  wi l l  
rather  than a 

int erac t , but , be i ng a v µ , wi l l  produce 
µ Hence , by d e t e rmining whether  the 

mouni c neut rino s  emi t t e d  ba ckward  in the pion re s t  f rame fail  to  
interac t  or p roduce p o s i t i ve muons when they s t rike a t a r ge t , we 
can f ind out whe the r  they are Dirac  or Maj o r ana par t i c le s .  Als o ,  
by ob s e rving that s ome f ra c t i on o f  the neut rinos emi t t ed by f a s t 
p o s i t ive pions exh i b i t  ei the r  one of th e s e  anomalous  behav i o r s , 
with the expe c t ed  dependence on the p i on energy , we can demon-
s t ra t e  that the 
expe r iment wo rk? 

v doe s  have a non-z e r o  mas s .  µ Wi l l  such an 



F i g . 5. 

(al 

(b) 
�����-____,..������--:J� V µ 
������������µ+ 

Beam 
----� 
Direction 

Beam 
____ .,. 
Direction 

The de c ay 11+ + µ+ + vµ of a fas t p ion  in t o  a mas s ive 
neut r ino as s een in ( a ) t he p i on rest  f r ame, and ( b ) 
the  lab .  f rame . The arrow ove r the neu t r ino  l i ne 
r epre sent s  i t s  s p i n .  

Unf o r tunat e l y , i t  w i l l  n o t  work . F i r s t  of a l l , suppo s e  the 
neu t ri nos mu st  t r avel  d own a neu t r i no beam l i ne whi ch i s , s ay ,  
km . long b e f o r e  they i n t e r c e p t  the de t e ct o r  whi ch is , say ,  of 
o rder  1 m .  wide . Then ,  t o  be d e t e c t ab l e ,  they mu s t  h ave labora-
t ory momen t a  whi ch are not only in  the forward  hemi s ph e re wi th  
r e s p e c t  to the b eam d i re c t i on ,  bu t  in  the f o rward -most  mi l l i r ­
a d i an .  Now , l e t  a* b e  t h e  ang l e , w i t h  r e s p e c t  t o  t h e  beam 
d i r e c t i on ,  at wh i ch a neu t r ino  i s  emi t t e d  in  the p i on re s t  
f r ame . Fur t h e r ,  l e t  S11 be the s peed o f  the p i on i n  t he l ab . ,  
and a* the s p eed  of the vµ i n  the p i on re s t  f rame . For  the 
neut rinos  wi t h  a* = 11 t o  go forwa rd  in  the lab . , we mus t  have 
aw > 

a * . and we may wr i t e  

aw 1 * = + £ . ( 48) 
a 

where the sma l l  quan t i ty £ i s  given by 

1 
Mv M 

£ " 2 [(�)2 (E w )
2) 

E 'II 
( 4 9 )  
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I f  E = 600 GeV , the neut rino s  which  11 
milli radian in the lab. are tho s e  with 

are in the f o rward-mo s t  
* s e � 6 11 , or wi th 

( 11-e* ) $_ 4E Now, the neut rinos  with  ( 11-e* ) $_ 4E are  f a r  t o o  
small a f r a c t i on o f  the neu t r ino flux to  b e  u s e ful . Th o s e  wi t h  
e* � i 11 a r e  a large f r a c t i o n  o f  the flux , bu t ,  as we shall s e e , 
the  lab . frame heli c i t i es of the se  neu t rino s  di f f e r  only inf ini -
t e s imally f r om their  p i on r e s t  f rame heli c i ty  o f  
o f  the s e  neu t rinos  will int e r a c t  like a normal 
of i t s  D i rac or Maj o rana chara c t e r. 

-1 Thu s ,  any 
rega rdle s s  

The lab. frame heli c i t y  h o f  a neu t rino who s e  p i on re s t  
f rame heli c i ty  h * i s  - 1  may be f ound by Lorentz  t rans f o rming 
t o  the lab .  f rame the le f t -handed sp inor u* which de s c r i b e s  the 
neu t rino in the p i on f rame . Wi th mu ch le s s  work , it may also be 
f ound f r om a gene ral expre s s ion in the li t e ra ture 2 S l  d e s c r i bing 
the L o rentz  t rans f o rma t i on prope r t i es o f  heli c i ty . 
one f i nds  that 

E i ther  way , 

e* 
h 

where  p* and p are , res p e c t ively , the magnitude s  of the 
neu tr ino momen tum in the p i on r e s t  f r ame and in the lab . , and 

( SO )  

p11 i s  t h e  momentum of  t h e  p i on in  t h e  la b .  Fr om Eq . ( SO )  it i s  
t r ivial t o  s how t h a t  s o  long as E * * p e* i s  
n o t  neq.r 'IT , 

h - 1 ( S l ) 

* s Thu s ,  the neut rinos  wi th  0 � 6 11 will have qui t e  ordinary 
behavi o r . Turning t o  the few neu t r inos  wi t h  e* ve ry ne ar  11 ' 

we expand E q .  ( S O) in  (11-e* ) , a s s uming that  M v > 30 keV , s o  
that  the se  neutrinos are f o rwa rd-going and rela t i�i s t i c  in the 
lab . 2 4 1 This  yi elds 

h 

When e* 
= 11 , h i s  

ne a r  thi s  value unt il 
neu t rinos  with  ( 11 - 8 * ) 

indeed  +l  
* ( 11- 8 ) 

$. 4E do  

( S 2 )  

a s  we have s a i d , and i t  rema ins  
IE . Hen ce , the u s ele s sly few 
have h near +l Equat i on 



( 5 2 )  sugge s t s  that the po int beyond which  h i s  qui t e  f a r  f r om 
+ l  i s  ( 11- e* > - le . Now , i t  i s  e a sy t o  s h ow that when e ven the 
neu t rino s  With e* • 11 are f o rward-go ing and re l a t i vi s t i c  in the 
lab . ,  the s e cond term on the righ t -hand s i de  of Eq . (49) may be 

* negle c t e d , s o  that  .rE - M v / E  Thu s ,  the p o int beyond which  
h i s  qui t e  far  f rom  + l  i� p 1 - M v 
t ransver s e  momentum of the neut rin o . µ 

whe re P 1 i s  the 

In re t ro s p e c t , it should not have surp r i s e d us that a rela-
t i v i s t i c  neu t r ino w i t h  e* not near 11 has a lmo s t  exa c t ly the 
s ame he l i c i ty in the lab . as in the p i on r e s t  f rame, even t hough 
i t s  momentum may point in very d i f f erent  di r e c t i ons  in the two 
f rame s . We know , a f t er a l l, that t h i s  would  be t rue f o r  a mas s -
l e s s  pa r t i c l e . Now , the Lorentz  trans f o rma t ion f rom  the p i on 
r e s t  f r ame t o  the l a b .  may be viewed as a s u c c e s s i on of sma l l  
t r ansf orma t i ons , throughou t each of whi ch ou r neut rino  remains  
r e l a t i vi s t i c .  Thu s ,  i t  behaves very mu ch l ike a mas s l e s s  p a r-
t i c le . This  p i c ture  only breaks  down when  e* is ve ry ne a r  

n ( p 1 � M v ) s o  that  we are cons i d e r ing a neu t r ino who s e  
mome ntum pgi n t s  i n  almo s t  exa c t ly opp o s i t e  d i r e c t i ons  i n  t h e  two 
f r ames of int e re s t . The d i r e c t i on of the momentum of a mas s l e s s  
p a r t i c l e  can neve r b e  exa c t ly reve r s e d  by a Lorentz  t rans f orms-
t i  on . H owe ve r ,  the momentum o f  a ma s s ive par t i c le can be exa c t ly 
reve r s e d , s o  when  e* i s  suf f i c i en t ly  
mas s i ve c a s e s  are qu i t e  d i f f e rent . 2 6 ]  

ne a r  11 ' the ma s s l e s s  and 

A bas i c  a t t r i bu te  of any part i c le is i t s  e l e c t romagne t i c  
p r oper t i e s . Le t  us c on t ra s t  D i rac  and Maj o rana neu t r inos  in thi s  
regard . O f  cou rs e ,  they are both e l e c t r i c a l ly neu t ral , bu t per-
hap s they can  have d i p o le moment s .  

Sup p o s e  a Maj o r ana neu t r ino had a magne t i c  d i p o l e  moment 
and an e l e c t r i c  d i p o le moment If t h i s  neu t rino we re 

at r e s t  
f i e l d s , 
)J ER.  <t 

in a combinat ion of s t at i c ,  un i f o rm magne t i c  and e le c t r i c  
i t s  int e r a c t i on ene rgy wou ld  be - µ  < t  • B) -Mag 

H e re .. s i s ,  or cours e ,  the neu t r ino s p in opera-
t o r . Now , und e r  CP T ,  the B and E f i e l d s  go int o them-
s e lve s . H oweve r ,  a s  we h ave s a id , the e f f e ct of C PT on a Maj or-
ana  neu t r ino i s  t o  reve r s e  i t s  s p in . Cons e quent ly , the d i p o l e  
i n t e ra c t i on ene rgy changes s i gn under CPT . Thu s ,  i f  C PT  inva r i ­
ance hold s , µMag and µE � mu s t  vani s h . 1 8 ]  
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By contras t ,  a Dirac  neu t r i no is permi t t e d  t o  have d ipo le  
moment s .  Thu s ,  a s  menti oned e a r l ie r ,  i t s  h e l i c i ty c an be  
reve r s e d  by  the  torque , 

+ ds  
Cit µ x :8 Mag ' ( S 3 )  

exerted  by a n  external  magne t i c  f i e l d . 2 7 1  • 2 8 ] This  he l i c i t y -
reversal  c o u l d  b e  d e t e c t ed u s i ng t h e  f a c t  that a l e f t -handed 
neu t ri no int erac t s ,  whi l e  a righ t -handed neu t r ino does  not . 
Unfortunat e l y ,  however ,  the magn e t i c  d ipo le  moment of a neutrino  
is exp e c t e d  t o  be qui t e  smal l .  
f or a neut rino of mass M 2 9 ]  

The s t andard mo d e l  pre d i c t s  that  

- 1 9 ( M ) 3 x l O  l e V  µBohr • 
( S 4 )  

Here µBohr i s  the Bohr magne ton . Shrock has cons ide red the 
p o s s i b i l i t y  of laborat ory exp er iments  t o  de t e c t  such a t i ny di­
p o le moment , and has concluded that  they would not  be 
f e a s i b l e . 30 l 

There is only one experiment a l  approach whi ch currently  
shows promi s e  as  a me ans f o r  d e t e rmining whe ther neu t r inos a re 
Maj o rana or Dirac  par t i c le s . This app roach , whi ch is be i ng vi g-
orou s ly pursue d ,  is  the s e a r ch f o r  neu t r ino le s s  d ou b le be ta  d e c ay 

3 1 ] ' 3 2 ] I n  this  proces s ,  a nu cleus  wou ld  de cay to 
another wi th  two add i t ional  p r o t ons through the emi s s ion of two 
e le c t rons unaccompanied by a ny ant ineutrinos : 

( A , Z )  �> ( A , Z+ 2 )  + 2 e  + Ov ( S S )  

The decay wou ld  be engendered  by the di agram i n  Fig . 6 ,  in whi ch 
a pair  of  W bos on s ,  emi t t ed by two neu t r ons in the p a rent nuc ­
leu s , produces  the ou tgoing e l e c t rons through the exchange o f  a 
virtual  neu t rino . Of cou r s e ,  we expect that  there ex i s t  s everal  
neut rino ma s s  eigens t a t e s  " m Thu s , as Fig . 6 indi cat e s , the 
amp l i tude  for the proce s s  is ac tual ly  a sum ove r 
t i ons of a l l  of them ,  the cou p l i ng of a given "m 
be ing d e s c r i bed  by t he mixing matrix  e lement Uem  

the con t r i bu -
t o  an e le ct r on 

No t i c e  that  
the  exchanged neu t r ino is emi t t e d  t oge ther  wi t h  an e a t  one 
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ve r t e x ,  and then abs orbed t o  produce another  e a t  a se cond 
ve r t ex . C ons i d e r ing the f i r s t  ve r t e x ,  we wou l d  c onc lude that  
this  "neut rino" i s  actua l ly a v bu t cons i d e ring the s e c ond we 
wou l d  conc lude  that  it i s  a v Thu s , f or  ( fHl) 0 v t o  o c cu r , we 
mus t  have v = v • That i s , the exchanged neu t r inos v mus t  be m 
Maj orana part i c l e s . 

e e 

L: 
m 

F i g ,  6 .  Neut rino l e s s  doub l e  be t a  de cay . 

In ad d i t i on ,  f o r  ( e a > o v  t o  o c cu r ,  the v mus t  be mas­m 
s i ve , or e l s e  there mu s t  be r i ght -handed cur rent s ,  or bo t h .  I f  
a l l  weak cu rrents  are le f t -hande d ,  then each v m behaving l i k e  
an ant i l e p t on at t h e  ve r t ex where it  i s  emi t t e d ,  i s  c reated  i n  a 
pre dominant ly  right -hande d s t at e .  Howeve r ,  at the ve r t ex  whe re 
i t  i s  abs orbed , i t  behaves l ike a l ep t on ,  and s o  the current 
wou l d  pre f e r  t o  ab sorb  it f r om a l e f t -handed s t at e .  The amp l i -
tude f or the ex changed  vm to be  c rea t ed  l e f t -handed i s  of 
o rder  Mm/ Em , s o  the cont r i but i on of thi s vm t o  
p r op o r t i onal  t o  Mm • Howeve r ,  i f  t h e re i s  a r i gh t -handed 
current , then i t  can re a d i l y  abs o rb a right -hande d v m and the 
v m cont r ibu t i on no l onger depends on a 
which cou l d  de t e rmine whether  

non- z e ro Mm • T e s t s  
once  i t  i s  obs erved , i s  

r e su l t ing f r om non- zero  ma s s e s  or f r om r i ght -handed currents have 
been prop o s e d by Ros en . 3 3 ] 
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A s s uming that there are no right -handed  cu rrent s , and that 
to  a good  approximat i on CP i s  cons e rved in the l e p t on s e ct o r ,  a s  
i t  i s  in t h e  quark s e c t o r ,  the 
be s h own to have the f o rm 

( B B ) 0 v amp l i t ude A [ ( B f3 ) 0 v l can 

( 5 6 )  

I n  corre s p ondence with  Fig . 6 ,  thi s amp l i t ude i s  a sum ove r the 
c on t r i but i ons of the d i f f e rent  v m The cont r ibu t i on of e a ch 
"m i s  p r op o r t i onal t o  i ts mas s  as we have e xp l ained , t o  the  
s q uare of it s  coupl ing t o  an e l e c t r on , and , f ina l l y , t o  it s  CP-
pa r i t y  Ti ( v ) 3 4 ] , 3 5 ] , 3 ] , 3 6 ]  N o t e  that a Maj o rana neut r ino , CP m " 
being an ei gens t a t e  of CPT ( f o l l owed by a r o ta t i on ) , can have a 
we l l -d e f ined value o f  CP when CP i s  cons e rved . H oweve r ,  i t  turns 
out  that its  CP-pa r i t y  mus t  be imaginary! 3 6 ]  , 3 ]  Thu s ,  it  i s  

The  quant i ty A in E q .  ( 5 6 )  i s  
ind ependent o f  m , and  in c ludes  the · ve ry non-t r i vi a l  nuc l e a r  
ma t r ix e lement governing neu t r i no l e s s  double be t a  decay . Owing 
t o  the f a c t o r  TiCP ( vm ) / i  = ± 1 in E q .  ( 5 6 ) ,  ( B f3 ) 0 v me a sure s  an 
e f f e c t i ve mas s ,  Me f f  , whi ch i s  a s um over  ac tual  neut rino  
mas s e s  Mm weighted  by  f a c t o r s  whi ch can be  either  nega t i ve or  
p o s i t i ve. 3 7 ]  Thu s ,  an  experimental  upper l imit  on A [ ( B f3 ) 0 v ) 
t rans la t ed  into  an upper l imit  on Me f f  thr ough one ' s  knowledge 
o f  the re levant nu c l e a r  ma t r ix element A , does not ne c e s s ar i ly 
imp ly an upper l imit  on the mass  of any one neu t rin o. 

Rega rdl e s s  o f  whe the r  neu t r ino s  are of Maj o rana cha ra c t e r  or 
no t ,  nu c l e ar double beta  d e c ay w i th the emi s s ion o f  ant i neu t r inos  
to  conse rve l ep t on numbe r ,  

( A , Z )  �> ( A , Z +Z )  + 2e  + z v  e ' ( 5 7 )  

c e r t a inly d oes o c c u r .  N ot e ,  h oweve r ,  that f our l ep t ons a r e  emit -
t e d  in th i s  decay mo de , wh i l e  only two wou ld  be emi t t e d  in the 
neut r in o l e s s  d oub l e  b e t a  d e c ay in wh i ch w e  a r e  i n t e r e s t e d .  As a 
r e su l t , ph a s e  s pa ce  favo r s  the la t t e r  de cay mod e  by s i x  o rder s  o f  
magni tude ! I t  i s  t h i s  c i r cums tance whi ch mak e s  
e s p e c i a l ly promis ing reac t i on in which to  l o ok f o r  evidence t h a t  
neut r ino s  a r e  Maj o r ana pa r t i c l e s , even though t h e  re a c t i on i s  



4 1  

suppre s s e d  b y  the sma l l  va l u e s  o f  t h e  neu t rino mas s e s , and van ­
i s h e s , i n  conformity w i th t h e  " D i ra c-Maj o r ana confu s i on theorem , "  
when the mas s e s  go t o  z e r o . 

The be s t  cu rrent  limit  on Me f f  come s f rom a ge o ch emi ca l  
o r  s tudy which c ompare s  the  r a t e s  f o r  double b e t a  d e c ay ( wi th  

wi thou t  neu t rinos ) o f  two  di f f e ren t  t e l lu r i um i s o t ope s . 3 8 ) F rom 
the g eo chemi ca l  data and r a t i o s  of nu c l ear  ma tr ix  e lement s , 3 9 1  i t  
i s  found that 40 l 

Me f f  < 5 . 6  eV • ( 5 8 )  

Hopefu l l y ,  fut ure e xp e r imen t s  w i l l  p r o be the region  of e ven s ma l­
le r mas s e s . 

Summary 

From the s t andpoint of grand un i f i e d  theor i e s , i t  i s  mor e  
n a t u r a l  for  neut r i nos t o  b e  m a s s i ve than mas s le s s .  Thu s ,  i t  is  a 
good idea  t o  have th i s  Work s hop ! 
r a ther l i ght compared  t o  1 e V  • 

Howeve r ,  the neu t r ino s  may be 
I t h ink i t  would  be wort hwhi le  

t o  give  s ome though t to thi s  po s s i b i l i t y . I f  neu t r ino s  do have 
mas s ,  then the re are f a s cinat i ng phy s i ca l  con s equenc e s ,  s u ch as 
neu t r ino os c i l l a t ion , and a po s s i b ly ve ry imp o r t ant role for  
neut rinos  in a s t rophy s i c s . I mp r e s s i ve e f f o r t s ,  b o th p a s t  and 
p lanne d ,  to me a s u r e  neu t r ino ma s s e s  are di s cu s s e d  in these Pro­
ceed ing s . Laudable  a t t empt s  t o  f i nd out  whe ther  neu t rinos a r e  
indeed  the i r  own ant i p a r t i c l e s , a phy s i ca l l y  very  int e r e s t ing 
pos s ib i l i t y ,  are  a l s o  d e s c r i bed . 
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