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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

Hioar = Hlap T Ha +Hp

where ,*149P involves currents of only leptons (examples 6f
such pure leptonic weak interaction being the proto type mu-

decay and neutfino-lepton interactions). }1$ L1nvolves both

leptons and hadrons (strongly interacting particles). The
examples of semi-leptonic weak interactions are the familiar
beta-decay or mu-capture (which conserve the strangeneés quan -
tum number) and KLB-decay (for which AS:{’- O ). The part
FfN;Ldoes not involve leptons at all. It is very difficult
to understand the AS=0 part of this non-leptonic weak inte-
raction since it is usually masked by strong interaction.

examples of non-leptonic As _‘L_O weak decays are the K-y

decays and Y-Ny decays ( Y here refers to the hyperons in

Few

general). The range of the weak coupling constant is nulo'égerg

cm- and may be conveniently described by the dimensionless
py
coupling constant ~ 10-"ke <§#E75> . Most of the presently
T

avallable information are about the semi-leptonic interactions.




The basic assumption made about the weak interaction
is that it is the Femi type local interaétion. Though the
Yukawa iype non-local weak interaction through the exchange of
hesvy mass (indlcating the smallness of the non-locality) inter-
mediate vector bosons, it has so only been academic except in
some neutrino reactions which we will discuss later. Let us

fi rst discuss about the beta-decay for which lot of experimen-

tal information is availeble.

Betesccay N =>p+re ¥V
The most general Lorentz invariant interaction Hamiltonian for

this decay may be written as o .
G DR D

L (0 R)(9.0% YY)
+ &-c (D

4 .
where \V‘S stand for the respective particle spinors (or fields)

and the operators ()' 4 stand for the five operators
L
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In writing down eq,(1l) we have discarded temms of the kind

2o (¥, 00 %) (o %)
-+ Dy, 0 7O (Y. 0.4, Yo )

o
where \{» stends for the conjugate fields, by a redefinition

of le pton number, Notice that these terms should be included

on the basis of only Lorentz invariznce. Let us come back to

this point when we discuss the lepton number conservation. If

time reversal invariance holds in this case, then the coefficicents

C.'A are real Eq.(l) may be written in a slightly different

W 2 C, [( Y, 0 %) Y, 0, Q+cc %Mj

(2)

Let us go to the non-relativistic approximation of eq.(2}. The
scalar and vector interactions arc of the Ferml type LL#T LLF

obeying the selection rule /] =Dand the tensor and axial

\-—‘_»
vector interactions are of the Gamow-Teller type LLl G- 1&~\

with selection rules DT = 0 )l{guO -> 0) transition being
forbidden

b

—>
Here stands for the angular momentum and o for
the Paull matrices, We omit the Pseudoscalar interaction which

in the casc of beta-decay contributes almost nothing. In this
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R

non-relativistic approximation

(3)

In order to explicitly evaluate the coefficients occurring in

(2), we resort to experiments of the following types, namely the

detemination of (a) the asymmetry of emitted from polarised

nuclear or (b) the longtitudinal polarization of the electron

from unpolarised nuclei.

Let us first discuss the famous Wu's experiment on the

o
beta decay from the polarised (:f nucleus. The initial

60 60 ¢o - -
Co has T=G5 . This decays as L —> L+ € + V.
The final L,bo has J=4, Hence this is a pure Gamow Teller

v

transition and thus the interaction should be a mixture of T

end A. The angular distribution of electron is given by

& /
AT~ (1 o Coch)
AL |

where

|
w= 2 £ Jg7 . Cv—rC'rl - CaC P

/

=
T € el CTl"’\C |+

. -
The longitudinal polarization of the € 1s

“P,-—-*EZ@ 0555——6\/4(2\_/_/
v e e el |\ Ovl
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1f the transition is of the Fermi type
- o q}/ Cr Cr -Ca Ch 4_,—5:—
' k3 ]C)HCTHKAM»]C;)}

1f the transition is of the Gamow Teller type.

Pe? = = Pe~

By CP invariance
we know

Experimentally one finds

p—e‘-':»:\%-—: "P‘e*

This means that in eq,(2),
Lo tor 0 - V.P

for O - .§) T
Thus, we are left with the possibllities

Y;T%(DWA<H %5>NQ

or

+—
A}/{’, \(}—, OS’TO’ Ys’) '\V,u

for Himl.

(4)

From the commutation properties of the -matrices we



know‘that

i* *rg

Ty Oup T :755'74 Ov, 6

{3’ OS,’T {5' = = f\6£'\611 Os 7

so that eq.(4) may be written a
- QL(\YPO \M@Y (¥ ) T 0, Ao ]
for \/and A

- ;@ﬁ; 0 ) (V-0 009, 3 B ]

for S and T (5)

Theory of two component neutrino

The Dirac equation for a spin 1/2 particle may be written as
Agﬁb—\'rw:n -
l\/\‘ﬁ/‘/\‘A r\Y'O

) o
whe re “545 are the usual (4 x 4) Dirac matrices and m 1is the mass
of the particle. '

(6)

We can also write the zbove equation in a two
component form.

C??%@W>“}/’; E Y (7
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where(f,€ are {5,5 are the anticommuting jdémpotent matrices with

T =-Cpdw K= 1,23

) (8)
- - ,{, o’{
= ~d, 6,
Also - ~0§3 63
AY; = ﬁ({d = ?
where s ‘ g i
S = 7 LA /<€, ®. Qﬁffn CDJXZAQLC
LYs,d]J=0

Thus from eq.(7), multiplying with rU£f we find by using the
properties (8)

Ve EV < (\&Q%F*Em)h\/

- =>

= = (e p ~prTD VY

Therefore

GEDRETIE AN
- ‘q; (IEL» }g(jir A#/ (9)



In the case of neutrinos, we know

—_—)

' AN =D H")‘:

Thus, w'e get two equations

k70 (11\5>”}’0— (/+' PO Yy
C r\/\y( (10)

PO YT 5 (0528 )7

and for E L D

C EE)) s 12T,
where }; is the unit vector F

T

;
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We then find that the projection CH» "{S/)\*) gives a
lefthanded neutrino (or) a righthanded antineutrino and

—
gives a right rv or a left ) . In the language of second quanti-
zztion the projection (H”\G ) L}) absorbs a left «) (or)d emits

a right ’U and the projection «Y‘f( 1+ 'fc ) emits a left
v
D (or) absorbs a right fl) and the total four comp \}/,\) may then

be written as
3 L )WY+ L()-

TSI B T
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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 desceribing the beta-decay process may be wrlitten as
_ T + AN
= 7. C{CW O: W) (Ye G-T6) Ty Ou ¥a ]+ b C

% v,; C [, 00 Y (Fe 0 ¥5) VaT + e

*Li C; T,C%’OL‘ \)(.03( r\/c O (1-%) —Y“’i rho-C

We have neglected the negligible pseudoscalar tem, The

division of the Hw into (V,A) and (s)T)combinations arise
due to the fact that the operator \6)1 0; commutes with '*65- if

L = V)A and anticommutes when { - S)T'. There have been two

kinds of experimentss first one has to test whether the combinz-

tion ( V, A) or the combination ( &, T ) 1s compatible with

experiments on the determmination of the heliclty of the neutrino

and the angular correlation of the electron and the neutrino,

Geldhaber'!s experiment on the direct measureme of the helicity

of the neutrino

The reaction considered 1s the K-electron capturc of



\S 2
the nucleus t*&

'S 2 K X
t-u. + Ei "—é>‘g N v
*
- 152 'S =
S:\wL —» S;““k + Y
\$2
The initial nucleus E has J = Q. Hence the total
s -\
initial spinls J = =3
-
E w =0
k_C;ukalf\xk\\\ Y
_ S
4
: J=9° E~u

This is a2 pure Gamow-Teller transition and so we have only A or

T in the interzction, We cen give the spin-momentum balance of

the reaction as follows
Ao
v L P
4 Tzt

g?W ‘—.}

5 ﬁiFg“' :&fgwu_

YTF:’
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The experiment consists in selecting those vy «rays which go oppo-
site to the direction of ~V (i.e. the Y -rays that go in the

direction of the recoll nucleus) by studying the resonant scat-

. tering of the Y -rays.

The helicity of the Y -ray will be the same as that of

the neutrino., It was found experimentally that the belicity of

the Y -ray is negative., Thus the neutrino that is emitted must

be lefthanded, We then have A and not T in the interzction

Hamiltonian., The angular correlation between the electron and

? the neutron is given by
6~(63V> N I‘*OLF- ,1); Cos eeq)-

B = IC\/]Q’“ les|

; ey’ + Jcsl®

The experiment on the angular gy correlation in the beta-decay
35

of f (a pure Femmi transition) yields that élF 77 D , indicat-

ing that 1t is "V and not S that enters the Hamiltonian. Thus

we are left with a unique choice of the form of the Hamlltonian,

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

14
Half life of neutron and O

The experiments which fix the relative sign between V

and A consist in comparing the relative ( @E') values of 012

and a2 neutron, The beta-decay in O

1s a pure femil transi-

tion and thus involves only the wector interaction. 014.,5 Nl4?*
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Both the initial and final nuclei have T =0, the transition

The half 1life time is given by
L

| L
T, 110

Ll s len T2 2 1m T )

thus being a pure ferml one,

i *
° (T =0 T Tes as N (700 s 0 7k

Then
v
lf: ’ - ;2 using Wigner Echart theorem
! le., :
Thus

|C fL 1s known. For the beta-decay of the neutron
\% Ou’

we have \

- 2
e CUNICERIZN
~ e IMel Ty Jea) e T

~ el 1o+ et

2

From these two measurements,

[Cal= -2 ) Cy)

it 1s found that

However, 1t should be remembered that the detemmination of Cy
involves nuclear matrix elements, and thus carries with it the

usual uncertainties, Hence the following corrections are needed,
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(1) Finite distribution of the charge of the nucleus for

the € Y Phase-space Fermi function F

(2) Screening effect of the atomic electrons, For the
. 0— 0 transition this has been computed to be
Tym 3 /
LEvITIMe T (ge) = T° & dogd

MOS‘CI'

from which GV could be determined,

(3) Radiative corrections: For a free neutron that

correction to the radiative effects h

‘ to be
t
Cft)

while for the neutron in =2 nucleus, it 1s still not yet

completely clear how one ¢

as been estimateqd

./u

an determine this correction
unambi gously,
(4)

Isotopic impurities due to coulomb potential, This

modifies the determination of
2

A) Mg
M|

) r1r‘x to the extent of

< 0. 3T /

(8) Isotopic impurity due to electromagnetic non=-coulomb

effect. This correction Seems to be rsther smell,

The confimstion on the relative magnitude deduced f rom th

14
riments on the ( 4 ) values of 0 and N comes from the

Neasurement of the electron and neutrino asymmetries from the

€ €Xpe-
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polarized neutrons. The angul:r distribution of the electron

from polarized neutron is

&'CG)N I+ A (e5 B

d =~ = 4 Ju7 N "Cg) lf“ )+ZCP Gy T+
TC_J"“‘/;)\E t& ,{1‘

ICa 17 (1% ) Cu 0=

electron with respect to the

where B 1s the direction of the

incident polarised neutron, 2 3
WithTZ:'./z‘ ) \f? \ = 3 S )gll ~ ( y Wwe have

Ao (el S e ey )

Experiment shows almost no asymmetry for the electron while the

j%>h/ .

antineutron prefers to come out in the direction of /

¢nd thus the intcraction to be (V-4) . We may therefore

write the beta-dessy interaction as

H~ C, zﬁ \\szM(\H 15“\6;)\}}] \,/CYrA(,,w;)kyﬂ,)]j

+ f-c
¢ - QG
Vo=
Ca 14 26
From the experiments on 0 , A1 ', and many other nuclei, 1t

has been found that
_ - 49 3
G =) 4029 + o oog, 2 v O

{/\rg’ Con
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Lecture. 3

Conserved Vector Surrent Hypoihesis

Comparison between the MW -decay and beta deczy rates
form the basis of the conserved vector current (C,V.C) hypothesis.,

The existence of two neutrinos has been established

beyond doubt, Then the conservation of lepton number brecoks

up into separate conservations of electron number (electron

tber for ¢ A, = for A Vg = O
number for ¢ e | and for MV

-t

) and muon number
(muon number for -e-;'\Jc = O and for [‘* ' ~J

will assume the locality of the four Fermli weak interaction

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

and T invariances. With all these assumptions, the f&.-decay

interaction may be written as

M= %"AY(’%'—L“(?\(W N‘§>\Yc>(’;’\)f:{,\(!4 T ) ’\PNS}&' C

The Y\-decay probability could be calculezsted to be
AN o C‘1>+ i "Pf
K 3 ! p> A-} f Co ©
AL d X €<.3 )

Dexs2 (x|

is the Michel parameter characterizing the shape of

where f

the spectrum. P 1is the polarization of the rﬁ,lg is the angle
between the palarized direction of the initial r& and the
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momentum of the emitted electron.

)z _ electron energy
- Emax

end (;‘ 1s the variation of the energy with asymmetry § —
asymmetry in the direction of the electron, If one assumes
*’W)e': O - Mm%y, &/ -RA)theory gives the following sets of

values { =3/4, ,%’:3/4; f= -1

ar - L ey
;;L )4:‘*5(’7” b-e,>§

cerrections to the /W -decay calculzatiocns.

Radiative correction: In the case of M\ -decay, the

rzdiation correction is finite. The experimental values are

§ 07780 £ 0.5, | §) 7 0.975 + 0,054 (Bardon),

% 0.96 + 0.05 (Plano)

The second value of [f\ 1s calculated assuming 4 =3/4.
The electron polarization given by the

(V—- .Q) theery is
— ~
Pet+ = +§ =

(purely longitudinal)

Polarized electron gives rise to circular polarization of

Bremstrahlung photons. This is measured by looking at the

compton scattering on magnetised iron.

Remarks

(a) W~ % ‘}iﬁ Y. 0 \Y»Q (%PDOU (1+ 9 3() \M} h-c
i
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may be put in the previous form by means of the Flerz transforme-
tilon on H,

Flerz transfomaticn is defined by
Jo(ob ez (F oYY ¥e O Yo )
= 20&&' LO[(&)O\>( | &)

where
S VvV T A 7P
IR
¥ ~Va © =
Ch'e}: T B, o =), o 3/2—
Al Y, o /S

(b) Though (V-4 ) thecry with Me=0=M V@_ gives the values

f =3/4 =5 , f = -1, these values do not imply (V- A) theory.
(c) Effect of non-locality

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

¢ < o + L
; A
R A { --1- '6
' - 5 ™M
However, at present experiments indicecte

Ww
that 1f a2 W meson exists, then

£ Ve
/ \ "TYluJ 7'/1.'6 GeV,

(d) 1If mw#" (st111 with My, =0) then the spectrum gets
changed 2z 1little. But the experimentrl estimetes on m‘}/‘" 2 re
nct yet conclusive, If one could measure the photoni energy
rather accurately in a radiative [‘“-decay of the charged pion,
then one may possibly detemine My At present qy) seems to

M

be < 1 MeV,
Life j;ime of the Muon

"’f‘m(’

~ dp

r Jag T2 &7

The radiative correction gives A'Z/r\« — 0. 2’2 /.,

e ct————

T~
implying b%m/ ~ 4 0'2)'/'
I

The best value forﬁ we have at present is

j“/% I 43 0k 0. 00l ¥ J(;L’ci erg Com'
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Remarks: (a) If we have (V A) lew + intermediate boson

Tw:T 4 32 Qg Muw’
o b R et

My Z e b G ey

This implies a correction

Eigi ~ O ) f «

3

Lecture 4

In this lecture, we shall discuss the conserved vector

current (C,V.C.) hypothesis, This was suggested on the ground

that wezk vector coupling constant remains unrenomalized due to
strong interaction effects.,

Let us now take the p -decay process and:/k-decay
The weak interaction hamiltonian can be written in the

form W = irp, ei“

process.

where v

T,«\.,:' {\A-} TM
U =, T (1456) Yo

A




e N o S o o ey - VR
T O R 7 R R B T o

and -

:Calv Yo YrTe Yo

=y

e

‘F+ - T, + Ty
Vo

=Y e T

If we compzre the weak vector part of the strongly interacting

particles Tf":\) with the electromagnetic current of the nucleons
which we shall write as

= TMQ';M (Isoscalar).
4~ Ty\e ™ (Isovector)
C.mmr

Here W\is the vector field of the photon ang T 1is the
field of the pion. Now if we compzre TQ <) (vector)
with T/V\ (Isovector) we should observe that these two




currents, viz.

)e o —S)V
Jp C<" o) = (Y ¥pTe Yo
e N0 - , —— -
and JM (Isovecto;‘) -(\if\})fd r\ \'3 '\)JTJ

may be thought of as

o :
components T ) To of the iscspin current

U('}) -~ * 0 \ +
T = CSY Yo (T 0T °an)
Mmoo = Ye YN e W O

{ 'Pé & a;(rn axﬁ
Va \'Yi.‘ + Yr»“(g'o T EE e s

- b ¥
e 2 - g, 200,

However, we know from gsuge inveriance of electfomagnetic

interaction that this current ,j’MC'hm is conserved, Now, in

anzlogy with electromagnetic intersction, we asgumé that Jjust as
~ A
TMC”"" each component of the isospin current, viz, Jp 7 _(weak)

is conserved as was postulated first by Feynmen and Gell-Mann,

This principle viz.v that cach component of the isospin current
is celled the conserved vector currcnt hypothesis (C.V.C.). 02

course we neglect the electromagnetic correcticns to the weak

~
vecter currents when we talk to about the conservation of Tf"‘

(weak). This principle seems to be highly favoured by experiments
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We shall see later how this principle 1s supported by experiments.

The essence of C.V.C. hypothesis may be summarized zs

. N\ Y ) = O
’ /'b Xm

Consequencges of the C,V,C, hypothesis and its experim
verification

On the basis of just Lorentz invariance one could write

down for the matrix element of the electromagnetic current

4*’/Trf”m[f>>

{
where P and }3 are the four momenta of the incident and

i ik ' i
emerging nuc eous,i = P t and/"" - ]«b,. ]“\“ « In
prineiple, there zre five terms for this matrix element and it
1s an easy matter to show using Dirac equation that only three

of these five are independent and we could choose these three

as er)(ﬁm) = and 1}(»» . These are termms we have written

in the above expression., Gauge invaricnce of TV\C’M would

imply that [, (%) 1s zero.while this tem will be present

in the case of wegk interaction currents, The conservation of
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J'\A will mean that

F)go>‘—‘ ’) rz(” =

nd =(Po- ) 2 3.70

That is, at 4 —~ ©, the charge is nct rencrmmalized by strong

interaction., In the case of weak interaction, the vector current

of the hadrans may be written in its most general form as
' N T )
Zp | Tm | Pr= U‘k’%ﬂ (5 )‘%‘;w- " Fz[f)( D
‘ ( L 2N
+C'€‘“w T/)@,Wg'k(}))

o
The coefficients are so chosen to mzke ¢ and ‘i reals
The consequences of the C,V,C., hypothesis are

(a) F, and F‘% are the same 2s in the electromagnetic

case

(b) At ‘;:O, there 1$ nc renormalizztion of the vector

coupling constant

and (c) the appearance cf the ‘'weak magnetism' term,

Experimental Verification of C,.V,C, hypothesis

(1) The experimental result that the coupling cocnstant
of the N -decay (%)P,\>and the vector coupling constant in the

ﬁ -decay (9%7 are equal 1.e,
(C()\JP; >: (dr\ (2 discrepancy)




is a very good experimental verification of the C,V.C. hypothesis.
This mean that inspite of the fact that P -decay involves streong
interaction effects while 'Y* -decay is purely weak, the vector
~coupling constant is not all renormalized by strong interaction
effects at zero momentum trensfer (The weak interaction till now
is considered to be local end conly 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, 1t is this equality

vize 8 - V@ that actually gave rise to the C.V.C. hypothesis.
g

Evidence of the weak magnetism term

In order to test the C,V.C. hypothesis by experiments,
it 1s essential for us to select a situation where one could

isolate the vector part alone from the rest., A very important

experiment was suggested by Gell-Manr in which one has to study
" Y 2
the nuetesr beta~decays of [5’ and C[ . The system we are
)
going to consider is the isotopic triplet (N R Cn B 2 )
> 3

Consider now the following transitions

+ _ . _— + -
"I Tusv T1=0, T=e Ty | Ja= !
139 NeV - IS MV T 16 b MeV
S ;\
+\ / -
B Y b
\ - _
\ !
\\ 1 'I
+.
= T - D)
g O) L*O) o e ke
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The test consists in comparing the electromagnetic

transition C‘: *,,57. C'L with the Gamow-Teller (&,.'_';jﬁ-deca)ls
[yl‘» C'L and N’l\_; 6'7/ . MAccording to the C,V.C.
hypothesis, the matrix elements for all these three transitiens
.should be the same except fop‘fn:_tnor coulomb corrections. Since
the energy release in the p -transitions are sufficiently large,
in addition to the zllowed G.T. axlal vector transiticns, the
first fcrbiddent A-V interference term also will contribute to
these transiticns and the separétion of a single term beccmes
difficult. However, fortunately these interference terms are

of opposite signs when we ccnsider both b+ and‘B.- transiti~n
sc that by teking both j3+ and ﬁ” transitions one could
eliminate these interference terms and compare the weak magnetism

term in p -decay with the corresponding cnes in electromegnetic

‘transition; For the /};'. decay spectrum we have
- dr

3 " o
dE UE)Qnou)ec\ /+§a(h ‘2’0‘ > ?:b@O E>

The first term on the right hand side correspcnds to the
allowed transltions, the second tem to the first forbidden
term and the third term tc the second forbiddent term, If we
neglect the third term we will have
AN 4ﬂ_j> (V+& aE)
AE ~ \aF allowed 3

-

a-llowed for p decay



Similarly
ANt AN

¥
A T\ AdE \allowed O - % a £ ) for ﬁ decay

It should be remembered that 'a' comes from weak magnetism

tem, TIts value for electromegnetic transitions is

Q :)+/";~}“N =2 Al

The value of z for /6 transitions should be the Same as that for

electromagnetic transitions 1f C.V.C. hypothesis holds. Careful

experimental measurements of 'a' in the ﬁ}-transitian have shcwn

that the C.V.C, hypothesis 1s ecrrect.

_ja -decay cf the‘v[—meson

Conslder the decay

-,_ -
Ty T 7

In the absence cf the C.V.C, hypothesis, the sbove process can

go only through a virtual NF pair loop and thus one has te knew

much about strong interacticn effects,

2 definite

However, C,V.C, predicts

rate for the zbeve decay and cne can compare this

with experiments., It 1s & VEry easy matter to show that cnly

vecter part contributes to wthe above decay and the matrix

element may be written as

y — Vgt y :
om v %4 770/ \),,,{77 _P)I%{?}A(}*YS)\)/:,]




T « We shall only quote the result.

The procedure consists in relating the matrix element
0

\ |
< T /j;h ) Tr + >With the matrix element of the isospin operator

- The brenching ratio
according to the C.V.C. hypothesis is

— + = '
_ N N £ =) —¥
.R;l 1'\1—«(76‘3 - J (Tr m + - ]~0'7 _j‘_’ D D2 X/0

NEAEC Y R

8

i

ﬁ Cm ‘(o

1.15 + 0.22 10~

(1.08 + 0.22) theory
Later experiments have shown even closer fit thus

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

’Zf 3. angular correlation

Bouchlat has suggested the following test., This test
ccnsists in the analysis of

transiticns of the isotopic

2

triplet N/L’ (\}L(al‘* Q) + The transitiors are given by
A )

A

+-
A'I‘:()Is—' i I=1,1lz-0 4 T=1 Tz=
NI NS
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In this case, both Femi and G,T. transitions occur. By studying

the B,.1F anguler correlation, we can get the Femi part of the

metrix clement (For Fermi transition we have

] transitions).
Q %ﬁ 0f course, some DT = {ransition will be presant due to iso-
k. :
E topic impurities of the nucleus. If these impurities are due

£ to only coulomdb interaction, then C.V.C, will kold grod. The

f? angular cofrelation is given by

1 ¥ +

WY = ) A~ (s ©

f% where

—
E: b - | oy amd F}B

}:\ and

A~ Pt [ 1,

3 Under charge ccnjugation
PJ\G_r — (Y)Q'ip
Ne —% = CMed

so that C.V.C, hypothesis predicts H*~+_/%\. -0 Experimen-

telly this 1s satisfied.
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Lecture §

Partially Conserved Axial Vector Current and Go

ldberger-
Treimen Relaticn

In the lzst lecture, we were considering only the
vectcr part of the weak interaction current. 1In this lecture

we shall discuss abcut the cxial vector currvrent,

}\/v

For this 1let
us take the s-decay

The black box ccntains ‘all strong interoction effects since the

a
e
B
Bl
i
b
&
L
:

plon is pseudoscalar, only axizl vector current centributes,  The

matrix element fer this process can be written as

ﬂ("'_“-é/‘“)(““ioljf | T > <,
< - —\YT\D/\ Yo
Oy = RN EE: o
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——

|l
since f)/\ is the only vector aveileble, 9” has the dimen-

sion (f/m > By eonservation of momentum, we heve

P7,— == F‘)“ ‘\“Fv

Hence

4 "
pas -

b AT D~ e Y () Y,

end therefore 9 2 ~
L M~ — g ™
; R.( M )_g f"f ((mq"n___w,ﬂ)
},Trfnﬂ

P

+
Experimentally FO was fcund to have left helicity.

Experimentally "\)/h helicity was found to be correct and

3V:: ?Q x/ob
T /‘m?f
Alsc
R(T—> M )
R(T = m~)

A:S ) | m?/ﬁmna,—%:f
Wy ) [fnt*= Y
= Lz.x/E“’ngjg_>2’

O o
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The experimental value is 1.2 x 1072 thus implying

917@: 377/”

This 1s the so-called [V} - € universality. It should
be remarked that even though the pseudeoscalsr coupling is

allowed by perity, yet such a coupling would lead to the unphysi-

cal result &WC/M“Y_?{ sc that pilon decay is a2 strong

evidence for the non-é;istence of pseudeosceler intersction,

Goldberger-Treiman Relation

It is = very easy matter to show that the axial vecter

current csgnnot be conserved, This is so besause

oo > = =L gp(p0)Y

= - Uy 'y

~

A
so thet if BT/\ = O then J7 = O
That is pion is nct coupled to leptons at all. This is contra-

dictory to experiments, So

A
a 3/\ = )

The most general matrix element for -decay for the axial

vector interzction part can be written as

< fa | J/‘f\/ m 7= Qf[@g(f)“éfnﬁ{r'éfp(?})Z/W'KS’
=g ) (ot "I [




If cne assumes G-invariance of this nonstrange decay matrix

ence helds since [ G, .S:( - 0 j'bemz the

strengeness operater) then it 1s easy to shew the t

0(““, /V\Wy?) ’\YN')C‘ = ‘”[Y\/Ng \(’( WN)
T Al YA -Cw SRS

element (the inveri

GG (it )Yy 6
4 %(/D/p 4 Y’y)fé‘?)n/

Here . 7TI1—
O= ¢ €

C being the charge conjugation operator,

When {/ — 0 (as in the case of -decay) the dominant tem is
odd under G $o that 1t is highly reasonsble to assume
m((al \Lec bere
& 3,\ -/

o
6 =7 Ix

éuj G, inverience,.




33

The axial vector term even under(y 1is called the irregnlar temm

and in fact the presende of these temms may be responsible for

a slight violation of time-reversal invarience. Thus
r ~ <o ,
‘<.f’!57r” /“f\ 7 = LCUF%J bon )
QZX 2 2 2
T L2 ) =9 h (9]

A
1y O SV’ -  then

o Npn FPCMTE;.’,Y‘.&@QT)

which when substituted back in the&g ~decay matrix elemcnt lezd:
tc the wrong result viz, that the pseudoscazlar interacticn is

mere dominent that the axial vector interaction, Thus, even

here we find

£F)EL ) > 5o

B
B
%
e
L
S
i
i
&

REL s walss Tpe "1/'1 ) as
fg b ' Y e N
%50 MG~ }}7(2)

and since\6 Jra

b“ﬁrﬂ

is =z pseudescalar, let us write down g




. Sk e
] 3 BT, T R e S e
sy EER R S a S B EACH L L s E *
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dispersion relation for %(i ) with one pion pole dominsnt

approximation, Then

2mFaly D~ 7 Fp (gD

. @Gﬁgﬂ-,\mﬂi_’f i(ﬂ’z)c(\/'lﬁ(»zfq,
A

| /_;.* /1;1’_ L€>
(3 i)

Assune now that

) A
T, T o

hen, =t ._T/Q: 9 sy We have
( iy A ,L
eMFP=p3 G rdF + [0 (5" )d-g

As 2 third assumption let us neglect the higher tems and retain

only the pole tem. Then

meﬂ@) :__\lfi aﬁ‘gy [e F (0) = *3;5:0

QR' is the plen-nucleon coupling censtant and 1s deter-

N £ T g 11 behaved in th
ow i Fﬂ <$ ') s we ehaved in the
regicn ) to W‘q md whcn single picn pole term is due to { A
essentially then !
(..(6'),: -——\fZCWTQ‘CF 2 M Fa
P = ow— = - F

AL

mined from picen- decay

b+ s
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?his is the Goldberger-Trieman releaticn ond this is very eocc
agrcement with experiment.

The exiecl vector current is crnscrved
in the limit —’= [ =0,

Lecture 6

E;éh Energy Neutrino Reactians

The study of weak interacticns at high energies ncv

throw more light on the structufe of weak interacticns. Tor

this, the best reaction 1s the high energy neutrino reccticns

Neutrinos are produced throcugh the feamilicr decay mecdes of the

+ and K mesons which are copicusly produced from scceile

L‘)
e \

-

tors. Since,

C s

o L ¥ = .
ViEN > Ny ) is very smell (’Z’.IO"OSGm , when £ g Gy

/ ' ?
S0 thut we need 1ntense beums of very high energy neutriros

the cross-section feor such a rezction (for exony

nd consequently massive detcctors. waever, bh& advenc-me-t

me de in thls field is reully magic th nké to the ekpensjrf

schemes of CERN qnd Brookhaven Lehorateories, In the fellowinr

few 1ectures, we shall discuss some experimental deteils .nd

tbeorctlcgl conclu51ons one could draw from these experime=«

Fest and k “mesch becdms ETe produccd by ene

protens accelerafed-by the large synchrotrons.

s
B 2 A
e e

({energy of *ac

protons 7 25 GeV).. Teo preduce neuntrinos, these méscns luve o

be: allowed: to decayif[“';mescns ore essenﬁially‘stoppcd by

ionizetion leoss. ~With the energy attained. by the ;AK ¢ B g gy, ¢

ving~frcm‘77k' and )&}g produced by 2 25 GeV proten beum, ¢

&
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thickness of ircn A)20m is required. Consequently, the dis-
tence between target end detecter has to be large (A several

tens of metres). The spread of neutrinos is avoided through

focussing arrangements, The cronvention devices are of least

use in such high ncmentum intervals. £~ new device has been

designed by S.Ven der Meer called the 'magnetic horn®.

Two

types of detecters have been used, & large heavy liquid bubble

chember and a massive spark chamber. The bubble chamber that

hes been used, contained v 750 K.G, of (3?%3 [ge{ (Frecn) and

8 was equipped with a magnetic field of 26 K.G, The CERN

i spark chember consisted of an 18 ton brass cr Aluminium spark
chamber with plates 0,5 thick, Behind this, there was a 50 ton
spark chamber consisting of lead pletes & to 10 c.m. thick,

Between two sections, a magnetic field of 3 K,G. strength wes

placed, extending 1 metre zlong the beam direction, There have

il been scme recent suggestions by G.Bernardini to use magnetised

i ircn plates between twoc adjascent gaps. The events obteined are

L (cm)
éj 1963 run = 18 events/hr in spark chamber
g 1964 run = - 40 events/hr in sperk chamber
This has tc be compared with 10 events/8ay using bubble
chember, \

However, the precisicn in the znelysls of the events

obteinable with z spark chamber is far below that of a bubble

|
chamber, where coordinztes can be measured with the precision
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of a fraction of  millimetre. The experimental results cbtained

give us gcod deal cf information in the fcllowing physical
problems.

(a) Existence of twoe neutrincs
(b) Intemmediate Vector bescns
(¢) Weak neutral currents

(d) Elustic neutrino reasctiens znd week form facéters
(e) Inelastic neutrino reacticns

(f) ©Neutrinc flip hypothesis

Existence of two neutrincs

The CERN experiments hive confirmed the earlier Brecckheven

experiments. The heams were obtained from smy-decay. The

follewing reacticns were zanalysed

VEM = b F om
(1)

VR S o -
£ ) Pte (2)

The ratic of the two reacticn was found to be
R(L D)
.———/&—

R(CD

This then €fonfirms the existence of twe neutrinos one

~ (- ~ j: O %5‘./’

zssoclated

with electron and the other cne with the muon, As z wemark,
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we menticn, that 1f we accept this twe neutrinc hypothesis, the

~bsence of the reactimm ,h\_ja-é + 7 could be reascnebly
understocd,

Neutrino Flip hypothesis

It was earlier suggested that the neutrinc associated

with the muon in # decay corresponds to the neutrinoc assccicz-

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

U= T, K ~> M~

T =T e+, ked

S | o
It then follows that just as |l deceys deminently to M X

2
mesons will dominantly decay into “Je:. If this hypothesis were

true, out of 2100 spark chember events, 200 shculd be electren
events while experimentally, the number of electron events wes

only 44, Even amcng this, half of the events can be attributed

tc electrons coming frem Lgafg decay.

Thus the neutrino-flip hypothesis cennot be accepted.

Conservation of leptons

|
The lepton number conservation may be divided as the ‘

|
independent ccnservaticns of electron number and muon number

respectively viz.
QZ = Q.e‘A‘ QlkA
{e =Ne — V¢
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From the anguler of the cherged lepton prcduction by the 5 ;f

there has been & good evidence fer the conscervation of lepton

number tc a very good accurscy.

Neutrel Currents leptonic

If neutral lepton currents were conrled with the same o

strength as the charged ones, the ratic of the neutral current

clastic events

r\)+b~—-> ~ P

to the 'charged' elastic events
~4im = b+
should be cne. Experimentelly
R(N+p— YV HED
: ’ n —~
A(VEn = p+]7)
Thus we can give an upper limit to the crcss-section in neutral

(current) recctions to be ]oquc Nm"’ . BEBven if '\)-)—Pv——)f(“}'ﬁ Ay

is seen, we ccnnot say whether 1t is due tr neutrzl lepton

7/

S AR AT T TR i D AL D 2

currents or due tc electrocmegnetic properties of the neutrine, éi
Then we shculd study the vertex (W - - ’”'>. The most :

genercl matrix element may be written cs
""‘C“M - ; ’z'
- Ye) by € 18
<Y]JP,\ "\))NL\Q\J,‘,\(H' ;)’Vfig,(q/)

AYITP?,/ ﬂ)?‘: F, ~6r+ F (ﬁ\r\)‘f/q) + F)>25,v\ YS

= F:Q) cﬁv\\) Ty ngk»
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. . !
kceerding to the two. compenent neutrinc theory f, = £, = 0.
This is becetuse the projecticns fer neutrince and anti-neutrinc
are (H’ s ) end (l‘ B Tespectively, and ((«{»"{57(}- Yo )

Thet is, the magnetic mcment of a two-component neutrinc is

zerc, The electric form facter of the neutrino can be calcu-

lated, It is fcund that

2 I - -3y
f 7{;&{6{&5"’ fo > o 1o O™

theoretically, while experimentally,

3% o
4?7 Snp % £ 3% 10" Con

Thus, the electrcmagnetic fom factcrs cf the neutrincs

y 1f they
exist,

should be tco small to preduce cbserveble effects.
The absence of lepton neutrel currents cean alsc be

understcod from peir producticn of k-mescns.
o ¥ -

RCRS = 1y o)
¥ & .

ROK'—S M Lq)

Experimentally

4 e Yo (- 3mp)
| Gy 15 (- fﬁ; )

£ T

This 1eﬁds to the conclusien that

&%“7 L 2eS x (o
COom Y
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Similerly from the experiments on the resctirns

it is found that

{G.e.—Pq(\,-‘ \L (')r
IR SRR TV,
16\201 ~ &

&l +
and from the experiments on X —> [T
1s found that

\ C\Vf.V«c\2'4' {C;~]A X 13— /|
\ﬁ/ﬁ]@e\)\l &

Lecture 7
Elastie Neutrino Resctions

The reactirns

A

NAm —> K/
- ‘ T
~N+ P > v £

ere cslled elastic neutrino (antineutrine) reactimns

-
X

B
?
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Define the invariants
-
Az ~ (Fﬁ‘\ Pr )

L= = (hptp Y
oz = Chy g b )

We cre eventuzlly interested in the

A-channel. The differen-
tial crcss-section cen be written =s
e
do 7
At pol

Ké_(M§+Mﬁfjléfwu-MQih?%+ﬂ@$ﬁq
L 2 Jeng %
Sbi Tl = ? ALY Plces 47

Here J is the maximum eangular momentum in the %;channel.

S% \S,t are the spin of the particles A eng ¢ respectively,
The angle (# (the scattering angle in - the

by

t-chennel) is defined

(A=) — (MR-MZ (M —ME Y
Cos b =

n ﬁt»(mg—mcﬂ[t = (M- Mo:)?'[z: Mg Mc)fé{wm \/

j

Let us suppose that there €Xists some analytic centinue

tien frek
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3

the t-channel tc the s-chznnel.

9 J max BQQH ()g..—u\ @)ﬂ

ds
ﬂ— [5*(’“[;"

__‘—"——-—-/_—_‘—_——J

J- 0
mgﬂ[g«»(mq-m&f](z Spt1) (25.+1

In the s-channel (in which we are interested in)

being the momentum transfer im the reaction, then for reaction
Vg —> L +D
we find
0{6”'\) S
— -—;[ﬁ ({)Hza(f)(/v%)-l— C (f)(é—-\x}i]
49 o
and fer the reactien
— ( +
v +D — € + B
ﬁ' we find

1' A6z -
P ﬁt‘ = %‘,—5 LA Crf)—‘B(jz 7(4——M+CC@'L)(6~Mj

where we heve zssumed PC Conservaticn. This fermula locks like

exactly the same as Rosenbluth formulz for electron scattering

but for the term 8({7 (_/S—— m)' This absence cf this tem




actually signifies the parfy censervation in the electren

scattering process, This term zrises due to the interference

between the vecter and axial vector terms. At high energies,

( w210 GeV), the term & (ﬁf')dcminates. Thus,
vzéfﬂ e 2 s
A a o, = d ¢Cq ) (A-u)

b 500

L ;
and the parity viclating term, &(‘CV ) loses its importance., In

cther werds, at high energles, the neutrinc reaction proceeds

as though perity is cmnserved.

Wegk Fem Factor

It was earlier sheown that the Hamiltonian for the wezk

leptcnic process may be written s
+—
Hon @7, ¢ 4 2. ¢

where

TrA: 3 JYFCH\(;)(?,

The weak form facters arise actually due te the streng current,

The matrix element of 'S_P\ (the weak current of strong interasc-

ting particles) can then be written os
LK )Tl kT = RO
[E\&P*zﬁmhmﬁﬁf“ﬁ L"fvm?/m
e = L8 P Y
‘}’7\‘:9‘\6/\/\5' o~ p 5

Q.U.f\,g(lei— k\/"‘ ) X by, (KD
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kK and K‘ are the four momenta of the inittal and final nuclecns
M 1is the mass cof the nuclecn M is the mass of the lepton F'g

}
and are functicns of ? being the momentum transfer
g 9

i.e, % = K7~ }()‘. Invarience uncder time reversal implies thot
F‘,gand k\éare real. From C,V.C, thecry we have

- 0
Ry =
P BT fed =)

{
Cm o
Fl - 2 F’l (o D oC ,
A :C/‘"P——/%) = 3.0l
= anamalcus magnetic moment
Q\. v S bz g\»p by G-invarisnce. From (5 -decay we know that

AFR(OD = | &g—

From the analysis of;r’” -capture, we find that the induced
pseudcsceler tem

~ B )

We heve zlresdy seen that
AT .
. ;: = 6" ..'_,).: AG ) + B(¢’>(Awu>+c@’>(omf 25

6 K\ab

e bt bt
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1 where
9(?2): ﬁ/l \H'i/j’ /«-L f\ll:l.._. (1;7— v 2
| ‘ §(§ z;>(i f)‘f A 4;;;2')h 9:2‘ ./>
+ HE) - x G FoF
— (F M) S b

r1 @ﬁ,%

i
B = T (RAPR) AT

and
A 1 L 2 i)
ety = .-g,<¥,+x Fot ) o) B
(’5’
H =X w%,—— gU:ﬁG
M ?7
If we suppose that the above reaction goes via 2n intermediate
boson
ﬁ then

Ty
H o~ 6‘(@7“% +37ww,j> +0.c
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The metrix elemcnt g
V

kirﬁcﬁw
<qu7 =K F || T

g+ My )

$E10))C
N wereﬁ/ :(_K»K!/\c@a\' )?Q>
T Gt . + ., .
| <FTLo 8 g0 Trestd s
o, ‘
where i ,_r
i ~CJV“' wre “;"’)Gq— 7
MY Mo

so that the scettering cross-section is exactly the same as in

the previous case of peint interaction, but now
A L =
Ez\-—> Fiaf s C\QLW?_L,]
, (ﬁﬁw
]
. - 2 2™ e
R e mo ACIFE
2

I
1) { 2 -
o 0= by s 9 f
A
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It is very easy to see thst as

rmw-—-——)‘ o0 F':F

Compezrison with ExXperiments

Usuzlly the reaction that hes to be econsidered is not

the isolated rescticn )4 pJ —> N + { , but rather ~+
’
Nucleus h_7> (NMucleus) + Q so thet assumption have to be mede

regerding the nuclear meodels tc be used, Secrondly, experimentally

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

the infcrmation is not quite rescurceful about the form factnrs,
As for cs the nuclear meodel is concerned, mostly calcu-

l:ti~ns <re made using Ferml Statisticel Model so that fcr the

rezction on ¢ bound nuclecn we hive te meke the following

ccrregtion:

AT 3 5

"""_’d) = — 4k d_o:_>
ALy LT P AL/ e

?DF i1s the Fermmi mcmentum actually in experiments, the everrge

reccil of the proten ~~ 100 t~ 500 MeV,

Fcrm Factcrs

cnd Ccomperiscn with Experimen

In order tc determine the fomm factrrs pertinent tr the

- elastic reacticns, the four mcmentum trznsfer i}Vwas determined
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fer each event. The resulting distributi~n (experimental) was

ccmpared with the thecreticel cross-secticn dG:

AV

the vecter form facters had been teken to be equal te the elec-

in which

tromegnetic fomm factors, the pseudoscalesr term neglected. Then

deo éﬂ” is determined except fcr the axial fcrm fecter
which was taken 4o be of the form

A m(,_,, @; 3‘?’

M p

Fitting the theoretically predicted curve on the experi-

mentzl data zllowed one to determine the value of Mp ¢« A%
was found that

Ma=0%5 + 0.8 — O- 4% ?6\, lc”

The results are completely in consistency with thecry except frr

a small region where neutrino spectrum is highly uncertzin.

,";{ >
The future plane is tc find Jee
cut ' o
+- N D b+-(
Aoy - Aag) o s
( Y ~ ( A //( T N
1 3 ~ o e ; e e ¥ ‘e
which wtll be = mezsure St /m
of (Y :’)nd el FP can . ,.7/:"/
(7
be calculeted. ' 1
v o 3 s Geu tep

The proton polarization is being measured at OERV.
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Thecreticzlly, it has been shown that for the reactien

vy —= ¢ 4 enything

the transverse polarization must be zero if Time reversal

inveriesnce holds

L\,m PL_: % 2 afp CF =P ED )
fy > e S ] e
where
\Ll: i
(2m)”

Lecture 8

Intermedicte Vector Beson

One problem which hzd mestly been of academic interest
is the existence of Intermediate Vector Bosons (IVB) mediating
weck intercctions just as ¢ mescns mediate strong interzctlion
between nuclecns. The coupling of IVB with baryons end leptons

mzy be written in a general form as

Wy 3(€¢wwrj Jp O e

where QT“ is the current of the leptcens and th\ is the
hadronic current. Let us look at first crder processes in

which ) may be created. One such possible reaction is the
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semi -weak neutrino reccticn

~ w
S S
B

y

N AW

/

Here g 1s the coupling constant for thg IVB with the leptens
(semi-weak) this is relcted to the universel Fermi coupling
c-nstant, through the relatien
3" G F

== N
e

M W \fai

Czlcul:ting of cross-secticn for these reactlions have

been made by Lee znd others., We will hive to distinguish two

types of reactions. Cgherent reacticns &are those in which the

nucleus recoils s z whecle and incoherent reactions are these

in which & particular nuclecn inside the nucleus reccils, Fecr

inccherent reccticn, usuzlly caleculcticns :re wsde using Feml

Model fer the nucleon inside the nucleus. The resulting

cress-section cbtszined for the above process is given
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For the coherent reacticn, the phcton is ettoched to the nucleus
{tself =nd the nucleus reccils as ¢ whole, For the nucleus,

Fermi charge @istribution
- (2-Ry | |

{ f7~) A %_\ v w0 By

i -13
is assumed where R = mean sq. redius ~/1.072¢ x 10 cm and

-13 '
b = impc;-.ct perameter o 0.568 x 10 . cm. The cros:;g,secticn in

this case is given by the rlot




")L: Gev

It is clear that the crcss-secticn for ccherent reascticn is very
much larger than for inccherent rezction. This 1s because of
the electromagnetic intereascticn,

Then the total cress-sectimn for the above process is

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

Tctal cross-section in 10-38

C s (=)

/ per nuclecns

N Sl Sy (ACO
My, 1[”6’“}) Meg = o.él\/\é

2 BeV 4,34 118,.,4

4 BeV 144,00 1083.0

Decgy,of;kd -mescn

The principel decay modes cf \J-meson are

W= 2 @o_tﬁfmg
w= 2T
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etc. The general intercction is glven by

MN@(@JUV)MN* L.c

where ef’ andjypw ere the current of the leptons and
hadr-ns respectively. Let us first consider the decay of W

intc twc leptens

Here nc strong interacticn is invelved. The coupling is only

semi-werk., The rate B6r this deczy is given by (Just the seme

s in T ~.:>/\pq) decay)
+ + o

ROV 47+ ) = §ou M,

e W

67 /o

One thing which cculd be said abocut ~m, 1is that My ‘4’7ﬂx,

Otherwise, W) must have decayed intc a ﬁ( meson and must heve

been observed. Using the approximcte value P0) /X rYf)k: ,
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find that -
¥ + -
(whs 05, Ve )= 10 g

pnother decey mode of W is W > o)

w

The u)TTTV vertex is kncwn from the C.V.C. hypothesis, The
crupling is then thrrugh the isospin-current. The amplitude
fer ‘4)~3>7!l is given by

A{w—==>"20 ) . J2 %e (f\w F ) E FTW?an )
(jg’Tﬁ\” E:n f>y2/

is the pelerizition of W F,.r(‘m:: ) is the
same s electrrmegnetic form facter of Tf* if we assume
C.V.C. hypothesis, Then, frem the kmecwn K QB form facters
cne finds that \

R C m he
(w—m) = (i,m’\ w)] G
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The varicus decay rates may be plotted es

. \© \smo
AN
12 1 <) AR
N ekr
7 =1
/\ $\/\)) L\D /
//l \ /Y{.
: \ /
Py d
/ ‘\ p:
/ | . -
/ 4 < -~
- { \\
3 // & g ' \\ \)) ﬁw
E 7 g 3 C
) // /"/\\\;}/Q\
— , > W l o
A o R

The bump in W <> KT  1is due tc the K rescnince. The
peek in W —> X[ 1s due to the f mescn, dominince. We
elso find that

o T i
R (w _,bl\m+4, f\-)/‘, )

EXEREEY ALY

+ 0
S(wi s T T )
RS L2

Rt et 3 Ve)

and

o < R (™= ka)
R (W )

A 05"
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Lecture 9

In this lecture, we shzll discuss the experimentel

indicetion of the existence or otherwisc of the \W-mesons from

CERN experiment, The I.V.B. could be created in reacticns

discussed in the previcus lecture

Nt (B A) —>CE A > L W

then decays intec a leptcn end & neutrinc

Then the sezrch for the W 1is linked tc finding cherged

lerton pesirs (since by = - puniversality electrons may be

equally prcduced). For this, the spark chamber was a far

better instrument than the bubble chember, as the bubble chamber
dimensicns e¢re comperable to the interacticn length for pi~ns

which will meke the detecticn of muens very difficult. In the

sperk chamber, out of 5200 events they have selected the evets




&8

in which there were two long tracks (which will correspend tr

f”-pairs).

Selection: The spark chember conteined several interectieon

lengths 2nd could thus be used tec meke an znalysis of the meen
frec peth of the psrticles preduced in interacti-ns which were

cendidetes feor lepton peir interpretoticon, Select out events

in which there are only two tracks cof visible renge > .5 AW

(germetricel renge) such thet one track 3 1.5 f\o and the

other > 0.8 Ao . 1In other words the engle cf two tracks

should be smell, This selection lesds to 350 events (cut of

5200 possible f“’-palrs). One has to make sure that .the leng
track chesen is not due to any strcngly interacting particle
(such as F{~4nesons). They sssume to stert with thaet one of
the peirs is due to strengly interacting particles =nd measure
the expected track length on this assumption.
L—{;x?&L*LA = %; Lﬁ ;
= L= differcnt strenely

%\/ interactiing perti-
L cles.

This is given o

- ‘ .
where l«. $ are the rctual track lengths measured and /4<,

the interaction 1ength of the strongly interacting particles

assumed,

j4 cere got from experiments. They have to put the

vilue of WU . The importent thing is the calibration of the

track lengths of the strongly interacting particles, Then they
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minimise the number of expected interactich { I expected), i.e.

they put themselves in the least fovourable situetien,

The
result 1s the fcllowing
Experiment Texpected Lobserved
if there 1s cne
strengly inter-
acting particle
1963 63 56
1964 33 36
Total 96 92

Ezrlier, due tc socme wreng calculsticn, they found thet

“Iobserved > lexpected assuming thet there is one strongly

interzcting particle. This mede them to think thet |4 exists.

Later, mcre refined, enalysis heve been mode through better
mezsurements of ranges. From kinematices, pn# will have the

A d

highest energy comprred to ﬁA since W) 1is massive, Now,

the critericn for selection becomes more restrictive, cs

= ¥ cendidete hes renge 7 7Ao
r«f' candidate has range > Q *l# /\0

Theoretically the number of such peirs can be predicted, by

assuming the neutrino spectrum at high energles and the
brenching retic K (W M)

A e
R (w > al)

. The expected and observed
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V’\' palrs are as fellows:

Expectedypeirs.
. - Number nf obscwed
rl eV Ven der Meer Low Y A Dairs
W spectrum spectrum f
1.3 21 51
1.5 11 26 @)
1.8 4 2

The ccnclusions from the results of the last 1964 Cerm heutrinc

experiments 1s thet 1f the IVB exists then 1ts mass
TMws 1.8 Gev

Ls for the Vu ¢, events, the results were

4 ooV Ven der Meer Low q/" Observed
spectrum spectrum
1.8 6 16

HA
W

which strengthened the cbove cconclusion..
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As & remark, we may sey, that it might be that one must

heve locked into 2z lepton pelr and ¢ pion @nd not Just a lepton-

‘ pair slone, This is because 2 pion mey be preduced ot the

strcng vertex. Or virtuzally frem the nuclear interactiens,

The polerizeaticn of LY  1s the same zs the neutrinec.

(2) Phcton pair production

o]

Since UD hes both electrcmegnetic end wezk interacti-ns
ond since the ccupling strength in electrrmagnetic interactirn

is larger, one might naturs1ly ask whether \ could be produ-

ced in electromegnetic interaction?

Nucleus Nucleus _ coherent photopreduction

4




62

The crcss-section is frund to be

\
/(\;\ -+ . 6
— eV
o My = |
a
o\
(&
g 4
o T
!  —
¥ 4 AT Lab energy in BeV of the
photon

‘6
Coherent photo-pair productien E‘[{ (%) ‘{) Fe J
)

(b) W

-production from strengly interczcting particles

ptpP —> Dt wt

It is found thsot

3§ .
o™~ 107 e frt My ol e
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(&) M g — W+ ¢
Qu A T Jvertex is defined through

the C.V,C. hypothesis, Then it is
feund that

-33cm2

o ~ 10
fer fTOu, N oY eV

More complex intersctions resulting in charged lepton

palrs can be postulated but with 1little theoretical justifica-
tion.,

Lecture 10

Inelasti¢ neutrinc resctions

In this lecture we shell discuss few important theorems
ccnnected with the inelsstic reacticns

' \
N t .
‘ _ 1K= tetel four mementum of a1l
\\‘\~‘\\“\\\\‘fgk{\xthe cutgeing strongly

" interacting particles.

T N - 2
Now K = | * 1s 2 varieble now. This is the (mess)
R
cf the final, state which involves/pions: The differential




e o L sl i o S ANANG, St b+ 1 S 0

64

cross-section is given by

AT+ _

s - = L F ¢ 2
c-%{“ k: &‘A(f) r B(V)‘) (A-u) ¥+ (5 )(4»\4)]

where

-~ (KLK)
P S N Eﬁfﬂx-"
Ll = Mg =M+ >M(c~c)

€ zand JQ‘a:@ energies of the incoming <) and outgeing lepton
in the labsystem so that (2 - €) is the loss of energy of the
lepton in the lab system.

It should be noted thet ( ¢ 7g+u> is nct a functicn
of t, but is a new variable. A, B, ¢nd C are functions of twe
vnrisbles so that fer such inelastic scettering the general
frrmula has to be written as

5120"1

T AN SESERR R
AN

where A', B' and ¢! are functions of t and the new veriable

(A+U). In the leb system, we find that
2 1} i

A
Jii}é*Kl Q} C



€6

E''y B'', and C'' =zre functicns of two variebles.

"ADLER THEOREM:

(Generzl theorem on inelrstic lepton-baryon
scettering). The theorem zllows the possibility of testing
the conserved vectrr current hypcothesis, by looking intc the
forwzrd inelastic scattering ¢f neutrincs,

Consider the reaction’
V+A — {+R

wherejs censists of @ number of strongly interazeting particles

(say picns)

)
(vcyfﬁ Qdk

¥ \\
\ R (£

9 = R-‘R\r: K-

The scattering matrix fcr the above process can be written as

\. _ .
T h RIS L 8] g A
&
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, N
When we find ]T’\ tc calculate the cross-section

PU RS TR ARSI I AT -

2.1

- T)r L)\G‘

where

S X Ky
T ag = h;> Re ¥ Re R N T Ck AR ({;NE;
}
T E:) c Ve 4%‘( }?cf
The last term zrises due tc non-cconservation of parity.

Suppose ncw we ccnsider 'PARALLEL CONMFIGURATION'.

This c¢r~nfiguration may be proved to be 2 Lorentz invarient

concept
h_iﬁ -
i.e. /% “'ﬁl
- >
e k- LR

=nd assume that

2e o pu 2 n

—

(i,e. 1t means that we must have an inelastic scattering) and




8 Nl 7T 1Sk

2 A
assume thet &

i\

A
\
C
W

o ¢
»
s
=3
o
o
<O
oy
2
<
+
o

we can put

4% = 4k o -%% h) 4%'f '&0) ji

(This easily checks with the conditioens

2
'ﬁl'f o - ﬁo S a E CLQSL'O

\
Using these expressions fer 4 @nd R we see that

ol _ QV)Q &o
N C— Y, 1.

Ne

(i.e. the parity viclating term drops cut).

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

A = -0 BT A

N o
GRS PRYLANES {p

'

This is pdler's theorem which states that in the perallel

-secticn for inelsstic neutrinoe

scettering is directly propertional to the square of the

cenflguration the eross
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divergence of the current if cne neglects the lepton mass,
The pearity violaeting tem dreops cut in the parallel
cenfiguration since perity viclating termm is proporticnzl te

N A
the interference term between ffM‘ and I end since the

current 1s conserved when this interfersnce temm is zerc, this
may be method of testing the conserved vectcr current hypcthesis
by cobserving the interference term in the prrallel ccnfigura-

tion. As an example, consifler the reacticn

VOO TN =2 LR 48 9) 4T (595 1 Ch)

- -2
The tem th:ot is responsible fer pebity violeticn is 4 ((ix‘*ﬁ3>

If this exists, interference temm between‘jv&‘j{"4 exlsts =nd
the current will not be ccnserved.

This thecrem is thecreticrlly true but practically there
is the difficulty in locking ot the ferward direction of the
neutrino st zerc angle (i.e. parallel configuraticn).

£ main inelastic scittering is the reaction

VN > (an bW

(viz) the peripheral mcdel
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For the (T 17 ¢ “’) vertex, we cen use the c,v.c, hypothesis.

For (\ﬂ Qrg) vertex we may use the Goldberger-Treimean relaticn,

We mey assume a general behavicur fer the fom facters at the

lepten end barycn vertices as

FCq) ~ !

I+ 9t TR

Using these we cbtain for the cross-section g

following

beheviour like the

hev
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Thus, theoretically we get on an average

-J-(O 9%
s o~ .6 x o @ ren
N
Experimentally
-~ -0, s
;m? P o X {0 C)Yf’
Iscobar production in neutrinc reacticons

Recently Bermen and Veltman (CERN preprint) hsve

studied the iscbar preduction in neutrinc reacticns

+ _
They find for the ratic T [f°© ~ ST ynhile experimentzlly

2 this ratioc 1s cbcut 3. For W *, the wavefunction used is

] the Rarita-Schwinger wavefuncticn since ¥ has 2 spin 3/2.
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Lecture 11

Weak Interacticns end SU3

One starts by pestulating thet the weak interacticn
vector currents are not only in the azdjcint representation cf
SU3 but are in fact the components of the unitary spln current

generated by the gauge transformations of the group. . Thus they

are directly related to the infinitesimeal generators of the granp

The elight currents have among them the three isotopic spin

currents. Thus the weak interazction vecter currents are in the

seme representation as the electrcmagnetic current., One auto-

matically gets the weak interaction selecticn rules

fA?]t.‘.L Los [0S]) F

l Z>I'] = gbﬁ ps = o©

It is also assumed that the =zxial vectcr currents are also in

the regular representation. Diagramasticeclly ome represents

this currents as
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~ where j}y\ Cd), the NS 2o part behaves like = [T mescn and the

j-ﬂ‘mjthe NS~ | part behaves 1ike l£+ or l/:. Of crurse
for eech‘jp we have = vector and axlal vecter part. In Gell-

Mann's nctatien we have

3,0 gm g

= ¢ 42 . \((‘\
" [A T with F( g —K o(l 04 ?
3,_\)(')\ (l() Q‘ 0 fg) L

" ?f(\ﬂ 1 ()("“ |

One cen explicitly write the currents cs

N (1D - A+ ) < _
T = (2 K- \71%,@ AEpPAvEE I A

:\o -
NS IR P
T o +

v '6[‘“5 + V2 g Y{\Ai‘

 : +
+ o 4 -
+ K BNTT* Woé’v\ |<-+\f2Vo),w7T

”\f?-ﬁ'r()g« \(oz
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(i) Semileptonic meson deccys
We shell apply this first tc the semileptenic decays.
We write

3
e, = Gl

It is known that (y,, = O and G, ") eare not the same but

the latter is down by a facter of 1

2.0
the definition ¢f universality to read as

\ N{o) Ve
T o= o + J .
” 3(, (6> © o &b

.« So Cabbibe modified

Thus if G 1s the coupling constant which occurs in /\A

decay then the coupling ccnstants for neutron (5 decay and

K/l, F) decay are given by é(o )0 and G Svn © respectively,

Similarly cne can write

A A(O) | ) ACH ‘ /
j;/\ & T/v_ ¢y & = 7{«« g‘m@

One cen determine @& ond 9' knowing the retic of decay rates

fcr the {4“3 and ﬂ'eg decey &nd thet of )({hL end ﬂl”v decays.

They are related because of unitary symmetry. The ratio of

emplitudes for MB and 7 l3 assuming that they are at zerc

mcmentum transfer (since the currents are conserved the bare

ccupling cconstant is same @s the rencrmalized ccupling constant
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at zero mcmentum transfer) is given by

Ratio of

M\,lb < T Olj_//\\/(l\) " ‘)’7 (Z ’\)) {w

< T FEYT TS (£ M
—~ ‘/{3;_“21,§A‘ o) (phase space factors)
\fr}_ Cf\ (V) Q

(phase space factors)

Caon O

L
From the experimental decay rctes one finds that value of
8-=0.26. To detemine ' one has tc find the retic of decay .

rates of L — £,800 T > fy (1.e.)
A 5
LO|Tm |7 (Fa) M

L - i ~ tan ©
Loy (69D

The experimental values of decay rates gives

\
© = o0.27

\
It is surprising that & eng © should be the same,
Thus one gets the coupling ccnstant fer ﬁ decay to be

- G
QP, = O Cn O

— o b G
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211 the zabcve erguments are true only at zeré momentum
trensfer (i.e.) when there is no rencmalization effects.
- However even at zerc mocmentum transfer there is the vSU3' sym-
metry breaking and the AS=] vector current is nct éiVergence-
less. Sakurei tried to improve the above approximete formule

by assuming that vector mescns are coupled to other particles

theough the conserved currents

(W)

Fcr the above diagrams (a) =nd (b) the rencmmalization factrrs

which enter at the vertices are giVen tespectively by

\j“t&(KW?\-i(m 2—%(&5*? ¥, (n y Z_(n )?3({)
e e T - and
J ?(K} mﬁf) ¥ ‘(nTY()

If cne makes the assumpticns that

?S(K*» = 7,00




then Sakurai obtains

(9 Sekurai = 981 copbibro
eand hence (1)’ (9 = 0,98

¥

which is closer to the experimentzl value.
(ii) Hyperon decays.

‘ ,
Using these ® ¢ let us study the consequences of

eqn. ( ) for hypercn decays. We have to study

LAl 2 B (R (2P

where A and B Dbelong tc the some representaticn, Then

‘UQ‘:—) !AQ\')
<A ) ¥ ) & /B >
" U
~—— \.Lr \. C
= ha {f Op ! &l L’/V‘]U‘B
J AR - PR
whereC)r and E’V‘ correspend to the unsymmetricsl F
ccupling =znd the symmetric:1l ID coupling respectively and 43
and cA are the generalized SU(3) Clebsch-Gordon coefficients.
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V 0
We heve 0(\,‘ = T W{r,, 4+ £ \{V\XS—

. V

— (o RECh
It is kncwn that ) and T/«» - respectively behave like the
t
TI' end 73 components of a mixed tensor of rank two. The

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

celeulated by considering the combinaticns

é BT 4 EST S - D coupling

R T - ‘s T = F coupling

We alsc have

0 N
T ) ) '\q T * K +
U Vb |
M= _ o -1 B u
Li K \/> Vb %

Vb



i AR5 i Gl

S s

SRS RS SR

- 3.
- the d-f combination.and > n)

and E - B+\(

T

L
n) -—
Then for T, (g B D 1s the crefficient correspending to

is the coefficient

correspending to the d+f combinatinn, Similsrly for -3-(‘3,

. 3 m
>h ) is the coefficient for d.f cembination and q_))ﬁ,)s y 1s

the coefficient for d+f combinsation,

Thus the ccefficlents 4 ang ¢ can be calculated

€2sily without locking inte tebles. For the vector current we

have then

LA S =< 15>
Sy {:g Ug

v V
Wehave'p_;\ and  H — o,
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For the axial vectcr part we have frem decay

S |

- A
FA +D =1.,15+ 0,04 (frcm experimental value)

Alsc frem Ei S, /\04 € 4 oF we have

Coto L AT vy 7.7 <™ 7

= \Lﬂcm@\rﬁ Epm WeT
- A -
~ L\,AC)’“& \J—:[S \Qr/\ Ags—- L\i

From the rate (N(DA % )we heve DF = 4+ 0.9 + 0.2, Then

we have for
2‘.-_..\,, ~+ L 4
)

4\(\ \T/\:’CH"’ _S_M/\Cn ) 2" >

Substituting the two values of D/ obtained from S A+ é» ¥,
decey we find

M A - A
F 4D - o043 + 0.y (\D ~g. G 02 )
or

A A A |
—F Ty 0 295+ 04 (D - o 901
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|
The second value gives ¢

(8 —> myc4 5

°
—————

]
a4

ate much teoo 1- rrge (i.e,) 1t gives

S

]"‘(E-_" —> qll)

velue is only 0.167 ,

DA=

"\

1]

Then we can c

= 1.67 while the experimental
Thus we finezlly have
0.9+ 0.2  ang 7b=o.35 + 0.2

0 and PV -

alculate the matrix elements and brenching ratios

for other decay as shown in table,

N> bse s S Q”@Fﬁ

Exp.

i
. +1.8 -8~ L 2
1.9 x10 % 1.3+ €.2 x 10~
15_' ->rv74-€+'v Q%w»“@/**‘ -1.0 -
Ce” - 7”‘/;‘7_]
~ > ns2aS c,g\,.wfz o35+ossx1032.4¢1,4x10'8
L

Ej}h ¢ r

At the Dubn:= Conference Pais

A

£

}M]

zave the results

= 0.68 + 0,03
€.32 + 0,03
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(iii) Non-leptonic decsys

I am not going inte the deteils but just menticning

the ceoncept of Octet enhanzement. Sincs the currents are in

the Octet representation D?0~L- shculd behave like & repre-

sentaticn in the product 8 x 8. If cre weants the)l)l[:-l_

1
rule one has to meXe the postuliate thatllb¥L_ beheves like an

Octete In the precduct & x 8 we have 27" wnich ccentains
\X>T\'7j;/2 zlso. Thus wz hsave Lo say tha* the octet in

8 x 8 dominates cover ths "27'. Then the main resul:ts are

DA (nos pw ) +2a(E AT
- — 0O
7 Uy A (54‘*") = >

\

For this we ass ume CP invariznee =nd thet the currents nove

ncrmal C properties

3\
2) \(\:’ —s5 2 for vidden.

(iv) Weak vestor Besons

£ we write the werk interacticn I

Loorcngicn s
i A=
(7< = E:; (I—Fw k&//n

then L+L' transforms like the fundamental represvnteticn *

e 3
L &3
—

-{ ) »
(3"x 3 —>» 1*+8)., Then since Jmis in an cctet we can

easily see thrt ‘A/#\should belong tn 3.6 cr 15. The ususl
: :

asslgnment is that the |)) mescns belong tc the '3 reprasani

ticn C

W,

—
2.

-
4 X
MJU~
X o -
W e
With the antiparticles there ¢

T2 six hescne hut -nly five ~re
coupled.
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