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CHAPTER I 



INTRODUCTION 

One of the great triumphs of theoretical physics has 

been the development of the standard model of elementary 

particles and their interactions. The standard model combines 

the SU(3)^-colour gauge theory of the strong interaction with 

SU( 2 )-.XU{ 1 )-. model of weak and electromagnetic interactions. 

This model has been spectacularly successful in describing 

and predicting an enormous range of phenomena within a 

theoretically satisfactory framework. With the discovery of 

the standard model, based upon SU(3) XSU(2) XU(l)Yf the phe-

nomena of strong and electroweak interactions could be 

described with similar technique as the quantum electro­

dynamics — a long cherished goal of theoretical physicists. 

The strong interaction is now described by SU(3)p at the 

elementary level of coloured quarks and massless gluons. 

Besides, the eight gluons that carry the colour forces, 

the electroweak gauge group, SU(2) XU(1) , and its sponta­

neous symmetry breaking to U(1) , predicts three massive 

weak vector-bosons W,.~Z. , and one massless gauge 

boson which is the photon. The charged weak gauge bosons, 

W ~, mediate charged-current weak interaction between lef t-

handed charged fermions, whereas the neutral Z°-. bosons media­

tes the weak neutral current interactions. At low energies. 
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the electroweak theory reproduces the wellknown V-A structure 

of the weak interactions . 

The existence of neutral-current weak interactions 

have been confirmed within present experimental accuracies 

and agrees with the standard model prediCLions m an excellent 

fashion. The carriers of electro-weak interactions, such 

as W"-. and Z°. bosons have been experimentally detected 

at the CERN pp collider. The observed experimental values of 

their masses are completely compatible with the predictions of 

the SU(2) XU(1)„ model, thus supporting the gauge hypothesis 

of a partially unified electroweak interactions. These and 

a large number of other experimental observations have vindica­

ted the electroweak unification idea beyond any doubt . The 

existence of scaling of structure functions m deep inelastic 

lepton-hadron scattering, scaling violations, jet structure 

m e e~ >• hadrons and at the pp collider, the Q2D (Quantum 

chromodynamics) running coupling constant, and numerous 

other processes point out to SU(3)„ as the gauge theory 

of strong interactions. Thus, the standard model based upon 

the gauge group SU{3)^XSU(2)^XU(1)^ has been established 

unequivocally. Inspite of its crowning success, the standard 

model has some theoretical and conceptual difficulties : The 

basic Lagrangian based upon SU(3) XSU(2) XU(1)y possesses three 

different coupling constants; therefore, it is not a true unifi­

cation of forces. What has been achieved is only a partial unifica-
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tion of weak and electromagnetic interactions. The strong 

interaction, based upon SU(3)„, still remains as a separate 

entity, unaffected by electroweak unification. Even in 

the electroweak model only the left-handed fermions play 

the dominant role in contributing to the charged and neutral 

current processes. In the standard model, neutrinos are mass-

less. Experimental measurements on 3-decay, neutrino-oscilla­

tions and attractive theoretical models for the solution 

of solar-neutrino puzzle, suggest that neutrinos might 

be having a small mass. The standard model also does not 

explain why parity (P) is violated in weak interaction, 

neither does it explain the origin of the CP violation 

in strong and weak interactions, although, through Kobayashi-
10 

Moskawa ansatz, the weak CP-violating parametes are put 

in by hand. The standard model does not answer why quarks 

are different from leptons. Also it fails to explain why 

electric charge is quantized. 

In order to solve some of these difficulties, an 

attractive attempt was made to construct a theory in which 

both left-handed and right-handed fermions couple to charged 

and neutral gauge bosons and it, therefore, involves both V-A 

as well as V+A charged currents. In the models with V±A 

structure, it is possible to generate neutrino masses over 

a wide range in a very natural way. At first proposed by 
n it 

Mahapatra and Pati, and Pati andSalam, these models are based 
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upon the electroweak gauge group SU(3)p XSU( 2 ) ĵ XSU( 2 ) ̂^ 

XU(1)g_T and are known as the left-right symmetric (LRS) 

model. Besides explaining the parity violation in weak 

interactions, the LRS model ascribes a spontaneous origin 

to weak CP-violations. Pati and Salam also advanced the 

exciting idea that, above a certain scale, the quarks might 

be treated in a similar footing as leptons by means of 
11 

SU(4) unification. 

The purpose of this dissertation is to review and 

learn the theory and predictions of the electroweak model 

based upon SU(2) XU(1) and study its successes. Our next 

goal is to review some aspects of the LP model and its 
12. 

variants. Lastly we observe how the weak interaction pheno-
12. 

menology based upon LR model and its variants should be 

modified in view of the extended survival hypothesis or 

the minimal fine tuning hypothesis. 

The dissertation is organized in the following manner. 

In chapter 2, we review the Weinberg-Salam-Glashow electro­

weak theory based upon SU(2)TXU(1)^. In chapter 3, the 
L 1 

predicted values of masses of gauge bosons and neutral 

currents are computed and compared with the experimental 

results. Chapter 4 deals with the theories of LR models. 

For the generation of gauge boson masses in LR models, 

both Higgs doublets and triplets are considered here. Con­

straints arising from potential minimization in these models 
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are discussed. The generation of neutrino masses and the 

see-saw mechanism that operates in LR model are also des­

cribed in this chapter. In chapter 5, predictions of the 

neutral current parameters obtained for LRS model are com­

pared with the SU(2) XU(1) model parameters and the experi­

mental results. Here we also discuss the light and heavy 

gauge boson masses in the absence of left handed Higgs triplet 

and for no W^-W„ mixinq m the case of SU(2)^ XU(1)„ XU{1)„ ̂  
JLJ K J-j K D —LI 

model. We also discuss here how neutrino masses get modified 

m SU(2)^ XU(1)o XU(1)^ -. model. In chapter 6, we observe how 
LI K D — L I 

the gauge boson itiasses and neutral current parameters are 

modified in view of the constraint imposed by minimal fine 

tuning hypothesis. Here we also suggest how limits on W~ and 

and Z_, gauge boson masses could be obtained from v-e scattering 
K 

and e e —-*• y y ,T T . F i n a l l y we summarize our review 

work and obse rva t i on in chap te r 7 . 



CHAPTER 2 



THE WEINBERG-SALAM-GLASHOW MODEL 

The simplest unification model of the weak and electro­

magnetic forces is the model which was independently deve-

1 3 2 

loped by Glashow , Weinberg and Salam . The model assumes 

the SU(2) XU(1) group as the fundamental gauge group of 

electroweak interactions. The Weinberg-Salam model is reviewed 

in this chapter. 

In section 2.1 the electroweak Lagrangian containing 

the gauge boson and the leptonic terms, is written down . 

In sec 2.2 the mechanism of spontaneous symmetry breaking 

by Higgs scalar is described. We obtain gauge boson masses, 

and the effective Lagrangian for neutral current and charged 

current interactions in sec. 2.3. In sec. 2.4 extension 

of Wemberg-Salam model to the hadronic sector by GIM mecha-

nism IS reviewed. A brief summary of this chapter is provided 

in section 2.5. 

2.1 The electroweak Lagrangian 

Considering the model in its purely leptonic form 

and starting with the fermions, such as electron and its 

neutrino which form a left-handed weak isospin doublet 

^ ^̂ e'l (2.1.1) 

^ 'L 



(2.1 .2) 
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1 
where v̂  = ^ (1 - rc)v 

Since the neutrino is apparently massless, 

v^ = -J (1 + r^)v = 0 (2.1 .3) 

So, we designate only one right-handed fermion 

R 5 eĵ  = -̂  (1 + ^c^)e (2.1 .4) 

which is an isospin singlet invariant under SU(2) group. 

To incorporate electromagnetism we define a weak 

hypercharge Y. Requiring that the Gell-Mann-Nishijima relation 

• Q = I3 + I (2.1 .5) 

be satisfied, leads to the assignments 

}- (2.1.6) 
^R = -2 

By construction, the weak isospin projection I, and the weak 

hypercharge Y are commuting observables 

[I3, Y] = 0 (2.1 .7) 

We now take the group of transformation generated by I and 

Y to be the gauge group SU(2) XU(1)Y of the theory. Intro­

ducing tKe <3d.u.ge bosons 

^\' ^ \ ' ^ \ ^'''' ^"^^^ 

A^ for U(1) 
(2.1 .8) 
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the Lagrangian i s wri t ten as 

« = V u g e ^ otieptons (2.1.9) 

- h - ^ - g a u g e = - i ^iv ^ ' ^ ^ " i ^ v ^^^ ^2.1.10) 

The f i e ld s t rength tensor are 

îv = ^ ^ i - vi^^^jki^u^v (2.1.11) 
and for U(1) gauge field, it is# 

fyv= ^ \ - ̂ ^ ^ (2.1.12) 

and, 

<=̂ lepton = «i^' (^^ Y V ^ ^ 
(2.1 .13) 

where g is the coupling constant for weaJc isospin group 

SU(2)T and g'/2 is the coupling constant for the weak 

hypercharge group tKI)^. 

2.2 Spontaneous symmetry breaking by Higgs mechanism 

The theory is not a satisfactory one, for two reasons: 

1 2 (i) It contains four massless weak gauge bosons (b , b , 

3 ~ 
b , A) whereas nature has only one, the photon. 

(ii) In addition the local SU(2)-. invariance forbids 

gauge boson mass terms but the Lagrangian is renormalised. 

By massless gauge bosons, the range of weak interaction 
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becomes infinite as against the experimental fact where 

the weak interaction has a range of the order of a fermi 

which implies the mediating vector boson masses must be 

of the order of 100 GeV. 

Therefore the theory has to be modified so that 

there will remain only one conserve quantity (the electric 

charge) and one massless gaugp boson (the photon) and the 

other gauge bosons acquire masses. 

This way to get massive gauge bosons out of a Lagrangiatj 

involving tnassless gauge bosons was found out by Higgs-Kibble 

f3 
mechanism. To accomplish this, we introduce a complex 

doublet of scalar field 

<|) = f^'^\ (2.2.1) 

which transforms like an SU(2) doublet and must have weak 

hypercharge 

Y.= + l (2.2.2) 
<P 

by virtue of Gell-Mann-Nishijima relation (2.1.5). 

We add a term to the Lagrangian 

''scalar " (o'̂ d))'̂  (D̂ (j)) - V((l)% ) (2.2.3) 

where D^ := 3 + ^ A Y + if T .b„ (2.2.4) 

is the co-variant derivative and as usual the potential 
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IS 

Vlct)"̂ *) = Û((t)"̂<l)) + |X| ((t)'̂<t))̂  (2.2.5) 

Besides this, we also add an interaction term which involves 

Yukawa couplings of the scalars to the fermions 

'̂Yukawa = " S ^^^^^^^ + ^^^^^^ ^2.2.6) 

which is invariant under SU(2)^ X U(1)Y transformation and is 

a Lorentz scalar. Therefore the total Lagrangian becomes, 

a = a + a, . + a , + Cx, , (2.2.7) gauge leptons scalars Yukawa 

a = - i F̂  F̂ ''̂  - -̂  f f̂""" 

+ LiY^O + ̂  A Y + ̂  T.b )L 

+ RiY^O,+ i ^ A, Y)R+(D,4)"̂ (D̂ (t)) 

- \?-if^(Sf - X((t)"̂ (t))̂  - G (Dt)R + R<t>'*"L) (2.2.8) 
e 

Now considering the case of spontaneous symmetry breaking 

where y^<0 and from the potential (2.2-. 5 ) 

V((l)"^(t)) = y ^ ((|)'^(|)) + 1 X I ((|)'^(1))^ 

The vacuum expectation value of the scalar field 

< 4> >^ = I ° 1 (2.2.9) 
'° ' Vv//2 ) 

where V = /—ryi (2.2.10) 

This breaks SU(2) XUd)^ symmetries but preserves the inva-

riance under the U(l) symmetry, generated by the electric 
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charge operator . 

14 

A would-be-Goldstone boson is associated with every 

generator of the gauge group that does not leave the vacuum 

invariant. The vacuum is left invariant by a generator 

G, if, 

e^"^ < 4) >Q = < * >Q (2.2.11) 

for infinitesimal transformation 

(1 + iaG) < • >Q = < <t> >o 

or, iaG < (b > = 0 
o 

or, G < (j) >Q = 0 (2.2.12) 

For t h e g e n e r a t o r s of SU(2) XUKUy we f i n d 

Ti «i»^ = r •\ / " ^ = r 1 ^ 0 

7̂  0 (2.2.13) 

Y <^> = ] fO\ ^ 0 (2.2.14) 

C) 
But Q <^>^ = i ^ T3 + Y) <(t)>Q = 0 (2.2.15) 

Three of the four generators are broken but the linear 

combination corresponding to electric charge is not. The 

photon will thoreforo remain massless. 
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Expanding the Lagrangian about the minimum of V 

by writing 

j 2V 
<D = exp j --:^/' ^ <t) = (̂ 0̂  ^ j (2.2.16) 

and transforming to U gauge 

4, = d.' = exp|i|^j ^ ̂  I ] (2.2.17) 

B »• B 

R • R 

L »• L' = exp m} 
By spontaneous symmetry breaking, the Yukawa term, in 

the Lagrangian, becomes in terms of U gauge fields 

"Yukawa = -Ge (R / L + L <t, R) 

= -GQ [R ((t)''̂ L') + (L'(t)')R] 

= -Gg [R {(|)'̂L) + (L^) R] 

^e^ - G ^ -= ee - —*^ e e 
/2 /2 

This expression gives the electron mass 

^e^ m^ = ~^- (2.2.18) 
^ /2 
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The scalar term in the Lagrangian becomes 

a scalar = (D^<t))"^(Dj^(t>) - y'(<t)%) - I X| ( ^ ^ ^ ) ^ 

= (D^(|)' )'^ (D^<|)' ) - u'(<t)' "̂ (l)' ) - IX I (<t>"̂ '4>" ) 2 

2 y 2 M /2 . 
O 

(aM +iaL a Y + ̂  T 5 ) 
Id + 2 % ^ + 2 ^ - ^ M V +n 

/2 

/2 /(v+n 

./2 

- U f° 
0 \ 

v+n\ 

/2' I v+n 

/2 i 

= ^O^n)0^n)+| [g2|bj-ib* I +(g'A„-gb,̂ ,)̂ ] 
P 

- u 
2 (v+ri) A|i^4^ 

^ i/^P V ,2 lul ib 2 I 2 

+ (g'A - gbM^l + . . . . Interaction terms (2̂ .19) 

It is seen from the Lagrangian that n field has acquired a mass 

2 2 M„ = -2|j > 0 which is the physical Higgs boson. 

2.3 The gauge boson masses, the electroweak angle and the 
charged and neutral currents 

Defining charged gauge field as 

b,̂  + ib^ 
w ; = -^ - ^ 
r 2 

.2„2 

(2.3.1) 

the term proportional to g'̂V*' is recognizable as a mass 

term for the charged vector boson. 
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From the eq.(2.2.19) we see that it contains a term 

^ ( Iw^r + I w ; r ) (2.3.2) 

Thus the masses of the charged intermediate bosons are 

^V = - ^ (2.3.3) 

Finally defining the orthogonal combinations 

(2.3.4) 

and, 

z = • 

A — -
l\ — 

g 'A + gb^ 

/ g^+ g ' ^ 

/ „ 7 , _ i 2 

and, 

(2.3.5) 

Introducing a weak mixing angle 

e,, as g'/g = tan 6., (2.3.6) 

The eqs. (2.3.4) and (2.3.5) can be written as 

\ = - \ ^̂ " \ "" ̂ J^^^^W ^ (2.3.7) 

A,. = A,, Cos ê , + b' Sin e„ (2.3.8) 
]i y w y w 

which may be inverted as 

\ = \ Cos e^ -Z^ Sin e^ (2.3.9) 

bf, = A,. Sin e„ + Z,, Cos e„ (2.3.10) 
y y w y w 
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From eq. (2.2.19) 

a = ̂  {(9^n) O^n) - M^n^ } 

2 4 vty 2 4 ^ ^ ' /gii+gi:̂  ' 

Therefore the mass of 2^ 

r 

can be written as 

(2.3.12) 

M„ =2V /^ ^K- (2.3.13) 
Ẑ  2 / g 

°^ ̂ Z = ^W / ^ + ^ (2.3.14) 
g 

Thus the Higgs mechanism has also generated masses for W and 

Z bosons and the field A is massless, as there is ao term 

proportional to A^ in the eq. (2.3.11). We would like to iden-

tify it with the electromagnetic field. 

The interaction among the gauge boson and leptons 

may be followed from a, . After spontaneous symmetry brea­

king 

a = LiV^dg'A .Y + i| f.5 )L 

'̂ '̂ te 
I 
V 
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•Y f Ly^Lt^ - f LY" / bj "1 - 'K 
K*'K -"̂ S 

/2 w" -b; 

(2.3.15) 

For the charged gauge bosons we have 

"rr , = -/^ (v^Y^e^ w"*" + e^Y^v^ W~) W-1 /2 L' L y L' L y (2.3.16) 

Substituting the value of 

Vĵ Ŷ eĵ  = J VY^ (1 - Y5) e 

and - y 1 - y 
-L' L 2 STY^V^ = - e Y d - Yr)v 

(2.3.17) 

a W-l 2/2 
[ VY*̂ (1 - y^) e w;̂  + eŶ (l-Yc;)\'W"] (2.3.18) 

Considering Muon decay process in the Weinberg-Salam model 

y" •)• e + v + v (2.3.19) 

The Feynman diagram for this decay process is 

t*^f^^-^t-^f*.tr^4^r ^f^f 

w. 

The Lagrangian for one vertex is 

a = - ^ e Y„ (1 - Yc) v W 
2/2 ° o e 

a- (2.3.20) 
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and for another vertex is, 

a = - - 2 _ V^Y'* (1 - Yc) y w;̂  (2.3.21) 
2/2 ^ 3 P 

So the effective Lagrangian is 

"eff = " I " IV^^^'^^S^^^^a^^-^S^^e^^p ^°"^ (2.3.22) 

and in V-A form the four fermion interaction, the effective 

Lagrangian for moun-decay is 

" ' e f f ^ - ^ i\y^ (^-ys^^^^y^ ^^-y^^^e^ (2 .3 .23) 

Where G- is the Fermi coupling constant. Introducing the 

vacuum expectation value (VEV) in eq. (2.3.22) we get, 

"eff= ~f~ [^pY^(1-Y5)neY,j(l-Y5)Vg]<0 I Wp .W°-|o> (2.3.24) 

where the factor < 01 W W ~ | Q> is called the W-boson propa­

gator and is given by 

<0|W+ W°- I 0 > = -e ^P \ W (2.3.25) 
' (q^ - M^ ) 

In the energy limit q^ >• 0 and q^ < < M, 
W 

< 0| W^ w'^~|0> = -6p / M^2 (2.3.26) 
P 

Therefore, 

"eff= -fS^^ fip[v/(l-Y5)yiY^(l-Y5)vJ 

='8M-2 i^y.yx^^-ys^^^y^^^-ys^^e'^ (2 .3 .27) 

Now comparing eqs (2.3.23) and (2.3.27) we get, 

— — = - 3 ^ - (2.3.28) 
/2 8M„2 

W 
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This relation implies that the expression (2.3.18) reproduces 

low energy phenomenology of intermediate boson model. 

Substituting the value of M^^ = ^ 2 i" ^^^ equation 

(2.3 .28) we get, 

^ ( - 4 - T ) = — (2.3.29) 
8 g V ^ 

or, V = (G^//2)~^ ^ 246 G,tV. (2.3.30) 
r 

and the vacuum expectation value of the scalar field is 

<^> = ̂  = (G„ /8)~2 c, 174 GeV (2.3.31) 
O Z r 

The coupling constants of the SU(2)j- and U d ) ^ gauge groups may 

be written as 

g = sI^67 >- (2.3.32) 
W 

^ = C ^ , ^ ^ (2.3.33) 
W 

provided —2ai_ = g ' (2.3.34) 

Substituting the value of g in eq. (2.3.28) and using eq.(2.3.6) 

2 g2 

4/2 ^ ~ 4/2 
M?, = — 3 — G = — § — Q sin̂ e,-

and 

= TO//2 GpSin^«„ = "s^„°f'^'^ ' (2.3.35) 

w 

M2 = M^ / Coŝ ê ^ > M^ (2.3.36) 

From the relation (2.3.32) and (2.3.33) the strength of 

weak and electromagnetic interaction are related by a single 

parameter. The feebleness of the weak interactions at low 
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energy is laid to the large mass of the intermediate bosons 

and not to the small coupling constant. 

The dimensionless couplingconstant that endowed the 

electron with mass in eq. (2.2.18) is small 

m /2 3 1 
G = —^^7 = m 2** GJ-

e V e-*" F 
- 3 X 10"^ (2.3.37) 

The neutral gauge bosons couplings to leptons are given 

by, 

°-l /g^+ gr^ ^ 2 Ll̂  L p 

+ )L— r-q'̂ e Y^e + iaiiaJi.) i Y^e 1 (2 3 38) 

Here we may identify A as the photon provided 

3RL = e (2.3.39) 

This interaction Lagrangian in terms of the weak mixing angle 

e„ becomes, 

a , = eeY^eA -̂  >, J^—^ v^Y^Vr Z o-l ' y 2 Cos 0 L' L y 

= ^^^^^\ - 2 cos ê  ^LY^^L^ 

- 2 cgs 6^ 12 Sin^e^ iRY%Z^+(2 Sin^e^-I )eye^^Z^l 
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.2 

a = eey^eh - - ^ (-^-^)' vy^d - Y5) v Z 
^ /2 /2 ^ U 
r^ mi 

+ (2 Sin^e^-I) ey^(^-y^) e Ẑ ] (2.3.41) 

From this Lagrangian the Feynman rules for vertices are 

deduced, 

-A, -ieey^e 

> 

-1 £ ^ ) 2 VY.(1-Y.)v 
/2 /2 

GF*^7 i 

„o /2 /2 ^ 

^ [2Sin2e(1+Y5) + (2 Sin^d-fJIf-i^]^ 

In the SU(2)T XU(1)Y model, the properties of the gauge 

bosons are co-related with those of the neutral current 

interactions by means of the weak mixing angle . e„. From the 

eq. (2.3.41) the weak neutral current is given by 

J° = j[^) - 2 Sin^ 0^ jj[̂ "̂ ^ (2.3.42) 

Where J, is the weak isospin current and J-j. is the electro-
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magnetic current, 

4 ^ ^ =ll^i '^3'^X ^I-YBJ'^X (2.3.43) 

and 

^X^^^ -ey^e-iiYxM -^Y^^T (2.3.44) 

= - 2" [eYj^(1-Y5)+eYj^(1+Y5)e+(e^y) + {e-̂ T) 

Therefore, J ^ °^= ^ ^^e'^x ^ ^ ~'»'5^^e"®'*'x^ ^ "'•'s >® 

+ (e-»-y) + (e-^T)} - 2 S i n ^ e ^ { - ^ [ e Y , ( l - Y 5 ) e 

+eY^(1+Y5)e + (e-»-y) + ( e ^ T ) ] } 

= ^ ^ V x ^ ^ - ^ S ^ ^ e ^ ^ I t2 S i n ^ e ^ i Y ; , ( l + Y 5 ) e 

+ (2 S i n ^ e ^ - 1 ) 5Y;^(1-Y5)e + (e-^y) + (e-»-T)] ( 2 . 3 . 4 5 ) 

Now comparing eqs. (2.3.41) and (2.3.4 5) we obtain 

a ^ = Ij^^A --L- i^^)'^ z 2j(°) 
o-l ^ ^ /2 /2 ^ '^ 

-_ _,em^ _/2 (!̂ !!̂ )i j(o) , <2.3.46) 

which gives the neutral current in Weinberg-Salam and Glashow 

model. 

2.4 The GIM Mechanism 

The extension of the Weinberg-Salam model to the hadronic 

sector is accomplished through the medium of the quark model. 

Due to the similarity of quarks to the leptons, construction 
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of the theory at the quark level is relatively straight 

forward. If each weak isospin doublet of leptons is a.com-

pSL<r\i&d by a colour triplet of weak isospin doublet of quarks, 

an anomaly free hence renormalisable theory could be esta­

blished . 

Similar to the left-handed parts of v and e, the left-

handed pftrt,s of the IL and d quarks of a definite colour 

also form a doublet under SU(2)^ while their right-handed 

parts are singlets, that is, left-handed weak isospin doublets 

of quark is 

Lg =/ Vg\ / r ^ j , ^ (2.4.1) 

^ L = , , 

e J ^ V^e 

L L 

with weak hypercharge Y(q ) = ^ 

where dg = d cos 6^ + S Sin 8 (2.4.2) 

and e^ is the Cabibbo angle. The right-handed weak isospin 

singlets are represented as 

1 (2 .4 .3) 
R^E d^= ^ (^ ^ Y3)d 

with weak hypercharge 

Y(Uĵ ) = -J and Y(dĵ ) = -^ , 

The charge raising weak current is, 

Ĵ "̂ ^ = uYj^ (1- Y5)d. Cos e^ 

+ U-Y^d - Y5)S. Sin 0^ (2.4.4) 
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and the neutral current becomes 

- r ( o ) _ , ( 3 ) c H n 2 f l T^"^ 

- S Y ^ { 1 - Y 5 ) S S in2e^ -SY j^ (1 -Y5)d S i n S ^ CosS^ 

- dY ( l - Y c ) S S ine Cose -5^'^^w^|"-^y^W--j5^'^'^-j^-<'^^}. ( 2 . 4 . 5 ) 

This hadronic neutral current contains flavour-changing 

( d-«-»- S) terms 

Preserving Cabbibo rotation and using the 313(2)̂  XU(1)„ 
_. LI X 

model, ^lashow, Illiopulos and Maini (GIM) suggested a method 

to get rid of the undesirable flavour changing neutral currents 

by introducing an extra quark degrees of freedom namely 

the charm quark as early as 1970. 

According to them, the second left-handed weak isospin 

doublet is represented by 

involving the charm quark where 

SQ = S Cos e^ - d Sin 6̂  (2.4.6) 

and C_ and Sĵ  are the right handed singlets. 

The hadronic neutral current becomes, 

•=̂ 1°̂ = \ [(ii-Yj,(l-Y5)u.+CŶ (1-Y5)C 

• Ŷĵ 1̂-Y5)d - SY^(1-Y5)S] 

- Isi-nH^j^^ (2.4.7) 
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This is flavour conserving neutral current. 

The Feynman rules for interactions between gauge bosons 

and quarks are represented in the following fig. 

-iQq qŷ  q 

-i t -^-=-)2 iy, (1-Y.,)d 
/2 ^ 

-i{ S^z' — ) qYj,[Rq(1n5)+Lq(l^Y5)]q 

Where R^ = _ Q^ gin^e^ 

L = T^ - 2Q„ Sin^e„ 

The complete gauge invariant Lagrangian for electroweak 

interactions including both leptons and quarks takes the 

form 

a = - 1 pi F̂ *̂ ^ - I f f̂ ^ 4 yv 4 yv ̂  

n=e,y,T n ^ ii ^ \i 

+ i E R<"^^3 + i ^ A Y)R(") 
n̂ ,W,T ^ 2 y 

q=u,d,c,s,t,b ^ M Z M L 2 yq 
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q=u,d,c,s,t,b ^ 

+ (D^^)'^ (D̂ (|)) - V(^'^^) 

- i Z G.[R.((|)'^L.) + {L.*) R.l 

- i Z Gĵ [Rĵ ((l)'̂ Lĵ ) + (LJ^^^RR^ (2.4.8) 
K=u,d,ĉ ,t,b 

2.5 Summary 

A renormalizable gauge invariant description of leptons 

and hadrons may be obtained by postulating an isospin triplet 

vector boson b , corresponding to SU(2)_ an isosinglet vector 

boson A f corresponding to U d ) ^ . The Lagrangian respecting 

SU(2) XU(1)Y gauge symmetry forbids mass terms for the gauge 

bosons. On the otherhand, short range nature of weak interac­

tions requires massive gauge bosons. This dilemma is overcome 

by Higgs mechanism. The addition of a potential energy term 

due to a Higgs doublet results in the spontaneous symmetry 

breaking, 

SU(2)^XU(1)Y - ^ ^ U(1)^^, 

when the neutral component acquires vacuum expectation value. 

This in turn gives masses to the weak-gauge bosons, quarks 

and leptons, while maintaining the photon massless and genera­

ting the Higgs mass term. 

At low energies the model yields charged and neutral 

current interactions consistent with the V-A theory. The 

quarks carrying colour and flavour quantum numbers are included 
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in the Lagrangian by the elegant GIM mechanism, that avoids 

flavour changing neutral currents. The masses of the W~ and 

Z° boson, the existence of the neutral current and neutral 

current parameters, and the electroweak mixing angle, predic­

ted by the Weinberg-Salam model have been experimentally 

verified. In the next chapter, we review experimental tests 

of the model. 



EXPERIMENTAL TESTS OF THE 

WEINBERG-SALAM-GLASHOW MODEL 

The SU(2)TXU(1)„ model makes precise predictions about 

the existence of W", Z gauge bosons and, especially, about 

their mass values. The existence of neutral current is the 

other important prediction of the model. In this chapter, 

the predicted values of both gauge boson masses and neutral 

current parameters are computed and compared with their 

experimental values. In Sec. 3.1 of this chapter derivation 

of gauge boson masses is shown considering radiative correc-

16 

tion , following the procedure of Marciano and Sirlin 

In Sec. 3.2 experimental values of different parameters 

obtained by UA 1 and UA 2 collaborations are Yepotteci . Compa­

rison of experimental and predicted values of gauge boson 

masses is made in Sec. 3.3. In Sec. 3.4, neutral current 

parameters are obtained for neutrino-hadron, neutrino-electron, 

electron-hadron, electron-muon reactions^ and the neutral .cur­

rent experiments are analysed in sec 3.5. In sec. 3.6, we 

compare the predicted values and the experimental values 

of different neutral current parameters. The world average 
2 

of Sin 6„ obtained in this manner is discussed in the sec.3.7. 
W 

Finally we sunmiarize the chapter briefly in sec.3.8. 



[ 28 1 

3.1 Measurement of W~,Z gauge boson masses 

The predicted values of masses of W" and Z bosons are 

83.0±2.9 and 93.8+2.5 GeV respectively From various 

experiments the UA 1 and UA 2 {after the underground area 
+ + 

at (CERN) collaborations have collected several hundred W >-e* v 

events and about 10% as many Z •*• e e 

From those data they have extracted properties of the 

W~ and Z bosons that can be compared with the predicted 

values. Calculating gauge boson masses, m^, and m , from 

the theoretical expression (considering radiative correction) 

"\j ~ t r cTTTZ^ / 1 ^^^ ] ^ (3.1.1) 

and m 
'"Z = -C^e^ (3.1.2) 

where Ar denotes the 0(a) radiative correction. 

' a is the fine structure constant 

^ 1 

137.035963-

and G is the Fermi coupling constant 

= 1.16634 ± 0.000002 x 10"^ GeV"^ 

Following Marciano and Sirlin, theoretical results 

of the ̂  masses are compared with the experimental results. 

From (3.1.1) m^= ^ ^ ^ (3.1.3) 
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where A = I —^^^ ] ̂  [ -TTATI ' (3.1.4) 
/2Gp 

= 37.281^,0.0003 ^^^ ^3^^ 5̂  

^M A 2A 
^"^ ""z ̂  Cos¥^" Sine^ cose^ ^ Sin2©^ (3.1.6) 

From these expressions irt, and in„ interdependence can be 

expressed as follows. 

From equation (3.1 .3) i\7 = ^ Q 

or Sine^= - ^ (3.1.7) 
,W 

or Cose^= / A^ (3.1.8) 
W /I-*- 2 

Substituting these values of CosO in equation (3.1.2) we have, 
W 

m 
«» = ^ (3.1.9) 
z /~nr / 1 - ^ 2 

from eq ( 3 .1 .6) 

Sin 26^= - ^ (3.1.10) 

and Cos 20^= /' 4A'' 
w /I - z 

or Cos0^= f ̂  <l+ /l - Ir^ ; ] ' (3.1.11) 
z 

Substituting the value of Cos6 in eq. (3.1.2) we get, 

mg = -j / , u f- (3.1.12) 
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°^' %« = "̂Z ̂ 2 ^̂  "̂  / 
1 /, . / - 4A^ ,12 

1 -
m, 
?")] (3.1 .13) 

from (3.1 .9) 

"'z - "̂.w = 
^^ 

(1 
"% 

A^ T- i\ = ">W 
1 

"2 1 - 1 

" - ^ ' ' ' 

(3.1 .14) 

and from (3.1 .13) 

- m^ = m^ - m^ [̂  (1+ (1-m̂  

= m^ [1- {^ (U (1 4A 2 1 1 
2\ 2 

nir )MM (3.1 .15) 

from (3.1 .3) 

37.281 ± 0.003 
Sine^(l-AY)J 

or- A^ - 1 (37.281 ± 0.0003)^ 
or Zir — I - 2—77"- Tn 

where Sin^e„ = 1 W 
m W 
m. 

(3.1 .16) 

(3.1 .17) 

The 0(a) radiative correction AY> computed by Sirlin and Marciano 

are very large. 

Ar = 0.07 ± 0.013 
o 

(assuming m = 93 GeV/C^, m = 3.5 GeV/C^) 

MHiggs = ^00 ̂ ^^/^' 

A numerical evaluation of Ay* employing Sin^9„ = 0.217 (the 
w 

central value from deep inelastic v scattering) 1? 
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irijj =: m^,, m̂ -. = 1 .5 GeV 

m. -̂  4 .5 GeV, m. = 36 GeV 

18 
Wetzel's analysis leads to 

Ar = 0.0696 + 0.0020 for \ Sin^O^ = 0.217 

(3.1.18) \ m^ = m^ 

m^ = 36 GeV. 

where an estiitû te of uncertainties in the hadronic contribu­

tion has been included. This numerical value is not sensitive 
2 

to siTiallshifts in Sin 6„, m„ or m. . For this reason, we will 
W n t 

take the value 

Ar = 0.0696 ± 0.020 as the standard value and ^e will 

take it to be constant throughout. 

Combining (3.1.5) and (3.1.18) leads to 

A = 38.65 ± 0.04 GeV (3.1.19) 

Prediction of m^ and m are possible from a separate deter­

mination by substituting the value of A from (3.1.19) to 

(3.1.3) and (3.1.6) or inverting those equations, one can 
2 

determine Sin 6 by measuring KL^ or m„. But the generally 

quoted predictions for m^ and m„ are obtained by using 

the world average value, 

Sin^Q^, = 0.217 + 0.014 (3.1 .20) 

(from deep-inelastic v scattering and the eD asymmetry) which 

leads to 

= ft-^ n 4- "? Q 

GeV (3.1.21) 
M^ = 83.0 + 2.9 

- 2.7 
M„ = 93.8 + 2.4 „ ., ,̂  , ̂ _. 

- 2 4 ^ ' 
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The errors are of course corrected. The predicted mass dif­

ference is 

m _ m = 10.8 + 0.5 GeV (3.1.23) 

3.2 Experimental values obtained by UAI and UA2 collaborations 

Experimentally, the W~, and Z mas values obtained 

at CERN^in the year 1987 are analysed below. 

m^ = 82.7 + 1 .0 ± 2.7 GeV 
( UAI collaborations (3.2.1) 

m^ = 93.1 ± 1 .0 ± 3.1 GeV 

and 

m^ = 80.2 + 0.6 + 0.5 + 1 .3" 

m^ = 91 .5 + 1 .2 + 1 .7 
UA2 collaborations (3.2.2) 

Both experiments agree with one another as well as with 

the standard model prediction. 

The mass difference 

m̂ -m̂ ^ = 10.4 ± 1 .4 + 0.8 GeV From UAI (3.2.3) 

and, m^-m^ = 11.3 + 1.3 + 0.5 + 0.8 from UA2 (3.2.4) 

provides a nice test of the theory. 

To examine these results, we first determine, 

Sin^e„ = 1 -z 
W m^ 

which does not require the knowledge of Ay in the use of 

measurement of both m^ and in 
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The equation has the advantage that many systematic 

and calibration errors cancel in the ratio m^/va^ when both 

masses are measured with the same detector. That procedure 

yields, 

Sin^e„= 0.211 ± 0.025 from UA1 (3.2.5) 

Sin^e„= 0.232 ± 0.025 + 0.008 from UA2 (3.2.6) 
w 

One can test the standard model at the level of its 

quantum corrections and probe for new physics by experimen-

tally measuring Ar. Using the value of Sin̂ 6̂ ^ in equation 

(3.1.16), Lj values are found out. 

Ar = 0.038 ± 0.10 ± 0.0b7 from UA1 (3.2.7) 

A r= 0.068 ± 0.087 ± 0.030 from UA2 (3.2.8) 

Another way to test the standard model is to extract Sin^8„ 
w 

from eq (3.1.7) from Ar= 0.0696 

q.„2^ _ A^ _ (38.65 GeV)'^ , t n a\ 

ĉ  *-̂  _ 4A^ _ (77 .30 GeV)^ ' /o ̂  mx 

2̂ "̂ ^ - ^7 = ^ (3.2.10) 

which gives, 

Sin^B^= 0.218 ± 0.005 + 0.014 from UA1 (3.2.11) 

Sin^t^= 0.232 ± 0.003 ± 0.008 from UA2 (3.2.12) 

The results are in excellent agreement with previously 

published UAl and UA2 results . ̂ '̂'̂  

Another useful quantity for testing the standard model 
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is the p parameter which should be 1(one) in the Higgs doublet 

scenario. 

For Ar= 0.696, writing p = ^^, ^ ^ ^ Q ^ 

Therefore p can be expressed as 

p - - ^ - ' ^ ,3.2.13) 

Now, using the information of the Z° mass, one can determine 

the parameter p, related imjtiediately to the .isospin of the 

Higgs particle. 

p = 1.009 ± 0.028 ± 0.02 from UA 1 (3.2.14) 

p = 1.001 + 0.028 + 0.006 from UA2 (3.2.15) 

UA2 value of p is in perfect agreement with the prediction 

of p=1 for a Higgs doublet and its deviation from 1 in the 

UAl results reflects the difference in the Sin^O,, values of 
W 

eqs (3.2.5) and (3.2.11) because the value of p depends on 

Sin^e„ values. The p parameter provides a particularly 

good test of standard model at the tree level. 

3.3 Comparison of predicted value with the experimental 

results 

A first test of the standard model is given by the 

comparison of the measured mass difference m„-m^ with the 
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predicted value as a function of m„ and Ar eliminating Sin*6 

in relation (3.1.3) and (3.1.6). The two measurements of Sin^6 

are in good agreement with the most accurate estimates 

from low energy experiments. All these results are summa­

rized in fig. 3.1. 

W 

Table 3.1 Measurement of standard model parameters. 

Parameter 
UAl 

Electron chcinnel muon chcinnel 
Low energy 
experiments 

m^(GeV) 82.7±1.0(Stat.)±2.7(Syst.) 81.8'^^'°(Stat)±2.6(Syst.) 
-5.3 

m Z (GeV) 93.1±1.0(Stat.)±3.1(Syst.) 90.7''^*%tat.)±3.2(Syst.) 

m^-m^GeV) lO.f ±l.^(Stat.)±0.8(Syst.) 8.9'^''*^Stat.)±I.9(Syst.) 

Sin ̂ 6 W 

W 

P 

Ar 

Ar« 

1 

0.211 ±0.025(Stat.) 0.187±0.1'f8(Stat)±0.033 0 . 2 3 2 ± 0 . 0 0 ' t 

0.218±0.005(Stat)±0.01'f 0.233+0.033(Stat)±0.01f 
(Syst.) -0.029 (Syst.) 

1.009±0.028±0.020 

0.038±0.100±0.067 

0.125±0.021±0.057 

1.05±0.16±0.05 

±0.003 

Minimal Stan­
dard model pre­
diction 

1 

0.0711± 0.0013 

Now the values of m̂ ,, m„ reported from UAl and UA2 collabora­

tions (taken in the year 1984, 1986, 1987) are presented 

in the table 3.2. 

We conclude that within errors, the experimental 
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results are in excellent agreement with the theory and 

thus the values are compatible with the SU( 2 )ĵ XU{ 1 )Y model 

supporting the hypothesis of a unified electroweak interac­

tions . 

All UA1 and UA2 results published and the results 
t 

obtained in low energy neutrino experiments •' which ave­

rage to 

Sin^e^ = 0.232 + 0.004 + 0.003. 

3.4 Measurement of neutral current parameters 

The neutral current phenomena involving neutrino-

hadron, neutrino electron, electron-hadron, and electron-

muon reactions can be characterised by thirteen independent 

parameters . The fundamental goal of neutral current physics 

is therefore the complete determination of all these para­

meters. Once the goal is accomplished we can then compare 

these parameters to any chosen gauge model. 

Defining the effective Larangian for low energy 

neutral current interactions as 

a = a^» + a^^ + a^« + a^^+ . . . (3.4.1) 

Where a contains the terms relevant for neutrino-hadron 

scattering etc. 
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(i) Neutrino-hadron interaction: 

To the extent that hadrons are made up of valence 

u and d quarks the effective Lagrangian describing vH inter­

actions contains four independent parameters a,B,Y and 6 and 

is given by, 

~^P 1 
a = -—- vy^(}^y^)v { -^ [UYJ^COH-BYJ) u 

v2 

- Sŷ l̂a •t-.3Y5)d] + j luY;̂ (Y -»-6Y)U 

+ aY;̂  (Y'»'5Y5)d]} (3.4.1) 

The parameters a ,6,Y and 6 h a v e t h e f o l l o w i n g meaning 

a 5. isovector vector, 3 E isovector axial vector, 

Y = isoscalar vector and 6 = isoscalar axial vector coc|fiix"«.Kb 
1 — 1 — 

Here isovector and isoscalar mean -̂  (uu - 3d) and •̂ (uu + Sd) 

respectively. The vH interaction can also be parameterised by 

four "chiral coupling constants" e^(u), e_(u), e^(d) and £-(d) as 

a^H ^ _ ̂  VY^d- Yc)>J " (3.4.2) 

when t h e hadronic n e u t r a l c u r r e n t i s given by 

• J « = Z [ e ^ ( i ) q . Y ^ a . Y 5 ) q i ] 

+ [ e R ( i ) q i Y y ( H K Y 5 ) q i ] } 
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The vector and the axial vector couplings g„^ are related to 

the chiral coupling ê ^ ̂̂  by 

g^ = z^(i) + e^(i) (3.4.4) 

g^ = ej^(i) - ê (̂i) (3.4.5) 

The two sets of coupling are related by, 

£^(u) = J (a+3+Y+5) 

ej^(u) = J (a-e+Y-<S) 

eĵ (d) = j (-a-e+Y+«S) 

€j^(d) = ^ (-a+3n-fi) 

The Feynman graph for v-H scattering from WS - GIM model is 

drawn as follows: 

(3.4.6) 

The effective Lagrangian can be written from this interaction 

as 

2 1 

1 r "F"Z 
G„M„ 2 

- e f f - - ^ ^ ~ ^ %(M5)vz;; 

l^W^/i'^ (uY,[-2Q̂ Sin̂ ê (UY5) 

+ (T3(u)-2Q^^Sin2e)(1^Y^)lu 

+ aY^[-2Q^Sin'e^{UY5)+(T3(d)-2Q^Sin2e^(1^Y5)Jd 

+ (u -̂  C) + (u -̂  S)}Z°1 (3.4.7) 
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Substituting ^^ ~ T* ^H ~ ~ l̂  

T^Cu) = +1, T^ld) = -1, Sin^e^ = x^, 

and Z Z,, by its propagator, for, q^< < M„, 

the eq.(3.4.7) becomes, 

/2 
4x 

+ (1- - ^ ) { W Y ^ ) ] U + ay^ [f^J+Ys) 
2x„ 

+ {-1+ "3^ ) (WY5)]d+ } (3.4.8) 

Comparing eqs.(3.4.2) and (3.4.8) one gets, 

^ I \ 1 2 x„ 
^L^"^ = 2 - 3 W 

eĵ (u) = - I ̂ W (3.4.9) 

^L(^) = 4 + 1 ""W 

^F 

ThQi u s i n g 

a 

B 

Y 

6 

, ( d ) 

e q . 

= 

= 

= 

^ 

~ 3 

(3 .4 .6) we o b t a i n 

1 - 2 X w 

1 

2^w 
" 3 

0 

(3.4.10) 

(ii) Neutrino electron reaction 

The Lagrangian, 
Q 

â ® = -̂  — VY„ (1"Yc)v JH (3.4.11) 
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Where Ĵ  = £^(6) ey^l 1-Y5)e+eĵ {e)eYjj{ 1+Y5)e 

= ^Y^(gv^+gA ^5)6 (3.4.12) 

and where g^j^e^ie) ± ^j^ie^) (3.4.13) 

The Feynman diagram of v-e scattering can be represented as 

The Lagrangian, 

{ - -^( ^ ^ ) iY^l(2Sin2e^(l+Y5)+(2Sin2e^-l)(l-Y5)l eZ*} 

(3.4.14) 

Substituting Z Z° by its propagator for q̂  << M„^ and 

eq. (3.4.14) becomes, 

1 ^F 
°̂eff =-2 ;;j- % ^^"^5)^ 

eY^j[(4x^-1) + Yjle (3.4.15) 

Comparing eq.(3.4.15) and (3.4.11) 

< - i (4x^-1) 
^ e 1 

and ^A " ~ I 
(3,4.16) 

(iii) Electron-hadron scattering 

This class of relation includes the SLAC ^L R ^ 

and atomic physics experiments. The parity conserving part 
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of the neutral current interactions between electrons and 

nucleons is completely overwhelmed by the much stronger 

electromagnetic interactions. We therefore concentrate on 

the parity non-conserving effective Lagrangian which is desc­

ribed by four independent parameters 5, H, Y and ^ in analogy 

with vH case. The parameters have meaning similar to a, 3, y and 

6. We have, 

a = - J {eY;,Y5e [-̂  (uY^u - dY^d) 

JL t ,... + -^ ("û x̂  + dY;̂ d)l + eY;^e[| (uY^YsU-aYp^Ysd) 

•̂  ~2 ^^"^X^s" "̂  dY;^Y5d)]} 

It can also be written as 

a 
eH _ 

where q^ = u, d, 

The two sets of coupling are related by 

(3.4 .17) 

— Z (C^^SY^Y5eqiY^,qi+C2iiY^;eqiYpY5qi) (3.4.18) 

lu 

'2u 

'Id 

'2d 

1 ~ ~ 
-2 ( a+Y ) 

^ ( B+?^ ) 

^ (- S+Y ) 

^ (- ^+'S ) 

(3.4.19) 

The effectiv.e Lagraagian for electron-kadron scattering-

Qa,n be written frpm the Feynman diagram as 
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G„M„^ 2 1 , F Z 
a 

eff /2 /2 

/2 ' /2 

{ ^ ^ ) e ! y ^ [ ( 2 S i n 2 e ^ - l ) ( 1 - * Y 5 ) + 2 S i n 2 e ^ ( U Y 5 ) l e Z^ 

1 ,S^z' i 
X- - ; z - ( ^ ) { q iY^ [T3 (q i ) - 2Qq iS in^e^ (1 -Y5 ) ] 

+ (-2Q„, Sin2e,J{1+Y5) l t . : | iJ } (3.4.20) 
'qi W 

Substituting q. = u,d, 

T3{u) = +1, T^Cd) = -1 

Qu = 2/3, Qd = - i 

and ^u^v ̂ ^ """̂^ propagator 

M 
"z 

the eq. (3.4.20) becomes, 

"eff=-I ^ iY^^x^-l)(1-Y5)+2x^(UY5)]e 

4x 
(uŶ tll- ̂ j d - Y s ) +( 4''^)(UY5)J^ 

+ aŶ [(r1+ f''w)(1-rY5) + (| ""w) (UY5)]J}+. 

= ' ^ iiY^[(4x^-l)-Y5]e 

(UY^UI- f x^)+Y5]u+aY^[(-1-4 ""wi- Ygld} 

"eff " ~ ;! ^ {[iY''(4x̂ -1 )e UY^YgU e 

- ey^y^e liY^d- f ̂ w)u] 

[-eY^(4x-1) eav.Ycd (3.4.21) 
'^i^ 

- iY^^e aY„(-1+ — T )d]} 
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C^ and C2 are the coefficients of ^ ey Yjeuy u and 

eY euY Yc^ respectively. Similarly C,^ and €2^ are the coeffi­

cients of eY YS^SY d and ey e 3YpY5d respectively. 

2 Q ^, Compari7\9 e q s . (3 .4 .21 ) and (3 .4 .18 ) where Sin 6 =x„ 

^ld= - i (-^ • • • I^w) = i - | ^ w <3.4.22) 

and 

a 

B: 

Y 

= - n - 2x )̂ 
= - d - 4x^) 

2 
= ^ X 3 w 

(3 .4 .23) 

and ?f = 0 

(iv) Electron-position annihilation into muon pairs 

Writing the most general weak neutral current effective 

+ - + -
Lagrangian for e e -»• y u involving V and couplings as 

a = - fP ( h (iY e + PYu) ^^^^^ "" ̂ ^^^ ̂  ^ 1- vv' 'y , '̂'li*' 

+2h^^(eY^e + uy^v) (ey^y^e + \iy^y^f^y 

+ ĥ Â ®̂ y''̂ 5®'̂ '̂ Yy''̂ 5̂ ^ (eY^Yse + PŶ ŶgM)} (3̂ .24) 

(3.4.24) 

where y-e universality is assumed. These constants h^^, 

^AA' '̂ VA *^°^-^^ ^^ measured by (i) studying the magnitude and 
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and energy dependence of the cross-section, (ii) the forward 

backward asymmetry in the angular distribution of the 

final muon, (iii) and the muon longitudinal polarization 

respectively. 

The Feynman diagram for this reaction is represented 

as 

itt. 

f** 

The effective Lagrangian is given by, 

a eff /2 /2 
iŷ  [(2sin2ê -̂1)(l -- Y5) +2Sin^e^(l+Y5)] e Ẑ *̂ 

I /2 x \ ( •— ) 
/2 

G„M 
F Z 
/2 

My^ [(2 Sin'e^-1)(1 - Y5) 

+ 2Sin2e^{1 + Yj)] y Z^} (3.4.25) 

Substituting Z° Ẑ by its propagator for q << M^^ and 

Sin^e„ = X, the eq. (3.4.22) becomes 
W 

a e f f 
1 ^F^T. *uv 
1 F Z ( _EV ) e Y „ [ ( 4 x - D - Y c l e 

/ 2 -M. w 

i lY^[ ( 4 x ^ - 1 ) -Y5]U 

^ ^' [ ( 4 x -1 )^ eY, e ilY,,U 
/ 2 w 

- ( 4 x ^ - 1 ) eYjj e PY^Ys U 

- ( 4 x ^ - 1 ) eYjjjYge PY^U 

+ SY^Ys eilY^Ys P ] 
( 3 . 4 . 2 6 ) 
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Comparing eqs (3.4.26) and (3.4.24) the following values 

can be found out. 

\A =1̂ 1- '\^ 
(1 - 4x^) 

vv 
(3.4.27) 

AA 

We have thus seen that low energy neutral current experi­

ments can be described by thirteen parameters a,&,y,&, g , g,, 

a ,H, .Y, ̂ , ^ w ' '̂ AA' ^^^ ^VA' ^^^ these parameters can be 

shown in a neutral current coupling pyramid as shown below. 

A to) 

Fig. 3.2 Neutral-current coupling pyramid. 
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The neutral current parameters can be arranged in a table 

shown below. 

Table 3.3 Predicted values lor neutral current parameters. 

P, r. * WS-GIM predict ion 
Process Parameters ^ 

s^"'ew=^w 

ej,(d) 

VH reaction a 

B 

Y 

+ - + -e e -* ]iy h 
AA 

h.r 

1 
2 

-

-
1 
3 

1 

1 

-

— 
2 
3 

1 
3-

X 

-

2 
3 

•i X , 

vV 

* i^w 

w 

2xw 

Xw 

e 1 
ve reaction ^v " ^ 

^ A • 2 

+ 2x. 

*^1U - 2 + 3 X ^ 

^2u -' ^ 2x^ 

^Id ^-2Xw/S 
C2d I - 2x^ 

eH reaction a - {\-2x^,) 

B - (1 - ^x^ 

Y 3 X ^ 

^ 0 

1 - 4x w 
VA /* 

Nv (2x,- ^)' 
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3.5 Neutral-current experiments 

As discussed m Sec. (3.4), experiments can be 

carried out for various processes at low energies, m order 

to determine various neutral current parameters occuring 

m the effective Lagrangian. The experimental values of 

these parameters would then yield the values of Sm^Q through 

the low-energy limit of the electroweak theory. Experimen­

tally, these have been already measured. In fact, eight 

years before the gauge bosons were detected at the pp collider, 

neutral current experiments suggested that the electroweak 

theory might be correct. We describe below some of the 

neutral current processes where the experimental values 

of the relevant parameters have been measured. 

(a) Neutrmo-hadron reactions 

Experimental data on neutrmo-hadron reactions 

are much more in number compared to other processes. These 

data have been analysed to determ.me the space-time structure 

of neutral currents. As discussed m Sec. 3.5, the experimen­

tal values of neutral current parameters obtained from 
2 

neutrmo-hadron processes can be used to determine Sm 8 very 

accurately. 

(1) Deep Inelastic scattering from iso-scalar target 

The primary neutral current quantities are measured 

for isoscalar targets as tne neutral current to charged 

current ratio. For neutrino and antmeutrmo these are 
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^^ " ^^ (3.5.1) 
V v N -»• y"X 

R- = ^N " VX (3.5.2) 
^ VN -̂  u'̂ X 

where v represents neutrino and X represents hadrons. 

The differential cross-sections with respect to 

the hadron energy are 

^ (VN -̂  VX) and ~ I vN^ vX) 
dy dy 

^h where Y = -rr- , E, is the hadron energy and E , is the incident E h ^^ V 

V energy and the cross-section for both charged and neutral 

2 
current interactions are given (m units of G M E /TT) and 

with N = ̂  (n+p) by, 

cc 
^ (VN) = Q + Q (1-y)^ (3.5.3) 

cc 
1^ (VN) = Q + Q ( 1 - y)^ (3.5.4) 

Nc 
1^ (VN) = [ \t^(n)\^+\c^{d)\^] [Q+Q(1-y)^] 

+ [ ieĵ (u) î +|£ĵ (d) 1̂ ] [Q+Q(1-y)^] (3.5.5) 

.^NC _ 9 9 9 
^ (VN) = [|e^(u)r+|G^(d)r] [Q+Q(1-y)^] 

+ [ |eĵ (u) |2+|ej^(d) 1̂ ] [Q+Q(1-y)^] (3.5.6) 

Where Q = / x [u(x) + d(x)] dx 

Q = / X [u(x) + d(x)] dx 

and x = Q /2 P.Q. (the B3orken scaling variables) andt(,''(x) and 

(-) 
d (x) being the up and down quark (antiquark) distribution 

functions . 
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From eqs (3.5.3) and (3.5.4) two more equations 

(3.5.7) and (3.5.8) are derived. 

0^^(vN) -.a^^ (VN) 

_ ) 
— it, ̂(u)|^ +je^(d)j^ +lej^(u) i2+|£j^(d)i2 (3.5.7) 

and 
a,,^(vN)-a^C^vN) ^ 

?;~^JW)-a^^(vN) = 2 ^̂ ^̂ ^̂ ^ ) 

= |e._(u) |2+ie^(d) 1̂  -|ej^(u) l^-lej^(d) |2 (3.5.8) 

The accurate d:-.ta on deep-melastic scattering on isoscalar 

26 27 

targets are from CDHS and CHARM groups whicn reports 

Rg s ( — )- - 0.373 ± 0.025 

for CDHS, and. 

(3.5.9) 

% ^ 0-320 ± 0.021 (3.5.10) 

R- E 0.39 ± 0.024 

for CKAR-M. 

Froir. the formulae (3.5.7) and (3.5.8) we can derive, 

2 2 ^v ~ ''"̂ v̂ 
|€-.(u)l -fje (d)| = + corrections (3.5.11) 
^ ^ 1 - r' 

2 2 ^''^^v-^v^ 
and |e (u)| +]£ (d); = —.—;;; 2 + correction (3.5.12) 

where T is measured, as, 

T- E - ^ = 0.49 ± 0.019 (3.5.13) 

V 
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The corrections arise from the theoretical uncertainties 

m the strange quark effects are small. 

Using the CDHS data and taking into account correc­

tions for neutron excess in an Fe target, one obtains 

|£ (u)|^+i£ (d)1^ = 0.300 ± 0.015 
^ ^ (3.5.14) 

e^(u) + e^(d)p = 0.024 + 0.008 

where errors include the corrections. Similar numbers can 

be obtained using the data of other groups: Harvard-

Pensylvania, Wisconsm-Fermilab (HPWF), BEBC etc. 

(11) Deep inelastic scattering on proton and neutron targets 

There are several measurements of deep-melastic 

v(v) scattering from proton and neutron targets. The 

data are usually presented m terms of the ratio of neutral 

current to charged current cross-sections. 

^v - vp - p-X ' ̂ v - V - y^X (3.5.15) 

The measured report from BEBC and other experiments are 

mentioned below: 

p ^& 

R^ = 0 .52 ± 0.04 (BEBC) 

R^ = 0.48 + 0.17 (FNAL, Harris et al 1977) 

R? = 0.4 2 + 0.13 (FNAL, Derric et al, 1978) '̂  

R 
V 
"/P = 1.22 + 0.35 (Marriner 1977) 
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3Z 
R--̂ ^ = 0.64 + 0.18 (FNAL, Roe, 1979) 

R!]/P = 1.64 ± 0.20 (FIIM, Bell at al, 1979)" (3.5.16) 

p 
The measured value of R^ from BEBC group can be expressed 

froir the following calculated expression 

R^ = 2.1 Ic, (u) 1̂  + 1 .0|e, (d) 1̂  

+ 0.70|£^(u) 1̂ + 0.36|eĵ (d) 1̂  (3.5.17) 

Similarly the values of R^, R-, ^v '̂̂'̂  R- from other 
2 

(FKAL, FIIM) experiments can be measured in terms of eT.(u) 
l i 

e (d) , eĵ (u)'̂  and e^(d) 

Semi inclusive pion production 

The reaction involved in the semi-inclusive neutral-

current pion production on isoscalar targets are of the 

following type 
_ _ + 

Where we make use of quark fragmentation model. Knowledge 

of the quark fragmentation function i.e., the probability 

that a given type of quark u or d, produces a TT or TI" allows 

one to extract information on the relative strength of 

the couplings to u and d quarks from the above measurements. 

From charged current reactions that . m vN iW) 

collisioni. the probability for a u(d) quark to fragment 

+C-) 
into a tr in the forward direction is much larger than 
the probability for a u(d) quark to fragment into a 7r~( + ) i.e.. 
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TI-^\ 

V . I 
_ I 

^'^•^ 
^d 

n!' 
d 

r 'n + 
D 

u 
T -

D 
u 

(3.5.18) 

u 1 

\ TT ! , D , D 
' + d u 

V == i (3.5.19) 

where D ,-< is the probability amplitude. u(a) '̂̂  J- f 

In neutral current react ions on isoscalar targets 

where there are as many u quarks as d quarks, an asymmetry 

between TT and IT would give information on the difference 

in the magnitude of neutral current interaction between 

u and d quarks . Quantitatively we have following expres-

sions, ' 

{-' 
{\^^\^)\^^ -3-UR{u)r]D;''+[|e^(d)|2+l|e^(d)l2]D^-

'̂<;.v [|cL(u)!'4|ej^(u)i2]D;;-^[lc^(d)|2^1ie^(d)|2]D;^ 

\Ti-/-^- )e^(d) - eĵ (d) (3.5.21) 

TT+ ^ T I - , ^ T T - „TT + 
, „ = D and D. = D where D. u d u d 

The earliest results obtained m the Gargamelle experiment 

at low energy (E - 1-5 GeV) have been supplemented by 

the measurement of Fermilab IHEP-ITEP-Michigan (FIIM) group 

using high energy antineutrino (E- > 20 GeV) 
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R+/r f I_\ = 0.77 + 0.14 GGM (Kiuttig et al )^'' (3.5.22) 

R I / = -!̂ \ = 1 .65 ± 0.33 GGM (3.5.23) 
" [--) . 3Z 

= 1 .27 + 0.36 FIIM (3 .5 .24 ) 

- 0.27 

Using experimental values from eqS. (3.5.22) and (3.5.23), 

Sehgal obtained from the equation (3.5.20) and (3.5.21) 

je^ (u) [̂  = O.n + 0.03 

je (d)j^ = 0.19 i 0.03 
^ (3.5.25) 

le^(u)I = 0.03 ± 0.015 

\e^{d)1^ = 0.00 ± 0.0 15 

Sehgal's analysis was subsequently confirmed by sepu inclu­

sive data at higher energies coming from BEBC and FMMS 

collaborations" end by deep-inelastic scattering data 

on protons . 

Elastic scattering: The elastic scattering of neu­

trinos and antineutrinos from protons are the simplest 

semi leptonic neutral current interactions 

^ ^ P - ^-^ P (3.5.26) 

and V + p •* V + p 

The data obtained from these reactions are combined with 

those from inelastic scattering from an isoscalar target 

to yield important isospm information. The measurable 

quantities are. 
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Rel ^ V P " V£ 7 (3.5.27) 
V vn + u p 

and 

R^l 
V p -»- V p 

V p ~n J 

The experimental values are 

1 "5^ 

R^ = O.n ± 0.02 HPB (Entenberg et al) 

= 0.20 ± 0.06 CIR (Lee et al)''^ 

= 0.10 + 0.03 AP (Faissner et al)'" 

= 0.12 ± 0.06 GGM (Pohl et al)*^^ 

R̂-*- = 0.19 + 0.05 HPB (Entenberg et al) 

A most ambitious fit to all neutrino hadron data has been 

performed by Langacker et al , and reviewed by Kim et 

al, .They obtained a unique solution that is essentially 

the same as solution of Hung and Sakurai . The results are 

represented in a tabular form. 

Table 3.3 Neutrino-hadron data 

c ^ » , , \^S model 
Fi t t o d a t a ,^. 2A A ->I\ 

(Sin 8„,==0.23) 
w £^(u) = 0.3^0 ± 0.033 

ej_(d) =-0.if2if ± 0.026 

^ ( u ) =-0.179 ± 0.019 

e^(d) =-0.017 ± 0.058 

a 
S 

Y 

(S 

= 0.589 ± 0.067 

= 0.937 ± 0.062 

= -0.273 ± 0.081 

= O.lOl ± 0.093 

0.3^7 

-0.'-f23 

-0.153 

0.077 

0.5W 

LOGO 

-0.153 

-0.000 
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(b) Neutrino-electron reaction 

The neutrinos involving reactions v e, v e and v e 

are discussed because of their simplicity. 

The cross-section for these reactions can be computed 

from the effective Lagrangian (eq (3.4.10)) as 

2 

df ^ V ^ == — r [G^^G^d-y)^- ^ yC^G^] (3.5.30) 

E 
where y = -=7- and E^ is the K .E of electron in the lab. E e 

V 

^L^R ^ I ^^±9;,) (3.5.31) 

L̂,R = i ̂ S ± S^ = ) ' ^ ̂ H (3.5.32) 

The total cross-sections can be obtained by integrating 

eq.(3.5.28) to (3.5.30), It is then customary to present 

the experimental results on a g„ - g plane by ellipses, 

as can be seen in fig.3.3 . In the Fig. 3.3, the v e curve 
e 

intersects with the v e and v e ellipses at two regions 

leaving the vector-axial-vector ambiguity mact. The best 

38 
fit to the data gives 

g^ =-0.52 + 0.06 
(axial dominant) 

g^ = 0.06 i 0.08 
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With the VA ambiguity g„'^^ q, . The axial-dominant solution 

is in excellent agreement with the standard model, which, 

for Sin^e,-= 0.23 gives 

^A- -0.5 

ĝ , = -0.04 

(c) Electron-hadron interaction: 

Starting -with a beam of longitudinally polarized 

electron which may be scattered melastically by a nucleus. 

parity nonconservation due to weak neutral current inter­

actions can be detected by studying how the observed cross-

section depends on the incident electron helicity. If it 

is found that O(A = 2)7̂  o (X= -1) where A stands for the incident 

electron hel:;city m 

e~ T -, + nucleus -»• e~ + any. polarized •'^ 

We have unambiguous proof for parity violation, independent 

of any model. 

44 
Defining parity violating asymmetry A as follows: 

A = do(X^i) - da (X= -i) (3^3^33^ 

do(A=l) + do (X= -1) 

In parton model, the interference between Z boson exchange 

•4 K 

and electromagnetism leads to an asymmetry 

A(x,y) S fxq^(x)Q^(C^^±F(y)C2,) 

- (3.5.34) 
Q 2/2Tia E X q. (x) Q 

1 
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2 2 Where Q = -q > 0 is the monnentuni transfer, xq (x) is the 

distribution function for parton i of momentum fraction 

X, eQ. IS the charge of parton i, and, 
1 

F(y) = ^^^h^^u- (3.5.35) 

'i-ti'i -y) 

The upper and lov/ê r signs refer to quarks and antiquarks 

respectively. 

Kecj.'û t̂ing antiquarks and heavy quark and considering 

deatcror, as /he t arret, eq. (3.5.34) can be written as, 

TT- = ;7~J^^1u-I^1d)-^^'^^-^ ^^2u-1^2d)^ 3̂.5.36) 
Q 5/2Tia 

But from the WS-GIK model. 

and 

C, - ̂  C,,= - T + I Sm'^e,, (3.5.37) 
1 u 2 Id 4 3 W 

C2U- I ^2^ = 2 (Sm^e^, - 1) (3.5.38) 

From SLAC poianzed electron experiment, 

A„ 
— — = [{ - 9 . 7 i i . 6 ) + {4 .9 + 8 . 1 ) F ( y ) ] x 1 0 " ^ ( 3 . 5 . 3 9 ) 

Q 
where . 

S u ' 2 ^ Id " ~ ° - ^ ^ - '^'^^ ( 3 . 5 . 4 0 ) 

^2u " i'̂ 2d " ^-^^ - °'^^ (3.5.41) 

The asymmetry on a proi-on target can be written as, 

A _ . 2G 
Q2 -^-;Z^^ K C ^ ^ - ^ C..)^F(y)(C2^- 4 C2d̂ ^ ^^'^-^S) 

Which IS considerably less reliable than the expression 

for _ 5 
Q2 ' 
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Parity Violation in Atoms 

The existing data on atomic parity violation is 

confusing, with different groups reporting conflicting 

experimental results and these have large experimental 

errors, and the atomic physics calculations are difficult 

and uncertain. Now, the theoretical expression for the 

weak charge for heavy atom is given by 

Q^(N,Z) = -2[C^^{2Z+N)+C^^{Z+2N)] (3.5.43) 

Where N,Z are total number of nucleons, protons of the 

atom. 

For Bi(Z = 126, N=83) and Thalium (Z=123, N=81) predictions 

are 

Q^^=Q^(126, 83) = -^«4 C^^- 670 C^^ (3.5.44) 

and 

QJJ^ = 0^(123, 81) = -570 C^^- 654 C^^ (3.5.45) 

The Novosibirsk and Berkeley experiments determine 

Q° = - 140 + 40 (Novosibirsk) (3.5.46) 

Th 
Q^ = -280 + 140 (Berkeley) (3.5.47) 

Using (3.5.44) and (3.5.45) 

C^^ + 1.15 C^^ = 0.24 + 0.068 (3.5.48) 

C^^ + 1.15 C^^ = 0.49 + 0.41 (3.5.49) 

and comparing the SLAC polarized electron results 
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C,'^ C,-, = -0.45 + 0.12 (3.5.50) 
1 u 2 id 

Co - ̂  C^, = 0.23 + 0.38 (3.5.51) 

are found experimentally. 

The regions in C -C,. plane allowed by eqs (3.5.48), 

(3.5.49) and (3.5.50) are shown in fig. 3.4. This allowed 

region is determined in two different ways, (i) fit to the eD 

and atomic physics results or (ii) fit simultaneously to 

the eD, v-hadron, and v-e data. 

In fig (ii) the regions allowed by these two procedures 

together with Weinberg-Salam model is shown. 

(d) Weak interaction prediction for muon pair production 

The basic process of electron positron annihilation 

into muon pairs is 

+ - u -J- u~ 
e + e »• ^ ^ ^ 

The JADE collaboration has extracted h and h by analysing 

the muon pair data 

h,„, = 0.01 + 0.08 (0.0016 for Sin^O,, = 0.23) 
vV W 

^AA = 0-''8 ± 0.16 (0.25) 

where the parentheses are the WS model predictions. The 

allowed regions in an h - h plane is indicated in fig. 3.5. 

The errors are still large, but it is amusing that the "origin" 

ĥ -̂  - h-j. = 0 (no neutral current interactions) is not favoured 

by the data. If we imagine a phenomenological model in which 
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the low energy predictions for the neutral current interac­

tions coincide exactly with those of the WS-model with 

Sin̂ e.- = 0.23 and yet Weinberg's Z mass prediction may fail 

3.6 Coiparison of predicted and experimental values of the 

neutral current parameters 

Here we compare the experimentally determined coupling 

parameters with the predicted values. In this respect we 

first discuss the factorization constraints that must be 

satisfied by any model in which the neutral current inter­

actions are mediated by a single Z-boson. With the single 

Z-boson hypothesis the interactions appearing in the neutral 

current pyran.id of fig 3.2 can be completely determined 

by specifying seven (e^{u), e^(d), ^ R ( ^ ) ' ej^(d), g^, g^ and p) 

parameters the coupling of Z to "̂T "̂T ^^^ "to uu, dd, and ee 

(vector and axial vector for each) where we have assumed 

ye universality . 

On the otherhand, there are as many as thirteen pheno-

menological parameters in the neutral current pyramid. We 

therefore expect that in a single Z model there must be 

six independent "factorization" relation among the thirteen 

parameters . '̂  
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The relations are, 

^li = 2g^ gj / P (3.6.1) 

C_, = 2gf, gl / ,p (3.6.2) 
•2i ^ V ^A 

as well as, 

Vv V̂ h,,„ = g„ /p (3 .6 .3) 

^AA = "9A /P (3.6.4) 

^VA " ^V ^A^^ (3.6.5) 

from (3.6.1) and (3.6.2) 

*̂ Td 5y ^2d ^A ,o c ^̂  
and = — - — (3.6.6) ^ u ^ u 

Cn g„ CT g^ 1u ^V 2u ^A 

The isospin structure of the hadronic current is the same 

in vH and eH interactions . Ô e f it^ q /q^ and d, / g^ directly 

to the vH data and obtains 

d, u T -.̂  +1.12 (90% confidence level) 
V'^v = -2-^^ -2.0.8 

g^/g^ = 0-78 ± 0.26 

The allowed regions in C. -C,-, and C„ -C^-, plane are shown ^ 1u Id 2u 2d "̂  

in fig . 3 .4 and 3 . fe. 

The sixth factorization relation allows the measure-

ments of eD scattering and v-H data to put constraints on g /g . 

The result is obtained by fitting to the eD and vH data directly 
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in terms of g /g 

A simultaneous fit to all the data with e (u), e (d), 

e e e„{u), e_,(d}, g.., g, and p as the free parameter yield the best 

fit values of the parameters both for p as a free parameter and 

p= 1 presented in table 3.4. 

Table 3A Determination of e , (u), e Ad), e ^(u), e Ad), g?., g . and p for (i) factori­

zation assumed, p a free parameter, (ii) factorization assumed and 

p - 1.0. The predictions of the WS-GIM model for Sin^0^=O.23 

Parameters 

e,(u) 

eL(ci) 

c^iu) 

e^(d) 

e 

e 

P 

Fac.orization 

assumed 

0.339±0.033 

-0.^2^^+0.026 

-0.179+0.019 

-0.016+0.058 

0.043+0.063 

-0.5ii5±0.056 

1.001 +0.21 

Factorization 

plus p =1.0 

0.339±0.030 

-0.425±0.025 

-0.179±0.018 

-0.0i6±0.052 

0.043+0.056 

-0.5i^5±0.0hl^ 

WS-GIM 

Sin ^6^=0.23 

0.345 

-0.423 

-0.155 

+0.077 

-0.036 

-0.50 

In table 3.5 the experimental and the predicted values of 

neutral current parameters are presented. The experimental 

values are in good agreement with SU(2) XU{1) model para­

meters with Sm^e set equal to 0.23. 
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Table 3.5 Comparison of the theoretical prediction of the neutral current para­

meters of the WS-model with those of experimental results. 

Neutral-current 

parameters 

1 . 

ej_( uf 

Ejjd) 

ej,(u) 

ej^(d) 

a 

3 

Y 

6 

e -
gv 

e 

C l u " 

^ i d 

C2u 

c 

a 

B 

Y 

"S 

Physical 

process 

2 

Neutrino-

hadon 

scat ter ing 

Neutrino-
electron 
scattering 

Electron-

hadron 

scat ter ing 

WS~GIM model 
prediction in 
terms of x 

w 
3 

1 2 
2 ' 3 '̂ w 
3 1 
2 3 w 

-2/3 X w 

1/3 X 
w 

(l-2x) 

1 

-2/3 X 

0 

-1/2 {l-4x) 

- i / 2 

- i / 2 + 4/3 x ^ 

1/2 - 2/3 X w 

-1/2 + 2x w 

1/2 - 2x 
w 

- ( l -2x^) 

-d-^xj 

2/3 X w 

0 

WS-GIM predic­
tion with 
» - 0.23 w 

k 

Q).3>k7 

-0.^^23 

-0.153 

0.077 

0.5k 

1 

-0.153 

0 

-0.04 

-0.5 

-0.193 

0.347 

-0.040 

0.040 

-0.54 

-0.08 

0.153 

0 

Experimental 
values 

5 

0.340+0.033 

-0.424±0.026 

-0.179±0.019 

-0.017±0.058 

0.589+0.067 

0.937±0.062 

-0.273+0.081 

0.101±0.093 

0.043+0.063 

-0.545+0.056 

-

-

-

-

-0.68 ± 0.19 

0.06 ± 0.21 

0.24 + 0.10 

Q.QQ + 0.20 

Table contd. 



Table 3.5 contd.. 

[ 6 6 ] 

VV 

AA 

'VA 

^2u ~ '^Sd 

C, +1.15C, , 
lu Id 

C, + 1.15C, , 
l u Id 

+ -
e e uV l/U(l-i4x) 

\l^ 

i / ' fd-^x) 

3lk + 5/3 x ^ 

3 (x - 1/^) 

0.0016 

0.25 

0.02 

-0.367 

-0.060 

0.02±0.0^ 

0.35±0.11 

-0.27 ±0.04 

-0.45±0.12 

+0.23±0.38 
w 

Parity violat ion ^ 

in atoms , _ + 0.566x 
'̂ O w 0.205 

(i)0.2't±0.068(Novosibirsk) 

(ij)0.'^9±0.41 (Berkeley) 
(iii)0.20±0.30 (Seattle) 

3.7 Comparison of the value of Sin^O from different experi-

ments* Deec, inelastic v N scatterinq -

Determination of Sin^6 in deep inelastic v N scatterinq 

generally measure the neutral to charged current cross-section 

ratio R as 

R. 
a(v N 

y 
V X) 

a(v N 
V 

y x: 
(3.7.1) 

Inclusion of radiative corrections tend to reduce the un- ' 

corrected values of Sin^O^ determined from R by = 4 % 

i.e., Sm^e^^ - Sm^e^ E AS^ - 0.01 (3.7.2) 

This sizable shift is mainly due to charged current cross-

section correction. 
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In the table we give values of Sin^6 obtained (after 

including radiative corrections) by a number of collaborations 

The results are all consistent, although th^ two Fermilab 

experiments {CCFRR and FMM) tend to have higher central 

values. So, the final \ ilues of 

Sin̂ e,- IS = 0.222 ± 0.007 (3.7.3) 
w 

or without radiative correction 

Sin^e,, = 0.232 ± 0.007 (3.7.4) 

2 
Tab I e 3 . 6 Determination of Sin 6^ by a number of different deep inelastic 

V N scattering experiments *' ^' ' ^ 

Year Group Sin 6 W 

1979 CDHS 0.218 ± 0.013 

1981 CHARM 0.212 ± 0.015 

1985 CCFRR 0.2̂ *2 ± 0.012 ± 0.005 

1983 FMM 0.247 ± 0.012 ± 0.013 

1985 CDHS 0.219 ± 0.007 ± 0.006 

1985 CHARM 0.215 ± 0.010 

Neutrino-electron s c a t t e r i n g : 

The c ross-sec t ion for a l l four reac t ions 

( - ) ( - ) 
V e •* V e 

( - ) { - ) 
V e *• V e 

e e 
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have been measured and found to agree with WS model predic­

tion. A V e experiment at LOS Alamos found 

c:in2fl - n 91 +0.09+0.05 
Sm 6^ - 0.21 _o,13-0.07 

which is not precise. 

(-) 

Better precision has been achieved m v e scattering experi­

ments that measure the ratio 

^ ^ a(v^e-^ v,e) 

o ( V e ^ V S) 

= ^-265 + 0.72 (CHARM)'' 

= 1 .38 + 0.40 + 0.17 (BNL) 
- 0.31 

Taken together they yield 
(-) 

Sin^e^ = 0.212 ± 0.023 ( v e average) 

Elastic vp Scattering 

W A BNL experiment has reported the value of Sin^O from 

measurement of 

and, v^p ^ v^p 

Sin^e„ = 0.220 ± 0.016 "̂ 5*5?? W -0.031 

Most precise value of Sin̂ e.̂  can be obtained from the follow-

ing experiments. 
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v -N ( i s o s c a 1 a r ) 

1986, CHARM 

57 
1986, CDHS 

1985-86 CCFRR" 

5-i 

S"! 

1985 FMMF 

1985 CDHS 
5g 

0.236±0.005 

0.225±0.005 

0.239±0.010 

0.24if+0.016 

0.227±Q.0l2 

Average 

0.232±0.003±0.003+0.013 

v - n u c 1 eon 

5t 
BEBC (H2) 1986 

BBKOPS ^"(v) 

0.225 

0.220d 

v-electron 

BBKOPS 

CHARM ^^ 

<all ve> 

0.209d 

±0.03 

:0.031 

-.0.032 

0.215+0.03'^ 

0.223d k0.018 

The best values for Sin^e from the two most precise experi­

ments scattering neutrinos off isoscalar targets is 

0.231 ±0.004 (experimental) (0.232 + 0.00 3)+0.005 (theQr).The groups 

analysing the worlds' neutral current data for VN(ISOSC) 

using structure functions find. 

0.233+0.003+0.005 

and 0.230±0.003+0.004 

Thus we have seen that the prediction of the W-S model are 

in very good accord with low and high energy phenomenology. 

A tliorough analysis of all experiments contributing 

to the neutral current sector was recently carried out by 

U. Amaldi and collaboraters. Measurements of the weak 

angle in the minimal model (p=l) and with p free are summarized 

in the table below. 
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Table 3.7 Measuremenl of the weak angle 

Reaction Sin^e^,(p=l) Sm^e^ 

v A — • y A 0.233±0.003±0.005 0.232±0.01^±0.008 
y 
V p — • V D 0.210±0.033 0.205±0.041 

v e —»-ve 0.233±0.018±0.002 0.221±0.021±0.003 
y y 

W/Z 0.228±0.007±0.002 0.228±0.008±0.003 

Parity 
violation in 0.209+0.018+0.014 
atoms 

Polarized e 0.221+0.015+0.013 
on deuterium 

yc DIS 0.25±0.08 

Average 0.230+0.005 0.229±0.006 0.998+0.009 

An o v e r a l l e x c e l l e n t a g r e e m e n t w i t h t h e min ima l s t a n d a r d 

model i s o b t a i n e d , w i t h t h e r e s u l t S i n ^ e , = 0 . 2 3 0 + 0 . 0 0 5 . 

3 . 8 Stunmary 

The predicted values of W andZ gauge boson 

masses in the WS-GIM model are m good agreement with the 

experimental results. For comparison with the model, an 

average between the UAl and UA2 masses is established. The 

error in the mass difference is smaller than that in their 

separate masses because of energy-scale uncertainties which 

cancel in the difference. The neutral current experiments 
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also provide a spectacular confirmation of the low energy 

form of the WS-GIM model formulated by Glashow, Weinberg 

and Salam. 

Analysis of the vH experiments leads to a unique deter­

mination of the hadronic coupling constants e (u), e (d), Er,(u) 
LI LI K 

and e^Cd). Theoretical uncertainties lead to variation m 

the coupling constants, which are m all cases, smaller 

than the statistical errors. Analyses of the leptonic reac­

tions v e —»-ve,ve —>-ve and v e -»• v e lead to two solu­

tions, one of which is dommantly vector, the other is axial 

vector. The results obtained from the asymmetry m polarized 

eD scattering are axial vector dominant solutions . 

Due to the inconsistencies m the results reported 

on parity violation m atomic physics, Kim et al combined 

the data from Novosibirsk (Bi) and Berkeley (Tl) experiments 

with eD asymmetry to determine Ĉ  , C^ , Ĉ  n, C^, m model-

independent way. The results are m good agreement with 

WS-GIM model, and with the region allowed by all other neutral 

current data assuming factorization. The value of Sin^e.. and 

p are m excellent agreement with the predicted values. 

The reported average value of Sm^O^ from UAI and UA2 collabo­

rations is 

0 .232 ±0 .004 + 0.003 
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while that from neutral current experiments is 0.232+0.005. 

We thus conclude that, within errors, the observed experimental 

values are completely compatible with the SU(2)TXU(1)„ model. 



LEFT-RIGHT-GAUGE MODELS 

In the standard theory the V-A character of weak inter­

actions is obtained as the low energy limit of spontaneously 

broken SU(2)ĵ XU( 1 )Y gauge interactions. By allowing only 

the left-handed chiral fermions to transform nontrivially 

under SU(2)j^XU(l)y. the V-A structure is built into the 

theory in a certain sense. On the other hand, it is natural 

to conjecture that both V-A and V+A type of charged and 

neutral currents are present, with equal strengths at a 

larger scale M„ > > R,, so that as we come down to the W-boson 

mass and lower energies the V+A structure is damped out. 

The weak CP violation manifested in K' decay does not have 

a spontaneous origin in the standard model. On the other hand, 

the model which embodies both V-A and V+A structures can 

ascribe the weak CP violation to have a spontaneous origin. 

The neutrino in the standard model is massless. At present 

there are reasons to believe, both experimentally and cosmo-

logically , that the neutrino might have a small mass. 

In the left-right symmetric models^ since both left 

and right • handed helicities of the neutrino are included, 

.the neutrino can naturally have a Dirac mass . On the other 

hand, if neutrinos are Majorana particles, there could 

be suitable Higgs representations which can also generate 
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67 6% Majorana neutrino masses '. The gauge models based upon 

the electroweak gauge group "* SU{2)ĵ XSU(2)ĵ XU( 1 )g_ĵ , 

or SU(2)ĵ XSU(2)ĵ XSU{4)̂ ,, proposed by Mahapatra and Pati, 

and Pati and Salam, do possess these desirable and attractive 

features. We concentrate upon the left-right , . • model, 

based upon the gauge group SU( 2)ĵ XSU( 2)ĵ XU( 1 )g_L in this 

chapter. In Sec. 4.1, introduction of the model is provJota-d. 

In sec 4.2, we mention fermion representation in L-R 

symmetric model. In Sec 4.3, Higgs sectors without genera­

ting neutrino masses are discussed. The gauge boson masses 

in LR model are derived in sec 4 .4. The constraints arising 

from minimization of potential are discussed in Sec. 4.5. 

In section 4.6, we review how neutrino masses are generated 

in L-R models. The see-saw mechanism which explains about 

the small neutrino masses is also discussed. We discuss 

in sec. 4.7 about the neutrinoless double-6 decay which is the 

most interesting prediction of the model. A brief summary 

of the chapter is given in sec 4.9. 

4.2 Fermion representation in L-R models 

Considering the gauge theory based on the group 

SU(2)ĵ XSU(2)ĵ XU(1 )g_ĵ  under which the fermions transform 

'in the left-right symmetric manner. We denote the SU(2)-, 

SU(2)_, and U{1) coupling constants by q^, g^^ and g' 
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respectively. The immediate consequence of the left-right 

symmetry which we will impose on the Lagrangian is the left 

and right gauge couplings of fermions with gauge bosons 

are the same i.e. ST=90=9 • 

The quarks and leptoh of three generations are placed 

in SU(2)T and SU(2)„ doublets as given below. 
LI X 

OlL= I^S"'"''' • 22L= a C) 
r,y,b _ . vr,y,b o: 

-• i : ) . 
r,y,b 

• °»=c)r "••(:):'•' 
(4.2.1) 

^lL=f ^e^ '̂ 2L= ^3L= ( ^ 

'l̂ lR̂ fV 

R, 

'̂ 2R= /^^ 

'R, 

^3R= 

\ T 

(4.2.2) 

The representation content of fermionic multiplet is 

QiL=^i' 0' i> ' QiR= ^o, ^ , i ) 

^iL= i^, 0, -^), ^^^= (0, 1, -1) 

(4.2.3) 
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where i = 1,2,3 and the symbol 2^^^ implies a doublet (singlet) 

under the gauge group. 

The electric charge operator is defined as 

Qel ='f3L ^^3R ^ H - ^ (4.2.4) 

Where Tĵ , Tĵ  and B-L are the generators of the SU(2)j^, SU(2)ĵ  

and un)Q_T respectively. 

In the standard model, fermions appeared as left-handed 

doublets and right handed singlets. But in L~R symmetric 

models, they appear in both as doublets. 

In the standard model, v „, v „ v^^ are absent which 

causes any neutrino to be massless. But in the LR models, 

the presence of these right-handed neutrinos allows Dirac 

mass of the neutrino to exist like quark and charged lepton 

masses. 

4.3 Description of Higgs sector in left-right models 

The original idea of Pati and Mahapatra is based upon 

left right symmetric (LRS) gauge theory. In this case both 

SU(2)j and SU(2)„ possess the same coupling constant (g =gĵ =g) 

with fermions at a mass scale when SU(2)TXSU(2)J^XU( 1 )g_ĵ  is 

a ' good symmetry. There could be left-right gauge groups 

with unequal gauge coupling constants (ĝ  ^ 9^^) which are known 

as left-right asymmetric (LRA) models. In this case the gauge 
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group is also based upon SUl 2) ĵ XSU (2) ĵ XU( 1 )g_j^. In the left-

right syitunetric or asymmetric models based upon the gauge 

group SU(2)j^XSU(2)j^XU(1 )g_j^, the symmetry is broken sponta­

neously to the Weinberg-Salam model, SU( 2)ĵ XU( 1 ) Y by , a Higgs 

field with and without generating neutrino masses. The sets 

of Higgs fields in the two cases are different as we describe 

them below. 

Higgs sector without generating 
Majorana neutrino masses 

In this case there is a left(right) handed doublets, 

XT(XJ^) carrying B-L=1 which are needed to break 

SU(2)j^XU( 1 )g_ »• U(1) . Simultaneously maintaining L-R symme­

try. Besides^ the Weinberg-Salam doublet is contained in 

the scalar field (j> which transform as a doublet both under 

SU(2)j^ and SU(2)j^. 

Xir/Xi'A = <!' 0' D' XR= /XR\ =(0, 1, 1) 

<!> =/<l>° ^''\ = d, L O) 
I I 2' 2' 

? = T , 4)* T , = / (|)*° >(t)2 

i I 

C4- 3-1) 

The symmetry breaking is realized by giving vacuum expectation 



value (VEV) 
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and 

<Y_ > 0 

<({>,> = <({)> 

< X « > = ( 0 

R, 

(k 0 \ <())2> 

0 k' 

where k' could be zero. 

V 

= <({)> = K" 0 

0 k 

(4 .3.2) 

4 -4 Gauge boson masses in the left-right models 

In this section we discuss derivation of gauge boson 

masses in the left-right asymmetric (LRA) model, where the 

SU(2) and SU(2) have unequal coupling constants {g^f^g^) . We 

show how the formulas reduce to the LRS case when we use 

g, =gr^=g. We will discuss the cases of Higgs sectors without 

and with Majorana neutrino masses in each case. 

(OL) LRA model without Majorana neutrino masses 

In this case the Higgs sectors are represented by 

and 

X L = X L 

<XT.> = f 0 \ <XR> = / 0 

with UQ > k > > k', UT 

^2 *2 

(4.4.1) 
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The gauge boson masses are obtained from the scalar contribu­

tion to the Lagrangian 

Scalar = ^ V L ^ ^ ^ ^ V ^ ^ ^ V R ^ ^ ^ ^ ' ^ R ^ 

+ Tr(Dĵ <t)"̂ ) (0*̂(1)) - V ( X L , XR^<(') (4.4.2) 

Where, 

D̂ <|) = 3̂<t) - 1 igj^ t .W^ (j) + ̂  igj^ <t> t .W^ (4.4.3) 

Using the vacuum expectation values from (4,4.1) in (4.4.2) 

then gives charged gauge boson mass matrix 

2 \ [i ^h^^^'^'^^^b 
M = 

-g^gRkk-

WR V - ^ A k ^ ' i 5R(»^^-^^'^-^^R) 

(4.4.4) 

(4.4.5) 

Defining the mass eigen states as 

w| = W^ Cos C + W^ Sin 5 

^2 ^ ~^L ^^" ̂  •*" ^R ^°^ ^ 

The eigen values of (4.4.4) are given by, 

±{[g2(k2+k'2+,/2)_g2(y2^k2+k'2)]2+g2g2j^2,^,2jJj 

Where, the left-right mixing angles 5» is given by the relation 

_ 4g^ g^k k' _ 
x.an ^^ ~ o o o o o o o o 

g^(v^+k'^+k''^) - ql (V^+k^^+k'^) (4.4.7) 

(4 .4.6) 
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It is noted that second term inside the radical in 
2 

(4.4.6) is proportional to tan 2? and vanishes in the limit 

K — ^ 0 . In the limit of vanishing L-R mixing, the left-handed 

(W£) and right-handed (WT) charged gauge boson masses computed 

using minus and plus signs, respectively in (4.4.6) 

M^±= J gl (V^ + )c2 + k'2) (4.4.8) 

M^ ± = 1 g2 (v^ + k̂  + k'2) (4.4.9) 
L 

This can be directly verified from (4.4.4) neglecting off-

2 2 2 2 diagonal elements. If we use the conditions Vp >> k >> k* , v, 

eqs {A A .B) oL-nJi ( 4 . 4 . 9 ) y i e l d 

X ^^^^ (4 .4 .10) 
2 1 2 2 

% ^̂  I ^L * 

satisfying M^ >> M^ . In such a limit the L-R mixing angle is 
R L 

4g^kk' 
tan 25 = ^ ^ (4.4.11) 

9R^R 

W* are charged W-bosons of the SU(2)ĵ XU( 1 )Y model, after the 

symmetry is spontaneously broken down to U(l)gjĵ . These have 

predominantly V-A structure of weak currents. Wĵ  are the 

charged and heavy right-handed bosons of the SU(2)ĵ XU( 1 )g_ĵ , 

after the syimnetry is broken down to U(1)Y« They have predo­

minantly V+A couplings with quarks and leptons. 
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Neutral gauge boson masses - The neutral gauge boson mass 

matrix for the spontaneous breaking, 

<XR>7^0 

SU ( 2 ) ̂ XSU ( 2 ) ̂ XU (1 ) B_L — *' SU(2)LXU(1)Y-|0Po"O(n 
em 

can be similarly written as 
,3 

w: 

« ^ 

w R 

B 

w: 

ig2(v2+k2-Hk'2) 

- l g ^ g ^ ( k 2 4 - k ' 2 ) 

- g ' V L 

WR 

4gLgR(k2+k'2) 

I g 2 ( . 2 , k 2 . k ' 2 ) 

-9'gR^R 

B 

g'2(v2+v|) 

(4--in") 

WKeve Ŵ  w^ fltrxd 6 ave the neutral components of gauge basons in SU (2) j ^ , SU (2) j^ 

and U(1)g_Tf r e s p e c t i v e l y . 

Using the definitions 

2 ^ ^ % > 1 1 .+ ' 1 

^L^^^) ^\^^h''R^' 4^v g'̂ ^̂ R) 
D 2 2/2 
^ = ̂ R/^L 

"•R̂  —2 
^R 

k^+k'^ 
z = 

2k ,2 

:2 + k'2 
(4.4.13) 

The mass matrix can be written as 

„2 _ 1 2,.2 
riRd+riL) 

-RriR 

- R̂ L - ^ ^ V L 

R^(2+Tij^) -2Re 

-2Re 2e^(1+nj^nL) 

(4^.14) 
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T K l s Sfliids joT tha l e ^ o-rvJ fCgh t Ku^ndtd >\eu.tro-l, qO-t^gC boioAi ^2 2") 

M2 _1g2^2 <^ -^w^^^^^R^) 

1̂,2 ^ ^ ^ R2-(R2+1)X. 
w 

(R2-{R2+1)x„)(R2-1+n^(R^+1) W R 
1 + 

(R--x^)(i+nj,nL) 

R 2 - { R 2 + 1 ) X 

±21 + w 
(R2-x^)2(i+nj,,^) 

^ [(R2-(R2 + 1)x^){R2-1+nj^ 
(R^+1) 

-2x^{i+nRn^)(R2-i+nj,-^^^ 

-4R̂ nĵ TiL+2R̂ (1+nĵ riL)(R̂ -l+Tiĵ  -^^—-^ )]}^ ] (4 .4 .15) 

In (4.4.15), the lighter (heavier) of the two masses corres­

ponds to Ẑ  (Z2)-neutral boson of the SU( 2 ) ̂ ^XUd )y ̂SU( 2 ) *U( 1 )g_ĵ ) 

theory . 

(b) Gauge boson masses in the LRS model 

In this case the SU(2), and SU(2)j, gauge groups have 

the same coupling constants at p = M^± = Mj^, i.e. g ̂̂  (M^ ) =g-D (M^) =g 
R 

Then m (4 .5.15), R^=^ , - ^ 2 + ' 
e^(Mj^) g2 g'2 

(4 .4 .16) 

The left-right W~ - W~ mixing angle for U^ 

given by 

? 2 2 2 
or U^ >>k >>k'^, vj is 

tan 2i = 4kk' 

R 

(4 .4.17) 

In the vanishing mixing limit C "̂  o (k' ->• o, Z •> o), the charged 

http://eu.tr
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and neutral gauge boson masses are given by, 

^L ^ ^ (4.4.18) 

(4 .4 .19) 

M2 = 1 a^C a!_±_2cL!i) (k^H-k'^V^) 
1 g +g' 

2 g-

(c) Gauge boson masses in the LRA and LRS models with 
Higgs sector generating Majorana neutrino masses 

The Higgs doublets Xj ̂ "d XR used in sec (4.4a) and (-4*4i>) 

(̂ o-not possess B-L= 2. The LRS doublet ^(j* J> 0) ̂ ^s vani­

shing B-L charge. As we have seen in previous sections, 

if neutrino is a Majorana particle a coupling of the type 

A v^v or A_N N is possible if the Higgs particles 4 dTtd4 câ -r̂  Z,-*--^. 

As described earlier, the choice of the Higgs sector for 

generating Majorana neutrino masses consists of the following: 

<t> = (|r ^ , 0 ) , ? =T2<t'*T2 = (̂» \ , 0) 

Aĵ E (1,0,2), Aĵ  = (0,1,2) (4.4.20) 

Where A_ (A ) is the left(right) handed triplet carrying 

B-L = 2. The neutral components of Â  and Ap are assigned VEV's 

of the most general form 
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'''̂ ' " 'v^ o ) '^ Ivj, 0 

<<j)> = I ̂  ° \ <?> = / k' 0 

C4-4 .21) 

0 k o k 

with these VEV's the charged W~ and W~ gauge boson-masses 

and also the neutral gauge boson masses assume the same 

form as expressed in eqs (4.4.4) - (4.4.19). 

Before closing this section we write down the structure 

of the neutral gauge bosons including the massless photon (A ) 

3 3 in terms of W , W„ and B and the electroweak mixing angle 6 . 

\ = Sine^(w3^+w|^) + (COS 26^)^ B^ 

IM- "Ly - — Ŵ '̂ Lu - Sin^w ^^"^ WRJ -tane^(cos2e^) ̂  Z,,.= Ẑ ., = cos e„ w;f.. - Sine., tane^ Wĵ 3 -tane.,(cos2e„)^ B,, (4.4.22) 

(cos 26 )^ 

2 2u= ^RU= WR^ - ̂ ^" V p 
•̂  ^ cose ^ 

w where 
tan e = -^—2l—r- (4.4.23) 

In the LRS model, 

M^, = —^ (4.4.24) 

cose 

w 

as in the standard model, but M„_, is related to the corresponding 
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charged gauge boson mass by a different relation 

M,, Cos e 
W w 

M„p = (4.4.25) 
^^ /Cos 26 

w 

These relations can be verified from eqs (4.4.18) and (4.4.19). 

4.5 Minimisation of Higgs potential in LRS model 

Higgs potential can be written as 

V = - Z P i ^ t r ^ l ^ . + Z tr ((|)Ĵ (t).)tr((t)̂ (|)3̂ ) 

• " P I ^ ^ V L ) ' - ' ^ V R ) ' 1 + ^^^XLXLXLXL^ XRXRXRXR) 

+P3XLXL4XR + .̂ , " i j t^ 4*J (XLXL+ XRXR) 

^l e , . ( t r XLXL*i*j ^ t^ xX4>t4>j) 

Left-right symmetry under which the fields (j). and ^2 transform 

as (J)̂  -< >• <j)̂  (i = 1,2) dictates Vij=Vji» ^1212^^^2121' 

^iijJc'^iikj' ^ijkk'^jikk' ^'lijk"^klij"^'jkli^ wki!^-^*^^ 

and the potential becomes 
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= l-iM^^+M^^) + (^nn'*"^1122'^^221l"^^2222^ 

X (k^+k'^)l(k^+k'^)+4(X^22l'^^2112'*"^^1221^^^^'^ 

+ I-yT2'*'^^^1112"^^12n"^^222l"^^2122 

+ (^iii2+^2221^ (fc^+k'^)]kk' 

+ 4(2X^212^^212)^^^'^ 

+ P3(o^uJ) + (uj+u^)[(a^^+ a22+Bii)k2 

+ (a^i+ CX22+ B22)'^'^"^^^°'l2"^^^12)^^'^ 

+ 2u^Uj^[(Y^^+Y22)'^'^'+Yi2^'^^+^'^)^ (4.5-3) 

From the extremizing conditions 

'^ - 0 = - ^ . (4.f.4) 

We obtain 

-2y^Uj^+4p^u^ +4P2UJ + 2p3Uj^u^ 

+2u^(a^^+a22+Bii)k^2u^(a^^+a22+322)k'^ 

2Uj^(Yii+Y22)^^'+2Uj^Y^2^^^"^^'^)"° (4.5'.S') 

or u^UL=2u^(p^+P2)+P3U^u2+UL(a^ ̂ +0^22+^11''^^ 

+Uj^(a^^+a22 + 322)^'^+UR(YT,+Y22^'^^'+Vl2^^^"^^'^) (4.r.6) 
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and y'Uj^ = 2u^(p^+P2)+4U^Uj^ 

+ U L ( Y i i n 2 2 ) kk '+u^Y i2 ( ' ^^+^ ' ^^ ( 4 . r . 7 ) 

Multiplying equation (4.5r.£) by û ^ and equation (4.5".7) by \}^ 

and subtracting one obtains 

[\)^-o^i 2(P^+P2)-P3}-YT2(^^+^'^) 

The possible solutions are 

(i) ^L ~ ^R ' •'•'̂  this case, LR synunetry is not broken, 

Yi2<'̂ +̂'̂ '̂ > + <YTi+Y22)kk' 
<ii> ^L^R= 2(p^^P2)-P3 •• <^-^-9^ 

for u^ ̂  u^ 

In the approximation k'<< k and u_ = 0 from eq {4.sr^3) 

V(XR, k) = [-(p;^+y^2)-^(^1111-^^1122+^2211^^2222>^^^^^ 

+ {^|iil"*'^2222^^ 

-y2o^+(p^+P2)u^+u^ {a^^+a22+3ll)k^ (4.$-.10) 

3V Again from the extremizing condition TT—— = 0 we obtain 

-2u^Uj^+4(p^+P2)u^+2u^(a^^+a22+eii)k2 = 0 

or -vi^+2(p^+P2)u^+2(a^^+a22+3-,^ )k^=0 

2 _ u|-2(a^^+a22+B^i)k^ 

2(p^+P2) 
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which is the minimum solution and the parity is spontaneously 

broken. From eq.(4.5'. ̂ ) 

B , 2 

m the limit k >> k' and 3 =YIT 

p-p' = 2(p^'fp2)-p3 

z 

The fermion mass in the present case is generated by the 

Lagrangian 

mass rL^^R 2 L ^R 

+ h3Qĵ 4)Qĵ  + h^Q? Q^ (4.5-.1i) 

There is no coupling of the fermions to the x' fields, and 

the neutrino gets the Dirac mass in a manner similar to quarks 

and leptons due to the VEV's of (|> and ? 

m = h,k' + h„k (4 . r.13 ) 
e 1 2 

m = h-,k + h.k' u 3 4 

m, = h-,k' + h.k d 3 4 

But such large neutrino masses are not favoured by experiments. 

4.6 Generation of neutrino masses by Higgs triplets: 

In this case left-handed and right handed triplets 
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of Higgs scalars L and A are used to break left-right symme-

try. Assuming neutrino to be a majorana particle ', due 

to the coupling of A' fields to the farmions, neutrino acquires 

a majorana mass. 

The symmetry breaking can be realized by two L-R conju­

gate triplets L^(^,0,2), Aĵ {0.1,2) and 

<1) (1/2, 1/2*, 0), ^ = T2<t>*T2(1/2, 1/2*, 0) (4.6.1 ) 

With the numbers in the brackets denoting SU(2)j., SU(2)„ and 

U(1)g_- quantum numbers respectively. Writing in the matrix 

form. 

L,R 
= / 2 

0 
6 

1 *1 

2 *2 _ 

^ = 

r— * 

AP 

_ * 1 

* _ 
AP 

* 1 _ 

(4.C.2.) 

4> = 

in the 2X2 representation. 

The most general form of the vacuum expectation value (VEV) 

consistent with U(l) is 
em 

<4)> = <4> > = k 0 

O k' 
, <4)2> = <())> = k' 0 

O k 

and <AT „> = 
LI , K 

0 

V 

0̂  

0 
( 4 .6 .3 ) 

L,R 

and the Higgs potential satisfying gauge, left-right 
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and discrete symmetries (A,. -—»• Â  , A„ —-»• A„, 4) —»• e^ ' (J)) 
LI 1J K K 

can be written as 

2 2 2 

+ p^[(tr AJ^AJ )̂̂  + (tr AJAJ^)^] 

+ P2(tr A ^ ^ X + t ^ 4 V R ^R) ^ PS^^ ^ L V X 

• ' .^._, ^ j ^^ <J'i*j<^^ ^ X ^ t r A ^ ) 

^ ^ . , îî t̂  ^X*i*i ^ t̂  4vt*i) 
i o = i -^ 

+ . ^ . . Y . . t r A;;<t,.A^<l,:' ' { 4 . ( ; . ^ . ) 
i , j=1 i j L"i R"3 

which gives 

V ( A L , L^, k^, k2) = - P M V ^ + V ^ ) + f (V^+V^) 

+ {a^^+ a22+ 323) ^ ' ^ + (40^2"^ 2 3 ^ 2 ^ ^ ^ ' ^ 

+ 2M^^ n Y n + Y 2 2 ) ^'^' + Yi2^^^"^'^ '^^^ (4 .6 .5- ) 

+ terms which depend on k, k' only. 

where p = 4( p^+P2), P' =2^^ (4.6.j£ ) 
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as previously, in the approximation 

k' < < k, 

v( A^,Aj^,k) = -yMv^+v|) + f (vj^wj) 

with a = 2( a^^+a22+&ii) (4.^.^.) 

3= 2YI2 

Again from the extremizing condition 

8 V 8V 
•gy = -rrr- = 0, aive o b t a i n i , 

L R 

p̂ Vĵ  = pv^ + P'V^V^ + ak^Vj^ + ek̂ Vĵ  (4.6. 5 ) 

and 

[(p-p')Vĵ Vĵ - BK'] (V£-V^) = 0 (4.C.H ) 

The possible solutions are 

for which L - R symmetry is not broken, 

(b) V, 7̂  V„ in which case, 

B writing y = - ^ i 

V, = ^ (4.6.13) 

^ ^R 

Unlike the x* fields, if neutrino is a majorana particle, there 

is a coupling with the A' fields which generates majorana mass 
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terms for the neutrino. The fermion mass is generated by 

the Lagrangian, 

a = ĥ  ^^^^^ + h^^J ^^ + ̂ 3 QL * QR 

+ h^y Q^ + ih^i^lc T2ALV^^CT2A^4'R) + H.C. (4.4.if) 

where $ 2 T„(t>*T_ and C is the Dirac change-conjugation 

matrix. Considering only one generation of fermions, the 

masses for charged fermions are 

m^ = h.k' + h^k e l 2 

m, = h^k' + h.k 

where m , m , m, are the masses of electron, up and down e' u' d f f 

quark respectively. The Lagrangian for v, v„ sector becomes , 

+ (h^R+hjk') (\'L\'R+VĴ VĴ ) (4.6.J6) 

which is a mixture of Majorana and Dirac mass terms. This 

Lagrangian can also be written as 

<ass= (̂Vĵ v'̂ Cv - V ^ C N ) 

+ (ĥ K + h2k') v'̂ CN + H.C U.C.ll.) 

where v = v and N = C iVĵ )"̂  

and using the properties of charge conjugation matrix 
T 2 T T 

C^ = -c, C^= -1 and CYJ^C' = -yj 

vjc"*"v* = -N'^CN and V̂ V̂̂ ^ = N'^CV = v'̂ CN. 

In the matrix form, the above Lagrangian takes the form 
% a s s = ^^"^^^^ MC ( ; ; ) + H.C. ( 4 . 6 . I M 

where M = / a c 
( 4 . g . , l 5 ) ie I) 
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a,b denote the Majorana mass and C denotes the Dirac mass 

term, and 

a = h^V^, b= -hgVĵ , ̂  = I {h^k+h2k') (4.£.20) 

The eigen states of this mass matrix is given by, 

V = v cos C + N sin ̂  
® ^ {4.6.2f) 

N = -v^ sin ^ + N^ cos 5 e e 

with tan 2 C = = |§^ = ^ (4.4.Z2) 

Studying the eigen values of (4.6.2Q) assuming k' << k, 

Mahapatra and Senjanbvfc... obtain light and heavy Majorana 

neutrino masses as 

"'ve ~ ̂  ""F ^̂  .6.^0) 

n»Ne = ̂ • 

Using eqs. (4.6.f3) and {4.6.2.9), masses can be written 

as. 

For simplicity we put k' = 0. If all Yukawa couplings are 

equal, h. = h2 = h^ = h, then it is easy to see that, 

"'Ne " g " W 

and m^ (4.6.2S) 
g e 

ve h m^^ 

Where g is the gauge coupling constant in the LRS model, 

and, as well be demonstrated subsequently in this dissertation. 

^WR ~ ^^R' ̂ ^®^® ^ R stands for the W~ gauge boson mass. 
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If h/g = ,1, 

m* 
m ve "H^R 

(4.6.2fe) 

0. Thus, as m^^—>• «, m^^ -

i.e. in the V-A limit of charged and neutral currents, the 

neutrino has zero . mass as in the standard model. But for 

any finite value of m^„ the neutrino acquires a mass much 

smaller compared to the Dirac mass of the quark or charged 

lepton in the same family. The formula (A.d.Zi) holds for 

eve.-ry generation and can be generalised as 

m. 
m a 
va t̂fR 

(4.C.27) 

a = e, y, T. 

We calculate the neutrino masses for assumed value of m̂ ,„ 

1 2 
in the range 1 TeV - 10 GeV. as presented in Table 4.1. 

Table 4.1 Neutrino masses for three generations as a function of wL hoson 

masses - using see-saw mechanism and left-right symmetric model. 

(GeV) 

IQ3 

10^ 

1(]2 

m (eV) 

m =.511MeV e 

0.261 

0.026 

2.6x10" 

2.6x10' 

-3 

•10 

rr 

m 
U 

VM (keV) 

= 105.6MeV 

11.2 

1.12 

0.11 

1.12x10'^ 

m^ = 

(MeV) 

1870 MeV 

3.5 

0.35 

0.0^^ 

3.5x10~"^ 
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4 .7 Neutrinoless double 3-decay 

In order to confirm the finite neutrino mass, there 

are various experiments such as the 3-decays of 3„, 35„, 
n o 

and 63„., the neutrino oscillation, the electron capture 
163 

in Ho and so on. Concerning the V+A charged current, the 

precise measurements on the 3-and y-decays have been performed. 

In addition to these problems, the question whether neutrinos 

are Dirac or Majorana particle can be tested .he neutrino-

less double -decay directly. 

The process can take place in the second order in 

Fermi coupling if neutrinos are Majorana particles (shown 

in the fig. 4.1) 

-0 ^-^ » E 

v(N) 

»L^"R^ , e 

- ^ 

"L^"R) 

n p 

Fig .4.1. The diagram showing neutrino less double - 3- decay 

through exchange of Ŵ  and v. (i = e,y,T) or W„ and 

N.. 

The neutrinoless double 3-decay (33) has been analysed 

in terms of the amplitude r\, the lepton number nonconserving 

parameter or the admixture of left and right handed neutrino 

electron currents, where TI appears in the leptonic current as 
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^Y, 
(I-Y5) 

+ n 
(i-̂ Ys) 

(4.7.1) 

through the finite mass of the electron neutrino. The value 

obtained for the contribution involving W -W„ and v-N mixing is 

-2 ""e -7 
n < 10 -r^- < 10 

m. 
(4.7.2) 

N 
2 4 for m„ > 100 GeV. The values of n obtained for m„ = 10 -10 are N — N 

listed in the table below. 

2 ^ Table 4J2 The values of n for mj^ = 10 -10 GeV are obtained from the 

relation (̂ .̂7.2) 

m. N 

(GeV) 
10' 

5x10" 5x10 -9 5x10' •10 

We see the relation (4.7-2) is satisfied for the values of 

m-- = 10^ - 10'* i.e. m„ > 10^. N N — 
48 48 

The limit on n consistent with (33) decay rates of Ca -*• Ti, 

^^Ge ^ "^Se, and ^^Se ^ ^^Kr. isj^ 

I n I 1 5x10 -4 

The' value of T\ corresponds to m £ 1 KeV for the light neutrino 
>>e 

82, and implies a half-life for (33) decay of Se, eg, 
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14 + 2 

Yr 
(4.7.3) 

20 + 2 
> 40 X 20 Yr 

Again due to the tiny neutrino masses, the exchange of heavy 

right handed leptons N.(i = e,y,T) will obviously dominate and 

n is given by 

n < 
"VL 1 

"^R m„ nuc N 
(4.7.4) 

Where f is the nuclear structure estimated by Halprin nuc •' ^ 
II 

et al to be about 0.35 GeV. 

m. 
For m-, > 100 GeV, and I -5̂ ii-\ < -4-„ Ne - 1 mĵ ĵ  I - 10 

n becomes < 3.5 x 10 -5 

For the values of n in eq (4.7.4) (66) would require a half-

22 + 2 life measurement of order 8x10 ~ yr. The values of n are 

7 4 
found out for m.. = m„_ = 10" - 10 GeV. N WR 

2 ^ Table <f.3 The values of n obtained for m,., = m.,,n = 10 -10 GeV from the relation 
(f̂ .?.̂ ) ^ ^ ^ 

3.5 X 10' 3.5 X 10" 3.5 X 10 

20 A measurement of a half-life for (33) decay in the range 10 to 
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24 10 Yr would place a limit on m. for the left-right symmetric 
2 

electroweak model if the limit on | %?L \ is known from other 

conside.Ya,tujias.Neutrinoless double 3-decay is a lepton number 

violating process which provides constraints on neutrino 

masses and couplings. The existence of Majorana neutrinos 

is one of the simplest ways to account for masses much smaller 

than those of charged leptons (or of quarks). The effective 

neutrino mass <m > can be derived from the life time and 

from the knowledge of the nuclear matrix element. Unfortunately, 

strong discrepancies still exist between different theoretical 

estimates of this last quantity, as an example, upper limit 

on .̂niŷ  derived from the UCS-LBL result on Ge, are given 
by lev, 2eV and19eV. 

We now briefly comment on some other muon and electron 

number changing processes. The interesting possible decay 

such as ]i -̂  ey and y •* 3e may sometimes impose severe const­

raints on models with neutrino masses. The processes y ->• ey 

receives its two dominant contributions from the u W_Wr, and 
I K K 

û Wĵ Wĵ  triangle loop diagrams (Fig .4 .2). These contributions 

to the branching ratio may be estimated respectively. 

R = r(u ->• e -̂  Y) 
°h r„ total 

(sin 0 

D _ 3a 
''R 32TI 
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For itu, ~ 80 GeV, and the limiting values %gl 30 ev, ni ~ 0.6 

—2 6 
MeV, B^ < 4.5 X 10 which is too small. Eq. (4.7.6) holds 

LI 

for L-R symmetric model where neutrinos are predominantly 

left-handed and light while the N's are predominantly right 

handed and heavy, but the masses smaller than but of the 

same order as m^p. In this case, eq (4.7.6) for -r— ~ —TQ , 

m„2_,2^ . 10̂  GeV. "^^ 

Bĵ  = 4 X 10"^ (Sin 6' cos 6')^ (4.7.7) 

From cosmological limits on the 

m \ 2 
u , u masses, 6'< , e' u ' - \ m 

and Bĵ  1 2 X 10~^° (4 .7.8) 

When compared with y -̂  ey process, the branching ratio becomes 

B(y -" eee) = r(y-»-eee)/r(ji-»- eu, G^) = J^^'^ia ^(M -»• e Y ) 
y e Sin e^ 

For Sin^e^ =: 0.22, 

B(y •* eee) / B( w>-ey) = (1-10)% (4.7.9) 

Other possible muon and lepton number changing process are 

ey-*- ye , 

y~ +A(Z) »• e~+A(Z), (4.7.10) 

y~ +A(Z) *• e+A(Z-2), etc. (4.7.11) 

For the process (4.7.IO) 

B < 1.3 X 10~^^sin^e' cos^G' • (4.7.12) 
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Choosing 6'~ I ^ 

B < 6 X 10"^^ (4 .7.13) 

and for the process ('I'T'") 

B < 4x10"^° sin^e' cos^O' (— — ] (4.7.14) 

"•A / 

Where m^, m2 are the masses of Majorana neutrinos and m, 

is the target mass. 

Detection of both conversion processes with comparable 

branching ratios provides clear cut evidence for the existence 

of heavy Majorana neutrinos and for the L-R symmetric electo-

weak model. 

4.8 Summary 

Unified electroweak gauge theories based on the gauge 

group. SU(2)jXSU(2)„xU(1) _ in which breakdown of parity 

tnvariance is spontaneous, lead most naturally to a massive 

neutrino. Dirac mass is generated by Yukawa interaction of 

fermions with Higgs doublets carrying B-L == 0 and Y = +1 . But 

when Higgs triplets with B-L = ±2 are used, neutrino also 

gets Majorana mass. The small mass of the physical neutrino 

is then generated by a see-saw mechanism. Mahapatra and 

Senjanovic have shown that smallness of neutrino mass can 

be understood as a result of the observed maximality of parity 

violation in low energy weak interactions. In particular, 

in the limit m^j, —*• «>, m —•*• 0 the weak interaction becomes 
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pure V-A type. In left-right synmietric model, the V-A limit 

of charged and neutral currents corresponds to the vanishing 

of neutrino mass. The neutrinoless double B-decay is expected to 

provide strong evidence for a heavy neutrino in the mass 

range 100 GeV - few TeV. 

In the next section we discuss gauge model based 

upon SU(2)ĵ XU(1 )ĵ XU(1 )g_ĵ  where it is possible to 

generate nonvanishmg Majorana neutrinomass even if M^ »• «> 
IS- R 

Here it has been found that vanishing neutrino mass is a 

consequence of V-A limit of neutral currents only. Neutrino • 

masses from various experiments are also summarised in the 

next chapter. 

y/:\^'~-':/%, 
I ;,5^^" 



CHAPTER 5 



GAUGE BOSON MASSES AND NEUTRAL CURRENT PHENOMENOLOGY IN 

LEFT-RIGHT MODELS AND MA30RANA MASS GENERATION 

IN TWO-STEP BREAKING 

In this chapter, we discuss how far gauge boson masses, 

discussed in chapter 4, are modified in the two-step sponta­

neous breaking of SU(2) XSU(2)„XU{1) models. We also discuss 

derivation of neutral current parameters in left-right models. 

Certain new aspects of Majorana mass generation for neutrinos 

are discussecf and experimental results on neutrino masses summa­

rized . 

In Sec 5.1 of this chapter, masses of charged and 

neutral gauge bosons m the L-R symmetric model are rewritten 

by using suitable parameters. In sec 5.2, neutral current 

parameters of LRsmodel are compared with that of SU(2)^XU(1)Y 

model and with experimental results. In sec 5.3, we discuss 

how the light and heavy gauge boson masses get modified m 

SU(2} XU(1)„XU( 1 ) . model, descending from left-right gauge 

models. As noted m the previous chapter, neutrino masses 

vanish m SU( 2 )̂ XSU( 2 )̂ XU( 1 )^ .. model for m„„—^ °°.In sec 5.4 
h K a—LI W K 

we discuss how, according to an alternative proposal, neutrino 

masses get completely decoupled from ntTp, but depends on rn„p. 

In sec.5.5, results obtained from different experiments on 

neutrino masses are compared. A brief summary of the chapter 

IS given m sec 5 .6 . 
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5.1 Reparametrization of masses of chargedand neutral gauge 

bosons in LR symmetric model. 

Starting with a phenomenological Lagrangian implied 

by the gauge group SU( 2 ).XSU( 2) ĵ XU( 1 ) , the Higgs representa­

tion 

A^ = (1,0,2), A^ = (0,1,2), cp = (1/2, 1/2, 0) 

are used with their VEV's 

<A^ > = 
LI 

I 0 V, 

\0 o 

<A^> = ( 0 V^ <'i>; = 

0 0 0 
\ 

0 

k 

li 

(5.1 .1) 

Following Rizzo and Senjanovic , the following parameters 

are used to explain the weak interaction phenomenology 

'̂R = 
2 2 v: 

V 
^L = 

R 
2 2 z = 

2k .2 

2 2 
k +k'^ 

:^— (5.1.2) 

where ri measures the amount of breaking of SU(2)_, rti- measures 
'R R' 

the presence of left-handed Higgs triplet and Z tests the 

amount of Ŵ -VĴ , mixing. Using these pararneters the charged 

gauge boson mass matrix (4.4.4) becomes. 

M, W 
1 2„2 
2 9 ^R 

Hj^d+n^) l - d - Z ) ^ ! ^ -nj^[i-(i-z)'] 

2,i -nj^[i-(i-z)'] (n^^^i) J 
and the neutral gauge boson mass matrix becomes, 

(5.1 .3) 

M: = 1 g^v^ /n (1+2n,) R R 

R 

•2^^L^R 

-ri 

2 + Tl 

R 

R 

-2e 

-2^^R^L 

-2£ 

2e (1+Tî nj,, (5.1 .4) 
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where e = g'/g 

The charged current constraint from y-decay becomes 

C5-I-?) 

S . 9- Cos^C Sin^^ 

/2 
•f-

M, 
W M, 

W, 

(5.1.6) 

Where JVL̂  , 1 = 1,2 are the masses of the charged W-boson. The 
i 

left and rignt handed gauge bosons get mixed and the mixing 

angle can be expressed in terms of the above parameters as 

2.i 
tan 2^ 

2np [l-(l-Z)"] 
(5.1 .7) 

On diagonalizing the mass matr ices , in the usual way, one 

obtains the four mass eigen values M 1\^ ,M^ jM^ a-ndM . In ofefciining t h e 
2 1 

masses, the relation 

•- • 2 A e 
S m 6,, = X = ; 

W w 

and + 
are used . 

2 ,2 
g g' 

The eigen values of the masses for charged gauge bosons are, -

4 = ^ 5 ' ^ R (^-^^n^+n^riL) 

±{{^-T]^T)^)^+A^l [i_(i_z)]y (5.1 .8) 
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Where, 

4^ = I g2v2(i.-2nj,+n^nL)-{{i-nLnj,)^4n^[i-(i-z)H^ 

is the lighter mass, and, 

is the heavier mass. 
For neutral gauge bosons 

1 ^ 2„2 , , , _ _ . _̂2̂ W ^ ̂  _̂  
M^ = 2 9 ^R^^^'^L'^R) 

'R 
1-2x 

W 

l-2x 
W 

^^ ^L^R 1-x 
W 

± [1 + 
{^-2x^)^^{^-2x^)-2^^{•l+^^l^)x^-A^^r,^ 

(i+nLnj,)2(i-x^j2 

Where, 

1-X 
M, 

1 2„2 ,1^ > W 
= 2 9 ̂ R '̂ -"̂ L̂ R̂  - m x T {1 + 'R 

1-2X 
W 

^^^L^R 1-x W 

-[1 + 
i-2x„)n^ (i-2x„)-2n,(i+ii,no)x,,-4n,Ti, -.'A 

W' 'R W' 'R 'L 'R W 

i^^r,^r,^)^i^-X^)^ 

l^^L^R 3 /"f 

is the lighter gauge boson mass and, 

1 -Y 
1 2 7 w 

Z^ 2 R L R ^_2j^ 
W 

{1 + 'R 
1 -2X, 

^•^^L^R ^-^W 

+ 
(i-2x^)ri^(i-2x^)-2n^(i+Ti^Ti^)x^^4n^nR -J y,, 

M + 9 9 ) 
(i+nLnj,)2(i-x,^:2 

is the heavier gauge boson mass. 

We discuss in the sec. 5.3, how the masses get modified 

in the absence of left-handed Higgs triplet and for no W -Wj, 

mixing 
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5.2 Neutral current parameters in LRS model. 

To discuss about the neutral current data one needs 

to define the Fermiconstant Ĝ , in terms of the model parameters. 

S ^ 1 "̂̂ R̂ (5.2.1) 

One further introduces the parameters 

a E - -.-^ [i-(i_z)^]2 (5.2.2) 

Which is the coefficient of the mixing term in the general 

charged current Hamiltonian and 

6 = —^ ^ (5.2.3) 

Where 3 is the cc-ifficient of right-handed currents. Turning 

into the various neutral processes, the effective Hamiltonian 

for both the SLAC asymmetry experiment and atomic parity 

viola": ion can be expressed as 

1 +Tiĵ (i-z)̂ +TiL(i+nĵ ) 
where A = î n (2 + np) ^^'^'^^ 

1 - n.TiR 
and B = ^ (5.2.5) 

'R 

S 
and Hp is same as in the standard model. 
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(i) Neutrino-Hadron Scattering 

For neutrmo-hadron scattering, Hamiltonian can be 

expressed as, -
Q 

H^" = -= V7^ (1'Y5)v[ej^(q)qY^(l'-Y5)q+ej^(q)qY (1+Y5)q] 
/ 2 

^F -= — Ŷ,, (1-Yc)v[{e^ (u) + -p(u))UY, 1 
/y y D i-j K y 

+ (e^(u)-ej^(u) )uY„Y5U+(e^(d)+ej,(d) )dY-d 

+ (e^(d)-ej^{d))dY^Y5d] 

where the parameters are given by 

(5.2.6) 

e^lu) 

^^(-) = 

e^(d; 

e^(d) 

A rl V ! 
2 4 n„+i 

4X 
w 

2 ^2 

'R 

'R 
4X W 

V̂  
2X 

2 ^ 2 Ti„+1 3 
W 

A 
2 2 

R 
2X 
W 

V̂  

(5 .2 .7) 

(ii) Neutrino-el.^ctron scattering 

For neutrino electron interaction, the Hamiltonian 

can be written as. 

ve S -
H = — VY^(1-Y5)v[ej^{e)eY^(1-Y5)e + ej^(e)eY^(1+Y5)e] 5.2.8) 

/2 
VY^ (1-Y5)v eY^(gy+g^Y5)e 

Where, g 
V,A 

eĵ (e) ± ê (̂e) 
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and the parameters are, 

% = - f t-̂ -'̂ Ĵ 
^A 2(r)ĵ +1) 

(5.2.9) 

(ii1) Parity violation in atomsandasymmetry in e-d scattering 

TheHamiltonian for electron-hadron scattering can 

be written as, 

^̂ ""̂  7= I (Si^^u^5^^i^y^i-^-2i^^ygig5^J (5.2.10) 

where q. = u, d, ... 

and the parameters are expressed as, 

C = M r_T+ !5^ 1 
^1u 2 ^ ' 3 ^ 

p = M r1 l^W . (5.2.11) 
Id 2 ^ 3 ^ 

c = -c = — r-i+4x 1 
^2u ^2d 2 ^ ^\'^ 

(1V) Asyirimetries m e e >• yi y 

+ - + -
The Hamiltonian for e e ^ y y involving V and A couplings can 

be written as, 

Q 

H = — [h,^(iY^e+yY u) (ey^e+yy^y) 
/ 2 

+ 2h^^(eY^e+yY5y)(eY^Y5e+yY^Y5y) 

•̂ ÂÂ ^̂ ŷ Ŝ '̂̂ ŷ'̂ 'ŝ ^ ( iY'^Y5e+yY^Y5y ) (5.2.12) 
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Where the parameters are 

^AA = f f^-'^R^L^/^V^^ {5.2.13) 

V = f t (1+nĵ t ̂  (i-^x^)^ 

Comparison of the neutral current parameters obtained 

from the LRS model with that of WS model 

In the following table 5.1, neutral current parametes 

are written down in terms of r] , T] , X , A and B. It is apparent 

that in the absence of n̂  (left-handed triplet) and rip (right-

handed charged boson is infinitely heavier) all neutral current 

parameters obtained in LRS model reduce -to those in the SU(2) 
LI 

XU(1) model. From the table 5.1, we calculate the neutral 

current parameters and compare them with experimental data. 

For simplicity, we choose the case, when, 

.2 
TID = ̂  as K' = 0 (5 .2.14) 
R 2 

R 

TIT = 0 and Z = 0 

Thus, the expression for A, and B can be written from relations 

(5.2.4) and (5.2.5) as, 

A = l+Hn and B = ^ 
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Table 5.1 - Neutral current Parameters of LRS and WS model 

1 V ^ '̂ ŵ 

.^(u) A/2 [1/2 ^ ^ - V ^ ] 

Tlp+2 2X^ 
e^(d) A / 2 [ - l / 2 ^ ^ - . - / ] 

ej^(d) A/2 [ - 1 / 2 7 ; ; ^ + - y - ^ ] 

g^ A/2 [-1 + ^X^] 

SA -^/2 h^^ 

C^^ A B / 2 [ - l + - 3 ^ ] 

C^^ AB/2 [ 1 - 'tX.^/S] 

S G - ^ 2 d AB/2[-U^X.^] 

i+2np+TlTU ( 1 - ^ X ^ ) 

1/2 -

-2/3 

-1/2 

1/3 > 

-1/2 

-1/2 

-1/2 

1/2 -

-1/2 

2/3 X.JJ, 

^W 

^W 

^T 

ŵ 

-2K^, 

2 x ^ / 3 

+ 2X^ 

1/^ (l-t^X^) 
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In the table 5.2, neutral current parameters are found out 

for a given value of Do and compared with experimental data. 

Table 5.2 - Calculated and experimented values of neutral current parameters 

Parameters 

ej_(u) 

ej^(u) 

ej_(d) 

e^(d) 

gy 

SA 

^ 1 0 

^ i d 

C2u 

^2d 

hyv 

VA 

^ A 

ParaTieters with X„, = 

Standard 
model 

0.3^7 

-0.153 

-0.^23 

0.077 

-0.0^ 

-0.5 

-0.193 

0.3't7 

-O.Qii 

Q.OU 

0.0016 

0.25 

0.02 

0.23 

LRs Model 

rij^ = 0.2 

0.366 

-0,13^^ 

-0.^58 

0.0i^2 

-0.0^8 

-0.05 

-0.193 

-0.3'^7 

-0.0^ 

Q.Oit 

0.0022 

0.25 

0.02 

rij^ = 0.4 

0.385 

-0.115 

-0.i*93 

0.0073 

-0.056 

-0.05 

-0.193 

0.3ii7 

-0.04 

O.Oii 

0.0029 

0.25 

0.02 

Experimental 
results of the 
parameters 

0.3'tO ± 0.033 

-0.179 ± 0.019 

-0.424 ± 0.026 

- 0.017 ± 0.058 

0.043 ± 0.063 

-0.545 ± 0.056 

-

-

-

-

0.02 ± 0.04 

0.35 ± 0.11 

-0.27 ± 0.04 

It is seen that the values of e^lu) and e,. (d) are increasing 

while that of Ep^^) ̂ "^ ̂ R^^^ ^^^ decreasing as TID increases 

for the condions (5.2.14) and for a fixed value of Sin 6 =0.23 
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But the value of g, remains constant for the above condition 

while g., increases with n^ . The values of C, , Ci-,, C^ , and C,.-, ^V K 1 u I d zu Za 

remain same as they are in the standard model because these 

values do not depend on np . 

44 
The accurate measurement of e-d asymmetry yields 

C, - .5CT -, = -0.45 ±0.12 
^" '^ (5.2.16) 

CT - .5 Ĉ -i = 0.23 + 0.38 2u 2d 

while the theoretical values obtained by satisfying certain 

conditions 

C, - .5 C, , = -0 .367 
^^ '^ (5.2.17) 

C„ - .5 Ĉ -, = -0.06 2u 2d 

The theoretical values of C„ - .5C_-, is too less from the 
zu zd 

experimental value . 

The atomic parity violation measurements on heavy 

atoms yield ' y 

C, +1.15C,, = 0.24 ± 0.068 (Novosibirsk) 1u Id 

= 0.49 ± 0.41 (Berkeley) 

= 0 .20 ± 0 .30 (Seattle) 

= 0.15 ± 0 .035 (5 .2 .18) 

while the theoretical values are, 

C, + 1 .15Ci , = 0.205 (5.2 .19) 
1u Id 

which agrees more with the values obtained from Novosibirsk 

and Seattle than the values obtained from Berkeley experiment. 
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Light and heavy gauge boson masses in SU(2) XU(1)_XU{1) _, 

model arising from left-right models 

In this section, we describe how the masses of light 

and heavy gauge bosons get modified due to the two step break ing 

of SU(2)j^. 

Considering the LRS breaking pattern as 

SU(2)j^XSU(2)^XU(1)g_j^ 

m^^> m^^ 

<XR> ^0 
-̂  SU(2)ĵ XU(l)ĵ XU(l)g_ĵ  

m > m 

5U(2)J^XU(1)Y 

(5.3.1) 

m W, 

< A, >;̂  0 ̂  <(t)> *" 
U(l) 

em. 

where the Higgs representations are already defined in Cf)ft,pter 4 

In the absence of left-handed Higgs triplet (riT=0) snd 

for no VJ -W mixing (Z=0), the mass matrix for charged gauge 

boson becomes (using the parameters from (5.1.2)). 

< 

where x]^ = 

1 2,-2 - n R 

0 

0 

l+n 
R 

^K^ 

(5.3.2) 

(5.3.3) 
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p 2 
assummq k > > k' , for simplicity In the first step the symmetry 

breaking takes place at mass scales 

m^ > > m^j , with A Î j, - 0. This is achieved by a Higgs 

triplet e^ = (0,1,0). Only 50(2)., is broken, but local B-L 

symmetry remains unbroken. From charge conservation condition 

Al3^ =̂  - ^ ^ (B-L) (5.3,4) 

which is satisfied since 

1^^ = B-L = 0 for Eĵ  

In the second step, for m^^ > > m^^, thecondition 1̂3̂ := 0 is 

also satisfied and the charge conservation is satisfied since 

-"•SR " -̂  ^"^ B-L = -2 for A^. 

Eq. (5.3.4) relates the breaking of U(1)^ and U(1) 
R B-L 

local symmetries. 

For the two step breaking of SU(2)_, e^ plays an essen­

tial role. As I-. = 0 for ê ,, it contributes only to the 

mass of right-handed charged gauge boson but does not effect 

the neutral gauge boson mass matrix. 

Writing VEV of e as 

<e^> 

R 

1 
R /2 ' -̂  ' (5.3.5) 

The charged gauge boson mass matrix is modified as , 
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X.2 1 2,-2 
^^ = 2 9 V R -Hj^[i-(i-z)M' 

(5.3.6) 

where n 
V R 

5.3.7) 

and the mixing angle K can be expressed as 

tan 2i = 
2nj^[1-(1-Z)']' 

(5.3.8 

The eigen values of charged gauge bosons are modified as, 

± {[ Tiĵ  (1 tTiL) - (1+nR+n^ -) ]'+4 n J11 - (1-z) 2 J^ (5.3.9) 

In the absence of left-handed Higgs triplet (r)T=0) and for no 

W -W mixing (Z=0), the mass-matrix for charged gauge boson 

can be written as, 

K = i 9̂ ^ 
1 _2.,2 

R 
'R 

0 

0 

(1+V^R ) 
(5.3 .10) 

k 2 2 
Where T] = —r assuming k >> k for simplicity 

^ ^R 
and HD = ~^ K 2 

R 

For no mixing case, ^ = 0, tan 2 ^ = 0 (5.3.1 1 

The eigen values of charged gauge bosons are also further 
modified 
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Ŵ = i ^ M t'^R'^^^'^V^R 5±nnj^-{1+VriJ)]2}2] (5.3.12) 

where t h e l i g h t and heavy charged gauge boson masses take 

the form, -

^^= [^g'v^ unp-^i+n^+nj) - (nj ^ Dl] 

= [^ g ^ V ^ T]^]2 ( 5 . 3 . 1 3 ) 

and 

= [^ g ^ v ^ ( i + n j ^ + n ^ ) ] ' ( 5 . 3 . 1 4 ) 

respectively. 

But in the presence of lef t-handedtriplet and for no mixing 

case, the lighter (left-handed) charge gauge boson mass becomes, 

M5̂  = [̂  g^V^ Tiĵ d+Tiĵ )]̂  (5.3.15) 

Thus, it is seen that the mass bi, shown in eq.(5.3.13) gets redu-

ced, as compared to (5.3.15), by a quantity gV̂ , ( —y—) in the 

absence of left-handed Higgs triplet. It is also evident from 

eqs.(5.3.9) and (5.3.14) that whether the left-handed Higgs 

triplet is included or not, right-handed heavier charged 

gauge boson mass M^ , does not change for no mixing case. M̂ , 

can be made large by making rip large to break 

SU(2)j^ ^ ^̂  y U(1)j^. 

In no m i x i n g c a s e , Z--0, and ^ = 0 ^both i n e q s ( 5 . 1 . 7 ) and ( 5 . 3 . 8 ) 
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and the muon decay constraints coming from eq (5.1 .6) and 

the two steps syimaetry breaking case are the same, namely, 

-^- = -5- ^ = ^ when k'^-o (5.3.16) 
/2 ^ ^W^ 4k^(1+n^) 

But in the absence of X] eq (5.3.16) becomes, 

^F 1 

The relation (5.3.17) can also be obtained from eq.(5.2.1). 

The introduction of Higgs triplet XD does not affect 

the neutral mass matrix, the masses of the neutral gauge 

bosons remains unaffected irrespective of the amount of mixing 

between the charged leFt and right handed bosons. 

5.4 Neutrino mass in SU(2)^XU(1)„XD(1)„ ^ modal 

It is shown in the last chapter that the left and right-

handed Majorana neutrinos can acquire the small and large 

masses separately, due to the spontaneous symmetry breaking 

in SU(2)^XSU(2)j3XU( 1 )^ ^ model with minimal Higgs repcesenta-
LI K 15—LI 

tions. The left and right-handed Majorana neutrinos take 

the form 

m 

2 
m 
e 

•ve ^ m^ 
and m^ ~ m̂ ^̂  ( 5 .4 .1 ) 

R 

respectively, where m is the chargsd lepton mass andm„_ is the 
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charged right-handed gauge boson mass. 

From eq.(5.4.1) when, 

which is already discussed in the last chapter 

The Higgs representations used for the two step syitunetry 

breaking of SU(2)j^ of SU( 2 ) ĵ XSU( 2 ) ĵ XU( 1 )g_^ are. 

X L ( 1 , 0 , 0 ) , X R ( 0 , 1 , 0 ) , A ^ { 1 , 0 , 2 ) , 

Aj^(0,1,2) and 4>(1/2, 1/2,' 0) with their 

vacuum expectation values as, 

< X L > = f O Vj^XN <x^> = . 0 Vĵ X 

0 0 / l o o 

0 0 / \̂ o 0 / I 0 k 

(5.4 .2) 

Wnere Xj and Xr, are the left and right-handed Higgs triplet-

with B-L=0 and A and A are Higgs triplet with nonzero B-L 

values. The values of XR» XTI ^T^, A and (() all contribute to 

the W" and W" masses and A^, Â. and 4) to the ZQ and Z,- mas-

ses. The symmetry breaking can be achieved by choosing, 

VX2 > > v^ > > K^ > > V X^ ~ V^ (5.4.3) 

and k'^ < < k^ 



[ 119 1 

Then one has, 

"WR ~ 9Vj,^ ' "'ZR ~ 9^R' "VL ~ "̂ ZL ~ 9k (5.4.4) 

The neutrino Majorana mass does not arise from the contribution 

of the triplets XT snd Xo (B-L = 0 ) , but arises from the con­

tribution of A and A , since for them B - L ? ^ 0. I t i s 

shown in chapter 4, that Majorana neutrino masses can be 

written as, 

1 ^? k2 
"̂ ve ~ ^^sY + 4 h ^ ^ V^ (5A.5) 

and m^^ = h^V^ 

where y is a ratio of Higgs self coupling. 

With the reasonable assumption as, 

h^ "* h^ « h (5.4.6) 

where h s' are Yukawa couplings and using the conditions 

(5.4.4), (5.4.5) and (5.4.6) one gets, -

2 

(5.4 .7) 

and 

m 
ve 

"̂ N ~ 

h 
g 

h 
g 

^JL 

""'ZR 

"̂ ZR 

^ 3. 
h 

m 
e 

^ZR 

(5.4 .8) 

become. 

2 
m 

-ve ~ i ^ <^-4.9) 

and m^ ~ m^^ (5.4.10) 
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Thus it is seen that neutrino can have a finite non-vanishing 

mass even if in̂ „ is very large as long as m is not too 

large. That is, the vanishing of neutrino mass in this case 

is a result of the V-A limit of neutral currents . Now choosing 

V^^ w V̂ '̂  Si 0 and V„^ > > V R 

and m^^ = 500 GeV - 10 GeV, 

we calculate the neutrino masses for the three generations 

as a function of right handed neutral gauge boson mass m 
ZR 

Table 5.3 Neutrino masses for three generations for m_„ = 500 GeV-10 GeV 

"^ZR 

(GeV) 

5 X 1 0 ^ 

10^ 

lo'* 

w' 

m^^(eV) 

m ^.511MeV 
e 

0.52 

0.26 

0.026 

2.6x10"^ 

m (keV) 

m = 105.6 MeV 

22.3 

11.15 

1.12 

o.n 

m (MeV) 
VT 

m 
T 

= 1870 MeV 

6.99 

3.50 

0.35 

0.014^ 

5 .5 Results of neutrino masses from different experiments 

The experimental limits on the neutrino masses from 

77 
the mass spectra of leptons (in MeV) obtained are 

-5 
m ve 

m. vy 

m. VT 

10 

0.5 

250 

(5.5.1 ) 
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But according to Particle data group the following bounds 

on neutrino masses aregiven 

m- < 46 (60 eV)^'' ve 

m^ < 500 Kev (5.5.2) 

m < 160 MeV ( 25 MeV) vy 

From the analysis of the electron energy spectrum of the 

tritium 3-decay ITEP group in Moscow reported the finite neu­

trino mass 

17 eV < m-^ < 40 eV (5.5.3) 

at 95% confidence level . 

Out of the other recent results of other groups we mention 

only the 95% confidence level limit of the Zurich group who 

implemented H in a carbon matrix 

m-g < 18 eV (5.5.4) 

7 f\ 
Absence of neutrinoless double 6-decay in Ge, leads to a 

limit m^wK =-;̂v- = v,= i < 2eV. and m. < 0.25 MeV (90% confidence v(Kajorana) \)u T -, \ 
level) 

m < 85 MeV (95% confidence level) 

also î vT̂ ^ "̂  "̂^ ^^^ ^^^* confidence level) (5.5.5) 

From the cosmological arguments first advanced by Cowsik 

and Mc Clellund , then upper limit on the mass (summed over 

all flavour) of stable "light" neutrinos and antineutrinos 

as being quoted recently as 
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Z m - £ 40 eV (5.5.6) 

A sununary of the situation then is that the mass of v (which 

has the most stringent limit) should be less than about 20 eV. 

From an analysis of the neutrino burst from the Supernova 

1987a it is possible to improve this limit to 12 eV. 

Or 

From the resolution of the solar neutrino puzzle , 

mass of neutrino is found out to be ~ m ~ 0.008 eV while 

following Bethe if one uses the highly speculative but very 

interesting see-saw mechanism one expects 

m ve 
10 ^ eV (5.5-7) 

To satisfy this condition, the value of m^^ ~ m„p should be 

1 8 
equal to ~ 2.6 x 10 eV, We summarize four experiments publi­
shed in the year 1986 and 1987. 

Table 5.4 Summary of antineutrino meiss experiments published in 1986,1987 

Experiment References - v e ^^^) 

Zurich 

Tokyo 

LAMPF 

Moscow 

SN 1987 A 

M. Fritshi et aJ,[C4] 

H. Kawakami et al [ 87 J 

3.F. Wilkerson et al [ 8 « ] 

S. Boris et al [8f] 

M. Roos [9^] 

<1& 

<32±2 

<27 

30±2 

<20 

The c l a i m by t h e Moscow g r o u p t o h a v e f o u n d a non z e r o v 

m a s s i s n o t s u p p o r t e d by t h e o t h e r e x p e r i m e n t s , w h i c h a r e 
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compatible with a vanishing mass. The Zurich measurement 

yields the most stringent limit £ 18 eV. 

5.6 Summary 

It IS shown that the two steps breaking of SU(2)p 

in left-raght symmetric SU ( 2 )̂ XSU ( 2 )̂ XU ( 1 )^ .. model yields 

a Majorana neutrino mass independent of the heavy m-,_ but 

inversely proportional to the ligher m„„. Since M„„ decouples 

from Krj-Dt îv) —*" ̂  only if M —•*• °°. In the case when M 
WR 

M„_ could be finite, yielding nonvanishing Majorana neutrino 

mass. In SU( 2 )̂ XU( 1 )oXU( 1 )^ , model, when W^-W^ do not mix, 

left-handed charged gauge boson mass gets modified while 

right handed charged gauge boson mass remains unchanged in 

the absence of left-handed Higgs triplet. The neutrino mass 
%^ 

(m , ) from SN 1987A , which in its most conservative form, ve 

reads 

m^g 5 20 eV (5.6 .1) 

is comparable to those already obtained in the laboratory. 

The laboratory limits have not been improved since the Berkeley 

Conference. Experimental data from various laboratories were 

summarized as 

Zurich data, 

Los Alamos data (5.6.2) 

INS (Japan) data 

The ITEP claim of observing a non-vanishing v mass 

17 eV < m < 4 0 eV ve 

m, = 30.3 + 2 ,, /c ^ T\ 
ve _ a ̂ ^ (5.6.3) 

^'ve 

% e 

^ve 

< 18 

< 27 

< 32 

eV 

eV 

eV 
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The only new laboratory result on neutrino masses 

1 0 
has to do with x neutrino. According to the ARGUS data, 

m^^ 1 50 MeV (5.6.4) 

from the measured Sir-invariant mass in the decay T >• STTV . 

These laboratory limits i'5.6.1) — (5.6.4) can be 

made to be consistent with the left right models, or the 

SU(2)T.XU(1 )^XU(1 )^ ^ model with MJ;̂  (or M^^) between 

500 GeV - few TeV. 

However, solution of the solar-neutrino puzzle requires 

a very small neutrino mass, m - 10~ . for which we need 
ve 

M (~ M ) > 10 GeV. This implies that if the conventional 
R 

treatment of these models are to explain small neutrino mass 

compatible with solutions to the solar neutrino puzzle, it 

is extremely difficult to verify left-right models by low 

energy experiments. 



CHAPTER 6 



MINIMAL FINE TUNING, GAUGE BOSON MASSES AND NEUTRAL CURRENT 

PARAMETERS IN THE LEFT-RIGHT MODELS 

In this chapter, we ê 1phasL̂ e upon the idea of minimal 

fine tuning of parameters and specify the Higgs sector and 

VEV's neededfor spontaneous symmetry breaking. The minimal 

fine tuning constraint leads to a modifLcation of gauge 

boson masses and neutral current parameters. Its implication 

on neutral current parameters are also discussed. 

In sec 6.1, we specify the Higgs sector and the 

VEV's needed for the LRA model based upon SU; 2) ĵXS'J( 2) ĵ XU( 1 ) 

(ST 7̂  9D ) • I" sec 6.2 we note down modified formulae for 
LI K 

charged and neutral gaage boson masses. The corresponding 

formulae for the neutral current parameters are also desc­

ribed in this section. Implications on neutrino masses are 

discussed in sec 6.3. A summary of the chapter is provided 

in sec 6 .4 . 

6.1 Minimal fine tuning and the Higgs sector 

The hypothesis of minimal fine turiing of parameters 

can be stated in tha following manner , Only those 

particles (scalars and fermions) remain light which are 

needed to be light. Others acquire heavy or superheavy masses 

characteristic of next higher sc;ale(s) of spontaneous symmetry 

breaking of the gauge symmetry. An example of this hypothesis 
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can be described in the context OL LRS model breaking down 

to U(1) throu<jh SU( 2 )^XU( 1 )„: em L Y 

<A > f 0 . / 

su(2),xsu(2)pXa(i )^ , ̂ — > su(2),xu(i)^ - T A ^ I T T ^ ^(^) 

(g^ = ^R = g) ^ (6.1 .1) 

In this case <Ap^ 7̂  0 is necessary for spontaneous symmetry 

breaking at the first stage and <<^> ?̂  0 is necessary at the 

second stage. Since <(})> 7̂  0 executes the breaking of 

Mr. 

SU(2)^XU(1)„ —7rc—? ^ U(1) it as not necessary to 
L I <(p> /= o em -̂  

attribute nonzero VEV s to Â  . Similarly the VEV k 7̂  0 occuring 

m 
/ k' o 

^ (p -' — «^> = / ^ °\ <$> = ] (6.1.2) 
\o k/ 

is sufficient to break 50(2)^X0(1)^ • U ( 1 ) ̂ ^ using k ' 7̂  o is 

not necessary. 

Since <^T> 7̂  0 is not needed, the left-handed Higgs triplet 

does not remain light, but acquires mass ~ M^ in the LRS model 
R 

Similarly with k'=0, the left-right mixing angle vanishes. 

tan 2C >- 0, 

In the LRA model the two coupling constants are 

unequal at y >̂  M„ . In the LRS model the equality between coup-
R 

ling constants (g-r=gp=g) is maintained at y >̂  M„„ by choosing 

left-right symmetric Higgs sectors. For every left-handed 

doublet (triplet) there must exist a corresponding right-handed 

doublet (triplet) of scalars . In the LRA model maintaining 
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such a synmetry is not compulsory. Therefore from the point 

of minimal fine tuning of parameters, the following VEVs 

are the minimal requirements 

(Â  LRS model (g =3j^=g) 

<(()> 

o o I, \ o k 

UR ° 

f ( > - i - 3 ) 

(B) LRA model (ĝ ^ ^ g^! 

<(J)> = • k o 

o 
<$> = o 

o 

o <^R> 
V 

V R 

o 

o 
(6i-^ 

It is noted that A is not present m the Lagrangian respecting 

LRA gauge symTietcy (Case B) . Similarly if we take doublets 

instead of triplets, the counterpart of the right handed 

doublet I.e., XT(2, 0, 1) need not be present m the Lagran-

gian . 

6.2 Gauge boson masses and neutral current parameters from 

minimal fine-tuning constraint 

(A) LRS model: Using formulae discussed m the previous 

sections, 

We have (Vj^=0, k'=0, V^ >>k^=^ 0) 

= O, Z = 2k 
,2 

2 2 
= 0 
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'̂R = 
2 2 

•4 V 
R 

tan 2^ = 2ri 
R 

[l-(l-Z)']' 
0 (6.2.1 ) 

The mass matrices are 

w 

M2 z 

= 

= 

1 
2 

1 
2 

2,,2 
9 ^R 

2„2 
9 ^R 

" ^R 

0 

-^R 

0 

0 

-^R ° -
24Tiĵ  -2e 

-2e 2e^ 

(6.2.2) 

Where e = g'/g. These formulae 

.̂2 1 2, 2 -
\ = 2 ^3 ^ 

M = ^^—K 
ZL Cos e,, w 

M 

% COS ê . 

ZR / Cos e 
w 

(6.2.3) 

(6.2.4) 

The neutral-current parameters take the form 

for (i) atomic parity violation and asymmetry in 9-d 
scattering:-

4X. 

lu 

Id 

1 
2 

2 

+ W 
3 

2X 
W (6.2.5) 

C = - C ^2u ^2d 

3 

^ + 2X,, 2 Vv 
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(ii) Neutrino-hadron scattering 

1 + n 

e^m = 
R 1 V ! 

2 nj,+ i 

4X 
W 

R 'R 
4X 

w 
2 rij^+l ( 6 . 2 . 6 ) 

1+n 
e^(d} R 1 

2 

2X 
W 

1+n 
e ^ ( d ) R 

2 
'R 

2X 
W 

nj,+i -J 

( i i i ) N e u t r i n o - e l e c t r o n s c a t t e r i n g 

% = -
( l+ri j ,) 

[-1+4X^1 

2 

6.2 .7) 

+ -( i v ) Asymmet r i e s i n e e + -

NA = i t -̂̂ \̂ ^ 
AA 4 

^ V = I (1+2nj , ) (1-4X^^)2 

2 
w h e r e X = S i n 

W 

( 6 . 2 .8 

It is well known that if 

X = 0.23, NU >̂  few TeV, M - 500-1000 GeV, this model agrees 
R R 

well with existing low-energy data. 

It is noted that C^ , C. -,, C-, and C„, in this case 
1u Id' 2u 2d 
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are the same as m the standard model, so that the atomic 

parity violation experiments cannot distinguish between left-

right symmetric models from the standard model . Similarly 

g , h and h ^ have the same expression as the standard 

model, but g„ receives a coL'rection to the standard model 

formula by 

2 ^ 
5g =.^-(g) = ^ L _ ( (6.2.9) 
^ Vp std M;: ^ std 

where (q„) ̂-, = - -̂  + 2x denotes the value obtained in the 
V std ^ w 

standard model. Accurate measurements of g from v -e and v -e 
V y e 

scattering experiments should then set a limit on the right-

handed gauge boson masses . Similarly h„„ receives a correction 
2 2M2 

OV T 

' \ v = $ (^V^std == - M - T - (hvv^std (^-2-10) 
1 2 where (h,„,) . -, = T (1-4X ) denotes the standard model value. VV std 4 w 

Thus, accurate measurements on h-_̂  from e e~ -»• y y~,T T~ 

experiments would set a limit on W~ gauge boson masses, although 

h ĵ  and ĥ ,, cannot distinguish between the two models. In 

Figs.6.1 and 6.2 we have plotted g„ and h as a function of 

M„ /Mr-, . It is clear that if M" - (6-10)M~ , LRS model predic-
R̂ \ ^R ^L 

tions are similar to the standard model. 

(b) LRA model (g^ T̂  9̂ )̂ 

In this case, eqs (6.2.1) hold, but in addition 

2 2 2 R * g / g 7̂  1 . The appropriate formulas for gauge boson 
ij R 

masses are obtained from the formulae given in chapter 5" using 

K' = V = 0 . The neutral current parameters C. , Ĉ _,, C^ and C^-, 
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remain the same as in the standard model, and the parameters 

e^(u), e„(u), e^(d) and e^ld) remain the same as in the LRS 

models. The parameters h and h are also same as in the 

LRS or the standard model . But g and h both differ from 

the LRS model expressions 

g^ - -^^Y^^— [-1- 4x^F] (6.2.11) 

where the parameter 

R̂ (2+riĵ )+nĵ  

2R̂ (1+nĵ ) 

2 
^ { ̂ -f'- [8x (R̂  + 1 )-3R^-1] 

(6.2.12) 

^ (R2+1)2 ^ 4 ^ W 

, n- -A(4±ll 32 [^4^^ (R2,I)2]} 
R2 W 2 

In this case also accurate measurements on g would set a 

limit on the W~ gauge boson masses. Similarly h-„, clearly 
K VV 

distinguishes the model from the standard and LRS models. 

If the W" gauge boson masses > few TeVand M„„~1 TeV 

this model agrees well with the neutral current and CP-violating 

parameters. 

6.3 Formula for neutrino masses by see-saw mechanism 

In this section we note that the see-saw mechanism 

becomes more natural leading to a simple formula for neutrino 

masses when minimal fine tuning constraint restricts the 

VEV's. With UL =K' = 0, the scalar potential responsible for 
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SU(2)„XU(1)^ T b r e a k i n g i s of t h e form 

,2 1,2 V(Un,k) = -y^u^ + —T ^D + au^k^+ terms involving k only. (6.3.1 ) 
K K 4 K K 

Here p,and a are of order unity. Using extremizing condition 

(6.3.2) 
- 1 ^ = 0 yields, -y^+ pu^ + 2ak2 = 0 
9Uj^ R 

or u^= (p2 -2akM /p 

Thus the hierarchy u^ > > k , can be maintained with \i^ >> k^, 
K 

In the v.- v^ sector, the mass term in the Lagrangian is 

V 
mass a 

+ „+ * 
= ^sf^R^^R ^ ^ ^ ^R C ^R 1̂ 

+h^k (v^Vj^ +V^V^) (6.3.3) 

- T Denoting the two components as v = v. and N = C(Vn) , where C 

is the Dirac chargeconjugation matrix, the mass term can 

be written in the form 

%ass = (̂^ N^) MC ( ;; ) + H.C. (6.3.4) 

where the neutrino mass matrix is 

M = 
( 0 ^ h, k 

2h,k -h5Uj^ 

The physical eigen states can be written as 

.V = V cos^ + N Sin^ 
e ^ 

N = -V sin^+ N cos ^ 
e ^ 

(6.3.5) 

(6.3.6) 
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where the left and the right handed neutrino mixing parameter 

is written as. 

h^k 
tan 25 = - ~~-— (6.3.7) 

5 R 

Daagonalization of the mass matrix then yields the eigen 

values, when 

2 ^ 

u| > > 1. 
h^k^ 

m^3 = - ^ s \ ^^-^-S) 

1 
Using M = — - — ^ ^ 9̂ R' ^ ~ ^]^ '̂̂ ^ assuming | ĥ-l =| h | = h 

yields 

h 
m Ne g 

M̂ - (6.3.10) 

m*-

R 

Note that with the assumed hierarchy u^ > > k^, the formulae 

(6.3.8) - {6.3.11) are obtained with more exactness as compared 

to the corresponding ones discussed in chapter fT. Here although 

the final formula is the same for the Majorana neutrino masses, 

the intermediate steps involve less parameters and approxima­

tions . 
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6.4 SUMMARY 

With the imposition of constraint arising out of 

minimal fine tuning, the VEV's are restricted both in LRS 

and LRA models with V =k'=0. In the LRA model, the presence 

of left-handed doublets ( X T ) O^ triplets (A,.) are needed, 
LI LI 

since the (|)(2,2,0) executes the spontaneous symmetry breaking 

of SU(2i_XU(1)„. The gauge boson masses and the neutral current 

parameters assume simpler forms. In both the LRS and LRA 

cases, the atomic parity violating parameters C. , C.jjCj and 

Cj^ yield identical expressions as the standard model. Simi­

larly two of the parameters in e e~ *• y y~ or T T~, namely 

h-j. and h-,,, have identical forms as the standard model. 

Also the parameter g, in v -e and v^-e scattering remains un­

affected . But the neutral current parameters g„ and h^^ are 

significantly affected compared to the standard model, such 

that accurate measurements of these parameters might provide 

a lower limit on the W~ and Z_ gauge boson masses. The para­

meters e-.(u), e_(u), e (d), EjiCd) occuring in v-hadron processes 

are modified in the same manner in both LRS and LRAmodels 

with the minimal fine-tunina constraint. 

The expression for the neutral current parameters 

discussed in this and other chapters have been derived at 

the tree level. Radiative corrections might change them to 

an extent by which our conclusions and statements, drawn 

in this chapter are expected to be valid within good approxi­

mation . 



CHAPTER 7 



DISCUSSION AND CONCLUSION 

The SU(2) XU(1) electroweak gauge model, discovered 

by Glashow, Weinberg and Salam is broken spontaneously to 

U(l) at the Wr-boson scale by a standard doublet carrying em L ^ J' ^ 

Y= +1 . Predictions of the broken gauge symmetry on the neutral 

2 ± current parameters, Sm 6̂ ,, W, and Z. boson masses and CP-viola-

tion m weak decays agrees remarkably well with experiments. 

Although, experimencally, there is no compelling reason at 

present to search for alternatives to the standard model 

based upon SU(3)pXSU(2) XU(1)„, there are many aesthetic 

reasons which point out that the standard model might not 

be the ultimate gauge theory of basic forces m nature. One 

such motivation is the neutrino mass; indications m favour 

of neutrino mass seem to be positive m various experiments. 

Further, solution of the solar neutrino puzzle requires a 

tiny neutrino mass. Another such motivation is the origin 

of parity violation. In the standard model, the fermions 

transform differently under left and right gauge transforma­

tions and parity violation seem to be intrinsic. Similar 

to the spontaneous breaking of gauge symmetry, the breaking 

of parity might have also a spontaneous origin only if it 

is restored at a scale much larger than the W^-boson mass. 

A gauge model with spontaneous parity violation might provide 

a spontaneous origin to weak CP violation also. In the years 
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1973-1975, Pati, Salam, and Mahapatra, proposed inodels based 

upon left-right symmetric gauge theory, which, during the 

course of its development, agreed with all available experi­

mental data. Besides they fulfilled the objectives of establi­

shing, theoretically, that parity (P) and weak CP sy.nmatries, 

present in LRS theories could break dovn spontaneously. In 

the Pati-Salam model, a completely new additional possibility 

called quark-lepton unification was also achieved through 

th2 gauge group SU( 2 )^XSa( 2 ) ĵ XSU(4) (g^=gj^) . Developing the 

idea of P and CP-violation proposed by Mahapatra and Pati, 

m the years 1974-75, Mahapatra and Senjanovic showed how 

Majorana neutrino masses can be generated m left-right sym-ie-

tric gauge models. 

In this dissertation, we have reviewed the electroweak 

gauge model based upon S U ( 2 ) ^ X Q ( 1 ) Y and compared its predic­

tions with experiments. We have reviewed how spontaneous 

symmetry breaking of gauge models based upon SU( 2 ).]-XSU( 2 )DXU{ 1 )n_T 

with both g^-g_(LRS) and g^7^g_(LRA), either directly to the 

standard group, or through the intermediate symitietry, 

SU{2)^XU(1)_XU( 1 )„ ^, takes place with appropriate choice 

of Higgs sector, capable of generating Majorana neutrino 

masses over a wide range. Tne phenomenology of computing 

the neutral current parameters m terms of the VEV's and 

electroweak mixing angles has been discussed. It is well 

known by now from various phenomenological analyses that 
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if Sin^e„-0.23, M,.~ > 1 TeV-few TeV, or larger, and M„ > 500 

GeV, predictions of LRS and LRA models on charged and neutral 

current parameters and also on CP-violating parameters agree 

well \ ith the existing data at low energies. 

In the LRS or LRA models, breaking spontaneously direc­

tly to the Weinberg-Salam model, the Majorana neutrino mass 

is governed by the relation 

2 
m-

^v "" - i r ~ ' ̂ N. ^ ^^R' ^ = ^' ^'^ (7.1.1) 

1 WR 1 

where m. stands for the charged lepton mass of the i-th family 

(generation) and m^- is the corresponding right-handed Majorana 

neutrino mass. In these cases m . —->• 0 iyL,p —->• °°, since 

M„_, and M„Q are decoupled from each other. Thus in this case 

vanishing neutrino mass is a consequence of V-A limit of 

neutral currents only. The Majorana mass ranges for widely 

varying values of M" and M„_, have been computed and compared 

with the existing experimental data. 

Finally we make some new observations on LRS and LRA 

models, in view of the constraint imposed by minimal fine 

tuning of parameters m gauge theories. It is noted under 

such 3 constraint that, for the spontaneous breaking of LRA 

gauge symmetry, or for SU {2) X0( 1 )„XU( 1 )g_j^, the left-handed 

doublet or triplet (under SU(2) ), are not necessary. Both 

for LRA and LRS models, the VEV's should be such that V.|̂ =k' =0. 

In these cases the atomic parity violating neutral current 
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parameters, C, , C.,, C^ , C^, and the parameters g, • h„-^ ' 1u' Id' 2u' 2d '^ ^A' VA 

and h-j. occurmg in v-e and e e *• y y~ have identical expres­

sions as the standard model . Accurate experimental measurements 

of the parameters g„ and h^, might set a lower limit for 
+ 

W^ or Z^ gauge boson masses . 
K K 

In particular, m the LRS model we derive that the 

changes m g„ and h , compared to the Wemberg-Salam model, 

can be expressed as 

&q == . (g ) (7.1.3) 

std . 

where (g,,) and (h ) denote the corresponding standard 
^ std. ^^ std. 

model predictions. 

However, these statements are valid at the tree-level 

only and radiative corrections might change them. Since radia­

tive corrections are usually small, our conclusions and state­

ments are expected to be valid, at least, approximately. 
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Fig. 3.3 Determination of the neutrino-electron parameters 
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constraints imposed by factorization. 
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Fig.*.2 The leading diagram for a Jepton-flavour changing process y -»• e Y» Again 

the process goes through the exchange of u. and W. or N- and W^. In 

addition, due to the GIM mechanism, the Goldstone boson exchange 

(denoted by G, and G^) are comparable in strength to gauge boson 

mediated amplitude. The physical Higgs particle exchanges are ignored 

by assuming mj, > > m^ . 
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