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INTRODUCTION

T shall talk essentially on the following subjects

=
N

Elastic crecss-sections in the simplest hypothesis.
Elastic cross-secdticns' in more general hypotheses.
Cross-sections on complex nuclei.,

Inelastic cross~gections. .

e
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2) Jjf- e symmetry and its .conseguences, namely:

2a) Two neutrinos. .
2b) A multiplicative

- € selection rule. '

3) Additive selection rule: . additive versus multiplicati
. |- . X 4 o - . . -

ve selection rule. v i :
R . :.‘.., S . ‘
4) TFurther symmetr

4a) Pauli~Gursey transfermation.
b, SU(2) or else (7). o o



HIGH-ENERGY NEUTRINOS-

Elastic cross-secticns in the simplet hypothesis

1. Assumlng le pton conservation, the two elastic
readctions (the nomenclature elastic is here only used
for convenience) ave

. o+
(1) FERE P g,._:,.f + n

Y+ n-l +p

We describe a reaction such as (1) in terms cf a graph
of the kind

The v - % pair is coupled at a single space-time point
through a current

N - gM :(;} X‘m aly

where a = (1 + %), and the other notations arée obvious.
The matrix element for (1) is given by

e P S P 4 gt ..
(L") . ..’!‘érz G __,‘-' ,)v \3 +'D - A - n)j{,.
- (210 ): S Ry
where G is the weak coupling congtant
(5) © 8 ¥ 1078 Wl
M = " ¢t .

= nucleon mass), y{,p,,& ,1 are. used also-to denoteé:
the four-momenta; and- .

()5 dpr = (2823 <nf3{V 0 * 3B lp> .
(s

We have split the weak

trangeness-conserving) curren
into a sum of a vector T

part and an axial part.

o

2. A simplest set of’ﬁVb5fﬁésisf%p determine J, 1s
provided by d

a) non=-renormalization hvpothesis for the vector ourrcnt(lz
i.e.
(:.3 (:j'\
2 WV e =
(7) (_—?,1( ‘_J'j{i" (-—I O



b) W(A) behaves as the aoproprl te co ompon ent of an iso-=
topic spin. vecLOD,v_',_.._ . L: . - -

I shall 111uctrat“ 1ater the meaning uf cuch hypothpses.
Under a) and b) (and; of'course, ‘also ‘assuming”invarian
ce under the Lorent7 group 1nclud¢ng time reversal) one
can write a simple form for ]“ ) va¢_a at sufficiently

high enepgiesgauch that the mass .cf L can be neglected:

(8) Ju = u(n)l chf ){; Vg + Fy (K2 ) ¥y *

ot ;ﬁ_ F (K )“#Mv K P u(p) SEETAS

'In Eq. (8) u(n) and u(n) ‘are DlPaC 5p1nors, Hl(KQ), Fy( K?) and
F (KZ) dare, form . factors depending 'on’ the invariant mo-
méntum transFowh K2 ‘whprpk

@) [ERC R

They are normalizgd accovdlng to . _
G._ g ;7 ) R ‘:; d L

(10)  Ey(0) = —A 1.2 rl<o> = Fo(0) = 1

G
and, as it directly follows ¢ror-ﬁ), Fl and Fz are dif-
fprences cf the corrésponding proton and neutron elettro
magnetic form factors. Also A= 'ﬂr = 3. 7w;n_nucleon

Rt S

Bohr magnetons.: In. Tbc l¢mLt VZ"“fu
(11) j#,;,_, "“> ‘vl : }’fﬂ <1 + "—é‘“f“;. :3’ 5) | D

The differential corss~-section 27 derived from Eqs. (4,
(3), (6) and (8) is_mﬁvor ed in ADD“HdJX 1. :

3. What do we expoct in general for the behaviour
of the crogs-section? If E is cuntrw«of«mass enerey,
then phase cpace goss as EZ and the an71tude 1s Dropow
tional to ©. On thig- ‘groung one would Have ‘

I S )
(12) & e E2G7 :;f—%—‘?;ﬁm} 10710 o g 62
M2 oM e

However there are form factons present. What do they do?
Suppese they are essentiatly- eou1valent to a cutwoff at
K2 = a2, in the sense ‘that momentum transfers » a? ave ex
cluded. Then we have Ito multiply Eq. (12) by a factor
expressing the "allowed"” sclid angle. But K2 <« a2 means

(13) -+ u|B12 . sin? 2o a?
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where p is the c.m. proton momentum. Therefore the maxi-
mum allowed Solld ar9¢v is

(1L+) . ._.:.é..,‘ér\s: tuz_ Sl‘lz max,. ’

and for .large energies &wl % ET4, so that
2

(15) & o B2 4w > gl

in the high«energy limit, i e. it gces,*o a. constant To
elaberate a little better on this D01rt let me write down
~ the eXﬁwLSbion that you get for % +atal from the eypres—

‘sion in-Appeéndix I, in the high-energy ¢3m1€. You flnd
in - the high~2nergyv 71m1t, for both. (l) and (2)

€lgr =~ 82%(hy ¥ fl + fz)
where . ‘ }

¢ty

(17) hy

(17") £z —2 . [ g K2F ) 2(k2)

(17m) Fo o= —= L} [KPed KF,T(KY
— vad BN EESEES T(K

If we now choose for the form f“ht s

n

(18) P D) = e
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we find, in the high-enevrgy limit,



a22 ='b2 = 37.5 m2|
efperiments’) you., find
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For instance, if the

crdlng to Eqa (16)
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AR,
+ = L+ e
2 o _.2-”‘
o~ ".- ; . - N
& infreases log arithmi=-
llm;t thé differential cross-
es a simple form. Always in
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é{ and
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in - ene rgies of
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Then for boLh (l)

-EL_-mhlsz

dC-;_ WL

and

.v"-..‘

(23)3”-“

where the form féétg
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(22}
]

7. It may. be-instructive also -to talk of the pola-
rization. In a chtterlnq prodesses you expect a pola-
rization ncrmal to the scattering plane even starting
by unpol rized partlhles.‘ However, theampl1tude in our
case is real (we are "assuming time reversal invariance)
and there is no such polarization normal ‘to the plane.
The recoil nucleon can, however, have a longitudinal po
larlzaLlon, just orlgln&thg from. the fact that the pro
cesses is parity non-consérving. For reaction (1), un-
der the simplest hypothesis a) and b) described above,
the 10ﬁ01tudlna1 polarization of the: final meutron . be-
comes i L e o . . . P

() by s X 2HI(FL Y KF)

gW +NX?VM,NH12fF12+dQ2F22X2

s

For reaction (2) the final proton has a longitudinal po
larization given by -P;. Under the rcugh assumption we
have already used, of .all fcrm factors equal, youw qet

(25) Pr % (4.5)
L™ vz 1+ (a.0) x2
1 + x 1+ (5,8) x

Elastic cross-sections in more géneral-hypothesis.

8. If I relax the ~hypothesis a) and b) and rely on
ly on Lcre tz invariance (and time reversal) I must wri_
te for the general form of j;k

i s/ iryy o+ L P X + iFjK +

R oLy S T ORR3NAT
(26) RS A o

. e A - — ) » 2
+ Hy S £5 + ——— Hgbuyp 5K+ iH K, Y5 | P

.whgrc thf *‘s are” form Jacuors vcr Lhe vbctor par* and
the h's+are form factérs for the akxial part. Equation

- (26) is a rigorous but perhaps. teoe ‘general framework' for
analysing the expe eriments, Thus,. next to the simplest
hypothesis for 4 discussed berorb, we will consider a
pﬁSSlblP situation where a) (i.e. nen-renormalization
for the vector part) still n01da, but b) (i.e. behaviour
of i, A) as a compenent of an isospin . vector) does not
necessarlly hold. 1In fact, one has a theoretical fee=
ling that the non-renormalization h]pCthQSlS for the vec
tor strangeness-~ conservlng current is true. . By. the way,
this, 1mp11es that ‘stch'a current Lwﬂnsforns as a vector
in 1coop1n space (it is actually assumed . to be.the iso-
spin current itself). On the other hand, the behaviour
of the axial strangeness-consarving curren+ under iscspin
rotations has tec be postulated. It is. true that .in a
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its possible non-va
tly
(27) """ K;L

Furthermore vou can
te Hyp since

re you first
current ocut ¢
te the’ axial:

f the known particles,
Luwr=nt by inserting
T"palr;'yoﬁ g6t 'a current - that tran-
in isespin space. However, everybo-
this procedurc is too much model-de-
etely reliable. Thus, although we
b), it may. bb_onportune to. a;lowwfor
lid*ky,l Now from

2
o

““or equivalently [ T3 =

safely negléct the térm proportional

éo-yodﬂCaﬁ“ egTect it dt high enépbibs, aSSUWlng H2 dpes
not beceme path ologlcgllv blg.[,%_hcanclb51on, the Step
next to the 'simplest hypothe8¢s .d SCUbSGd in. la), »will
be to assume ¢ - ¢ - : : -
Jper = R E G T Koo 4 B 5% *
(29) } _ R :
+ A ) H '{\ ‘Kf K - 'D -
oy 8T TS “,,,{ '
:where Ty and Fyp are Still.difFLfchGS'OF the correspon-
ding prioton and neutron el GCif,ﬁo?ﬂbLWC form chtows.
. ~ The new fa%h is that CﬂﬁTilpg o F K%, - The
high-energy limit (16) now becomes’ ‘
(28) & p »CH(hp +hg 4 £ +.Fp)
where hi, 11 and fz_are still given by Egs. (17), (17%)
rand(L7") gand s : SR L e
- p . ,4{ g B P i . o
(30) ©  hg =o—io R k2ax 2520
M\ ZM J
Similarly, Ed. (23)|becomes
(31) Lowe? w2 v v 7wt T2 v %) x
and Eq. (24) becomes

construct the vector cur
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Cross=sections on complex.nuclei

10. We shall briefly deal here with the effect of the
Pauli pr1nc1D1e on the. cross- -gection when a reaction such
as (1) or (2) ‘becurs on a ccmplox nuclei. Ccn51der, fow
instance, reaction. (i) .. . - S -

o
(l) Vot D i + n

The individual protons of the nucl eus act incoherently so
that at large momentum. transfers.the crnss—sect¢on on the
nucleus is Z tlmes the. cvoss- ection on a Dro*on..Howevm .
in. an 1ndependen+ ﬂartlcl ,1 'auagc at small momentum, tran
sfers the reccil n may not find a free final state where
to jump and the reaction may therefore bescome forbidden.
Let us see roughly what hiﬁmgnsam_Tn the 1aboratory system
the momentum transfepr KZ'is- given by

(33) K2 = @>—n>2;f§§§,- rygpﬂz;.mw

where we have denoted with n and £ the laboratory neu-
tron momentum and total energy (T.is ;hp neutron kinetic
energy) Now. con weider. a. Fermi: m(mel -In order for the.
reactlon te occur we can say that T must be larger than
the Fermil energy TF_\O that the- neuTLon can-escape from
the Fermi spheve. This implies. T L

2

(3u) K2 =z VT » 2MTp = 2M E ‘—'""‘pz
= oM F

vhere pp is the Fermi momentum. Still in the laboratory
system »

o LN G iDia e . 8
(35) K® = (pia;p)?3=J(*L-ZV}Q;E.Hgdﬁf%h)51ng é

neglecting the mass of 4 . From.Egs. (35) and. (34)"

e .20 2

b EpEposin 5o pp]

(36) 2 sin £ > i
£
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Since &y~ T = &y, we can neglect. T (nore ~always <Tg)
and write Eq. (36) in thé form :
(37) ¢ F

If &w = 0.7 BeV ard pp = 0.2 BeV you find 6> ~ 10°. Rea
ctions occurring at anvangle € less. than. «,pp/un,-'are
thus cut off from thé;éxclus1on prlnclble. For a rough
plicture cf the process on a complex nucleus we have so

to take 1n+o account

two cut-off angles. One for small

angles, less than w‘wF/ _u . due to: the.Pauli principle,
the other“for létge angles greater than' 0., (see Eq.1H)
due io the ﬁhClcOH form factors.

11,

lar cases, by calculs

A better estimate can be
ating thp'lrﬂc

mide, asgsval in. simi
tion of volume of the
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for a given momentum
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descripticn of ¥ scattering:

. neutron Fermi

sphere
proton Fermi
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k37

Np with a céentre

Draw the neutron ius
displaced by & f the centre ¢f the-proton sphere.
A protén ¥y ing in‘the shaded voltums satizfiesthé conk:
dition that |B+*% | » Np. The fract “ion of .the "effecti
va™ protons is tl siven by the ratio of the volume oF
this regien to the total volume., De fini g :
(38) N e Mo 2 1 = ——

N, "N

N r
one finds for the|fraction’ }Z of the "effective" pro
tons at a momentum transfer &
(33) - _éi‘;fﬂif for < M,
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until, at large &
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e
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until it also reqches the value one. With thie more ac-

curate treatmcﬁt you oet
PF/QJv

=off for 6

instead .of the rigorous cut -
» & smooth depression for the small

angles that satisfy the above inequality.

Inelast¢0_cro%s Sﬁctlonq

125 a Some of hc 1n
-two body rcact ons :

(41) | TUTAZ

'D"“‘ v

g o
— L -
(43) R R
- a= +
(uu) ¥+ n =L o+ 5

¢ cross-sections are still

and similarly startine from V . Note that the last rea-
ction (4u4) goes through a current with &S = - AQ, which
for a long time has beén assumed not To exist., But now
there seems to be good axperimental evidence in favour of

such a current.



Other:inelastic

(453 ‘: +
(46) RRVIFRS
(473 v

and similar processe

““have smalle r'hrccs-c

L

.©
+ n + K

) 5,5_

=%+ p + i
= ¢ o+ n +
L

s starting from Vv .

- One has also| processes
(48) v+ pl->t
(49) W opl sk
— e

(50) W4 ople {onton it K

and similarly from » . .

13. The reactions (ul) . (4Y4) are inversé hyperon
fi-decay procésses..:One knows that their experimental ra
tes are lower than universal Fermi theory would predict.
One this basis one would also expect that (41) - (4h)

2ctions - (savs..by. a. factor of 10 or

more) than the elastic cross-;sectigns. we considered be
fore. HoweVetr, this] staiement_lgyfargfrom{*ol“g rigo-

rous. The momentum ftransfer K2 equal, say, (Y. = p)
“‘takes oW Fenetrally different walues: the. decay and 1n

the high-energy
decay omly egives
tion.
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ii1) Comparing with €lecttopion productiony” ag ‘shéwn by
the graphs

Again the ceonnection is provided by the non-renorma
lization hypothesis. COne would roughly have

4
i

hht.l"e K lS
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The transformation (
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(57) i -1

-—

T

where T is a ncn-sin
ral form

(58) ;;{J = - Aﬁ‘:f/:‘f
Tn Eq. (58) A, B, C

ce (i.v. the\; are ?
and- furthermore A+B

The ma;rly T Scan. be

iy

where a = 2(1+ K ),
in L space. If we de
(60) M =m

the cenditions that
into Eq. (58) are
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is sceptlcgl about Thls completely for
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ferent from what one does with’ “the
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ever, ‘that “tells you that the "physi=-
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r consepvation) that will tell you that
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now" to introduce a fictions L spa
space, e and # form a doublet.
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ient
cn L

54) and (54') can then be generalized

X
i
gular matrix.. Then X takes the gene
7(A+B”¥Sy*,§C+ib.;ﬁ}"fw +.other. terms.

znd D are hermitian matrices in L spa
% 2 matrices acting on the spinors ¥ ),

g

and’ A-B-are both p051t1ve deflnlte..i

decomposed as
E1 =5%(i¥ Kg); ahdlé'éna é.are matrices
fine the mass matrix M ;;

R and S must satisfy to bring Eq. (52)




(61) . . R%:;ﬂﬁfﬁzﬂ.?hl_M

(61') St a-mys =f'1_" :

(61") st (ewDIR'E g
This is.sH6Qn in:Aﬁﬁéﬁdixﬁib_jxiﬁw

19. ~:NQWf}a-§'syﬁﬁefﬁy 1mp11es that Po._(58) be 1nva*

riant when

(82)

as this amounts to the substituticn of the two components
of the doubl ( %"= ¥o"). Thls _condition requires
that A, B, C D all commute with &7, so that each of
them canﬁbe_wr¢tten in a form

(63) xp, + SAP_
where ¥ and /5 are coefficients and
(64) | P, = (1 + £9)

In fact Eq. (63) is the mdst general:funetion of the unit
S

x4 1
matrix 1 and i"l. There ave infinite cheoices of R and S
that satisfy Eqs, (81), (81%) and_ (62") with A, B, C, D
of thglfopmt(ﬁ%)_ ¥ ¢ N j”y;...“:mx";‘  ;-, ] e
20. Sc far WQ"h ve ﬁe:lecfcg weax 1nteracflons.u‘Now e

we require that 4 -e symmetry as- expressed by Egqu (B2)F

be valid also when weak interacticns are present. We sndll

see that this is impossible if therve ig only one neutrino.
A term of waak interactions is = PR

(Be + afk)

SRS

(65)

g

-
<
Py

c T
R

R

where Ju 1s a current not containing leptons, but only
baryons and mesons. In doublet notation Eg. (59) is-

(65') G(DXma¥) I
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In.terms ofthe” - 1.

(66) B(V ¥ a

At /'g'( -2

and if we wan
(67)
So we mu8t have
(68)

In. Appendix IIT .
with Bos..(al)

,.

‘QZlhl\ ‘‘‘‘‘ Thus WQ:
1Laqrang1aﬁ

.83y T+
+ other

where .

A e :_;y,mr_ﬂ@tr’y
“(71)

In facr E@. 609) 1s 1
_wever, Eq. .

tible with,Eq,J(7’).
To end up with Ea. (8
Put first let us go b
ing from invariance u
cal feeling for such

@wflnwﬁe',

(%9) J.S rhl_

(66) = G( ¥ FnaT: & W

>

S Tw o

.18 -shown that Eqg.
). and (BI") . .

o A - /
G(¥ g al 1 W)

11

iuce two neutrines. -

4T e e e

b
1

G( v iif,»;,a, aT—l

4?1T’%)

(B68) is incompatible

PELSE

‘Theri .the

cand 4.8 now invariant:uhder

h-:ié§féﬁéianwéﬁe usualiyzgﬂopts;.Hb

C’) th&.
ack to the
nder Lg.-

a S;lectl@ﬂ rul@

'Mth t

the. Pobt gen LraJ Laqranglan 0ﬂmpa

'”ore in the story.
A ma gelection rule ensu-
AL71).

#To develop a physi-

we want

to know what



Eq. (71) means in terms of the good ©ld e and 4 . Now.

g ! . .7

means
Ti{" ) JlTy/

or
(72) 7 L N 1T%
What ‘is T3 6VT?191¢ must be¥ tracelecs, of ‘unit square;
commute with €73 (because it must.commute with M). :Sc it-
is #* @3. And then 1t is cbvious which is the selectlon
rule: 1t is- caiItiplicdtive, % correSDnnfan to:the discre

teness of the operaticn (711J selection rule that forbids
a M to go into an e. How this selection rule operates we
hava alrpady Lllustruted before.

22, Now let us‘otate that thLP“ is a rezson to belie-
ve that this frams work of 4-e symmetry, although it 1is
sufficient to imply - - - . 7 = i S L

i) two neutrinos
ii) a selection rule,

is perhans tco wide. First, the selecticn rule may very:
well be additive (see below). . Secondly, take an example.
add to the weak current in Eq. (69) the term A% da b1L5 .
allowed by Eq. (71). Then, in the 4 -¢ representation, A..
is coupled proportional to {1 = %), and e proportional to
(L +A), But, as we know, all the evidence is instead for
equal. eousllngs.i So we ie&rn.that:there must bé more: -to .
the stery if one wants to get finally to.Eq: .(68)s

Additive selection ruyle  (Additive vs. mult;pllcatlve selec
T " tion pule)u e :

23. Besides the multinlicative conservation law that
we have discusséd one ¢afi cdonsider the moré stringent ad<"
ditive consepvdation :lawi to-¢ach garticle there corrsesponds
an addltlve muonlc ouantum 1umbcr M, sucn that for 1stan—
ce,. : : ST RO I

N ‘ i -
g P K

'.i.K.:-‘eXp L=
RSN SEE|



and only. those reacti

the initial M valués

ons ‘are allowed for which the sum of
i1s 'equal te the sum of the final M

values. Correspo 1ding to our previous ass:gnmants of K
cne can: assign values of M as in Table 1.
' It is obvicus that if the additive mucnic conser-

vation. lﬂw R VePlFL
rified..

Howevar, 1f

ed, the multiplicative

law 1s alsc ve

thc mul*lpllcatlvc mucnic conservaticn

law is verified it dees not follow that the additive ccn
servatieon law 15 alsc verified. It conly fellcws that the
difference M between the sum of the initial M values and
the sum of the final| M values can only take the values 0,
X4, £ 8 (i.e. &M = 0 mod. H).

0dad M are Rlways forbidden because of lepton con
servation. &M = + 2, + 6, etc., are forbidden for both ty

pes of conservation
reactions such as

]

laws, and this is sufficient to prevent

e +.e

2ys) - e + (nucleus)

fo ) o — ‘:'?’ ~— g W g
S T He B Vs T4 T Heas ete.

Reactions with #M = + 4, + 8, etc., are forbidden
by the additive law, but thpy'ﬁﬂﬁ allcwed by the multipli-
cative law. Thus evidence for reactions like, for instan-
ce,

N . . - _ . . '»
(73) = [} 4 T = S —v.j."l:"‘-- +
(74) et v et t s P
(75) Y + (nucleus)<¥ + e¢”+.47 + (nucleus),
vould exclude the additive conservation law and be consi-
stent with.the multiplieative conservation law. - None of
these reactions can occur by electromesnetic interactions
alcne, and thus any evidence for them would be an eviden-
ce for some new mechanism, fer instance of the kind we a-

The
occur as a ol

re considering.
it can

(e' N

Beund

reaction (73)" is” very 1nterast1np
\arge exchane@ veaction in muonium.
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ih +he WODK OL the%ﬂ d“

Felnberg an -WeanJe
Lnors,forffgpther ﬁlﬂ,
The reaction- . in DPlnClPle, be qtudled
by colliding beam- tvariﬂulLS oft the type COPSlGede at
StanfOfd but .carried. put’ at a much higher energy or W¢th
higher 1nten51tv A po°81b4~ $nt=ractlon oF the type

g
5,
r
o
¥

vhope R R B o
LT T T B :
‘55) and - d:= 3Ll m;ﬁ{q),

through Fier:z re-orderi

ing can be written in the form (we
use the Majcrana represe e »

ntation)

H

a

g S ey - NFS D e |
K= or (209 Fa w ) LG yg ik >j

The cross-secticon is then clearly 1sotrop15 in the
c.m. system. The total cross-sccticn is given by

where E is the c.m,
/o dis the velocitwv
we identify f with
stant, the cross-szecti

The.

where the upper sign holds. for ﬁ’ ,. the lower sign for A<,
The reaction-{75) can occur through an interaction

of the ty De
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cross-section oh lead

where Fy 1s the incided

tory system. The ran]

with energy will perhao:
convenJePL to uL01c~

an additive or. of a m
tion rulu.
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a gauge invariance pr_
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25. We now write Ea

which the two 2-~compconent

te form a single Y-comp

you can still go on saying
I shall work in a repres

nal. If you take

)y a (8

irtual nucle
An estimate of its
in GeV) cn?
the labora-
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process cne of the most
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; "In such
thers is only.
rtarlon with

-

ar & ray

ar@381on of lthor conservat1on by
C1ﬂ1lar to that which
in terms of  the

Similarly
C honsh,rvatlon
‘rule), rnuonic conserva-

77) in a formalism in
' e are joined .
a formalism
one neutrinl.

B/S di ago- .
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- “i - - "
e -
i % »OH =1 1y -}L O
Xy = e N L ¢8.-§ :
11% l‘l“-mK g - 'J R 0 ,‘%. : :” -1 é
(78) - - -
o0 100 1 0]
(with {"l = =3 Lo i 1,
[ " =3 0 =14

15Fy ‘ym”? +,

v : o€ In ract

the rpDresertatlﬁn oU are accus+bﬁé”‘to is ‘bne -in whlch
ne has simply replaced #y= 75> ¥y, leaving the

commutatlon rcLatlons and, = Jn Fo- <33 unchanrpd)

The equation For a two cor leF+~band@d nﬂutrlno is
ob*alned Fvnm ‘ o o

:‘;_ f\:)-] Ty i\r’Q ._,‘};'3‘

(79) g e = o

where R,L mean “l?ut‘ l@ft ~handed. Thus 7?&“ = 0 and Eq.
(79) is o T




confirming that ug i
two 2~¢Omponent neut

23 -

s indeed left-handed;

Take, then,
rines and

vi , both satisfyng -

Wt
S

Ea. (82) (i.e. both| left-handed)
- P x| }

e o+ ot LV =

(83) (i 97 K w) ¥ 0
A

Ferm the UY-commonent| neutrino

¥ . H
(84) Voe o T
1 &) M |

It can then be shown| t

trino equation

hat V¥ satisfies a Y-compcnent neu-

(8'5)"1':: N ;53, = 0 :
In fact Ec. (85) is
L . . N - Tn- -4-#2
-1 &5 @ e ) !
.o a:;:J I i:"} ) ; % | o~ ‘-,,,5* 1 &} .
R S S ? Pt Y2 |
or, equivalently
1 & r'3 ‘S} w4 =
A e Fyg r 7))V, =0
and
T - B 6 w20
¢ -2 7x “k Wy = 0
The first equﬂtloﬂ ils (83), the second becomes'(83) after

ccmpley ccnwucaulon
'(85) 'wlth Eq. (84),

_ how, what f
ke 1n 1nls remresonL
me’

a

nd multlpllcatlon by *53. Tnus Eq
is’ ﬁnu1valent te Fa. (83)4 '

orm does lepton conservatlon (76) ta-
atlpn?

The traﬁsformatlons (76) beco

g =e e
SRR RE 1)
AL e i @ e




In fagt . .- SRR TS
L e
1;\ }h _,-;g.”..‘-
Lo
and
\X . ,!\ \'hl" f "r'}_; ‘;
1ALT - o1 g | I
e ¥z e S R
S R
i e -
- i e ;‘ e 1{
= ) oL o
L1655 ey, E
LT o - e
so that V,—> et 1A Mo oand M - el”. . And next, what &~

bout muon nuwbﬁr conservation .(77)? It is easy to seg?;g
bacomes

e e Mg g =e U
(87) e em o TR A= elflm. s
Ve —im Y ¥ ooe imyg
In fact
T, LT -im -
i iml e 1“ e Ve
-1m -1lm P
€ v=e i - %— E o o iﬂ tad
P e, b i E(er T Vil )
] 2 A0 2 |
+ ..—-"r“,—, *-im C - : '; _E vv" iﬁ:l i
so that V .-¥e "BV, and ¥, e ° ¥ﬁha
27 4 ~In order to. write. the Lagrangian -in terms of the

Y- component v we have to 1nvertvK._(84) “To" thls pur

POSu we flrst have to Flnd ‘out what +the cnarac conjugate

spinor . ¥° of_ . Spinor . Y 1s,,1n our rgpwos entation with~
Xg dlaconal.¢,T ke a Dlrac ccuatlon wlth an external ele

¢tromagnetic field
[ ¥ —demy +m/¥ =0

If now you complex: conwugate it and multlply by ,33 you
find
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The peality conditid
sbltatlon han

in our “pD’“

(88)

since such a
site to that

(89)

(D

o
in
Eqs.. (84) and (78) .

been

ntatiq

23S -

4

satf

the

and we can now invent
ner compenents from

tion 2(1 +

representation,

(30)

#
[ SR S -
(91) + 6| (z
+ (1|C‘£\§/.

Further Symmetries

;)

= A,
PPOﬁ
= a

28. For Lagrang
teristic appeara
had considered the g

nee

[ __,ﬁ( s : : PR e

deb) +m/ (¥p%) =0

ns for the ¥ in our particular repre
used at this. step. .We thus see that
n with ¥ diagonal

isfies an équation with charge oppo-
equation satisfied by ¥ . Now, from

I P :
=1 T b =
= ol . [ .. Bl
T Pl
1 3 52 H [y
R B
i Y ;
: § i, i
HE IR g
% Z2 e

'Ed_'r'u) y roﬁecting'out the up-.

-+

both ¥ and ¥ ) €. :bv use of the proiec
which aphl ed to a spinor, in our

e2cts out the uvper component. Thus

r W o= a ¥WC ;

/f‘((y‘}+l/{; )/L +

Pav) + (wFav®) + .. 1] (Vrae) +

a My + o, '3 4 othéb terms.

'

ianisuch as Eaq. (81), with its charac
of both v and’ %, Pauli and Gursey
roup of transformation (the Paull -



" - T
Gursey group) given by

e

¥oo—s dw

or

(923

s

Cyp mr v iyt
*Es
with d, b complex numbers satisfying

(83) .

The free neutrino Lagrangian is invariant Under Fal
In fact, using Eqs. (92) and (€3).

*

and it is not invari
can write, from Eg.|(93)

P

1%

(95) ad=e ", b=o0

~where m is_a r=al number and we have
L T e L L PR

-\ - -im, - im, - c
(96) EYav + AxavS-se TMExav) + e (Fxav®)

o LA PO I T

AN

If we now "complete' our transformation on the neutrino
field, by alse.pcting. on € and # with, v




we can reabsorb the |

invariance.

into
(87).

is nothing else

Eqg.

But EG.

(92) taka

Therefo”e +Hl

than

conservation.

29.

ve l1nyvariance of.

you

ot

PR

=3

Equation (8
1’1:3

nd the. Ty YAEITS

transfoLminggaccqrdl

H

OF

* o
d A

In matrix notations

(99)

where

’lOO)

with flui- rminant: unity

U

(lOl\'

The matrj
subzsrouyp. b

dowever,

This is
I’\.T" “al "Dh

and
by’

; &

s { ;
! 1
P
| % -

is a unltarv

-

hase. Faotocs in Eq.“(gﬁ)*and'get‘full
a7y, toghth r with Ea. (95) inserted
a‘tovbtn Y are ncothing else than Eq.
ubgroun of the Paul¢—GUﬁsey grioup
our gauge group (87) expressing muon

e}
4
(
A

_I}

=

L) aTSo teaches you’ that vou mloht ha
current uhder the Full groan prov1d 611
To e’and /@ '

1‘:<:>1‘mad:101'1 alau by

ng tc

I,

F—

b.

Cituen
X}? _‘"
.U';QiQé?w*' Lh§ F 1
fving. Eqs, (100) :éﬂﬂffﬁél)"forh the =
e unltvrylﬂﬂoun,inxf;Q dimensgions U(2).
s difference dous not allow Eo._(99) -

2tion For the ”%OJL Lagranclﬂn.

e
=y Ky
ravsituation alreaav mut w1tn varLous times 1n “theo™
yskes. We lalso notg +hat in terms: 6f Y, = awl -
Yoo = a wC.the Pau11~uursay Lran;formatlonvlsfglven
Vo= av —d(av) + b (a8 wCi = d v, + bV
M= avwFesd™aw®) - bYav) = aty, - bph v
dcublet notation
- . - wy = - o . i
{ e i$§ ’ I R B B
. | § w, Voous ;
P r: ﬁ-;.a...‘( iﬂ _"b’e d*&"; N L V;‘,: food




Therefore, in this. P@SCPlpthﬂ, ‘thé ! tranoformatlon on e,
i and. that on Qvag < areboth Poallzed by & unltary u

"nlmodular.matrlx U, i Lepton.icongervation togethor with
’thlsfgroub U(2) glvb_aa -a-. dlrect DwoducL “the full Ln1ta

30. I shall add, in this Spctlon, a summary of so-
.me further. spgculatlons ion higher symmetry schembs for‘
_ 1eDtons, in,. whlch I haverbeeniinvelved lastly. - hal
‘adopt’ the four- omponent- description iof the nbutr’no.i,l
shall ‘also define as leotons: the' positive muon, the neu
trino, and the negative eslectron. The negative nuoi., the
antineutrinc, and the positiveelectron are antileptons.
Furthermore lepton number is wconsevved (additively). It
follows frem lenten conservation and from our definition’
of leptons that processes such as: & *

Ao = 3e
47+ nucle . e™ % nucleus .
e~ + e” .

th@yiwdtld imply a chanp@ of l;ﬁtéﬁ

are forbidden, since

number (for a multiplicative lepton numbe rule the last.
two processes would be allowed). Itialsc fo11 WS dlﬂectiv
that. double f?-dGCay is forbﬁddun, that a neutrino - anti.
neutrine pair is emitted in # decayy etc.  Our leptonic
world contains three basic leptons: the. MUCTL, the. neutrino
and Lhe electron: It is thenwnatural to tryial o;u551flcu”

tlon of, ihe_l ptens ahd-oefthe: NEenic: curr@ntq accordlno
Ttoel thelr'Dﬂh v1ou ~undar the&oroup~U3 ‘of unitary’ transfor”
mathﬁs onuthree_var“ables ‘and Tuidér: its - subproups.w The ;
group.. U3 can-be split into Up-x SUd‘iwhﬂre SU3 is’ ‘the unlg
modular group in-threé dimens ions dnd U1 canbe- represen—[
ted by the phase--transfaormation ¢ cryeSwondlnc tS the lep- .
ton " galoe. Before sketching how the argument runs we sum
marize the main results of such a classification:

1l - Leptonic currents: In TQDWes 1Ta and I1h we preport the
possible. indenendent sets "of “currente . lev'd1v1de 1nto.-
two gﬂoups The currents of the sets of the first gwoup Ha
ve a:defuinite tehaviotr: urﬂdvlmawltv;i ‘Sets of the first
groud must be excluded because they would not allow for
parity non-conservation in muon decay. = The sets of the,
second group have the hlral cnaraCter of" the AV theory
The charged current :

&, v +“;-’f 5/—*‘*) : .‘



for such sets is alsp ecual to
(103) = -ty - YR
Ce e R . #
with the position: (90). One sees that (103) is tbe well—_“”
know expression for [the charged lepton current (with

409 = 1).

o
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can be physically
further)
s nd

choose for a
se generators are

o~ il ‘. s o ..
ct ”2‘(]3_ 4 172:‘ ‘ant
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5Tdséific
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- nton
sets of the second ¢
ty leptons (that we
~helicity leptons (
der SUz, according t
sentatiocns. This is
ght~diagrams cf the

re reported. -Ve -have
tce transform accordi

ty lentons to transl

Le
o)

e
1%

We conclur

ts of the second

ude that only se Ly .
led to

ceptable. - Furthermore. we- are-
c7a851f1cat10n that subgrcup SU3 ;
1nLeordls 0f . the Fourtn COﬂpon;ntS

r~\

::,'

,,The c CWC crom @XDerlment, of
ﬂouD 1mplles that th@ positive-helici-
pnli:-k¢a‘”.dnﬁ ey) and the negative-
hat we call: Moand e) o Lransrorm, un
o inequivalen+ three-dimensicnal repre

illustrated in fig. 2 where the wel
representations. D3(1,0) and D3(0,1) at

v

ima” io D3(1 oy and | the negdtlve-hbllcl—;f
C“COP47ﬂp to D (O i) : '

3 - Lepton- ]Susblﬁ aﬁ& 1Qut@n~strahgéﬁes.:’iﬂ the weight
diagrams of fig. 2, (nglg Foote) ignd (FE=),) F(=)) are com
muting grcoun generators. We® introduce® 8
¢ +(+) L (+
(104) 13 = F3
N (3 |y
(cu") ST T =2 y3F, oL
= |4 eetg : .
{vhere L is the lepten number) and, similarly, Ig_) and
s(=J), We can write [for the charge Q: .
. KN {,_")‘
(+) +s) (o) | pas
G = I, »  LiS = I, e
- | L2 Toon e a2
and we can lal \péﬁ 'é1éS anu; urrenf: bv their right=
-isogpin It } leflt-igosnin I1(- ), risht-strangeness
s{*) and left-chan geness s(-) (gee tables ITIa, II1b,
and IV}, 00 Lo
4 - Baryon-lepton symmetry: in the last coclumns of the
*tables IITa, IIIb, and IV we have reported the "corre-
snonding baryon” and the "ccrresvonding mescn!s for each
particle and current|, i.¢. with

tHe baryon or boson

ae

1 groun .,

s WhoL

e chosan the DOSltlve helicity. leptons?--



corrgsvonding ouantum numbers (the correspondence is:
lepton number <= nucleon number; Q<% Q3 .Y+, 5= )QMJS;
1(+), 1 (=) <> I), The baryons Z~ (isotopic spln I1=20
S = -3) and X% (I =0, S = +1), and:the mesens ¥ (I =
S = £ 3) have not Deﬂn found s& far. The baryon-lepton
COPPGSDOD@GHCL rules of tables IIIa, IIIb and IV repla-
e amba, {ﬁrshak Okubo correapondence rule. f2=,

Cit leuld 1953 to «f sparity conser 'ng 1nt rac _”

tion. We generate the weak four-Lenton Lagranglan, L','” ol
self-counling of the currents of tablé IIb (for each  ‘of *°
the chosen ‘sets of- tHe >@iond.: avou@) - -Me write

. j‘:u"’-

2 % the 1imit of
,,_,Erpmﬂthe measured value of
ecay we' tan, she S,

-jl? ]29 '13, L? f
and L3 from the e

: ',Symmetmy 3
“parameter’

argument. Zhg gcuvrdt“rs of -
Fo = L, Fy, Fy, «... Fg, and are &5s ume4 to be 1ntggﬁalshi

of partially-conserved local currents

(107

o

The curr#nt 141, L,Lduselof 1+s Jectcr Cneracte
can be Gocomposeﬁ into & contribution from positive- heli
city tavrticlesrand one - fre ative~helicity particles,

e )] e
(109) RIS )f- £ 13Tk
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Table IIIa - Guantum number assignments to the leptons
with |positive helicity. The correspending
Laryaens are ]ﬁ(lvdteﬂ in last cclumn.
The baryon Z~ has not yet been discovered.
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Table IIIb - Quantum number aS%lCﬂPCntS to the leptons
with negatLVQ ll“ltyw The correspending
baryvons are %D cated in the last column.
The barvon X has not yet been discovered.
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The commutation relations with the cha arge operator Q
must be of the feorm o

v

) (+)} (+)
(110) LQe Fi j&'{Qik rk;iﬁﬂ
ain - {o, 57 - Cix Fx).

l2 do not need to SDL01*y Cik’ .
We now construct the' 3-dimensional- representa-
ticns fi of F.. We distincuich two cases:

1 -
- A ¢ 4 - .
(1) £{= and fi are related by a similarity transforma

tion
(112) - S U A P

i i ,

(~) () T IR e o
(I1) £ and fy Are hot related by a similarity tran
sformatien. In such al-ase o
) E I

(113 f. = oW F, T

1 PR
must hold, is .the répresdrtations contragra
dient to (110) and (111) we can show that:
in case (I} L
(114) t 9.9 VI\T% = 04 :

while in case {II)

(115) ?E..fj

1

where foﬁag denotes |[the anticommutater and g is the 3x3
representation of Q. |In both cdses,, (114) or (115)"defi-
ne w in terms of two real puﬂémeters. Faving constructed

(+)

fé”) we demand for it the same reality properties of £y

(time reversel invariance). Such a procedure leads dlrec«
tly to the currents of] Tables IIa and IIb.
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The Lagrangians Lay Ly are given, by

L= (vyae)(vy ? ) + (A,Vai))(eé'av') +

+ -}; (V¥v)(&8 yae) *31: ( ;w )”(fz YE#)
(118) - 13 arae)<15ﬁ&> po i

+ -}:k i) (S yacy s L c/a;;ach,u FEA) +

=

f2(e}vae) +5N1
+ (é“{ae)ff 2(e5§ae) + (oﬂfae)i.“nmw'”\

SO rrge) +§§ 2(3 Y3e) +

Dl (B ?EE) v}_ (N ‘L: )’.t_) = f (,‘” . a/{,.\ )

' <y f

2(&% ﬁ/““) o

+
~~
o
o
o}
s
St
Py
o L
o
o
A"
N
» ll-'

- ' u
+ (fF ')’ Qfe?aa) + (2 ¥ ae)

| A

We do not report the form of Lo, since as
we have indica*ed it is presumably absent. Both Ly and
Lo would contribute to A -decay.. The total contribu-
tion would be of the form

A18) (B (g ¥ TN RS



If L,
A =decay La?ranglan
can be simply

is abse

read off:
g3d. “

in 4 ~detay “1“
*\:§- , ;:?.? and

m n
pep! flguros (1 3) for btajine

The rcsult {106) 1nd1c2te that’ the sclf—cnup ing

of dy.:3gs 3 is.presumably.absgnt,. Such coupling, if
mediated by 080NS, would have requ vired double char
ged bosonsu’ ouplineg~of jgiand jeito styrong-interac-’
ting current: ‘h~Stranoe ness.¢ongerving. and:. StrunUGHGSb
nen- Conser seems 1o be experimentally @xcludad.m

. Invs nce under SUp of the weak four-lepton intg
ractih@’bgn”@' etly bé cheeked bv weisurewcnt of.the c¢ross=:
section for scattering ef: Vg on'e. (withneutrinos from nu
clear reactors). It alsc allows tc predict scattering ‘of
Yi  on e and weak effects in 5o;tferinp and 4 -pair produc
tion in high ernergy électron-positren colliding- bpamo. -
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[y
L

cross—section in the laboratory s
+ n derived from formulae (&), (3),

stem for V + p =
{(6) and (8) of the text:

& () d{ces % &5 4 (8, &y dd(cos @)

= laboratory

where %, = laboratory neutrino energy, ©

scattering angle, and

- 7 -l . 5y =31
(8, &,) = (l + 28| gin? %} i cos? % {Flz +

K2 { ) I 2 2 @ ] 2 nj
+ = | QCF + AL b ) +to = + i, F +
umMe2 o\ 1 ‘ 2 so2 Mr2 ,}
- . b 6 -
! _ sin 4
+ le I 1) + sin? %»+ 2 ;2 2¢ +
- i 1+ 2% sin? 21
o 2
2 - S.lnl% -é- rd
.qul(F] + f_.i'z) LM é‘ - 5 ( 1 +
1+ 2?811’12 = ~
- .‘ 2
+ [ S 2 .@ \ }%
&in > ) ;

v e .
r Y+ n-=sp+ & the A~V interference
1

- e ot
with £ = K,/M. Fo ‘
term !that proportioche to Hy(Fy + #4F,) | changes sign,
identical.




Appendix II

Write
A+ B Y 7
C + iD )_(5
Now substitute into
"
/sl/l

Comparing with Eq.

art (4 + B

t

ar' (¢ - 1

that are equivalent

(A + B)a + (A - B)a

= (C + iD)a + (C - iD)a.

Eq.

TY% = (aR + as8)

(T3 =war!

52) we find

R+ as’*(A - B)S = 1

t

D)S + aS' (C + iD)R

(58) together with

+ an ).

M(a + a)

to Egs. (61), (81') and (61").



Appendix IIT

Write

+3

Then, because of Eq

b
~§D

Therefore X = 1, ¥

9)

implying the condit

SR
1

‘Then take Eg. (81)
Egs. (61') and (61"

o
=

ermitian conjuea
<« |Eq. (61")]

=

>

which reads

I

Write
A+

(c? + p?)

ag(éx + EY) ‘?/’ T

T

;.(Gg)ﬂuu

e

ax %1

arbitrary; or

asy

ion

and what you get by eliminating S from
), namely multiplying according to

te of Eqg. (61')?*{?nverse of Eg. (Sl"ﬂY

2 -1 M2

(c? + p2y(a - BYIR




Then Eq. (61) and this last equation givei:

R' (a Py + b P_)R

t
a R' P,R = 1

R' (p P+ g PLYR="p RI'B4R = M2

o

where we have used the above tedndition {?iRm%antg;pbtain

R PR =R' TP R =4 R1-1¢1s EIR = R} PR =0

is incempatible because‘a and p and numbers, while M2
contains a term proportional to ©3(it is compatible on
ly if Mpn = T'le) - DI e b

R e R e e T Rt
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