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Lecture I

• In these few lectures, let us discuss various aspects
of the theory of weak interactions. The most general form of the
weak interaction Hamiltonian may be written as

where H-t.ep involves currents of only leptons (examples of
such pure leptonic weak interaction being the proto type mu-

. . '-.
decay and neutrino-lepton interactions). H· involves bothS·L
leptons and hadrons (strongly ihteracting particles). The
examples of semi-leptonic weak interactions are the familiar
beta-decay or mu-capture (whicp conserve the strangeness quan-
tum number) and KL3-decay (for which /::.S to). ·The part

H-NtL- does not involve lep'\ons at all. It is very difficult
to understand the .As -=0 part of this non-lepton1c weak inte-
raction since it is usually masked by strong interaction. Few
examples of non-leptonic .65 -f 0 weak decays are the K--rr

decays and Y-N~ decays (Y here refers to the hyperons in
general). The range of the weak coupling constant is rvl0-4gerg

3 .
cm and may be conveniently described by the dimensionless
coupling cons t.arrt vv lO-7t,c. (t )1... Most of the presently

1Y)rrC
available information are about the semi-lepton1c interactions.

,~ .j.

J
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The basic assumption made about the weak interaction
,.
r is that it is the Fermi type local interaction. Though the

Yukawa typc non-local weak interaction through the exchange of
he~vy mass (indicating the smallness of the non-locality) intcr-
mcdiate vector bosons , it has so only been academic except in
some neutrino reactions which we will discuss later. Let us
first discuss about the beta-decay for which lot of experimen-
tal information is available.

The most gene ral Lorentz ihvari ant interaction Hamiltonian for
this decay may be written as -

H T \!~l\YI' 0,- 'Y".,) ( ~ e, O~ \j' -V )

...- C~ ( f DL' \)J~l)Cy~D~)'s r,J~l
p ~

-t~ .. C CD

-

where Iys •stand for the respective particle spinors (or fields)
and the operators 0 \ l.> stand for the five operators

t..

o :: Is
o , -'is-

°A - C "r"f!;-

0.- -; .;~[ --{r ~v J
I

°i - ~r ::, It-
~l

~ I., 1-) :J
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, In writing down eq.(l) we have discar4ad terms of the kind

Z J).: ( Yp 0,; i",) ( Yc O~ o/",(!)
t _

-1- 'J>: C~ 0,;. f--")('V" 0,---6, 1-vC
)

I
I
i

c,
where 'YI> stands for the conjugate fields, by a redefini t1.on

of 16 pton number. Notice that these terms should be included

on the basis of only Lorentz tnva rt anos., Let us come back to

this point when we discuss the lepton number conservation. If

time reversal invariance holds in this case, then the coe:fficjc'l.ls

C~'0 are real Eq. (1) may be wri tten in a slightly -different

form

Let us go to the non-relativistic approximation of eq~(2). The

seaLar and vector interactions arc of the Fermi type k: lL.p

obeying the selection rule bT =- 0 and the tensor and axial- ~
vector interactions are of the Gamow-Teller type U. I c;- ~ ,

with se l,ecti on rule s t»T::- o ; I~ 0 4 0') transition being

forbidde~ Here stands for the angular momentum and ~ for

the Pauli matrices. We omit the Pseudoscalar interaction whlch

in the case of beta-decay contributes almost nothing. In thi s
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.non-relativistic approximation

(3)

vv\
~ ~

-cr,/p
- /)v
t.-+- ~'l I

•

In order to explicitly eVdluate the coefficients occurring in
(2), we resort to experiments of the following types, namely the
determination of (a) the asymmetry of emitted from polarised
nucle~r or (b) the longtitudinal polarization of the electron
from unpolarised nuclei.

Let us first discuss the famous Wu's experiment on the
60polari sed Co nucleus. The ini tial

b~ ,~ - -• This decays as G'-:" t~+ -e ..t v.
J=4. Hence this is a pure Gamow Teller

beta decay from the

Co60 r:has T -,;.::J
The final t~60 has
transition and thus the interaction should be a mixture of T
and A. The angular distribution of electron is given by

I

where
l. L.T~7

(

C, L'T
'2-,,c, I r:-

•..
The longitudinal polarization of the « is

)

C: CSI - C y' C V=~~~~~--~---~)Cst..- \ csl~ \Cvl'{. \ c; 1
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if the transition is of the Fermi type
,I

~ '\9" C-r C-r - C 11 CA _

7 leT )1- + ICT, 1~ IcA \ \ 1 C' i1 ' /l-
if the transition is of the Gamow Teller type. By CP invariance
we lmow

Experimentally one finds

()... - ~r-e -::: _
C

Q +-
- Ie

This moans that in eq.(2),

o -/for

- -, for ()
Thus, we are left with the possibilities

~+ ~
'Ve "'(i-J 0 V, f1 C 1+ b,> ) "¥'\l

or

(4)

for ~i'Y\}-. From the commutation properties of the -matrices we
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know that
"(5 -::::-0 I 'Y'l- 0"3 --Dl-t

so that eq.(4) may be written as

for Vand A

t- ~iF Dc If",) ( "0/':(1- as )1/j [)~,'1-,1 ) of ~-c]
for Sand T (5)

Theory of two component neutrino

The Dirac equation for a spin 1/2 particle may be written as

(6 )

Iwhere D 6 are the usual (4 x 4) Dirac matrices and m is the mass
of the particle. We can also write the above equation in a two
component form.

( 7)
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where ~h are (Dt are the anticommuting jdampotent matrices with

1)K -- - L ~ J"'~ K:: I)),) 3

. 011:- ~
D{ ~ (rA) rA-;.. cA3 (8)

-- - ,z, 6"
I- - o(~ 0.---- z-

- - cf, S 03-
Also

0( "Y~- O~ 0(
~,..- - C-

;-

where
;;-,; := - l tJ 'f- ,< e. ~ , t 'fY) CJ;t eQu-

L 0'5" ) ~] z: 0

Thus from eq, (7), mul tlplying wi th ~.f we find by using the

properties (8) _") -")

OC)£,¥:: '"'6,,(kr +~<Trl)i
-:: - (~C-V --PqrJ Os) ~

Therefore

(f~ ~s ) \}J;c ~ -t ~ ~1J y
"+ ~ p1s "Y

E
(9)
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In the case of neutrinos, we know

IT) - f
•

Thus, we get two equations
~~

(/+0.,) 'Y-(
() t is- ') ~<

(~").y;) [c\>r D'~') y"J::: -+ (l -T -;. ~ ) ~

and for f 4. D

-) .-'":>"'\ l(I -+- ~ )\ 1 --+- ( + '1 )
( <r - P ) rJ ~ )"IJ 1'5' ~ .:... I - r . y"

where ~ is the un1 t vector f
T

We then find that the projection (I + 'i~,,)'¥ gives a

lefthanded neutrino (or) a righthanded antineutrino and

gives a right rv or a left ~. In the language of second quanti-

zation t::,: projection (1i-'"1s:-) ~'" absorbs a left ~(or1 emits

8. right '\J and the projection 1!'\lJr ( \ +- ~'~) emits a left

ru (or) absorbs a right 1) and the total four comp 'f~ may then

(10)

be written as
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In the next lecture we will discuss the experiments which suppor-
ted this two component theory of the neutrino •

•
Lecture 2

In the last lecture we saw that the weak interaction
Hamiltonian describing the beta-decay process may be written as

"''vol :::. 2: C IS- 'V; c. %) ('t'.e\1-""5) 'It 0 L IY.J] + ~. C

=L~ 1\ C,; [efl> 0,- 'Y"V\') ( .:vc. D,: (It ~.,) I'''J + -t,. c

+". z: C~ \'c?~at-' ~"" ') ( ~t 0": (\- "1',.) -y",)J -1- -t • c.
L-:t;> -r ~ r

i.-[ehave neglected the negligible pseudoscalar t erm , The
division of the Hwinto (V,A) and (S)T)combinations arise
due to the fact that the operator '6.l.t 0;. commutes wi th ~!,- if

" - V A and anti commutes when l' - S I. There have been two
"" - ) - )

kinds of experiments; first one has to test whether the combin2-
tion (\), A') or the combination C~) T) is compatible with
experiments on the detennination of the helic1 ty of the neutrino
and the angular correlation of the electron and the neutrino.

Goldhaberts experiment on the direct measurement of the helicity
of the neutrino

The reaction considered is the K-electron capture of
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the nucleus Eu,
\ S' 1.

}::.u, +- e
15"2.1-

5'"(u.

)$'1.. ~
~g .Y\,. .

)S- '")..
-') ~,~

\ <'-2
The initial nucleus E~

ini tial spin is "J -= \
"J-

has J"= Q. Hence the total

:r -:..0

"'j::

:r-=o+

This is a pure Gamow-Teller transition and so we have only A or

T in the inte rc~cti on. We can give the spin-momentum balan ce of

the reacti on as follows

\

!
l
L
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The experiment consists'in selecting those I .rays which go oppo-

site to the direction of ~ (i.e. the -Y -z-ay s that go in the

direction of the recot L nucleus) by studying the resonant scat-

te ring of the y -rays •

The helici ty of the Y -res will be the same as that of

the neutrino. It was found expErimentally that the beliei ty of

the lr -ray is negative. Thus the neutrino that is emitted must

be lefthanded. We then have A and not T in the interaction

Hamiltoni an. The angular correlation between the electron and

the neutron is given by

the experiment on the angular e V correlati on in the beta-decay
3S

of P (a pure Fe nn1 transition) yields that a.'F ...., 0, indi C8t-

ing that it is V and not S that ente rs the Hamil toni an, Thus

we are left with a unique chot ce of the form of the Hamiltonian,

namely, that it is a combination of V and A.

Half life of neutron and

The experiments which fix the relative sign between

and A consist in comparing the relativec ~~) values of
14

and a neutron. The beta-decay Ln 0 1s a pure fenni transl-
14 147\-t:i.on and thus involves only theoqector interaction. 0 _) N
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Both the initial and final nuclei hav s r ::;0 ,. the transi tlon
thus being a pure ferm! one. The half life time is given by

1.

Ilf \ *" /),1 I _ I ,\o C J '"0 T= 1 TE: I...) and N ( T;- 0> J :: t) 'i.:0)

Then
2- '

I{I I0 := 2 using Wigner Echart theorem

Thus I~ re )~ is known. For the beta-decay of the neutron
V "'1

we have , 2..
) 2- '").. !ll\\2.fj-:1- r-v }c, f Y\ ) j1} i-T)\.

I cvi 1 M F ) '2. + leA 1'2) N c, T \'l-t'"'V

'l. .'l..
N lcvl i + IC A l . ""5

From these two measurements, it is found that

However, it should be remembered that the detennination of C 11

involves nuclear matrix elements, and thus carries with it the
usual uncertainties. Hence the following corrections are needed.
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(1) Fini te distribution of the cha.rge of the nucl:'eus for

the e Y phase-space Fermi function F

(2) Screening effect of the atomic electrons. For the

o ~ 0 t ran siti all this has been com:\,utedto be

I C V I '2-1 M(' \L-ltt-) ::: TT 3 ~ ~ 2-
I'W) s- C it

o

from which ~ V could be determined.

(3) Radiative corrections: For a free neutron that

correction to the radiative effects has been estimated
.• to be

while for the'· neutron in a nucleus, it is still not yet

completely clear how one can determine thts correction
unambi gously.

Isotopic impurities due to coulomb potential. This

of ) f1F I~ to the extent of

L O. ~~ ' J.
modifiES the determination

.6)tv\F\2..

\MFIl.

(5) Isotopic impuI'i ty due to electromagnetic non-coulomb
effect. This correction SEems to be rc,ther sm2.11.

The confi Im8tion on the relative magni tude deduced f rom the expe-
14

riments on the ( tt) values of 0 and It comes from the

menSurernent of the electron and neutrino asymmetries from the
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polarized neutrons. The angu lr r distribution of too electron

from polarized neutron is

~(e) ~

d -

I+- rf., (eS (J

L., T"/.,;/

J C J + 12- )
'\j-C

1-
1(' A 12- IJ ~ I +2..CpCy jfn+'j

'(S~/I{11
Ie A I ~ \ S ~12-t )Cv {l 1[/ }L

1} where e is the direction of th c electron wi th respect to the

f

. ~:
~I~

;€

f
l
11

rr
t
~

I

incident polarised neutron. L
~"rith Jl -:Y2- \ f ~ \ ~~

) )

cA rv (I C A I'-L-+ c. A C V )

Experiment shows almost no asymmetry for the electron \vhile tho

1_

)~ll:: ( , we have

antineutron prefers to come out in the direction of L J'K '> rV •
This fiXes that C A ::: - /. 2 C V

and thus the in t c ra ct i.on to be ( V - A )
wri te the beta-dE::"'8Y interacti on as

We may therefore

fi rv c:V fII'1p 'i("c (\ + 1 lS- "1,- ) \jInfl] U>r (,l-"'? )ly '"~j
+ ~. c.

L.\j ~ ~
<rx:

2- 14 26
From the expe Iimen ts on 0 ,AI ,and many othe r nuclei, it
has been found that

•..•.itCf 3
i C; ::: ). Jt 0 2 9 -t o· 0 0~ ~ 'I 10 4("'"
r·
t
l
i
l'
I
L
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Lecture· 3

Conserved Vector .urrent Hypothesis

Compari son between the 'mk -decay and beta. de cr.y r at.e s

form the basts of the conserved ve ct or current (C.V.C) hypothesis.

The existence of two neutrinos hes been established

b0Y0nd duubt. Then the conservation of lepton number breoks

up into separate conservations of electron number (electron

~{ number for c.- ,-..)t::; I and for r--) v r -= 0 ) and muon number
) -

(muon number for -e ) -J e :: 0 and for r- , -Vr- z: t ) 1 We

will assume the locality of the four Fermi weak interaction

and the two component neutrino theory. We will also assume CP

and T invnr1ances. With all these assumptions, the r- -d ccay

interaction maybe written as

The ~-dec2Y probability could be calculated to be

+
JrJ- Ll

rV '" 3C1-)C)+),\(i-:x-t)+pRCtnOoLSl.- c\ X .3 J
t>- X + 1- ,) ~ '"J.. -I)J J

where f is the Michel parameter characterizing the shape of

the spectrum. P is the pol ard zation of the f"\. 19

between the polarized direction of the initial r:
is the angle

and the
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momentumof the emitted electron.

~. _ electron energ~
" - Emax

"ond [ 1s the variation of the energy wi th asymmetry 1-:::
asymmetry in the direction of the electron. If one assumes

<#'11 .e -;;: 0 ~ {'(Y\ "I )

values [' =3/4,
Ei-P}theory gives the following sets of

~ =3/4; i = -1
1\ A

~ ( Pr' P-e.- ) J

corrections to the f -decay cal.cu'l at t ons ,

Radiative correction: In the case of Y' -d ecay , the

radiation correction is fini tee The experimental values are

g =07780.±. 0.25, 11)7; 0.975 .± 0.054 (Bardon),

~ 0.96 .±. 0., 05 (P1W:1O)

The second value of {1' \ is calculated as suming ! =3/4.

The electron polarization given by the (V-A) theory is

(purely longitudinal)

Polarized electron gives rise to ~ircular polarization of

Bremstrahlung photons. This is measured by looking at the

compton scattering on magnetised iron.

Remarks



; (b) Though (V-A) theory with "rY).e'::o:::~ ~e..giVes the va Lucs
R(f =3/4 =J', J = -1, these values do not imply ( V-- A) theory.

(c) Effect of non-locality

~

I
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may be put in the previous form by means of the Fierz t ransf'orma.,

tion on H.

Fie rz transfonnati en is defined by

lc C ~ ) b 1 C)):;. \ ;;6: 0c "t'bX ~c 0( 1c )

7: 2! Ch-; l-i ( a. ) 0\ > c J Q;-)

where

5 V , PI P
s J.. .J.. ..L J.

J.f 4 it J.t 1-
V -t;. 0

.L -'/.::2- •.....
d.~.i :: - ~J2-- -y 3/2-) o D2.

PI Y 6 - i2- -1)......

P -L -- 14 1- -1.
1.) Lj 1,-

t

If an intermediate vector boson mediates weak interaction,
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then ( V-A) theory .gives

f:: ~ + 1. I rvY't.)A--
~ 3Lrmw

t -Y('" f -) - ~ (~f" 'l-
s: ~w)

However, at present experiments indicrte

that if a uJ meson exists, then

tiYl \.U 'r/ 1.6 Ge V •

(d) If 'YY)Vr" t()(still with rrflv(. ::0) then the spectrum gets

changed a little. 'But the expe rfmen tj-L estimates on 'Or)vt"" 2. re

not yet conclusive. If one could measure the photon energy

ra theraccura tely in a radt ati ve t- -decay of the charged pi on,

then one may possibly dctennine '1Yl"lf. At present rrn"""l'seems to

be ~ 1MeV.

~ife time of the Muon ).
')... •.• rt

Cf 7V'I f'" C
Oft -1~2.1T3,*'"

The radiative correction gives ~ l'r-- _ r-v _ O. 1J 2 /.,

If"
implying 1:>1 f'I le/Jr> ~ + o- 2 1 I

The best value for~ we have at present is
r -~9 3rf ::I· It J ~- f) +- {). 0 o I I ...;. J 0 e'¥ d- C 'YV7
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(a) If we have (V - A ) Law + intennediate
1-

"(: ~ Tf~ f, - 2. (~ \ + ~ 0__ ~ u) J
I L S.· ~ u) ) JT "--'"'l rm rV

'1'r>w /_ ,0 b G, e v

Remarks: boson

This implies a correction

rv Do) -l •

Lecture 4

In this lecture, we shall discuss the conserved vector
current (C.V.C.) hypothesis. This was suggested on the ground
thnt wegk vector coupling constant remains unrenormalized due to
strong interaction effects.

Let us now take the ~ -decay process and t: -decay
procesp. The weak int€r~ctlon hamiltonian can be written in the
form H -:: JJ'" e r

where -.J A
TfA -- J~ + ~

e,r -=- 'f c. ror ( 1+ "s) 1'--J
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and v -'::

"J"r- ~v y,.; ".;-
"Yr-J- Yr (f-~" -

~.~-~.~~
J,~ ~ v -'. - '1'" "'(s 1 1- 1r1f'" - .;«;li-

I/
,

)1-1'+ - 1- L-
G:

1:J

1
,-~.

If we compare the weak vector part of the strongly interacting
nJ

particles T,.,.. wi th the electromagnetic current of the nucleons

which we sh al I wr1t€ as

where

H f~---~- IN -+ • • •• •Vi,_t' {-frJ 'f"
- e..~

~ J ~ =

+ T e.'"I"n
Y'

J;" .ttf) (Isovector)

z i {ir'r1:3 ,),,,, +[n--'>+~ J +- • .. , '(
Vi, V"fi\ D S

Here A l"'is the vector field of the photon and iT 1s the
. lw~<)field of the pion. Now if we compare :rrn (vector)c. /'W")

with Tf" (Isovector) we should observe that these two

( Isoscalar)

(I S ovect or)
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currents, viz.

-~) ~v ( -J M (v ec t or-) = - \.)} "i -r +
( ~ TrJ t: -

and T (.'Y'f) (Isovector) = e. :;;)--{r-C
t'A 7;,.. 1rJ '3

may be thought of BS

components

l}C")

~ =

However, we know from geuge t.nv ert ance of eLect fomagne t t c
C·'l'\-1

interaction that this current, J,..,.. is conserved. Now, in

anaLogy with electromagneti c interection, we assume that just 8.S

C - ~Tf"'-' rm each com"Qonent of the iSQspin current, viz.:T,tv-' (weak)

is con s e rv ed as was postulated first by Feynman and Gell-Mann.

This principle viz. that each component of the isospin current

is called the ccnse rvsd vector cur-rent hypotheSis (C. V.C.). O~

course we neglect the electromagnetic corrections to the weak
'\j

vector currents when we talk to about the conservation of ~ ~

(ve ak) , This prfnct p'Ls seems to be highly favoured by expc rfmerrt s,
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We shall see later how this principle is supported by experiments.

ThE essence of C.V.C. hypothesis m~y be summarized as

C> J. \f-ec.~ C+ _. ,.,.. ) - 0

Consequences of the C.V.C, hypothesis and its experimental

verification

On the basis of just Lorentz Invart ancs one ·~ould write

down for the matrix element of the electromagnetic current

/ C· ~~t 17/" lp7
-::/-'~r' { t:: ( 1"yrr - Tf" <if'"" V-v ~ Lv ~ +f" (~L ) ~r

where ~ and }:>f
emerging nucleous,).

prinoi pLe , there are

are the four momenta of t he incident and

= p' _ ~ and t'- s: r-~- ]"I'¥\. In

five terms for this matrix element and it
,.

J is em easy matter to show using Dirac equation that only three

of these five are independent and we could choose these three

as "t) "r> ev.,; and V('""'. These are terms we have written

in the above expression. Gauge Lnv a rt oncs of J r"(.'W\ would

imply that r~(~(2) is zero.while this term will be present

in the case of weak interaction currents. The conservation of
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will mean that
f2. CO) '7:. )

)

That is, at 1--:.. 0, the charge is net renonnalized by strong
interaction. In the case of weak interactinn, the vector current
of the hadrans may be written in its most general form as

L p' I T"" "I p "7 ':: /.-' ~V ~ f I (~? ) -(r - r: r~(f )0r" 'it.-,j
+ d".J",'1..)"G r ~1v (~) ~ 1"1

~ The coeffici ents are so chosen to make f'l S and 1:, real~
~ The consequences of the C.V.C. hypothesis are

(a) f:, and r- 'l.- are the same as in the electromagneti c
case

(b) At t ~O, there i$ no renormalization of the vector
coupling constant

and (c) the appearance of the ·weak magnetjsm' term.

EXperimental Verification of C,VtC, hypothesis

(1) The experimental result that the coupling constant
of t!.e r -decay (VI'" ) and the vector coupling constant in the
~ -decay C~Vf / are equal 1. e.

( d" po ):::. discrepancy)
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is a very good experimental verification of the C.V.C. hypothesi s,

This mean that inspite of the fact that p -decay involves strong
interaction effects while r -decay is purely weak, the vector

.coupling cons tant is not all renormal i. zed by strong interaction.effects at zero momentum transfer (The weak interaction till now
is considered to be local e.nd only the first order is taken into
account though recently), there have been attempts by Feinberg
and Pais to show that higher order effects are finite and should
be taken into account}. As a matter of fact, it is this equali ty

that actually gave rise to the C.V.C. hypotheSis.

Evidence of the weak magnetism term

In order to test the C.V.C. hypotheSis by experiments,
it is essential for us to select a situation where one could
isolate the vector part alone from the rest. A very important

in which one has to study
I~and C • The system we are

going to consider is the isotopi c triplet ( t-J I)... (' ') B 12 )
\ .)

experiment was suggested by Gell-Man~
. ~

the nu~lear beta~decays of ~'

Consider now the following transi tions
I+ I:: ') T~ =- +' It I -::I .,T3:: 0

I~' ~ "/-eV 15 .• ) t/LRv

+
I r-:-

,
'\

,
I

+ \ " fl·l' " I ,...,

\ I
\ I

I\------------~-----------------+-
0) L.;..o) T3

\ L \ 'l-
N C

o

I
I
I

I

I
I
I
I
I
I
I
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The test consists in compart ng the eLect romagnet t c

t ranst tion ('; ~ ~ 1)..- wi th the Gamow-Teller (Ct. ~p-deCayS
~ 1..- I 2- I t..--

~r -..::;, c ' and ~ -..:::,. e. • According to the C.V.C.

hypothesis, the matrix elements for all these three transitions.
should be the same except fovm1nor coulomb corrections. Since

the energy release in the r -transi tions are sufficiently Lar ge ,

in addition to the allowed G.T. axial vect~r transiti8ns, the

first fcrbiddent A-V interference term also will contribute to

these transitions and the separation of a single term becomes

djfficult. However, fortunately these interference terms are

of opposite signs when we consider both ~i" and~- transi ti'"'n

so that by taking both 13+ and transitions one could

i,.> eliminate these interference terms and compare the weak magnetism

term in p -de cay with the corresponding ones

transi tt on , For the (b~decay spectrum we have
dN- IdN-

~ -=- '-) \;+<6- (-
dE Cd E ) czllow~cl l rtL Lt:.

in elect r-om agneti c

The first te rm on the right hand side corresponds to the

allowed transitions, the second tenn to the first forbidden

term and the third term tc the second forbiddent term. If we

neglect the third term we will have

(4 N_ S ) ( I +-i a.. E )
VE o./lcuJeA --s

a-llOWGd
-(

f3for dece.y
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Similarly
dN t- (d N \ ( t
J F: -d[ Iallowed I - ~ 0. E) for ~ decay

It should be remembered that ta, comes from weak m2gnetism
term. Its value for electromcgnetic transitions is

a :: 1+ If, - rrJ ~ A· I

The value of a for to transitions should be the same as that for
electromagnetic transitions if C.V.C. hypothesiS holds. Careful
experimental measurements of 'a',in the P -trans1 tic·n have shown
that the C.V.C. hypothesis is correct •

.E -decay cf the lr -meson'

ConSider the decay

7T t- ... rrO + -\-
e.

;!
'.:

In the absence cf the C.V.C. hypotheSiS, the ebove process Can
go only through a virtual NN pair loop and thus one has to know
much about strong interacticn effects. However, C. V.C. predicts
a definite rate for the 8bcv€ decay and 0.ne can compare this
wi th expe riment s, It is a very easy ma t tsr to show that only
vector part contributes to rths above decay and the matrix
eLernerrt may be wri tten as



~.J
·7··

, .~

~.'

.,
The procedure consi sts in relating the mat rf x element

.} TT "I-r: 'i J Tf + ?with the matrix element of the 1s osp tn operaro r.," r
i T- . We shall only quote the result. The brcnchtng ratio

according to the C.V.C. hypothesis is

- r(]1'+-+ 7f b-t c -+ '\J ) _

r (if' +-) t: -f ~ )

.-,....~
J, 01 -r D ~"D'). ,( I 0

and

R ~/~F = 1.•15 + 0.22 -8
10

= (1.08 + 0.22) theo ry

Later experiments have shown even closer fit thus

establishing the correctness of thE C.V.C. hypothesis.

fJ- ,-{ angUlar correlati on
I

Bouchiat has Suggested the following test. This test

ccnsists in the analYSis of

tripl£t N~ It \ f\\.J ~ A (74 )

A+- f-
I L=-( )T~ - I J.j' I~l ,l.:s-=- 0

- . _....J.":....-. _
N~2.~

transi tions of the isotopic

•• The transitiomare given by

OJ - 0) -6-
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In this case, both Fe nni and G.T. transi ti oris occur., By studying

the ~_ -( angula r correlati on, we can get the Fe nn1 part of the

met rtx element (For Fenni transition we have transitions).

Of course, some DT -:...transition will be present due to iso-

topic impurtties of the nucleus. If these impurities are due

to only coulomb interaction, then C.V.C. will told gnod. The

anguLar co1'relation is given by

CoS e
where

and

Under charge conjugation

Mc.r -7 (Y)~. "I

t<lf ~ ~ C r'l~)- I
+- -so that C.V.C. hypothesis predicts A t 11 ::-o· Experimen-

tally this is satisfied.

(
"i.,;
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Lecture 5

Partially Conserved AXial Vector Current end Goldberger_
Treimen Relation

In the Lest lecture, we were conside ring only the

vec tcr part of the weak interaction current. In this lecture

WE sh aLl, discuss about the cxt al, v sc tor cur-rsrrt , For this let

us take the ~-decay

The black box contains 'all strong inter2ction effects since the

pt on is pseudoscc,.ler, only axt eL vector current ccntributes. The

matrix e Lemcnt f(':r this process can be written as

~ A ( 11~ /Vi"') (V .L 0 I J: ,7r» e.r
~ r- ir- D A 1r-J

Of) :. Y A (If r-{r) ,

and
G.. 0) >
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~U QI (l ls the only vector av af.Lab Le , 0.". has the dlmen-

( y,...,.,..,). By eonse rva tt on of momentum, we heve

Pn :: rr + IV
51or.

Hence

and the re fo re ?- 1-

~ if to) f'"
'" 'S

~ 7T rrnn

+Expe rim entally r vas fcund to have left heli ci ty.

Expcriment8lly 0Jr hellcl ty was round to be correct and

1..- ~.!2.tX/O-1-
Off z: y

f'(Yln

C
1 '\.. ,'1-

rm 7T - "fY) rn )

Also

-1(( TI-> I'" -V)

~(iI ~ {VIrJ)
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-4The 6xperi~ental value is 1.2 x 10 thus implying

This is the so-called ~ - e universality. It should
be rem~rked that even though the pseudoscalrr coupling is
allowed by pC"rit y , yet such a coupling would lead to the unphy si ,
c2l result l<lY' -e ) rrnj~f so that. pion decay is a st rong
Evidence fer the nen-fxistence of pssudoscel.e r intere.ction.

Goldberger-Treiman Relation

It is & very easy matter to show that the axial vector
current cannot be conserved. This is so be8Ruse

~OI()J:(l> -L~JtC~:)~
- l ~U ran;-

ft
so that if d J~ :::0

I
then

That is pion is net coupled to leptons at 811. This is ccnt ra-
dietary to experiments. So

[)"1; ~()
Th€ most general matrix element for -decay for the axi<:.l
vect.orLnt eractf.cn part can be written as

,I. p IJ:/ 'Y) "/ "'" l (~[fF/{t'L) Or 'if - i f,/~) fl'" 'Os-

L' {.fl (~'I-)(fr + 'Ylr) D's] Zt~
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If one assumes G-invariance of tht s nonstrange decay matrix

"-element (the inv2ri ance holds since L c;) s J = o S being the
)

strc~ngeness operator) then it is easy to show thet

· C,( '1r/''{/",'Is-?'+i",Jc,-' ::. =: i~Dr -'cr-"jJ",)
Get Cftr i"S' r~YrJ) C;I :;: - C \f,; 1jr is 1-+ l{;l)

while
-(

C; ( ~ ( fr t OJr) 1~ ~rJ) C;

+- "fJrJ ( fr -l- /}r) 1S- rrI

He re

C being the charge conjugation operatnr.

When ~ -.: 0 (as in the case of -d ecay ) the dominant tenn is

odd unde r G, so that it is' hi ghly re asonz ble to as sums

and so

~ Gt invarLsnce.

.-)
C"
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axial vect or t erm even und er Gis called the i rr oglJID.r tE I'Y'l

and in fact the presende of these tc rm s may be resp onsi ble for

. a slight violation of time-reversal invari2nce. Thus

then

which when substi tu ted back in the ~ -decay matrix eLsmcr.t IGs.c'..:

to the wrong result v i z , that the p s eudos caLa r' Lrrt e r'ac t.l cn is

more dominant that the axi 8.1 vector inte racti on. Thus, even

here we find

L p ))'J,11 1 'A > 1= \)
o )(r

Let us wri te ~ C 1/) 2S

... ft
and since "0 J t-" is s pseudo scaLar , Let us write down 2.

••.. 4ozSd
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with one pion pole domi~nt

Assune now that

flThen, ct 1; :: 0 , we have

2 fVl Fr:(o)::fT c, 11J Jr -f- f« ( ')r L ) vi· f' 2--

As a third assumptioh.let us neglect the higher terms and retain
only the pole term, Then

r -e F(1 (~) z: __~n ~7T
;i~ i0

c; 11" is thE pion~nuc Le on Coupling c0nstont and ~ is detEr-

mined from pion-decay. Now if f ('L.) is well behaved in thE
~ A v

rEgicn tl to 'Or11l and when single pion pole term is dUE to -I b
I

essentially then

-
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This is the Goldberge r-TrieT!ler, re Lat i en and thi s is very zoo«.
agrc ement with experiment. The exi eI vector current is cr-n s c rv,j

in the limi t ~ '1 1\ -to.

Lecture 6

High Energy Neutrino, Ree.ction§.

The study of weak interacti~ns at high enErgi~s C2~

throw more light on the structure of 'ifec:.kinteractions. For

tht s , the best re ac t ion is the high energy neu t rf.no r():.c~::i~ns"

Neutrinos are produced through the r amtLt s r decay mcdes of t'1(,

1r and K mesons which are copiously produced from ;:cccJe:;,~~~

tors. Since, the cross-section for such a re ac t.t on (for GX"'"f ~ r:

f'I I + •..1 tJ .,38/1,_":\- r) \ - I'v IV -) f'J t- (.) is very smcLl, (.r:::10 vm, when t:'L~'- ; r ,',.J.. \"

so that we need intense beams of very high energy n eu t.r-Lr.cs

and consequent ly mas si ve detc ctors. H:,we1TE'r , the adv L:-; c"me~ ':

mad e in this field Is really mag i c thanks to f.hc eXI1EL~J .r i:

" '

schemes of eERlt and;' B'rockhaven LLboratcries. In the i'('l:'C'w:i:lC"

f12wLe ctur es , we shall discuss some expe ri~Gnt8.1 det2~ 1 s: n.
" '

tn,,:e-oJ:.ctical conclusions, one could draw from theSE; Expe:':1r:-:c'-,l~:'.
" . ,'i

protons 'a:ccEl~,:r~~ted,'by the'large synChrqtI'(ms.(energy (',f +:1C

protons (\I 25 GeV)•." T'c p rcduce nE'1:.trinos,th¥s e me scns huv s ~c

be '?-l-19wed>t,o decay'; f" ~mescnSf; re e s s~m,ti21:y, s-tol'P(oj ~)y

j onize:ti on loss • 'Wi :::h theenE) rg'y at t.at ncd. by .ths r Is. c "" gi',"'

-I ti
'Ln g ,frem; /I Jand 'p: '," produ ced bye. 25 G~Vpr0tcn bL.',~, c~

. ~,

• 1
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thiclmess of iron /V 20m is required. Consequently, the dis-
tance between target 2nd detector h2s to be l~rge (t'/ sever21
tens of metres). The spread of neutrihos is avoided through
focussing arrangements. The convention devices are of least
use in such high OCDentum intervals. A new device has been
designed by S.Van der Meer called the 'magnetic horn·. Two
types of detectors have been used, G. large heavy liquid bubble
chamber and a massive spark chamber. The bubble chamber that
has been used, contained ;-v 750 K.G. of e~':)f2>~ (Freon) and

was equipped with a magnetic field of ~26 K.G. The CERN
spark chamber consisted of an 18 ton brass or Aluminium spark
chamber with plates 0.5 thtck. Behind thiS, there was n 50 ton
spark chambe r consisting of lend plat.es 5 to 10 cvm , thick.
Between two sections, a magnetic field of 3 K.G. strength was
placed, extending 1 metre along the bet~ direction. There have
been some recent suggestions by G.Bernardini to use magnetised
iron plates between two adjascent gaps. The events obtained are

.~

':
:, (CEEN)

1963 run
1964 run

18 events/hr
40 events/hr

in spark chambe r
in spark chamber

Thi S has tc be comp ared wi th 10 events/tl:ayusing bubble
chrJIlber.However, the preCision in the analysis of the events
obtainable wi th a spark chamb er is far 00 low that of n bubble
chamber, where coordtnat.es can be mcasu r=d wi th the precisir;n



37

of a fraction of 2 millimetre. The experimental results obtainEd
give us good deal of information in the f cllowing physical
p rob Lsns •

(a) Existence of two neutrincs
(b) Intennedinte Vector bos ons
(c) Weak neutral currents
Cd) El.c stf c neutrino reactt ons and we ak f'o rm f'ac t r-r s
(e) Inelastic neutrino reacti~ns
(f) Neutrino flip hypothesis

Existence of two neutrinos

The CERN experiments hz.v e confirmed the earlier Brookhaven

I following reactions were analysed
experiments. The beams were obtained from ~-decay. The

'.
r, (1)

The ratio of the two reaction w~s found to be
R C L.- ')

+-

- ~ C r )

This then confirms the existence of twr:neutrinos one assocf.a t ed
with electron 2nd the other ene with the muon. As a memark,

,I
i ',.
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we mention, that if we accept this two neutrino hypo'th e sls , the

r.bs ence of the reaction r~.e + Y could be recsC'ncbly

understood.

Neutrino Flip hypothesis

It was earlier suggested that the neutrinC' cssociated

with the muon in 1r decay cor re sponds to the neutrino as sr-c i a-.

ted with the electron in k-r'ecay i.e.,

If -'r iT + r--J I

!1 -') ~ .Q -T --J '1

It then follows that just cs

mesons will dominantly decay

k ~ tit -t "\J"l---

f( -J e ,.,.~,
,,--. " "\J

If decays domt.nun t.Ly to t- ') )(
into '\).e,. If this hypothesis were

true, out of 2100 spa rk chcrnb er events, 200 should be eLect rr-n

even t s whi Ls expe rimen tally, the number of electron events w,'s

only 44. Even among thf s , hs Lf of the events can be attributed

to electrcns coming frcm }(-e~ dc cay ,

Thus the neutrino-flip hypothesis canno t be accepted.

Conservqtion of leptons

The lepton number cons e rv ct i on may be divided as the

independent ccnserv&ticns of electron number an~ muon number

respectively viz.

e z: e. -e 1- ~ ~
l « -::.tJ~ - l-Je-

etA -:. Nr- - N;;:
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F rom the angu.Lr r of the ch a rged lepton p rcduc td on by the ,
there has been a good EvidEnce for the cons e rv e.t i.on of lepton

number to a very good accu rc.cy ,

1~utr£1 Currents leptonic

If neutral lepton currents were conpled with thE s?~e

strength as the charged ones, the 1.'8.ti0 of the neutral current

eLas t i c events

'\J+~~~+-~

to the ·charged! elastic events -
should be one. Expe rimen tally

R(~tp--0~t-p)
~ ( "'{+ ~ ~ P f {Y'- )

Thus we can give an upper limi t to the cress-section in neut ra l

(current) re;::'.cti(:ms to be I 0-3~_"\()').... Even if r0+P ~"(i-p
is seen, we cr.nnot say whether it is due t o neutral lepton

currents or due to electromegneti c p rope r tf e s of the neutrino.

Then we should study the vertex (nJ -- '0 - ~). The most

gene rsL matrix element may be wri tten as

..::.y ITr-C . ~ 1 '\I ;;; rv ~ 0' r(,+ 'i" ) U-v 1-~?-f- ('vI.)

L Y IT,!t -.:;'? -:::F J ir;-- Fj. ~'" it", t F)) "r is
+ t= "- J s:r '1J V"i r--{..("

.1.
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Accordd n g to the two component neut.r tnc theory

Thi s is be CEUS e the p r-o j s ctLc-ns for neutrino and anti -neut rf.nc

ore (H~-~r) and (t - 'Or) rcsps ctLveLy , and (I +- '"'{ r )( /- oJ ):/).
Thc:.t is, the magnetic moment of a two-component neutrino is

zero. The electric form f[:ctC'-r of the neutrino can be ca'l cu-

lated. It is found that

.L f '->~~~~dN
-3~10

theoretically, while experimentally,

~ Y'"L -3 '2- 1.-~ f / ~ J K 10 l?r()tz.rJ"~·f -

Thus, the electromagnetic form f ac t cr-s of the neutrinos, if they

exist, should be too small to prcruce observable effects.

The absence Gf lepton neutral currents can also be

understrod from pr.j r produc t.i cn r:fk-mesrns. Experimentally

~( k ~O-7 r t-T fv'- )

R ( 1<+ ~ yJJ ++- 1l ) ,

'l- ~ 1- 1.
).1 (c, r r ) ryl/K (rm '1:. - ~ 'IT) r )

I ~f"" 12( "('()/C'L- fYn; )

L.... ) 0-3

This leads to the conc Lusf.cn thr..t
L

lC;-~r")
CG rv' '\J ') 7-

".: ... ·1···. :

.::', , i
.,
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Simi12rly from the expe riments on the re ac tf. rns

it is found that

( C, -e ~p.e.~~
, <., !

and from the experiments on K .•..-'> IT ++ L 'V.,eor '2 '\Jr t

is found that

\ c, \I•. 'I) -<c \:l-- 4- Ic."'r
1 ~.e\j \'2..-

Lecture 7

Elnsti t"N eutrine Reacti ('ns

The re ecti rns

r'\1 + ry\ --:;> r.+
~ + ~ --.::;;,ry') 1-

c.re ca'l l sd elastic neutrino (antineutrin0) reacti ons

'w

'.: I,
., I

I,
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DGfine the Invara an ts
1-

g z: - (Pf)" PR, )
2-t :- - ( PA + ~(! J
'1- :

1"- -=- - ( Ps --\p( )

We s.re eventuf,lly inte rested in the -"'S-channel. The d i ffeI'€n.

tial cress.section cen be written 2.S

d~-dt

~A ) ~ t are the spin of the particles A and C respectively.

The angle 4 (the scattering e.ngle in the t.chcmnel) is defined

by 'l- 21... 1-

& ~~ ,tCrS-IA)- (f'lA-Mc ) (f'lib - M1l ) _ ~

r 1J[ 'L _'2. ~~ltt ~(MI1-H', ') t -(r<lA- f1\ r8 ~ -\f'J" t M,,)] ~ ~.-M~ J

Let us suppose that there sxi sts some analytic c<nt1nuBtirn frcth



43

~--------

In the s-channel (Ln which we are interested in)
being the momentum transfer 1m the reacti0n, then for reaction

we find

and f,'r the reacti en
- +--,-".~ € + B

we find

where we have cssumed PC Conservation. This f0rmule looks like
exactly the same as Rosenbluth formula for electron scattering
but for the term B(~) (~_v-, '). Thi s absence of this t erm
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ectu a.lLy si gn.ifie s the pr.r-ty ccns c rv atd on in the electron

scattering process. This term [.rises due to the interference

between the vector and exi2.1 vector terms. ].t high energies,

( (\]10 GeV), the term t C 1?) dcmfne te s , Thus,

[end the pa rt ty vt oLctLng term I ~(1;"l.. ) loses its Lmport.ence , In

other words, at high energies, the neutrino reaction proceeds

as though ps rt ty is cons e rved ,

We2.kFem Factors

It was earlier shewn that the HamtLt om an fer the weak

leptcnic process may be written 2S

where

3""(1' - i ;:J '(r ( 1+ 'f.: t

The weak fcrm f'ac t ors a rt se 8.ctually due tc the st rr-n g current.

The matrix element of J f" (the weak current of strong intercc-

ting particles) can then be wri tten as
-

~ }<')TrIK r::: L ~Ck')

(F, 'Or - F-fli r, ~'\J ~,.; + L' {.-,) VI'"
+ j, FA Orts - i~ fj:> "'(s

- L.tA ( 17 t k-~ ) "is-J ~'Y) (K)
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K ann K are the four momen t a of the ini t::tal and final nu cLs on s

Mis the mF,SS of the nucl eon Mis trie mas s of the Is pton fl ~
anc A\~ are functi(ns of 1-'2 ") ~ being the momentum transfer

i.e. ~ -:. U<'- 1<'). Lnv arf.snc c under time reversal implies t.ha t

f ~ann h\5 are real. From c. v. c. theC'ry we have

o

fA- -= (~p -fN, ") ~ 3· o I
= anamalous magnetic moment

~ A,.) - 1):: ~H by G-invaricmce. From ~ -de cay we know that

Frem the analysis orr-
pseudcscE'.lp r te rm

-cap tur-e , we find that the induced

We hE:ve already seen that

'2- 1-
- ~ fY'- .

16 11'

I

(I

1 '

,(

! .
\ '

J
1

. ~
I
I
.;

,I
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wh s rc

r:- ~
f2, C 12) :::: ~ C Fr +r f2,) ~ rl=iand J'{'\ Il.-

Q f2.. 'l- 1.- '2-- '1- ~ '2 )

:: 1. 'J- }', + ~ Ff1 + ~ J -, r 1-
)JfY1 . 14m

-:>-
(0

It we suppose that the above reaction goes via an ihterrnedi8te
boson

then
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where I \

1t ::CK-)<')~~- ~

< FIT IiI t <- F \ J~IT 'r <- f \~.t1 i 7
'"" .tv

Thus

where
-f

)-
so that the sC2ttering cross-section is exactly the same as in
the previous case of point interaction, but nnw

fH I A
F, 2- "--> F,.,2- -::-

IFp ~ Fp -=:
•..

n I

{~J ~ ~A -:::
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It is very easy to see that P.S

I

F ::- F

CompE,rison with Experiments

Ususlly the reaction that hE.s to be c0nsioered is not

the t so Lat ed re c;cti en ru + tJ -;p N + t ,but rather '"\,)-10,
Nucleus --7> (Nucleus) + e so th2t &ssumption have to be msde

r e gr.rd Lrig the nuclear models to be used. Sec0nnly, experimentally

one does not know the clear-cut neutrino spectrum and thirdly

the tnr orms tt on is not qui te resourceful about the f'crm fClct~rs.

As for as the nucLe a r modeL is concerned, mostly calcu-

li t Lr-ns ere made using Fermi Stc:ti st t cr.L Model so thet fer the

reaction on t: bound nucleon we hrve tc mrke the following

cc rrect1on'

PF is the Fenni momentum actually in experiments, the 2ver"-;ge

re cct L of the p rc t cn r-J 100 tr: 500 MEV.

Fc,rm Factcrs ['cPd Ccmpariscn wi th Experiment

In order to determine the f'orm factrrs pe r'tf.ncrrt t, the

. s l ss tt c re ac td cns , the four mcmerrtum t ransf'e r V wcs determined
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fer each event. The resulting distrjbuti'"'n (experimental) WClS

compared wi th the t.hec re t t crI cress-section ~ in which
dtl',lo-

the vectcr form fc:ctcrs hed been tcken to be equal tC' the elec-

tromr-gns td c f'crm I'ac to rs , the pseuoo scaf.er term neglected. Then

is determined except fer the axial ferm f'ac t r r

whic h Was taken to be of the form

Fi tting the theoreticp..lly predicted curve on the expert-

ment sL data allowed one to detennine the value of \'f)A. It

was found that

T'0 fi -:: 0 0 8-5" + O·!>- - O· ~ ~

The results are completely in consistency with theory except fl'r

a smEll region where neutrino spectrum is highly uncertain.
-)"6 --

The future plane is to fine'! )D c.

which will be [. measure
o°lt

.--_._._ .•..

out

of ~C~ ~d so r can
R

be calculeted. I I ,
\ •.. 3

The proton polari zation is being measured at OERN.

; 1
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TheoreticE.lly, it has been shown that for the reactiC'n

tV+t -~7> ~ +- any thf.ng

the transverse po'LcrLzr.td on must be zero if Time rev er-scL

Lnverd ance holds

- F

where

Lecture 8

InteImedic.te Vector Beson

OnE problem which hEd mostly been of academic interest

is t.ns existence of Intermediate Vector Bosons (IVB) mediating

weak interc.ctions just as rr mescns medl a te strong interc-:ction

between nucleons. The coupling of IVB 'Ylith baryons end leptons

may be wri tten in a general f'orm 2S

where tr is the current of the leptons and Tr is the

hadronic current. Let us look at first order processes in

which tV may be created. One such possible reaction is the

.
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semi-weak neutrino re2cti;n

Here ~ is the coupling con st r.nt for th! IVB with the leptons

(semi-weak) this is relf.ted tr the unt vo r seL Penni coupling.

c.ms tcnt , through the reletirn

C[;lcul;:.ting of cros s-secti en for these re[,cti oris have

been made by Lee and others. We will hrv e to distinlZuish two

types of reactions. Coherent ree..cti ens r.re those in whi ch the

nucleus r ecot Ls s.s 8 whole and incoherent reactions are those

in which [" pnrticulpr nucleon inside the nucleus reccils. Fer

inccherent reflcti rn, USu[~lly caLcul.r.td ens :-r e ,,,,de tlsing Fe nni

Hodel fer the nucleon inside the nucleus. The resulting

crrss-section obtc:ineo. for the above process is given

I
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by

--_ ..-... .".....-~-.-
~_/

/~

ry() -, «rv
W

Fer the coherent re8cticn, the phcton is pttc::ch€d to the nucleuS

itself and the nucleus reccils as c.: whole. Fer the nucleus,

Fenni charge aistribution

"-

1 -13
is assumed where R::. mean sq. radius rJ 1.07t:~ x 10 cm end

-13
b = imp8.ct pore,meter ~ 0.568 x 10 . ern. Th€ cr("ls~s,..secti~n in,~., ~ - .

this -Case is given by the plot
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\
"\.

It is cLea r that the cros svse ctt <n for coherent reaction is very

much larger than for incoherent resction. This is because of

the electromagnetic intertl.cti en.

Then the total cross-secti~n for the above process is

given by the sum of coherent and inccherent cross-sections.

Total cross-section in 10-38 / per nucleons

2 BeV

4 BeV

<S"" C i.: )
~ \.0)' -.. ! -rr- P

4.34

144.00 1083.0

Dec[,y of yJ -meson

The principc::.l decay modes cf W -meson are
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etc. The general interEction is given by
4-

Itw -.J 6l ~-t JfY' ) LJ(V' t· c.

where err- andJr--
h2dr~ns respectively.

ere the current of the leptons ~nd

Let us fi rst consider the decay of uJ

into twc leptons

Here no strong inte ra ctt on is invclved. The coupling is only

semi-week. The recte tier this decr.y is given by (just the same

as in 7f ~ fv' tV decay)

+ +-R (\>J -=--y { - + '\J ) -::::

One thing which

o th« rwise, vJ

been observed.

~ Gr- M~
611 J?-

could be said about '/'f\w 1s that ry1)uJ Lrrfl)< ...

must have dec<.:yed intc 2 /.( meson and must hr-v e

Using the approximt:te value ~vJ~ ry() k' ,we
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Another de cay mode of uJ is W ~ 2U

vJ

The u) n if vertex is known from the C. V.C. hypothesis. The

cr'upling is then t.h r+ugh the isospin-current. The amplitude

for u.J ~ ') iT is given by

A ( LV -? "2'\1 ") -.. 02- ~e'V( p+- p t)),A t " F-,; ('YY)~ !
l~rynw E;t- )y?,,-

is the poLar'Lzr t l on ()f~ • r,.,.(ryn~) is the
:-t

same ps electr:'mpgnetic form f2ctrr of If if we assume

C.V.C. hypothesi s , Then, fr('m the known K t3 form f ac tr-r s

one finds that

. ;
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The v a r.i ous de:cay r2te s may be plotterl c.s

3

I
\ , ,/

t:.
The bump in w ~ /<.1i is due to the \-<.. rescnrnc e , The

pe ak in vJ ->)...n is due to the Y mescn , dominE.nce. We

2,ls 0 find that

)2-

o L Rl~-->IGl1)
I... . !- O:;J-

f\ l vJ '-7 ~-J)
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Lecture 9

In this lecture, we sh cLL discuss the expe rfm errta L

indi cet i on of the existence 0r otherwi so of the W.mesons from

CERF experimEnt. The I.V.B. could be created in reactions

discussed in the previous lecture

then decays into a leptcn 2nd a neutrino

.- ---

-I

Then the s e2.rch for the W is linked to finding chs rged

lepton pcdrs (since by ~_)\1niversnlity electrons may be

equally produced). For this, the spr.rk chamber W2S a fe.r

better instrument than the bubble cntmbe r , 2.S the bubble cnamber

dirnensicns E r€ compar cbLe to the Lrrte r-act lon length for piAns

which will make the detection of muons very difficult. In the

spr.rk che.rnber, out of 5200 events they have selected the evert::
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in which there were two Lone tr8.cks (which will co r re spr-nd tr

r-pc.i rs ) ,

Sele cti on: The SP[, rk chrrnb er corrt af.ned sev er-al interc.:cti rn

lengths arid could thus be used to mrks an cneLys i s cf the mean

f' re c peth of the particles produced in interecti ons whi ch WE rG

ce.ndidates for lepton peir interpretotion. Select 0ut events

in whi ch there are only two t r acks of visible rr.nge ,/.5 /\ o

(genmetricc.l r ange ) such thct one track '7 1.5 1\ 0 and the

In other words the angle of two tracksother

should be smr.ll. This selection leeds to 350 events (out nf
5200 possible r-- -pE,lrs). One has to make sure that .th e IOj,1r

track chosen is not due to any strongly interacting pp,rt1cle

(such as ~' -mesons ) , They r s sume to st2rt with that one of

the pr-L rs is Clue to st rong'Ly intera.cting porticles end meas u rc

thE expected track length on this as sumptf.on, This is 1!lven '0:-

different stronely
interc.cting pc: rt,i ,.
cles.

/,\ j\'where I-\, S. ~1re the r.ctua I track len g'tihs measured and t. i '~.J

t.hc interaction length of the strongly trit eract.t nc pc:rticlE.3

assumed.

L..~2re got from experiments. They have to put the

vr.Iu s of ,,~. The imp~rtant thing is the c[,libration of trJ:

track lengths of the strcngly interacting particles. Then th(y
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minimise the number of expected interactir11. ( I expected), t , G.

they put themselves in the least fc:v0urable si tue..ticn. The

result is the fcllowing

Experiment Iexpected
if there is cne
strcngly inter-
acting particle

Iobserved

1963

1964

56
36

92Total

63

33

96

EB.rlier, due t.o some wrcng caLcuLat I cn , they found thE't

-,Iobserved > Iexpected assuming: th[:t there is one str---ngly

interEcting particle. This mtde them to think thet W exists.

Later, more refined, Fnelysis hr v e besn mcde through bette r

msasu r ement.s of ranges. Frem kinematics, tv' twill hr.ve the

highest energy comp- red to r- since u) is massive. Now,

the cri tericn for selecti on becomes more restrictive, os

candidate has rnnge

Theoreticr.lly the number of such pr>irs can be predicted, by

high energies and the

The expected and observed

assuming the neutrino spectrum at

brc.nching ratio R ( LV ~ f"'''-J )------1\l W -) o: \f ')

•
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~ pat rs a re as fellows:

Expected[TPi rs.

Vrm der Meer
spectrum

~LO\., q;
spectrum

Number ()f obs c Ned
fA.. pel rs

1.3 21 61

1.6 11 26 Q

1.8 4 9

The conclusions from the results of the lest 1964 Cern heutrinc

Experiments is thAt if the IVB Exists then 1 ts InHSS

1'flt.J> 1.8 GeV

As for the ~' e events, the results were

Low ,t;lt
spectrum

Observed
Van der Meer

spectrum

1.8 6 16 < 3

which strengthened the abov e ccnc Lusi on .•
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As [: remark, we may S2Y, that it might be that one must

h2ve looked into [\ lepton pair nnc 2 pion End not just a leptnn-

pai. r r.Lorie , This is because e pion mry be produced ot the

s t rcng vertex. Or virtuE,lly r rom trs nuclear tn te re ctt ons ,

The po'Lerf zr.t l cn of l,..J is the same as the neutrino.

-production by Strc'ngly InterflctinfZ Particles or Photons

(8) PhC'ton pair prcductir;n

Since J) has both eLec t rcmngnett c 2n~ weak interacti '""ns

r-nd since the ccup lf.ng strength in el.ect romagne t l c int€rc.cti on

is Lr.rge r , one might naturrLly ask whether \J) could be p rodu-

ced in electromrgnetic interaction?

uJ~

Nucleus Nucleus coherent photoproduction

. I
I
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The cress-section is found to be

Coherent photo-pair producti()TI

- \

, , 1

Lab, energy in BeV of the
pho't on '

Sf, 1
[T--r().6) 'l) F~-1

)

(b) U) -production from str('ngly inte r[,cting particles

~t p ,,])t- w+

It is found the.t
'-- ~ S'" 1,..-ss:" rJ)O ~ '-r(/ ~



63

(0) rr f- ~ -7 vJ + t
~ tr Ii )vertex is defined through

the C.V.C. hypothesis. Then it is

found that

More complex interEctions resulting in charged lepton

pairs can be postulated but with little theoretical justifica-

ti on ,

Lecture 10

Inelastic neutrino reacti0ns

In this lecture we shel.I discuss few important theorems

ccnnected with the Ln eLs.stic reacti =ns
-v (~ ) + tJ --..::> ,.f f- N + -Y))r

Now

I
',l = tctr.l four momentum of 8.11

" .
.k.f,the cu tgct.ng strongly

interacting particles.

Thi s i s th e (m E' s s ) 2is 2. variE;ble now.
1'\.

of the f'Ln sL, state whi ch involves jpions~' The differential

.... _,.
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cross-section is given by

t'":.(Kl_K)
J':>+ ~ t t -" i Ml,-

f'\.-. ••••••

,&-i-u... -- r'Mt +- M 1-

where

\-e. cndR ar e energies of the incoming: --V and outgC:in'g lepton
Iin the labsystem so that (...Q-e) is the loss of energy of the

lepton in the lab system.
\

It should be noted tns.t C·~ 0+ L-l) is net a function

of t, but is a new va r-i ab'l e, A, B, s.nd C cr e functions of two

vnric:~bles so that fer such inelastic sc ot te rf ng the gener2,1

be written 8S

where A', B' and C' ar e functions of t and the new vrr Labl o

( A ~IJ,....).

(116'

J \. ~~
tV~ tf K

In the lab system, we find that

,C A II el
!-+ ~1--- '.c:, c. -r e")
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I", B' t ~ and C'! a re functicns of two v2ri2bles •

. ADLER THEOREtvI: (General theorem on Ln eLas tLc lepton-baryon

s ce.t t.e r-Lng ) , The theorem allows the possibility of testing

the cons e rv ed vcc trr current hypothesi. s, by looking into the

f'orwa rd Lne Lr.s t.Lc s cat t e rt ng of neutrinos.

Consider the reaction'

() -I--A

where13 con s'i s t s of Gi number of s t rcng l.y interacting particles

(say p.icns )

, . ,
R - R .:::: 1\ - \<

The scattering matrix fer the abov e process can be wri tten as

T rJ c:.-L --r >-- ( t-f ~~) 1L;

"---
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'4hen ·we find 11) to ce.lcu18te the cross-section

Z l/ A v A.< )r ,> rJ ~ B J 'JA -t J/\ ) A- ><' B 1r6 1- To- ) 8 (

X r- ~ 0

Ira- L '1' ()
where

The last term c.rises due to non-conservation of p8rity.

Suppose new we ccnsider 'PARP.LLELCOFFIGURATION'.

This conf'Lgu ra t l on mES be proved to be 2. Lorentz t.nv a r-l a rrt

c')ncept

i.e •
---fi -I

~J \)~

. 1 -,t d-- Ror

end 8S sume the.t

(d , e. it means that we must have an inelr.stic scattering) and
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'2.. '2.

(' -; pI ::. 0 _as sume the.t 'R 'R since and CVo:f 0
we can put

(This easily checks with the cOl"lditions
1- '2.

~ ~ 0 -:: 1<u
)

Q t-

Using these expressions fer ~ and ~\ we See that
)

C2.., k 0 Re
£'u'L

(Le. the parity violating tenn drops cut).

Consider the matrix element of the divergence of t he weak inter
current

Then

This is Idler's theorem which states that in the pc:rc:.llel

ccnfiguration the cross-secti~n fer inele.st1c neutrino

scattering is directly propcrtionf.'.l to the square of the

'1
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divergence of the current if one neglects the lepton m~ss.

The pari ty vi ol.sting tc rm drops cut in the rare-llel

cen!'i gurat t I'n since pC' ri ty violating term is proporti ('ncl tc
\J A

the interference term between 1fA. and Jr and since the

current is conserved when this interferenoe term is zero, this

may be msthod of testing the ccns erv sd ve ct cr current hypothesis

by observing the interference term in the prrallel c('nfigura-

tion. As an examp'l,e , consUier the (l'sactirn

\) CK) t)0 ~ {t ~') + f'l'C ("\I;") + II ( 1~I t rr ( ('V~)

The t erm t.hr.t is responsi ble
~~~

frr pc.rity vto l atd r-n is ~' ()'\. ')(1~)
V Atenn between J ~TeXt sts andIf this exists, interference

the current will not be ccnserved.

I
I

I
i
i
i
i

1
l
i
1

1
\

This theorem is thecreticflly t rus but prE!ctic~:.lly there

is the difficulty in locking ['t the fr.N[!rd dlrecti0n of the

neut rino ;::t ze ro angle (L, e. pnrallel confi gurat tcn ) ,

I. main inelastic scr.t t erl nc is the re ac tt cn

\J + N ~ e -/. N -\- if.

(viz) the peripheral mcdeL

.--II

I

If \

t-lA,·-·rr
-: "t1



,0

69

For the (if TT e,..,;) vertex, we can use the c.v , c , hYPothesis.

For en R'I)) vertex we may use the Gc,ldberger-Treiman relaticn.

We mry assume & general behaviour fer the form factrrs at the

lepton and baryon vertices as

1+ 1-2)fl"l.-rfl.

Using these we cbtRin for the cross-section a behavt our-: like the
following



fa L,

4

70

Thus, theoretically we get on an average

Experimentally

- -40 \...
2 0 1-.( 0 CJ'r()

Isobnr production in neutrinc reactions

Recently Berman and Veltman (CEr~ preprint) have

studi ed the isobar production in neutrino reacti rns

?

+
they find for the rut t c If {rr 0

this ratio is abcut 3. For N*,

while experiment&lly

the wavefunction used is

the Rari ta-Schwinger wavefunctton since N'~has a spin 3/2.
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Lecture 11

Weak Interacticns End SU3

One starts by postulating thet the weak interC'.ct1on

vector currents ere not only in the adjrint representation c:f

SU3 but are in fact the components of the unitary spin current

generated by the gauge t r-ansf ormnt.tens of the group, Thus they

are di rectly related to the infini tesime:1 generators cf the gr(U~

The ei ght currents have among them the three isotopic spin

currents. Thus the weak interaction vector currents are in the

same represantation as the electromagnetic current. One auto-

mati cally gets the weak interaction selecticn rules
~

165)t ~ ~ I -e .lJ- ~
-_.

I b i~1 -. r f·cri p ~ 0-

It is also assumed that the 2xial vect cr currents are also in

the regular representation. Diagramat1cally om&represents

this currents as

. I
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where -:r(V' Co), the DS ':. e par-t behaves like a [T meson and. the

Jrtl \he b.1::. I pa r-t behaves like ).e-t or k-. Of c-urse

t'o r er ch Tr we have 2. v sc tor and axi al vectcr pa r-t , In Gell •.

Mtmn's nct at l on we have

One C2,n explicitly wri te the currents r.s

'ljCr? ( +\ \ . _ ---
Jr -= ~ I, )~Ji t- \13 /1 t5r P -+ v3 '2 "'tf" (\

--- ~ °1 f'" P _.J'l- '2-- '1 r Y\.
I

+ c: - '1fr SD + v,- S 'D' f'" -z: +
4 ++ ~3 I< d r P; 0 - .['3 "0 () r /<,

+ c ~ -
-\- 'K Or IT 0_ 1f ()r I~ -+ 1''2- ~6 ) f" 1t

.r: '- ()
\J2Tl Ur~ 3

_ 5' -- -(h •••.•. [""1- - +L~ rr- 0 °rG ~-f2-<2-°if"' [

b + - - kt+i2- i 0, ~ - K () fA K 0 -f )<.'0 or
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(i) Semileptonic meson decLYs

We sha.LL apply this first tc: the semileptrnic decays ,

We wri te

It is kncwn thAt C1 /)S ":' 0 and ~()~ - l ere nc t the same but

the latter is dnwn by a f ac tcr of I So Cabbibc modified-'10
the definition of universality to reno as

Thus if G is the coupling constantwh1ch occurs in ~

decay then the coupling ccnstants for neutron ~ decay and

~!I'~) decay are given by ~ ( 0 ) e and C, ~ e respectively.

Simil[;rly ene Can write

One can dete:nnine ~ rnd {;i knowing the r2tic of decay rates

fer the {~.13 and n es decr.y and thrt ef )(f"2,.- End Tif''l.- de cays ,

They are related because of unitary symmetry. The ratio of

empli tudes for ~ 13 and It t3 as sumtng that they are at zero

momentum transfer (since the currents are conserved the bare

ccupling constant is same as the renr,rmalized coupling cons t arrt
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at zero momentum transfer) is given by

Retio of

(phase spsce factors)

(phase space factors)

From the experimental decay rstes one fines th2t value of

i=O. 26. To dete nnine Q' one has tc find the re.tio of decay

r2.tes of It.. ~. {-v and 1T -") .~-J

A
L 0 /-r I" I \( = (f ~) r

"---- '--- •.-.- ...-.--~-.--~------' ----- ..A ~
./ 0 \T/"" Iii > (e --J ) r

(i.e. )

The experimental vr.Iue s of de cay rates gives
,

<9 = 0.27

It is surpri sing t.hat e r.nd {) should be the same.

Thus one gets the coupling ccns t arrt fer P decay to be
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.All the abcveergumentsare true only at zero momentum

trFnsfer (i.e.) when there is no renc rmeLt zata on effects.

However even s.t zero momentumtransfer there is the SU3 sym-

met ry breaking end the ~~ ~ f vector cur rent is net dive rgenc6-

less. Sakurei tried to improve the above approx1mF:te formuls

by Rssuming that vector mesons are coupled to other particles

th~0Ugh the conserved currents

/ rI

Fer the above diagrams (a) End (b) therencrmal1zat1otl fact:rs

which enter at the vertices are given l'espectively by,

j'.1:: (K)~ In) ~ (l'~)s, 1\.'). '\
__ -;----...' ....-=..--' and

'-- ~(\< ~ \-'-" "')

~1.(n ) 'i~(n )'1,1(~)

t (i\ 1i ~),
If one makes the as sumptl cns that
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and

-- K)(rr TT.e.v)

~I (IiTl("'-')

then Sakurai obtains

n Sku' = 0.81D a rai Cabbibbo

and hence Co) () = 0.98
~",-K

which is closer to the experimentcl velue.

(ii) Hyperon decays.

I
Using these ~ { let us study the consequences of

cqn , ( ) for hype rcn decays. We have to study

where A nnd B belong tc the S2ID€ representation. Then

<A l t/lq
+ ~ : (' ) {S >

- v { L' J t\' f JU
~A L J ~~ r /!Iw P fj r '13

where 0 rand E ~ correspond to the unsymmetrical F

coupling and the symmetri cs 1 f) coup Li.n g respectively and f
and j.. are the generalized SU(3) Clebsch-Gordon coeff1c; ents.
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" DOr' -:: r "(r of r "1}1\ 0>,

f f'" -:c DV"(f ..).b Il'b r 'D!,~

___ (01 . (,)
It is known that J!" and Jt". respectively behove like the

~. f ~ I

I.. and r ~ components of a mixed tensor of rank two. The

F and D coupling of the baryons to these currents is easily

cc::.lculBted by C ons i de ring the combi.n a'ti rns

-
~ ~l -t b1" IS --- - D coupling

1\ IS T r~y ~ --- F coupling

We a l.s c have

.
l I

1\ 0 ~) - + I- '\
II ~ \--

J)-
M =

~-~ '\ ) ~o- -11 . V)r r6
<,

- '2 ~'l)< k~ -.J6
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•
I'!:-O - ~o '1 -r

2:'\V'1, ~ /
B = l- 2: o fi 0 )...•.

c£ . I.".-- lfi
.•...

0 2- /I 0M
\'-'I.,..J - ";;J\oJ

,.....---__ .... -_._---
.~

I
!
1

- +and ,,- (1 -y;~
'l-

Then for Trl.tt) , \B ~ )

the d-f combination. and
is the c('€fficient ccrresponding to
~ ~

l(l, r.» is the coefficient

correspcndinr to the e-r combinatiIJn. Similerly for J (,'),
- 3 3 ~a) t'») is the coeffi ci ent fo r d-f combinati on and (~r.,) , is

the coefficient for d+f combination.

Thus the coefficients d and f can be calculated

easily wi thout looking into tc:bles. F0r the vector current we
havs then

We have vr -.;: and

- L

\J
J) = 0 •
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For the axial vector pBrt we have from .p decay
\
I

A AF' + D = 1.15 ± 0.04 (frcm experimental v81ue)

we h2ve

~0.( 1\rJr'VCC
\ l-:COl \~~ /

-: ~ fl, <:-n (9 \)-2;3 f.. r \A ~ -

C A &; ~ P{ 2. "bA "t)~1\ '"1S- k~-
From the rEte (rv'(D/t ~ )we hcv s DA = + 0.9 + 0.2. Then

we hav e for

... ...,...
Substi tu ting the two values of DI obtained from t ~1\ .•. C f \J

de cay we find

it
(D -;0' 9.::!~Q. '2 ')

or

A( D
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tThe secon~ v~lue gives [ rate much too lrrge (i.e.) it gives
1( 2.- --:; rn t~' t ~ )

r((--')ctU)

value is only 0.16%. Thus We fin~lly have
= 1.6% While the eXperimental

nA = 0.9 .± 0.2

nV = 0 and FV = 1

Then we can cfllculate the matrix elements and brenching ratios
for other decay as sh0wn in table.

M.•E.
Exp.

-30.8!: 0.1 X 10

1£--::> fVl4";-t.v ~~'~[:r+-
l f ". !>1\) , r"")]

, ,

'1 e- ~ . c;" ~~0. 0.35:!: 0.55 X 10-3C ~ /\4--E~'\f L.. A :J .lY t- I r= A_ ~ 1l }f,.,i:J ..
At the Dubn , Conferenc'€ Pr.Ls stlve the results'

1 3 r"! lO~• .± ..:•.2 X

= 0.68 .:!: 0.03
~.32.,:!:0.03

, .
I

t I

.' •
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(iii) Non-leptonic dec&ys
...•

I am not g,:-ing: into the det:::-ils but just menta cm nr

the concept of Octet enhancemen t , Since th6 currents a re in

the Octet representation ~ N' L-
8 x 8.

shculd behave like ~ repre-

If oris w earrt s the 1 bL \-=- ..L
'7..•..

rule one ha s to mrke the postulate t:nat.A N' J... behaves like an

sentation in the product

In the p rorruc t x 8 ••••,TS hcv s t2TI ~Jhich ccn t af.n sOctet.

\~ T' -:-3/7..~ cLso , Thus WG hr.v e to soy the'.·~ the octet in

8 x 8 dominates over the "27'. Then rhe main results are

1) A (/\ -"") P r( ) -+- '2 A (8 ~ j\

-;::\r~ p \ >-_ ~--)
\

inv a r.i..an c Cc ..•.~~•., thc t; tho cu rr=n t sFor thi s we as s ume CP

normal C properU es

for biclden.

(iv) Weak ve~t2r Bosons

If we write the verk i.n'l:c:'2..I.:;t·,en :'::-.2r[.ngi~:nis .

1+1' transforms like the fundamento.::' rep resun tc tt on--3 ~ 1..1-8). Then since J fV' is in an octet ve can

easily see thee W:" should belong tr) 3q6 cr 15. The l1SU8:t
I '

as s1 gnment is tho. t the VJ mesons belong t.c the t 3' rcp res en c: .

t1en c y
lA,.J I

~
7. ~ 0

LV\.;
W1th the cmtip2rticles th~re
coupled.

r r c 31 x bcs cns ~ut ::nly five
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