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CHAPTER I



INTRODUCTION

One of the great triumphs of theoretical physics has
been the development of the standard model]—'5 of elementary
particles and their interactions. The standard model combines
the SU(3)C—colour gauge thebry of the strong interaction with
SU(2)LXU(1)Y model of weak and electromagnetic interactions.
This model has been spectacularly successful 1in 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(Z)L XU(1)Y, the phe-

c

u

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)C at the
elementary 1level of coloured gquarks and massless gluons.
Besides, the eight gluons that carry the colour forces,
the electroweak gauge group, SU(2)L XU(1)Y, and its sponta-
neous symmetry breaking to U(1)em, predicts three massive
weak vector-bosons ﬁ ‘ WL{ZL' and one massless gauge
boson which is the photon. The charged weak gauge bosons,
WLi, mediaté charged-current weak interaction between left-

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

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

(4
of the weak interactions.

The existence of neutral-curreat weak 1interactions
have been confirmed within present expesrimental accuracies
and agrees with the standard model prediccions 1in an excellent
faSthAf The carriers of electro-weak interactions, such
as WiL and Z°L bosons have been experimentally detected
at the CERN pp collldersﬁ Th=2 observed experim=ntal values of
th=2ir masses are completely compatible with the predictions of
the SU(2)L XUH)Y model, thus supporting the Jauge hypothesis
of a partially unified electroweak 1interacttions. Tha3=2 and
a large number of other experimental observations have vindica-
ted the electroweak unification 1dea beyond any doubt. The
existence of scaling of structure functions 1in deep 1nelastic
lepton-hadron scattering, scaling violations, 3jet structure
in e+e; — hadrons and at tha pp collider, the QCD (Quantum
chromodynamics) running coupliing constant, and numerous
other processes point out to SU(3)C as the gauge theory
of strong 1nteractlon;: Thus, the standard model based upon
the gauge group SU(B)CXSU(Z)LXUH)Y has been established
unequivocally. Inspite of 1ts crowning success, the standard
model has some theoretical and conceptual difficulties : The
basic Lagrangian based upon SU(3)

XSU(2)L XU(1), possesses threa

C Y

difterent coupling coastants; therefore, 1t 1s not a true unifai-

cation of forces. What has bean achieved 1s 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

c’
entity, unaffected by electroweak unification. Even 1in
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 B-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) 1s violated in weak 1interaction,
neither does it explain the origin of the CP violation
in strong and weak interactions, although, through Kobayashi-
Moskawa‘o 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 guantized.

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 ViA
structure, it is possible to generate neutrino masses over
a wide range in a very natural way. At first proposed by

" 1
Mahapatra and Pati, and Pati andSalam, these models are based
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upon the electroweak gauge group SU(3)C XSU(2)LXSU(2)R

XU(1)p_; and are known as the left-right symmetric (LRS)
model. Besides explaining the parity violation 1in weak
interactions, the LRS model ascribes a spontaneous origin
to weak CP-violations. Pati and Salam also advanced the
excliting idea that, above a certain scale, the quarks might
be treated in a similar footing as leptons by means of
SU(4)C unification‘l.1

The purpose of this dissertation is to review and
learn the theory and predictions of the electroweak model
based upon SU(2)L XU(1)Y and study 1ts successes. Our next
goal 1is to review some aspects of the LR model and its
variant;? Lastly we observe how the weak interaction pheno-
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)LXU(1) In chapter 3, the

v°
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 1in LK models,

both Higgs doublets and triplets are considered here. Con-

straints arising from potential minimization in these models



[ 5]

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 obtain=ad for LRS model are com-
pared with the SU(2) XU(1), model parameters and the experi-
mental results. Here we also discuss the 1light and heavy
gauge boson masses in the absence of left hand=d Higgs triplet
and for no WL—WR mixing 1n the case of SU(Z)L XU(1)R XU(1)B_L
model. We also discuss here how neutrino masses get modified
in SU(2)L XU(l)R XU(1)B_L model. In chapter 6, we observe how
the gauge boson. masses and neutral curreat parameters are
modified in view of ths constraint imposed by minimal fine
tuning hypothesis.. Here we also suggest how limits on WiR and
and ZR gauge boson masses could be obtained from v-e scattering

+ - + - 4+ - . . :
and ee —* i ,T T . Filnally we summarize our review

work and observation in chapter 7.
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THE WEINBERG-SALAM-GLASHOW MODEL

The simplest unification model of the weak and electro-
magnetic forces is the model which was independently deve-
loped by Glashow1, Weinberg3 and Salamz. The model assumes
the SU(2)LXU(i)Y 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 scalarm is described. We obtain gauge boson masses,
and the effective Lagrangian for neutral current and charged
current 1interactions 1in sec. 2.3. In sec. 2.4 extension
of Weinberg-Salam model to the hadronic sector by GIM mecha-

1S

nism 15 reviewed. A brief summary of this chapter is provided

in section 2.5.

2.1 The electroweak Lagrangian
Considering the model 1in 1its purely leptonic form
and starting with the fermions, such as electron and its

neutrino which form a 1left-handed weak isospin doublet

L=/ (2.1.1)
€ /L
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1
where v = = (1 - xr_.)v
L 2 5 (2.1.2)
e. = + (1 -r.)e
L 2 5
Since the neutrino is apparently massless,
= 1 =
vp = 3 (1 * rs)v =0 (2.1.3)
So, we designate only one right-handed fermion
- _ 1
R = er = 3 (1 + rs)e (2.1.4)

which 1s an 1isospin singlet invariant under SU{(2) group.

To 1incorporate electromagnetism we define a weak

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

.0 = X
Q= I+ (2.1.5)

be satisfied, leads to the assignments

YL = -1

Yo = -2

(2.1.6)

By construction, the weak isospin projection I3 and the weak

hypercharge Y are commuting observables

[13, Y} =0 (2.1.7)
We now take the group of transformation generated by I and
Y to be the gauge group SU(2)L XU(1)Y of the theory. Intro-
ducing the gduge bosons

for SU(2)
(2.1.8)
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the Lagrangian is written as

@ = Ggauge T %1eptons
__1 1 luv _ 1 HV
where, agauge = 3 Fuv F 3 fuv £
The field strength tensor are
1l _ 1 1 j .k
Fuv =93, bu - aubv + gejklbu bv

and for U(1) gauge field, it iss

where g 1is the coupling constant for weak
SU(Z)L and g'/2 is the coupling constant

hypercharge group U(1)y.

(2.1.9)

(2.1.10)

(2.1.11)

(2.1.12)

(2.1.13)

isospin group

for the weak

2.2 Spontaneous symmetry breaking by Higgs mechanism

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

(i) It contains four massless weak gauge bosons (bl, b2

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

3
n

u’

(ii) In addition  the local SU(2)L 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 gauge boson (the photon) and the

other gauge bosons acquire masses.

This way to get massive gauge bosons out of a Lagrangian
involving massless gauge bosons was found out by Higgs-Kibble

.13 . . .
mechanism, To accomplish this, we introduce a complex

doublet of scalar field

) =(¢+> ‘ (2.2.1)
¢0

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

hypercharge

Y¢=+1 (2.2.2)

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

We add a term to the Lagrangian

= Byt +
%calar ~ (D"¢) (DM¢) - V(o ¢9) (2.2.3)
Ho_ iq' % ig = ¢
where DY = Bu + ) AuY + 5 T.bu (2.2.4)

is the co-variant derivative and as usual the potential
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is
+ 2, .+ +,..,2
Vo ¢) = (o ¢) + |A] (¢ ¢) (2.2.5)
Besides this, we also add an interaction term which involves

Yukawa couplings of the scalars to the fermions

-_— D + T
Ayokawa = " Ge [R(¢ L) + (L ¢)R] (2.2.6)

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

a Lorentz scalar. Therefore the total Lagrangian becomes,

agauge + 0Lleptons + ®scalars + Cvukawa (2.2.7)

_ 141 uvl 1 uv
@=-7gF,F ) fuv f

=.gH 1g' o~ i_g___
+ LiY (au+ —%— AuY + =3 T.bu)L
=. JH ig' +, M
+ + +
RiY (3, —%— A Y)R+(D ¢)" (D"9)
- w%Te - a0%e)® -6 (THR + Re'L) (2.2.8)
Now considering the case of spontaneous symmetry breaking

where p?<0 and from the potential (2.2.5)
vieTe) = u? (6¥e) + | A (6792

The vacuum expectation value of the scalar field

0
< 4) > = (2.2.9)
© (y//i)
— . Z
where v = /—T—“ﬂ (2.2.10)

This breaks SU(2)LXU(1)Y symmetries but preserves the inva-

riance under the U(1)em symmetry, generated by the electric
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charge operator.

14
A would-be-Goldstone boson 1is associated with every

generator of the gauge group that does not leave the vacuum

invariant. The vacuum 1is left invariant by a generator

G, if,

1aG _
e < ¢ > = < ¢ >4 (2.2.11)

for infinitesimal transformation

(1 + iaG) < ¢ >0 = < ¢ >

or, iaG < ¢ >o =0
or, G<¢> =0 ' (2.2.12)

For the generators of SU(2)LXU(1)Y we find
L) (0G) e
1 0 v 0
T, <4> 0 -i ( -iV\ # 0 (2.2.13)
i 0 0
( 0
1 #

<$p>

A
©
v
li "
< O
It

0
\Y

[ B

|
)07
o)

But Q <¢>_ = % (T4 +¥) <> =0 (2.2.15)

<¢p>
Y <¢ o

Three of the four generators are broken but the 1linear
combination corresponding to electric charge 1is not. The

photon will therefore remain massless.
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Expanding the Lagrangian about the minimum of V
by writing

¢ = exp { o = (VO+ N ) (2.2.16)

and transforming to U gauge:

. 0]
A 1¢.T -
¢ =¢ = exp%-%%—} ¢ = (V . n) (2.2.17)
T.T\u — T.x}l

B, — B

H H

R—— R

v ig.T
L — L = exp { 2V L

By spontaneous symmetry breaking, the Yukawa term, in

the Lagrangian, becomes in terms of U gauge fields

= .+ =
Cyukawa = ~Ge (R 'L + L ¢ R)
= -Ge [R (¢'"L") + (E'¢")R]

= -Gg [R (¢'L) + (E¢) R]

Y
_ - V+n e - = .0
= -G, [e, (0 — ( ) +{v_ e e, |
e ‘
R /i)eL (eL) v+n R}
' vz
- V+n ~ =
= -G, ( ) (eg e, + eLeR)
G .V 2
e - GenN -
= ee - & e e
V2 V2
This expression gives the electron mass
GV
m, = —— (2.2.18)

2
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The scalar term in the Lagrangian becomes

— |} N o + +,.2
%scalar = (D ®)7(D o) - u2e7e) - | Al (¢70)
= (%" (o) - wrie o) - a et e
= (- 'z y -39 75 ) (0 ¥,
2 2 H /2
. . 0
U |19 i -
(3 +—%— Y + 2 T6) (v 4n )
V+ o fiv+ 0. z
-0 Ttn) - Il | (o _'1)
Y2 /lvin V2 V+n
V2 V2

1,.U v o 2.1 ..% 2 ~ 3,2
—_— a - ' -
A ”)(au")+§ (g |bu lbu | +(g A, gbu) ]

v+n) 2 vV _+n)"
- u? ( 2“) - | ( 4ﬂ)

= LYy n) - winz + ¥ [g?|b} - ib2%|2
2 u 8 u u
+(g'§u - gba)zl + . . . . Interaction terms (2.2.19)

It is seen from the Lagrangian that n field has acquired a mass.
Mﬁ = -2p% > 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 1 ; : 2
Wi _ Py 1bu
M 2
2.2

the term proportional to gV 1s recognizable as a mass

(2.3.17)

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

2552
S W[ W)

8 u (2.3.2)
Thus the masses of the charged interma=diate bosons are
_ |9V]
M, = 3 (2.3.3)
Finally defining the orthogonal combinations
g'A_ + gb3
g = - Y I (2.3.4)
H /gz+ g.z
and, - .
gA. + g'b
A = H___ 2 (2.3.5)
L /e
Introducing a weak mixing angle
ew as g'/g = tan ew (2.3.6)
The egs. (2.3.4) and (2.3.5) can be written as
- X : 3 ‘
Zu = —,Au Sin GW + bu Cos @ W (2.3.7)
ani,
= X 3 .
Au = Au Cos BW + bu Sin GW (2.3.8)
which may be inverted as
Au = Au Cos ew —Zu Sin ew (2.3.9)
3 — .
bu = Au Sin 6, + Zu Cos 6 (2.3.10)
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From eq. (2.2.19)

=1 u _ m2n2
a =5 {(3a"nm) (Bun) Mg }

' 3
24,2 2 -gA + gb
b /5T
_1 u _ 2 1 g?v? b -
=3 {(3"n) (aun) M o+ 5 4 WH Wu
1 V3 2, 2 H u (2.3.11)
* 3 g (g°+g” *) Zuz + (0) AuA
Therefore the mass of Zﬁ
(2.3.12)
can be written as
—r
Mm, =25 1+ I (2.3.13)
U g
- / 2
or M, = M,/ 1+g‘z— (2.3.14)

Thus the Higgs mechanism has also generated masses for W and
z bosons and the field A is massless, as there is no 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 1leptons
may be followed from alepton After spontaneous symmetry brea-
king

YUV T ig =
a = Lif"(ig AP'Y + = T.Bu)L

f
4

7655&3

\\

——r
Py



2 u u U
1 2 3 L
+i -
bu lbu bu
= v3 1M - 2 (5. & yM /s M v
= -Y3— LY'LA 5 (V&)Y b ﬁwu> L
- 3
V2 W, -b, ep
=_9_:__u~_9__' 2} + M -
Y5~ Ly LAu v [vLY er Wu e Y vy Wu ]
-9 H 3 - M 3
3 [ VY VL bu + e yep bu ] (2.3.15)
For the charged gauge bosons we have
= _ 5 WM T -
aW—L f% (vLy e, Wu +oepY vy Wu (2.3.16)
Substituting the value of
= U 1 - u
v.y e =5 vy (1 - 1vy.) e
bbb2 ° (2.3.17)
and .
s vHy = L g M _
ery vL = z ey (1 YS)V
= _ 9 Sy H _ + svHiq_ -
Cw-1 /e [ SY"(1 - yg) e W + &y (1-yg)vW ]  (2.3.18)

Considering Muon decay process in the Weinberg-Salam model

 — e + vu + v (2.3.19)

The Feynman diagram for this decay process is

>~~~~~~?~~~~~~~

WL e

The Lagrangian for one vertex is

=-"9 Z ag-
a = ey. (1 - y2) v W (2.3.20)
vz ° e
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and for another vertex is,

= g 5 +P +
wz M > P
So the effective Lagrangian is
2
- _9 = Prq_ - _ +  O-
LIy g~ [V (O=vgluey (1-yg)v Wy W] (2.3.22)

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

Lagrangian for moun-decay is

Gr - N .
Gegr = 7 o LV, (-vsluey  (1-v5)v ] (2.3.23)

Where GF is the Fermi coupling constant. Introducing the
vacuum expectation value (VEV) in eq. (2.3.22) we get,
2
_ - P - + O«
Ure= [V, ¥  (1=vgIney  (1-y5)v 1<0 | W) W~ Jo> (2.3.24)

where the factor < 0] WZ Wo‘l 0> 1is called the W-boson propa-

gator and is given by

o o
§° + qp q /Mw

<ojwt WP o> = P 7 (2.3.25)
0 (q? - M, )
W
In the energy limit q> —— 06 and gq? < < Mé
+ O-— - _&9 2
<()pr w o |o> Gp / M (2.3.26)
Therefore,
2
= =9 Org - Sv (1-
Cerr™ BN 2 8019, (1-v5 ) udy,(1-v5) v, ]
2
=’8MW2 [VﬁYX(T-YS)uéYAH-YS)\)e] (2.3.27)
Now comparing eqs (2.3.23) and (2.3.27) we get,
G 2
—F - 9 (2.3.28)
V2 8M, 2
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This relation implies that the expression (2.3.18) reproduces

low energy phenomenology of intermediate boson model.

2
Substituting the value of M, % = gt in the equation

W 2
(2.3.28) we get,
2 G
& ( —%t2) = = (2.3.29)
. I 2
. ‘ :

or, V = (GF//‘z')'2 ~ 246 QGev, (2.3.30)
and the vacuum expectation value of the scalar field 1is

> =YY< (G, /E)"E = 174 Gev (2.3 31{

o 2 F AEeT

The coupling constants of the SU(2)L and U(1)Y gauge groups may

be written as

e

g = g{;—ga 2z e (2.3.32)
d = s=g e ’ (2.3.33)
W
provided —39— = ¢ , T (2.3.34)
Substituting the value of g in eqg. (2.3.28) and using eq.(2.3.6)
2 92 e2 2
= G = G Sin‘é
MW 4/3 F 4/ F W
_ . 2 _ 37.4 Gev/C?)
= ma /Y2 Gy Sin’8, = §in o, (2.3.35)
and
2 _ .2 2 2
My = M / Cos 8 2 My (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 1is 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
Ge = —v

Pogd
me2 GF

3 x 1070 (2.3.37)

1]

The neutral gauge bosons couplings to leptons are given

by,
o, 1= 99" 3 yHen - Lﬂ—i%———~ GLy“vLZ
V37T g7 % u H
Z 2 2
u V2~ M (g°-g'") = _u
+ B [-g'“e_yFe. + e .y e,.l (2.3.38)

Here we may identify Au as the photon provided

= e (2.3.39)

This interaction Lagrangian in terms of the weak mixing angle

0 . becomes,

W
%-1 7 S8V R, = 7Cos 6, VLY Vi
T o Ster o giigr
- > [2. g 57557 “+ g—zrg% ey eLZu] (2.3.40)

= ayH - 5 H
eey eAu 3 Cos ew \Y 2

- 3 [2 sin?

=~ U .2 - JH
5 Cos ew ew eRY eRZu+(2 Sin BW-1)eLY eLZp]
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2
G M 1
- M 1 FZ .2 -~ MU _ 7
a = eey ' eA - ( ) vy (1 Ye) V
U V2 /2 > H
G.M 1 _
- L (EZ% (2 sin?e, &YV (14yg) e 2z,
V2 V2 '
.20 =vHi1_ 2.3.41
+ (2 Sin Bw 1) ey (1 YS) e Z“] ( )

From this Lagrangian the Feynman rules for vertices are
deduced,

€ -
> ~~~~~~~ AX -leere
(=2

G.M_,?

-1 F'z .3 =
( )¢ ey
e G
~~~~~~~ Y
e

[25in%0(1+yg)+(2 Sin?0.H-1)]

In the SU(2)L 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 Ow, From the
eq. (2.3.41) the weak neutral current is given by
o _ L(3) .2 (em)
JX - Jx - 2 Sln ew Jx (203.42)
(3) (em)

Where Jy is the weak isospin current and J‘K 1s the electro-
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magnetic current,

(3) 1

gl3 =1 f T, Ty, -y )y, (2.3.43)
‘l - -

= 5 {vey, (1-yg)v-ey, (1-yg)e+t(eru) +(est)}

and
glem_ o0 o5 TY. T

= - 3 [8y, (1-yg)+8Y, (1+yg) et (ern)+ (1)

(o)_ 1 ;= -
Therefore, JN =3 {veYA(1’Y5)Ve’eY1(1'Y5)e

+(e*u)+(e>T)} - 2 Sin%0 {- % [BY, (1-vg) e
+ey, (T+ygle + (e»n) + (e»1)]}
1 =~ . -
=3 {ver(1'Y5)ve}+ % [2 Slnzew eyx(1+y5)e
+ (2 Sin29W-1) éYA(1-Y5)e + (e*p) + (e+1)] (2.3.45)

Now comparing eqs. (2.3.41) and (2.3.45) we obtain

. G.M,2
= -Jgm 1 F'Z .2 (o)
o = -J A -
o-1 T T ( i )2, 29
GM_2
= - 3%y _ 3 (EZ 2 ;00) , (2.3.46)
L /3 U U

which gives the neutral current 1n 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 gquark 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 1is acom-
panied 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 Ve and e, the left-
handed perts of the W and d quarks of a definite colour
also form a doublet under SU(2)L while their right-handed

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

of quark is

L, = Ve w (2.4.1)
—_ 1, =
e u de
L
with weak hypercharge Y(qL) = %
where de = d cos Gc + S Sin ec (2.4.2)

and BC is the Cabibbo angle. The right-handed weak isospin
singlets are represented as

:
u T Ug =37 (+yglu

1
Rg = dg = 7 (1 +v5)d

R

(2.4.3)

T}
|

with weak hypercharge

- 4 S
Y(u,) = 3 and Y(dp) = -3
The charge raising weak current is,
(+) _ -
Ju = uyp (1- vg)a. Cos 0.

+ U'Yu(1 - YS)S. Sin Oc (2.4.4)
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and the neutral current becomes

(o) (3) . 2,  -em
= - e
Ju Ju Sin W JH
= 1 ¢= _ _ _ 2
= 3 {uxu(1 Yg)w ayu(1 Yg)d Cos®®

v

- . 2 - .
Syp(1—Y5)S Sin ec-SYu(1-Y5)d Slnec Cosec

dy, (1-v5)S Sinb_ Cos~ 0,35 Gty u-L 3y d- LA (2.4.5)

This hadronic neutral current contains flavour-changing

( d«+ S) terms

Preserving Cabbibo rotation and using the SU(2)L XU(])Y
15
model, @Glashow, 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 1s represented by

(=),

involving the charm gquark where
Sg = 8 Cos 6_ ~ d sin 6 (2.4.6)

and CR and SR are the right handed singlets.

The hadronic neutral current becomes,
J;?)= %

[(53“(1—Y5)uiéYu(1-Ys)C

-2 sc»nzew Jem (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.

P
q
> o
~~~~~~ -i{ —)° uy, (1-v.)d
1 " /2 ATl
6
> L
~~~~~~ o -1 ) g R _(1+ +L (1~
- N - qy, [ g 1+7s) q' Yg)la
Where R = - in?
q Qq Sin ew
L = - in?
q T, ZQq Sin ew
The complete gauge invariant Lagrangian for electroweak

interactions including both leptons and guarks takes the

form

L iz W M 4 19 % vy 1% EIINTALY
ne, T H "

+iz ﬁ("’y“(au+ HZ— & v)yr(™)

n=e,|,T H
S+ i CyHro +29° % v(q.) + 32 7.5 ]L
audcstb 4 H 2 WL 2 " uig



+1i 2 ﬁqyu[3u+ i%— Ku Y(gp)] R
a=u,4,¢,5,tb

+ (D" 7 (Do) - Vi$Te)

— + -
-iz G.IR.(¢TL.) + (E.¢) R.]
Seq T i j j

- iK-E-u,d,c,s,t,b G (R (07 L) + (Ly@)Ry] (2.4.8)
2.5 Summary
A renormalizable gauge invariant description of leptons
and hadrons may be obtained by postulating an isospin triplet
vector boson’gu, corresponding to SU(2)L an isosinglet vector
boson Xu, corresponding to U(1)Y. The Lagrangian respecting
SU(2)LXU(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 spohtaneous symmetry

breaking,

SU(2)LXU(1)Y —_— U(l)em,
when the neutral component acgquires 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 1interactions 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 wt 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(Z)LXUH)Y model makes precise predictions about
the existence of Wi, 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 1is shown considering radiative correc-
tion , following the procedure of Marciano and Sirlinlc.
In Sec. 3.2 experimental values of different parameters
obtained by UA 1 and UA 2 collaborations are vepovted ., Compa-
rison of experimental and predicted values of gauge boson
masses 1is made 1in 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 diffevent neutral current parameters. The world average

2

of Sin ew obtained in this manner is discussed in the sec¢.3.7.

Finally we summarize the chapter briefly in sec.3.8.
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3.1 Measurement of Wi,Z gauge boson masses

The predicted values of masses of Wi and Z bosons are
83.0+2.9 and 93.812.5 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

4+ -
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, My and m, from

16
the theoretical expression (considering radiative correction)

mo

1
= [ — 12 (3.1.1)
M /3 Gp sin’B (1-Ax)
a
an m o= oW (3.1.2)
Z Cosf,, e

where Ar denotes the 0(a) radiative correction.

«a is the fine structure constant

1
137.035963

and GF 1s the Fermi coupling constant
= 1.16634 + 0.000002 x 10°° Gev™?

Following Marciano and Sirlin,16 theoretical results

of the ;masses are compared with the experimental results.

From (3.1.1) my = Siﬁ - (3.1.3)
W



where A

1-Ar
Y2 G
. 37.2810 + 0.0003
= (1-Ar i GeV
and m, = i = A =
VA Cost,, Sinf, cos@,,
From these expressions my and m,
expressed as follows.
From equation (3.1.3) = A
Tt ™ = Cos B
: A
or Sinf = —
w m.W
or Cos@ = 4_~
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ECIREE S R WEE

interdependence

A~?

(3.1.4)

(3.1.5)
(3.1.6)

can be

(3.1.7)

(3.1.8)

Substituting these values of CosQwin equation (3.1.2) we have,

from eq (3.1.6)

and

or

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

Sin 26 ,= —

Cos 2q‘= /1 4AZ
- ——
ng

T ApnZ% 1
Cosf,= [ % (1+ //1 - %éy )12
Z

D w

1 /S 4 1
[z O+ /y o 2B, 52
z

mZ=

(3.1.9)

(3.1.10)

(3.1.11)

(3.1.12)



: 1 / 4A% .} .
or, m, = m, [5 (1 + /1 - EEY )] (3.1.13)
from (3.1.9)

]
m, - m = mWA‘_ ; mg = m, sy - 1[(3.13)
’ (1 = —= ) (1- =—2)
M T
and from (3.1.13)
1 4a2% 3
m, - m,=m, -m [5 (1 + (1- E;T) ]
_ 1, aa% 1.3
= mz [1— {'2‘ (11— (1— a—z-z' ) } ] (3.1.15)
from (3.1.3)
_ 37.281 & 0.003
T Sinf, (1-Ay)}
2
_ (37.281 + 0.0003)
orxY Ar - 1 - m;q Sinlew
2
e = 1 - 437.281 ¢ 0.0003) using (3.1.2) ‘
2 (1 Ty ) (3.1.16)
l'ﬂw m 2 .
Z
m 2
where Sin%f, = 1 - ﬁlk (3.1.17)
7

The O(a) radiative correction Ay computed by Sirlin and Marciano

are very large.
Ar = 0.07 + 0.013

(assumingg” m, = 93 Gev/C?, m_ = 3.5 Gev/c?)

, _ 2
Myiggs = 100 Gev/C
A numerical evaluation of Ay employing Sinzew = 0.217 (the

central value from deep inelastic vu scattering)1?’
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mﬁng' mC=1.5 GeV
m,, = 4.5 GeV, m, = 36 GeV
Wetzel's'a analysis leads to
Ar = 0.0696 * 0.0020 for Sin26W = 0.217
(3.1.18) my, =m,
m = 36 GeVv.

t
where an estimate of uncertainties in the hadronic contribu-

tion has been included. This numerical value is not seasitive
to smallshifts in Sinzew, m, or m_. For this reason, we will
take the value

Ar = 0.0696 + 0.020 as the standard value and w2 will
take it to bes constant throughout.
Combining (3.1.5) and (3.1.18) leads to

A = 38.65 t 0.04 GeV (3.1.19)
Prediction of me and m, are possible from a separate deter-
mination by =sabstituting the value of A from (3.1.19) to
(3.1.3) and (3.1.6) or inverting thoss equations, on2 can
determine Sin26W by m=zasuring m, or m,. But tﬂe generally

quoted predictions for Mg and m, are obtained by using

the world average valusz,
Sin®g, = 0.217 & 0.014 (3.1.20)

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

leads to
M_=83.0 + 2.9
M P2 Gev (3.1.21)
Mz = 938+ 21 ey (3.1.22)
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The errors are of course corrected. The predicted mass dif-
ference 1is

- = .1.23
m, M. 10.8 + 0.5 GeV (3 )

3.2 Experimental values obtained by UAl and UA2 collaborations

Experimentally, the Wt, and Z mas values obtained
8,9
at CERN in the year 1987 are analysed below.

mw = 82.7 + 1.0 £+ 2.7 GeV
UA1 collaborations (3.2.1)

mZ 93.1 £ 1.0 t 3.1 GeV

and ’

me = 80.2 £+ 0.6 + 0.5 ¢

m

7 91.5 £ 1.2

i+
e
1 ]

~J

1.3 :
-} UA2 collaborations (3.2.2)

Both experiments agree with one another as well as with

the standard model prediction.

The mass difference
m,~m, = 10.4 £+ 1.4 £+ 0.8 GeV From UA1 . (3.2.3)

~and, m, -M, = 11M.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,

2

Sin29 =1 - —j—-\wz‘
W mZ

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

measurement of both mg and m,
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The equation has the advantage that many systematic
and calibration errors cancel in the ratio mw/mZ when both

masses are measured with the same detector. That procedure

yields,
Sin26W= 0.211 & 0.025 from UA1 (3.2.5)
Sin26w= 0.232 + 0.025 % 0.008 from UA2 (3.2.6)

One can test the standard model at the level of its
guantum corrections and probe for new physics by experimen-
tally measuring Ar. Using the value of SinzeW in equation
(3.1.16), Ar values are found out.

Ar = 0.038 + 0.10 £+ 0.067 from UA1 (3.2.7)

Ar= 0.068 + 0.087 + 0.030 from UA2 (3.2.8)
Another way to test the standard model is to extract Sin26W

from eq (3.1.7) from Ar= 0.0696

2 2
My My
2 2
2 A
which gives,
Sin26W= 0.218 £ 0.005 + 0.014 from UA1 (3.2.11)
Sin26W= 0.232 + 0.003 + 0.008 from UA2 (3.2.12)

The results are 1in excellent agreement with previously

published UA1 and UA2 results.le”q

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 o

1.,

A
Sin6,

where m =

Therefore p can be expressed as

2 2
p = i ) = T (3.2.13)
mz( ‘]_.__A_.z. ) mz (1_.§§_L§_§__ge_\l )
Z M Z Mg

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

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

Higgs particle.

P 1.009 £+ 0.028 t 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 agreemsnt with the prediction
of p=1 for a Higgs doublet and its deviation from 1 in the’
UA1 results reflects the difference in the Sinzewlvalues of
eqs (3.2.5) and (3.2.11) because the value of p depzsnds on

Sin29W values. The p parameter ©provides a particularly

good test of standard model at the trec level.

3.3 Comparison of predicted value with the experimental
results

A first test of the standard model 1is given by the

comparison of the measured mass difference m, M, with the



[ 35]

predicted value as a function of m, and Ar eliminating SinzeW
in relation (3.1.3) and (3.1.6). The two measurements of Sinzew
are in good agreement with the most accurate estimates

from low energy experiments. All these results are summa-

rized in fig. 3.1.

Table 3.1 Measuremant of standard model parameters.

UAL Low energy
Parameter Electron channel muon channel experiments

my(GeV)  82.7:1.0(stat)s2.7(syst)  81.8*6O(stat)s2.6(5yst)

'503

m +3.2
Z (GeV) 93.1+1.0(Stat.)+3.1(Syst.)  90.7" ~*“(Stat.)+3.2(Syst.)

-4-8

m_-myfGeV) 10.4:1.4(5tat):0.8(Syst)  8.9"7“¥(Stat.)e1.9(syst.)
'7.7

Sin 26W 0.21110.025(Stat.) 0.1871+0.148(Stat)+0.033 0.232:0.004
Sinzéw 0.218£0.005(Stat)+0.014 0.233+0.033(Stat)+0.014 +0.003

Minimal Stan-
dard model pre-

diction
o] 1.009+0.028+0.020 1.05+0.16+0.05 1
At-.l 0.038+0.100:0.067
0.0711+ 0.0013
Arz 0.1251:0.021+0.057

Now the values of Megr M, reported from UA1 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 exccllent agreement with the theory and
thus the values are compatible with the SU(Z)LXU(T)Y model
supporting the hypothesis of a unified electroweak interac-

tions.

All UA1l and UA2 results published and the results

21-23

obtained in low energy neutrino experiments which ave-

rage to

sin®6, = 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 + oMy L (3.4.1)
VH

Where o 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,8,y and § and
is given by,

G
-Yp - 1 _

a=—= Vy,(1+y:)v { 5 [Qy, (a+By:) u
/5 A 5 2 A )

ayx(a +,BY5)d] + % [ay,\(y +6Y)

-+

dv, (y#8y;)dl} (3.4.1)
The parameters «,8,y and § have the following meaning

o0 3 isovector vector, B = isovector axial vector,

y = isoscalar vector and 6 = isoscalar axial vector coefficents,

Here isovector and isoscalar mean % (uu - dd) and %(ﬁu + dd)

respectively. The vH interaction can also be parameterised by

-

four “chiral coupling constants" eL(u), eR(u), eL(d) and
20
eL(d) as
oV o CF r -yt B (3.4.2)
5 Y YSJJu 4.

when the hadronic neutral current is given by
H o .
Iy = E [EL(l)quuq-YS)qi]

+ legidg; Yu(1+Y5)qi]}

_ .- i, i :
= § quu(gv + 9aYs5)q; | (3.4.3)
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The vector and the axial vector couplings QQA are related to

the chiral coupling eil% by

g = e, (1) + ep(i) (3.4.4)
gt = e (1) - g (i) (3.4.5)

The two sets of coupling are related by,

_ 1

eL(u) =7 (a+B+y+8)
1

e (u) = 7 (a-B+y-§)
’ b (3.4.6)
eL(d) =7 (~a-B+y+d8)

_ 1
eR(d) = 2 (~a+B+y-8)

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

drawn as follows:

The effective Lagrangian can be written from this interaction

as
G.M_ 2 }
- _ 1 FZ - o
o"eff 73 ( 73 1 VYu(1-Y5)\) ZIJ
G.M 2 1}
1 F g - .
-~ [ 1 {av. [-20.8in%6_ (1+ Yc)
i V2 /2 v u W >

+ (15(u)~20_Sin%8) (1+y°) lu
+ Ay [-2048in%0, (147 M T4(d)-20,45in?0 (1+y  )d

+ (u=>C) + (g~ s)}zgg (3.4.7)



: = 2 -1
Substituting Qu = 3 Qd = -3
- = L2 -
13(u) = +1, 13(d) = -1, Sin ew = Xy
and Zﬁ Zg by its propagator, for, g?< < M;,
8
- HV
<0lZu ?\) |O> o~ _FI—;—
the eq.(3.4.7) becomes,
G 4x
—_ 1 _F e u 1 = - __vq_ !
®ofr =3 v Vs g)viuy,, - —5= (1+vg)
4x
W 2 24y
+(1- —7) (-y Jlu + aYv[§ Q+Y5)
2xw
+H-14 == ) (wyg)ld+ ... }

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

ep(u) = - 5 %W
eR(u) = - % *w

e (d) =3 + £ *u
epl(d) = Xy

Thenusing eq. (3.4.6) we obtain

a = 1 -2X
w
B = 1
.U
Y 3
§ = 0

(ii) Neutrino electron reaction

The Lagrangian,

Gp _
ave:.".-—E—‘ VY

e
-’ \V
- u (1 Y5) Ju

(3.4.8)

(3.4.9)

(3.4.10)

(3.4.11)
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e . o -
Where Ju = eL(e) eyu(1 75)e+eR(e)eYu(1+Ys)e

= 8y, (g, "+, Yg)e : (3.4.12)
and where 93 A;egfe) t eL(e) . (3.4.13)

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

- )
) vyu (1---Y5)vzu

FZ - .2 ! -2 . o
v ( e ) ey, [(25in®8,(14y)+(28in%0-1) (1=yg) " ez}
(3.4.14)
Substituting ZLZ% by its propagator for g? << M,? and
. 2 -
Sin GW = Ko
eq. (3.4.14) becomes, .
G
1 F =
o =-z —— VY (T<y )V
eff T2 u 5
éYu[(4xw—1) + YS]e (3.4.15)
Comparing eq.(3.4.15) and (3.4.11)
e 1 '
g = 5 (4x_-1)
v.ooo2 v (3.4.16)

e o _ 1
and 9p = - 3

(111) Electron-hadron scattering

This class of relation includes the SLAC e, R D
?

and atomic physics experiments. The parity conserving part
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of the neutral current interactions between electrons and
nucleons 1is 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 &, B, Y and § in analogy
with VH case. The parameters have meaning similar to a, B, y and

§. We have,

G ~
F ,- o , -~ -
a = - — {ey,yce [ (GYyu - dy,d)
5 oTAYsS g tuYy A
+ L (Gryu + dy,d)] + éYAe[g (Y, Y5u-dv,Y5a)
s = 5
+ — (uvyygu + dy,yvgd) 1} (3.4.17)

It can also be written as

eH Gp

a” = - 7 E (Cq;8Y,Y584;Y,,9;+Cp; €Y, 80;Y,Y59; ) (3.4.18)

where q; = u, 4,

The two sets of coupling are related by

Ciu = % ( a+Y )
1
C == ( B+3 )
w2 . (3.4.19)
C1d =3 (- a+y )
1
Cog = 7 (- B+8 )

The effective . Lagrangian for electran-hadron . scattering

Gan be written from the Feynman diagram as
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1 CpMly 2 = U .2 .2 o
@ = - v ( T ) ey [(28in®0,-1) (1+y)+2Sin ew(1+Y5)]e ZF
;o GpMpt 4 o,
X~ s ( s ) {quv[T3(qi)-2quSln 0, 1=Y5)]

.2 L4
+(-2qu Sin ew)(1+Y5)]t£§Zg}

Substituting q, = u,d, ...

T3(u) = +1, T3(d) = -1

Q, =2/3, Q3=-73%

u
and Z;Z; by its propagator

Sv
M,

"~

the eq. (3.4.20) becomes,

1 S
2 /3
4x

Gy, - —=9) (1=y5) +( -Fw) (1ayg)]w

Ceff™

EYMI@x,,-1) (1=yg)+2x (14vg)]e

£ Ay [01+ 20 (aye) + (2 %) Olayo . . .
v 3 5 3 5

S

= 1 -
= 2 €Y [(4xw—1)—75]e

3]

xw)+Y5]U+aYv[(—1+% Xy) - Ygld}

w| oo

{av, [0-

(]

= __F 1 =M _ - =
Ogpg = - - {[evy" (4% _-1)e vy, Ygu €

_ éYuYS

wjmo €

e ﬁyv(1— *w) ul

= H
[- ey (4x -1) edy 15d

uyse ayv(-1+ —> 441}

- ey 3

(3.4.20)

(3.4.21)
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.. - - q
oy 2re the coeff{CIents of | eypyseuyuu an

éYueﬁYuYSu respectively. Similarly C,q and C, are the coeffi-

i e e i l .
cients of eyuyseayud and eyue ayuysd respectively

and

and

Comparing eqs. (3.4.21) and (3.4.18) where Sin29W=xw

_ 1 8 = 1,4
Ciu= 7 (=1 3 x,) = 3 + 3 X,
_ 1 - 1
C2u_ 3 (4xw-1) = 2xw- 5
Coo=-L (a1 +4x)y=1_2, (3.4.22)
1d 2 3 *w 2 -3 %y 3.
-1 = 1
C2d ) (4xw—1) -2 7 2xw
~ [
o = -(1 - 2xw)
B =-(1 - 4x ) (3.4.23)
~ _ _2_ i
Y= 3 Xy
T = 0

(iv) Electron-position annihilation into muon pairs

Writing the most general weak neutral current effective

Lagrangian for efe™ » u+u— involving V and couplings as

o =

where u-e universality is assumed. These constants h

h

AA'

F ~ =
- ;::{ hvv(eyue + UY“D

(&yMe + myHu )

+2hy, (€@ + Uy, M) (eY'yge + WY ygm)

- - = U = u
+ hAA(eYuYSe+uYuY5u) (ey Yge + WY Ysun (34.24)

(3.4.24)

VV'

VA could be 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 1longitudinal polarization

respectively.

The Feynman diagram for this reaction is represented

as

The effective Lagrangian 1s given by,

-1 F_Z a [2sin?6. - - +25in20 (1 2°
LY s - —] enlﬂ Sin®6 1) (1 YS) 2Sin W( +Y5)] ez
1
x%(_ 1y E2 iy, (2 sin?e-1)(1 = vg)
/2 V2 |
.2 o
+ 28in%6,(1 + v5)1 w zv} (3.4.25)

Substituting Z; Z:by its propagator for q2

Sin26W = x, the eqg. (3.4.22) becomes

2
<< MZ and

2
GpM, ( e

/2 -M,

wy, [ (4% -1)-vc1u

Coff T

2) éYu[(4xw-1)-Y5] e

=

1 Fr 2 - ~
= — [(4x -1)7 ey, e uy, ¥
2 vz LM

- (4xw—1) ey, e HyY, Yg H
-(4xw-1) ey, Y5 € WY,

(3.4.26)
t ey Y5 edy, vg ¥ |
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Comparing eqs (3.4.26) and (3.4.24) the following values

can be found out.

= 1
(1 - 4xw)2
hVV = 7 (3.4.27)
=1
Ban = 3

b3

We have thus seen that low energy neutral current experi-

ments can be described by thirteen parameters a,8,Y,6, 9y Ipr

~

a ,B,.Y, S, hyyr Baas  @nd hy,. All these parameters can be

) _ %
shown in a neutral current coupling pyramid as shown below.

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

shownbelow.

Table 3.3 Predicted values for neutral current parameters.

WS-GIM prediction

Process Parameters
SinzewzxW
g (W) :--5 x,
eR(\L) -3 X,y
e (d) -3 x
ep(d) 3 X,
VH reaction a I -2x,
B |
Y - 5 %y
& 0
e
Ve reaction Ey -2 2%y
€ 1
& -2
CJU - %+‘§ X
CZU -3 4 ZXW
1
Cld 2- 2% /3
1
CZd 2 - 2XW
eH reaction a - (1-2x,,)
3 - (1 - 4x),
~ 2
Y 3 xw
3 0
ete” » T h :
AA N
l - &x
fya e
hv\/ (ZXN- %)2
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3.5 Neutral-current experiments

As discussed in Sec. (3.4), experiments can be
carried out for various processes at low energies, 1n order
to determine various neutral current parameters occuring
in the effective Lagrangiran. The experimental values of
these parameters would then yield the values of sin?6 through
the low-energy 1limit 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) Neutrino-hadron reactions

Experimental data on neutrino-hadron reactions
are much more 1in number compared to other processes. These
data have been analysed to determine the space-time structure
of neutral currents. As discussed in Sec. 3.5, the experimen-
tal values of neutral current parameters obtained from
neutrino-hadron processes can be used to determine Slnzew very

accurately.

(1) Deep Inelastic scattering from i1so-scalar target

The primary neutral current guantities are measured
for 1isoscalar targets as the neutral current to charged

current ratio. For neutrino and antineutrino these are

N
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R = N> VX (3.5.1)
V VN =+ u~ X

R- = -VUN 2 ix (3.5.2)
v 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 %% (VN> VX) ,
E
where Y = EQ , Eh 1s the hadron energy and E, 1s the i1ncident
v
Vv energy and the cross-section for both charged and neutral
current 1interactions are given (in units of GZMWEv/n) and
with N = ';f (n+p) by,
cc
2 M = 0+ 0 1-y)? (3.5.3)
cc
%% (SN)  =0+0 (1 -y)? (3.5.4)
Nc
%3 (vN) = [ fe (w)]%+]e (a) %] [Q+Q(1-y)?]
2 2 = 2
+[leg(u) [“+lep (@) ] [G+Q(T-y)“] (3.5.5)
NC
T = Cegtw | Pelep@)]?1 10+0(1-y)7]
+leg(u) P+ e (@) %] [+@01-y)%1  (3.5.6)
Where Q=  x [uwix) + d(x)] dx
d =/ x [u(x) + d(x)] dx

and x = Q2/2 P.Q. (the Bjorken scaling variables) andkﬁ(x) and

(=)
d (%) being the up and down guark (antiquark) distribution

functions.
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From egs {(3.5.3) and (3.5.4) two more equations

25
(3.5.7) and {3.5.8) are derived.

0, ~(VN) +0,, (VN)
WNC NC - =_£_ ((22+ 82+ ,Y2+ 62>
GCC(UN) +3e0 (VN)
2 -1 2 2 2
= QEL(U)§ +le () |7 +lep(u)g +legtadl|
and, _
I,.~t¥N) -0 (VN)
N NC 1
s - = = (aB+YS )
uCC(Vu)—OCC(vN) 2
_ 2 2 2 y 2
= leL(u)| +{eL(d)| —}eR(u)l ~{€R(d)l

The accurate deta on deep-inclastic scattering on

(3.5.7)

(3.5.8)

isoscalar

26 27 .
targets are {rom CDHS and CHARM groups which reports

. (NC,  _

R, = (5g), = 0.307 £ 0.008
= (NG _ -

Ry = (5g)g = 0.373 £ 0.025

for CDHS, and,
Rv = 0.320 £ 0.021

RG = 0.39 t 0.024

for CHARM,

From the formulae (3.5.7) and (3.5.8) we can derive,

R. - Yv’R-
ieL(u)§2+§€L(d}i2 =Y V4 corrections
1 2
ztg R-)
'Yi - -
and iep(u)§2+35 (d%fz = ———2 Y 4 correction
. R T -y

where vy 1s measured, as,

oCC
— v -
Y= 0.49 + 0.019
V

(3.5.9)

(3.5.10)

(3.5.11)

(3.5.12)

(3.5.13)
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The corrections arise from the theoretical wuncertainties

1n 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

e (u) [ %+ (4)]% = 0.300 £ 0.015
(3.5.14)

2 2

(u) |

it

le +leg(d)| 0.024 + 0.008

R
where errors include the corrections. Similar numbers can
be obtained using the data of other groups: Harvard-

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

(11) Deep 1nelastic scattering on proton and neutron targets

There are several measurements of deep-inelastic
v(Vv) scattering from proton and neutron targets. The
data are usually presented 1in terms of the ratio of neutral

current to charged current cross-sections.

RP = VP *VX P _ “p” > (3.5.15)
v vp > pTX T TV vp > u'X T
The measured report from BEBC and other experiments are
28-33
mentioned below:
P 25
R, = 0.52 *+ 0.04 (BEBC)
P >4
RV = 0.48 + 0.17 (FNAL, Harrais et al 1977)
30
RE = 0.42 + 0.13 (FNAL, Derric et al, 1978)
3
RYP = 1.22 + 0.35 (Marriner 1977)

<
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32

/P - .64 + 0.18 (FNAL, Roe, 1979)

\Y

14

n/p . . om0 33
RG = 1.64 + 0.20 (FIIM, Bell et al, 1979) (3.5.16)

14

The measured value of Ri from BEBC grcup can be expressed

from the foliowing calculated expression

P _ 2 2
R, = 2.3|e (u) |7 + 1.0]e ()]
2 2
+ 0.701eR(u)) + 0.36]eg(d)| (3.5.17)
. A P p n/p n/p
Similarly the values of R, RG' Ry, and Iic from other
(FNAL, FIIM) experiments can be measured in terms of eL(u)2
2 2 iy 2
EL(d) , eR(u) and ER(d)'

Semi inclusive pion production

The reaction involved 1n the semi-inclusive neutral-
current pion production on 1soscalar targets are of the
following type

SEN -+ Uo4m T+ X
Where we make use of guark fragmentation model. Knowledge
of the quark fragmentation function 1i.e., the probability
that a given type of guark u or d, produces a 77 or 17 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 . 1n VN {VN)
collistons . the probability for a u(d) quark to fragment
. +(-) . ‘ . .
into a in the forward direction 1s much larger than

the probability for a u{d) quark to fragment into a 7 {(+) i.e.,



4+
+ N D
( T } - u - 3 (3.5.18)
- _ D T -
\ m %»p u
T+ ity
+ D D
(=2 . g = LS| (3.5.19)
\ -} M. bl 3
\om o + D(-j Du
FARVE ST

where DZ(d) 1s the probability amplitude.

In neutral current reaciions on 1isoscalar targets
s

where there are as many u quarks as d quarks, an asymmetry
between T and T would give information on the difference
in the magnitude of neutral current 1nteraction between
u and d guarks. Quantitatively we have following expres-

X 34- 36
sions,

2 1 < m+ - 2.1 2 -
s [Je tu)]®+ Flep (w1 °1D +[ e (d)] +§]€R(d)§ 1D,
— /= 2 2, m- 2.1 2, T+
LAPARY [keL(u)l +3]FR(u)l ]Dz +[}eL(d)[ +§}eR(dH 1D,
+ \
L \ SEL(U/ > ER(U)
L &eL(d) > e (d) (3.5.21)
T+ _ T T+
where Dg = D and Dy = D,

The earliest results obtained 1in the Gargamelle experiment

at low energy (Ev =~ 1-5 GeV) have been supplemented By
the measurement of Fermilab IHEP-ITEP-Michigan (FIIM) group

using high energy antineutrino (EG > 20 GeVv)

(3.5.20)
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R:/E [T 1= 0.77 + 0.14 GaM  (Kluttig et a1)”? (3.5.22)
L
AN
-+ 37
= 3:) = 1.65 ¢ 0.33 GGM (3.5.23)
L Y1
= 1.27 + 0.36 FIIM (3.5.24)
- 0.27

Using experimental wvalues frem egs. (3.5.22) and (3.5.23),

Sehgal obtaineng from the eguation (3.5.20) and (3.5.21)

le (u)|® = 0.11 £ 0.03

iEL‘d?iz = D.19 * 0.03 o
IER(U)Iz = 0.03 £ 0.015 (3.5.25)
legld)|® = 0.00 + 0.0 15

- Sehgal's analysis was subsequently confirmed by gemi inclu-
sive data at hicher energies coming from BEBC and FMMS
collaborations™ - ¢nd 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 curvent interactions

v + + v+

P P (3.5.26)
and V+p >Vv+p
The data obtained from these reactions are combined with
those from 1inelastic scattering from an 1isoscalar target

to vyield important isospin information. The measurable

quantities are,
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gel = v p > vp

v vn * U p
and _ ~
vp + VP
R?l = ¥ j
V Vp~> U n

The experimental values are

39
Rel = 0.11 + 0.02 HPB (Entenberg et al)

= 0.20 £ 0.06 CIR (Lee et al)™’

]
o
=
o
-+

0.03 AP (Faissner et al)ﬂ

0.06 GGM (Pohl et al)42

]
o
.
N}
I+

39
REL = 0.19 + 0.05 HPB (Entenberg et al)

(3.5.27)

A most ambitious fit to all neutrino hadron data has been

3
performed by Langacker et al4 , and reviewed

al? .They obtained a unique solution that 1s

24
the same as solution of Hung and Sakurai. The

represented in a tabular form.
Table 3.3 [Meutrino-hadron data

by Kim et
essentially

results are

Fit to ;jata '(\gisn;neié:eé.ﬂ)
€L‘(u) = 0.340 + 0.033 0.347
e (d) =-0.424 + 0.026 -0.423
(W =-0.179 = 0.019 -0.153
ep(d) =-0.017 =+ 0.058 0.077
a = 0.589 : 0.067 0.540
8 = 0.937 : 0.062 1.600
Yy =-0.273 + 0.081 -0.153
§ = 0.101 + 0.0693 -0.000
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(b) Neutrino-electron reaction
The neutrinos involving reactions vue, Gue and Gee
are discussed because of their simplicity.

The cross-section for these reactions can be computed

from the effective Lagrangian (eq (3.4.10)) as

-
-~

m

do Ly 2 EmE 162 +02(1-v)2 e
ay M T3 Loy, +9p01-y)"~ §_ v 9195 (3.5.28)
do - 262W3Ev 2 2 2 e
& (vre3 e — [9R+gL(1—y) - E;_ y ngR] (3.5.29)
I, '
2G7m_E m
do = _ oV 2 2 e
dy (v e) —-—7;———-[GR+GL(1—y) - E;_ yGLGR] (3.5.30)
Ee
where y = = and Eg is the K.E of electron in the lab.
v
9. =3 9yt 9p) (3.5.31)
G =1 g +6.) = (14 gL?
L,R 2 V<> °7hA 4 ! (3.5.32)
L %Ry

The total cross-sections can be obtained by inte grating
eq.{3.5.28) to (3.5.30). It 1s then customary to present
the experimental results on a 9y ~ 9 plane by ellipses,

as can be seen in f1g9.3.3 . In the Fig. 3.3, the CQe curve

intersects with the vue and Gue ellipses at two region§
leaving the vector-axial-vector ambiguity inact. The best
58

fit to the data gives

=-0,52 * 0.06
{axial dominant)
= 0.06 + 0.08
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With the VA ambiguity 9y 9 The axial-dominant solution

A"
is inexcellent agreemsnt with the standard model, which,

for Sin26W= 0.23 gives

"{c) Electron-hadron interaction:

Starting with a beam of longitudinally polarized
electron which may be scattered inelastically 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 1incident electron helicity. If it
is found that e x =3)# 0 (A= -}) where X stands for the incident

electron hel:city 1in

e . + nucleus -+ e + any.
polarized any

We have unambiguous proof for parity viclation, independent

of any model.

Defining parity violating asymmetry A as follows:44
1y _ - _1

A = do{A=3) do_ (A 3) (3.5.33)
do(x=3) + do (A= -})

In parton model, the interference between Z boson exchange

and electromagnetism leads to an asymmetry 15

Alx,v) Gp %xqi(x)Qi(C3iiF(y)C21)

= = > (3.5.34)
Q 2/ 2m I x q;(x) Qj
1
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Where Q2 = —q2 >0 15 +the momentum transfer, qu(x) 1s the

distribution function for parton 1 of momentum fraction

X, eQ. 1s the charge of parton 1, and,
. - )
[ = e L oI
Fiy) _ 2 (3.5.35)

The upper and lower signs refer to guarks and antiquarks

respectively.

Nez.c.ting antiquarks and heavy quark and considering

dectercorn as . he tarcst, eg. (3.5.34) can be written as,

23 ke
D TR 1 1
= [(C, ~ 5C, )J+F(y) (C, - 5 C,.)]) (3.5.36)
Q2 5/ 7m0 lu 271d 2u 2 T2d4
But from the WS-GIM model,
1o = _ 3,5 ¢.,2
C?u‘ 5 C1d— -7t 3 Sin Gw (3.5.37)
and
Co.-+c.. =3 (sine, - 1) (3.5.38)
2u 2 “2d W 4 e
From SLAC polanzad electron expenmernt,
By 5
2 = [0 -9.732.6)+(4.948.1)F(y)]1x10~ (3.5.39)
¢
where 1
(%u— 5 Cié = ~0.45 £ 0,12 (3.5.40)
1 = 53
Cou - 5Chg = (.23 * 0.38 (3.5.41)

The asymmetry on a proton target can be written as,

fp . 2, : 1
2 T — [ -7 e ’ -7
0 e [(C = T Gy #FyIC, - 7 C, 0] (3.5.42)
Which 1s considerably less reliable than the expression
A
for _D
2 r
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Parity viclation in Atoms
The existing data on atomic parity violation is
confusing, with different groups reporting <conflicting

experimental results?6” 47

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
Qu(N,2) = -2[Cy (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 (2=123, N=81) predictions

are
Bi_ B
0Bl o (126, 83) = -534 C, - 670 C, (3.5.44)
and
o™ — o (123, 81) = =570 C. - 654 C (3.5.45)
W W ! Tu 1d .

L 47 ‘464
The Novosibirsk and Berkeley ’ ? experiments determine

le = - 140 * 40 (Novosibirsk) (3.5.46)
Th _
Q, = -280 % 140 (Berkeley) (3.5.47)

Using (3.5.44) and (3.5.45)

C1u + 1.15 C1d = 0.24 + 0.068 (3.5.48)

C + 1.15

1a 0.49 * 0.41 (3.5.49)

Cig ©

and comparing the SLAC polarized electron results
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C = -0.45

+
o
L
N

(3.5.50)

C -5 C = 0.23 + 0.38 (3.5.51)

2d

are found experimentally.

The regions in Cia%14g plane allowed by egs (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 (i1) 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

+ -
eve — 4, H +H

The JADE collaboration has extracted hVV and hAA by analysing

. 50
the muon pair data

— L2 _
hVV = 0.01 ¢+ 0.08 (0.0016 for Sin 6W = 0.23)

hAA = 0.18 ¢+ 0.16 (0.25)
where the parentheses are the WS model predictions. The
allowed regions 1in an hvv - hAA plane is indicated in fig. 3.5.
The errors are still large, but it is amusing that the "origin"

hVv - hAA = 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

Sinzew = 0.23 and yet Weinberg's Z mass prediction may fail .

3.6 Corparison cf 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 pyrarnid of fig 3.2 can be completely determined

by specifying seven (e_{(u), €_(d4d), e, (u), eR(d), 93' g: and p)

L L R

parameters the coupling of Z to and to uu, dd, and ee

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

pe 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 1independent "“factorization" relation among the thirteen

24,24
parameters. 25
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The relations are,

_ e i
Ciy =29, 95/ # (3.6.1)

e 1
C,, =29y 95 /P (3.6.2)

as well as,
2

_ e
hVV = gy /0 (3.6.3)
2
_ e
hAA =9, /P (3.6.4)
e _e
hya = 9y 9/° (3.6.5)

from (3.6.1) and (3.6.2)

d a
C g C g
d _ 2V e —24 - A (3.6.6)
C o C gu
Tu gV 20 A

The 1isospin structure of the hadronic current 1is the same
in VH and eH interactions. one fitg 93/93 and dg / gg directly

to the VH data and obtaing

d, u +1.12 (90% confidence level
ag/gy = ~2.76 13108 enc )
9a/g8 = 0.78 £ 0.26 .

The allowed regions 1in Clu—c1d and Czu-c2d plane are shown

in fig. 3.4 and 3.&.

The sixth factorization relation allows the measure-

1]

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

The result is obtained by fitting to the eD and VvH data directly
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in terms of gs/gz. S

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

eR(u), e (8}, gs, gz and p as the free parameter yield the best

R

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

= 1 presented in table 3.4.

Table 3.4 Determination of e, (u), € L(d), € R(u), € R(d), gs, gf\ and p for (i) factori-
zation assumed, p a free parameter, (ii) factorization assumed and
p = 1.0. The predictions of the WS-GIM mode!l for Sin26W:O.23

Parameters Fac-orization Factorization WS-GIM
assumed plus p =1.0 SinZGW:O.ZS

€L(u) 0.339+0.033 0.339:0.030 0.345

g (d) -0.424+0.026 -0.425+0.025 -0.423

eR(u) -0.179+0.019 -0.179:0.018 -0.155

eg(d) -0.016+0.058 -0.01620.052 +0.077

gs 0.043+0.063 0.043:0.056 -0.036

ga -0.545£0.056 -0.545:0.044 -0.50

o 1.001 +0.21

In table 3.5 the experimental and the predicted values of
neutral current parameters are presented. The experimental
values are 1in good agreement with SU(2)L XU(1)Y model para-

meters with anzew set equal to 0.23.
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meters of the WS-model with those of experimental results.

Neutral-current | Physical W5-GIM model | WS-GIM predic- E . tal
prediction in tion with xperimenta
parameters process terms of x % = 0.23 values
w w
i . 2 3 b4 b
— 1 2
€,( u) 53 Xy 0.347 0.340:0.033
1 1
eL(d) 5+ 3 X, -0.423 -0.424+0.026
eR(u) Neutrino- -2/3 Xy -0.153 -0.179+0.019
€ (d) hadon 1/3 x,, 0.077 -0.01710.058
scattering
a (1-2x) 0.54 0.589:0.067
g 1 1 0.93710.062
Y -2/3 x -0.153 -0.27310.081
$ 0 0 0.101:0.093
e —_—
8y Neutrino- -1/2 (1-4x) -0.04 0.043:0.063
e electron
8a ~ scattering -1/2 -0.5 -0.545:0.056
Clu -1/2 + 4/3 Xy -0.193 -
Cld 1/2 - 2/3 X 0.347 -
Czu -1/2 + ZXW -0.040 -
C2d Electron- 1/2 - zxw 0.040 -
_ hadron
a scattering —(1-2xw) -0.54 -0.68 + 0.19
B “1-tx ) -0.08 0.06 + 0.21
Y 2/3 X o 0.153 0.24 + 0.10
0 0 0.00 + 0.20

Table contd..
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Table 3.5 contd..

] 2 3 4 5
hyy ~ ete” — T 1/8(1-4x)° 0.0016 0.02+0.04
haa 1/ 0.25 0.35+0.11
hy A 1/4(1-4x) 0.02 -0.27 +0.04
Cy,~ +5C 4 34 + 513 x, -0.367 -0.45+0.12
eD asymmetry
C,, - +5Co4 3 (x, - /%) -0.060 +0.23:0.38
C, +1.15C,, | Parity violation (1)0.24+0.068(Novosibirsk)
lu ld 2, 0.566x 0.205
c LL15C in atoms 40 : w : (11)0.4910.41 (Berkeley)
e T Md (iii)0.20+0.30 (Seattle)

3.7 Comparison of the value of SinzeW from different experi-

ments: Deep inelastic qu scattering -~

Determination of Sinzew in deep 1inelastic qu scattering
generally measure the neutral to charged current cross-section
ratio R, as

g(Vv.N —> v X)
U U

Ry

- (3.7.1)
o(qu — u X)

Inclusion of radiative corrections tend to reduce the un-"~

corrected values of SinZG%N Getermined from Rv by = 4%

i.e., sin?60 - sin?e. = 4s? = 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 Sinzew obtained (after
including radiative corrections) by a number of collaborations.
The results are all consistent, although the two Fermilab
experiments {(CCFRR and FMM) tend to have higher central

values. So, the final + :lues of

Slnzﬁw is = 0.222 + 0.007 (3.7.3)
or without radiative correction

Sinzew = 0.232 + 0.007 (3.7.4)

Table 3.6 Determination of Sinzew by a number of different deep inelastic

va scattering experiments 26,27,54,5%

Year Group Sin26W

1979 CDHS 0.218 + 0.013

1981 CHARM 0.212 + 0.015

1985 CCFRR 0.242 + 0.012 + 0.005
1985 FMM 0.247 + 0.012 + 0.013
1985 CDHS 0.219 + 0.007 + 0.006
1985 CHARM 0.215 + 0.010

Neutrino-electron scattering:

The cross-~-section for all four reactions

(=) (=)

ve —r Vv e
u .

(-) {

ve — Vv e
e
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have been measured and found to agree with WS model predic-

tiocn. A v.e experiment at LOS Alamos found

+0.09+0.05

. 2 -
Sin%6, = 0.27 _,"43 .07

which 1s not precise.

g (-)
Better precision has been achieved 1in vue scattering experi-

ments that measure the ratio

g{v. e—— v e)
u

R = . k
o(vue —_— vf)
= 1.265 + 0.72 53
_ 0.4 (CHARM)
s4
= 1.38 + 0.40 + 0.17 (BNL)
- 0.31

Taken together they yield

(~)

Sinzew = 0.212 £ 0.023 ( v e average)

Elastic vp Scattering

. s
A BNL experiment = has reported the value of Sin26W from

measurement of
v —_—
uP uP

and, vp —* 9

M H

51n29W = 0.220 + 0.016

P

+0.023
~0.031

Most precise value of Sin29w can be obtained from the follow-

ing experiments.
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v-N (isoscalar) v-nucleon
56 59
1986, CHARM 0.236+0.005 BEBC '(Hz) 1986 0.225+0.03
57 [
1986, CDHS’ 0.225+0.005 BBKOPS 0(\)) 0.220+0.031

S
1985-86 CCFRR 0.239:0.010

1985 FMMF °~ 0.244:0.016 v-electron

1985 CDHs °¢ 0.227:0.012 gBKOPS 0.209+0.032
cHARM ©* 0.215:0.034

Average <all ve> 0.223:0.018

0.232:0.003+0.003+0.013

The best values for Sin26W from the two most precise experi-
ments scattering neutrinos off isoscalar targets 1is
0.23120.004 (experimental) (0.232+0.003+0.005 (thear).The groups
analysing the worlds' neutral current data for VN(ISOSC)
using structure functions find.

0.23320.003£0.005
and 0.230£0.003+0.004
Thus we have seen that the prediction of the W-5 model are

in very good accord with low and high energy phenomenology.

A thorough analygis of ail experiments contributing
to the neutral current sector was recently carried out by
U. Amaldi and collaboratersf3 Measurements of the weak
angle in the minimal model (p=1) and with p free are summarized

in the table below.



[ 70 1]

Table 3.7 Measurement of the weak angle

Reaction Sinzew(p: 1) szew 0
VIJA — Ut A 0.233:0.003+0.005 0.232+0.014:0.008
\)up — \))P 0.210+0.033 0.205:0.041
\)ue — \)ue 0.233:0.018+0.002 0.221+0.021+0.003
w/Z 0.228+0.007+0.002 0.228:+0.008:0.0603
Parity
violation In 0.209+0.018+0.014
atoms
Polarized e 0.221:0.015:0.013
on deuterium
uc DIS 0.25+0.08
Average 0.230+0.005 0.229:0.006 0.998+0.009

An overall excellent agreement with the minimal standard

model is obtained, with the result Sln29W= 0.230%:0.005.

3.8 Summary

The predicted values of Wi andZ gauge boson
masses 1n the WS-GIM model are 1n good agreement with the
experimental results. For comparison with the model, an
average between the UAl and UA2 masses 1s established. The
error i1in the mass difference 1s smaller than that in thear
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 unigue deter-

mination of the hadronic coupling constants €

(u), eL(d), e (u)

L R
and ER(d). Theoretical uncertainties 1lead to variation 1in
the coupling constants, which are 1i1n all cases, smaller
than the statistical errors. Analyses of the leptonic reac-
Vve—vVve,nve—V and v.e -+ v e lead to two solu-
tions ne W&V e o e o
tions, one of which 1s dominantly vector, the other is axial

vector. The results obtained from the asymmetry 1in polarized

eD scattering are axial vector dominant solutions.

Due to the 1inconsistencies 1in the results reported
on parity violation 1in atomic physics, Kim et al combined
the data from Novosibirsk (Bi) and Berkeley (Tl) experiments
with eD asymmetry to determine C]u' C2u' Cld' C2d in model-
independent way. The results are 1n good agreement with
WS~-GIM model, and with the region allowed by all other neutral
current data assuming factorization. The value of Sln26W and
p are 1n excellent agreement with the predicted values.
The reported average value of Sln26w from UA1 and UA2 collabo-

rations 1is

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(Z)LXU(HY 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(Z)LXU(HY gauge interactions. By allowing only
the 1left-handed chiral fermions to transform nontrivially
under SU(Z)LXU(1)Y, the V-A structure is built into the
theory in a certain sense. On the other hand, it 1is natural
to conjecture that both V-A and V+A type of charged and
neutral currents are present, with egqual strengths at a
larger scale MR > > MW' 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 mondel. 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 presen£
there are reasons to believe, both experimentally and cosmo-
logicallyeq, that the neutrino might have a small mass.
In the left-right symmetric modelsfg since both left
and right - handed helicities of the neutrino are included,
,the neutrino can naturally have a Dirac masscc. On the other
hand, 1if neutrinos are Majorana particles, there could

be suitable Higgs representations which rcan also g=anerate
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€7¢6%

’, The gauge models based upon

65,67

Majorana neutrino masses
the electroweak gauge -group SU(2)LXSU(2)RXU(1)B_L,
or SU(Z)LXSU(Z)RXSU(4)C, 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(Z)LXSU(Z)RXUH)B__L in this

chapter. In Sec. 4.1, introduction of the model is F*mﬁd¢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 mechanismcq which explains about
the small neutrino masses is also discussed. We discuss
in sec. 4.7 about the neutrinoless double-8 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) XSU(2)pXU(1), ,  under which the fermions transform
in the left-right symmetric manner. We denote the SU(Z)L,

SU(2)p, and U(1)g , coupling constants by g;» 9g 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 1i.e. 91=9g=9 -

The quarks and lepton of three generations are placed

in SU(2)L and SU(2)R doublets as given below.'”

Q1L= (u)rvab , QZL= (C) r,y,b , Q3L= (t)r,y,b
aly, S/ L bly,

(4.2.1)

Vg™ "e) V2= [V V3r= "r) (4.2.2)
eR, IJR' T R ’

@]

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

under the gauge group.

The electric charge operator is defined as

Qu = Ty + T

31, +

3R * g (4.2.4)

Where Ty» TR and B-L are the generators of the su(2),, sU(2)y
and U(I)B_L 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, Ver? VY V.g are absent which

UR,
causes any neutrino to be wmassless. But in the LR models,
the presence of these right-handed neutrinos allows Dirac

mass of the neutrino to exist 1like 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(Z)L and SU(2)R possess the same coupling constant (gL=gR=g)
with fermions at a mass scale when SU(2);XSU(2) XU(1)g ; is
a’ good symmetry. There could be left-right gauge groups
with unequal gauge coupling constants (gL # gR) which are known

as left-rjght asymmetric (LRA) models. In this case the gauge
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group is also based upon SU(2)LXSU(2)RXU(1)B_L. In the left-
right symmetric or asywmmetric models based ﬁpon the gauge

group SU(Z)LXSU(Z)RXU(1) the symmetry is broken sponta-

B-L’
neously to the Weinberg-Salam model, SU(2)LXU(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) handsd doublets,
xL(xR) carrying B-L=1 which are needed to break

SU(Z)RXU(HB_L — U(1)Y. S$imultaneously maintaining L-R symme

try. Besides the Weinberg-Salam doublet is contained in

the scalar field ¢ which transform as a doublet both under

SU(2)L and SU(2)R.

vty - (] + 1
XL XL - (_2'" Ov 1)1 XR— XR =(07 27 1)
X1, xﬁ
“(6° oty = (1 1
o =(0° ¢ = (3, =7, 0)
6, 03
: F =1, 0% 1, =/ ¢x° o7
2 2 2 "2
- ¢~ ¢T° (4-31)

The symmetry breaking is realized by giving vacuum expectation
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value (VEV)

Xy = 0) <Xg> =[O (4.3.2)
ho? VR

<P > = <p> = (k 0) <¢,> > =(k' 0)
o k' 0 k

where k' could be zero.

and

]

]
A
e

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

In this section we discuss derivation of gauge boson
masses in the 1left-right asymmetric (LRA) model, where the
SU(2)L and SU(2)R have unequal coupling constants (gL#gR). We
show how the formulas reduce to the LRS case when we use

9;,=9g=9 . We will discuss the cases of Higgs sectors without

and with Majorana neutrino masses in each case.

() LRA model without Majorana neutrino masses

In this case the Higgs sectors are represented by

Xp= xL+ Xg= xR+ ¢=/0¢] ¢’;
XL, XR by %
and
X > = [0 Xg> =[O <¢> =({k o (4.4.1)
(“?} (0R> (o k')
with v, > k >> k', U
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The gauge boson masses are obtained from the scalar contribu-

tion to the Lagrangian

®scalar = (DuxL)+(DuXL) * (DuxR)+(DuXR)
+ Tr(D,0") (%) - Vixy xg ¢) (4.4.2)
Where,
DuxL = a“xR - % igL ¥'WEXL ~ 1ig' BuxL
DHxp = a¥xg - % igp ¥‘WQXR 12' B¥Xg
Yo =% - 3 ig, T.W ¢ + 5 igy ¢ T.WK (4.4.3)

Using the vacuum expectation values from (4.4.1) in (4.4.2)

then gives charged gauge boson mass matrix

WL Wg
1 2,,2,,,2,.2 -
2o L2 gr(k7+k! Trup) -9 gpkk'
(4.4.4)
1 2,2 2, .2
Wp \ ~9p9gKK’ 7 Ir(K"+R'"+ug)
Defining the mass eigen states as
WT = W+ Cos § + W+ Sin §
L R
+ + . + (4 04 05)
W2 = —WL Sin g + WR Cos ¢
The eigen values of (4.4 .4) are given by,
2 _ 1. 2, 2.2 2 2,.2..2,.,2
My~ = glog(vp+k™+k'™) + gp(vp#k™+k'™) (4.4.6)
2,,.2,,,2,.,2 2, 2,.2 2,.2, 2 2,2,,2
t{{gp (k"+k' “+v7) ~gp (Vp+k+k' ) [ “+g g k k! }i]
Where, the left-right mixing angles E, is given by the relation
t
tan 2§ = 4gL ng . 2
2, 2.2 2 2 2 0 2
gr(Vptk™+k'") - g7 (vi+k+k ) (4.4.7)
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It is noted that second term inside the radical in
(4.4.6) is proportional to tan2 2 and vanishes in the limit
£ — 0. In the limit of vanishing L-R mixing, the left-handed
(WE) and right-handed (Wg) charged gauge boson masses computed

using minus and plus signs, respecitively in (4.4.6)

Mitx T g2 (v2 + k% + k'2) (4.4.8)
R

M% t = 3 gi (vi + k2 + x'2) (4.4.9)
L

This can be directly verified from (4.4.4) neglecting off-
diagonal elements. If we use the conditions vﬁ >> k2 >> k'2. Vi

eqs (4.4.8) and (4.4.9) yield

2 1 2 2
M 2 5 gy V

We 2 °R R (4.4.10)
2. 1 2 .2
My =59, ¢

L

satisfying Mw >> MW . In such a limit the L-R mixing angle is
R L

4g9_kk' ’
tan 2§ = "—L—Q—— (4.4.11)
IrVR
Wi are charged W-bosons of the SU(Z)LXUH)Y model, after the

symmetry is spontaneously broken down to U(1)em. These have

predominantly V-A structure of weak currents. W§ are the
charged and heavy right-handed bosons of the SU(Z)RXU(1)B_L,
after the symmetry is broken down to U(I)Y. They have predo-

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

matrix for the spontaneous breaking,

<Y >#0
R <y>#0
SU(2) XSU(2) pXU(1) g [ ——— SU(2) XU(1)y <X 70 U)o

can be similarly written as

3 3
W, Wy B
3(1.2,42,.2,:.2 1 2,12 e w2
Wy, [ 29p (Vprk k') -299g (k7K' T) 9°9LVL
M% =
30 1 2,,.,2 12,22, ,2 v w2
Wg | =29L9g (k7K' 7) Z9g (VRHk K T) 9 9RVR
L2 2 0 2,.2..2
B 1-9'9pvy ~9'9gVR g' " (v HvR)
L— —
(4'4-12)

Wheve w?_ wi and B ave the neutral components of gauge bosons in SU(2)y, SU(2 )R
J

and U(1)g ;, respectively.

Using the definitions

2
e” (M)
X, = Sin“ey = e o oy ey
91 (M) e™Mp) gp(Mg)  gR(Mp)  g'"(Mp)
2 _ 2,2
R = gp/9r
2
2..,2 v 2
vy k“+k k“ + k'
The mass matrix can be written as
- _ ) -
, . nR(1+nL) Rng 2engng
M, = v
z - 29L'R 2

2engn; ~2Re 2e%(1+n.n, )
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This yeelds )(o'r the et and vight hunded neutral gauge boesons (2, 2.)

2,2 2 2
, L 2 s (R2_Xw)(1+anL) {R™=(R +1)xw)(R -1+nR(R +1)
M =5 gV 1+ .
Zip 27RO p2 (p2.4x (R%-x_ ) (1+n.n. )
w w R'L
R2-(R2+1)xw 2 5 5 (R2+1) 2
+ 1+ [(R=(R°+1)x Y (R"-1+n, ——=—v )
(R%-x_) 2 (14ngn ) v RO 2
w R''L
2w, (14ngn ) (R2-14n, (BE1)
—ex,Ul4ngn J(R7-14np 5
ar* +2R% (140N, ) (RZ=1+ (1-R%) 132 1 (4.4.15)
—aR TNighy, "Ry "R 72 -2

In (4.4.15), the lighter {(heavier) of the two masses corres-
ponds to Z,(%,)-neutral boson of the SU(Z)LXU(T)Y(SU(Z)ﬁU(1)B_L)

theory.

(b) Gauge boson masses in the LRS model
In this case the SU(2)L and SU(Z)R gauge groups have

the sam= coupling constants at u = Mwi = Mg, i.e. gL(MR)=gR(MR)=g.
R

2 1 2 1

Then in (4.5.15), R™=1, 5 = 5 + 5 (4.4.16)
e” (Mg) g g'
The left-right Wi - Wé mixing angle for oﬁ >>k2>>k'2' vi is
given by
tan 2¢ = KK . (4.4.17)
YR

In the vanishing mixing limit & - o (k' » o, 2 » o), the charged
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and neutral gauge boson masses are given by,

2 1 2 ,.2...,2..2
= 1 g2 (k2+k24ve)
MWL 2 L (4.4.18)
2 1 2 ,12...2,..,2
MWR- 5 9 (k“+k +VR)
2 .1 2, g2 +29'%) [ 2,..2,,2
My =390 53— (k74K 74V )
1 g +9 (4.4.19)
2 1 2 2,g02 22,2
221t g (atned
2 g'

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

The Higgs doublets X, and XR
do mot possess B-L=2. The LRS doublet ¢(l. —;—, O0) has vani-
shing B-L charge. As we have seen 1in previous sections,
if neutrino 1s a Majorana particle a coupling of the type
Achv or ARNCN is possible if the Higgs particles dL&hdAKCﬂXYy

As described earlier, the choice of the Higgs sector for

generating Majorana neutrino masses consists of the following:

= _ 1
§ =10%7, 2 (30 30 O)

i
——
Noj—=
<

N
-
o
A
-

¢

A

i

L (1,0,2), 8y = (0,1,2) (4.4.20)

Where AL (AR) is the 1left(right) handed triplet carrying
B-L = 2. The neutral components of AL and AR are assigned VEV's

of the most general form

used in sec (4.4a) and (4:4b)

g-t=2,
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(4-4.21)

<$>

It
—
o ~
~ ©
~———"

A
o1

v

1]
S
o =
w® o
———

* *
L and WR gauge boson-masses

with these VEV's the charged W
and also the neutral gauge boson masses assume the same

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

Before closing this section we write down the structure

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

3 W3 and B, and the electroweak mixing angle ew.

in terms of WLu' Ry "

ol 3 .3 }
A = Sin6 (W +WRM) + (Cos 26w) B

H w Lu H
_ _ 3 . 4
Z1u= ZLu = cos GW WLu - Slnew tanew WRa —tanew(c0526w) Bu (4.4.22)
1
(cos 26w)2
Z =2, =—— W.3 -~ tan 6 B
2u Ry cos®b Rl W
w
where
tan 8 = —9_ (4.4.23)
W 2. ,2,2
(go+g' ")

In the LRS model,

ML,

M = —— (4.4.24)
ZL cosew

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

M, Cos 6
NR w

M = (4.4.25)
ZR vYCos 26w

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

= - § L2 4 ¢I¢. + I @ (¢I¢j)t£(¢;¢l)
iFEr ) 345kl

3 ay o otr etes ofen n? c* xixg)
ik TR i%5 *k%5 XpXp® XpXR

+ + + 4 .+
0 LOxpxp) ™+ OGpXR) 1+ XXX [XL* XRXRXRXR

+. o+ 2 + + +
03X XL, XRXR +jfj=1 aij tr ¢i¢j(xLxL+ XRXR)

2 + + +. o+

v 3 er x7o. xo0t | (4.6.1)
2. Viy XL?3 XR® 5.
1,31

Left-right symmetry under which the fields ¢i and ¢2 transform

+ . _ . _ -
as ¢i > ¢i (1 = 1,2) dictates “ij—“ji' A1212 A2]21,

= = ! = = "R‘-.
ATkt Mgk ikke M ik e e 45

and the potential becomes
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ViXg, Xge Ko kU

2 2 '
[=(u3 #1550 + (Aq11%)1122%0 00112 2222)

+A +2A! 2

2. 2. .2 2 2
X (RO T (RTHR D) 44 (R 50 4Ry 45120 155 JKTK!

+ (A 4

1t 2222"k +k!

)

2
R D R P IR IDY

+ (A! ) (k%+k'2) kK"

112" 2221

2.2
T 4201590 R ) K7K!

4

4 - 4
- U (uL+u ) + o4 (v} +uR)+p2(vL + v8

)

+ p3(U ) + (v? +UR)[(Q11+ a22+311) 2

+ (a11+ a22+ Bzz)k' +(4u12+2612)kk']

. 2 2
+ ZULUR[(Y11+Y22)kk +y12(k +k'“)]

From the extremizing conditions

We obtain

or

-2u?v +4p1 +4p2u£ + 203ULU§

2 ' 2
+2v (a11 22+B”)k +2UL(a11+a22+822)k

] 2 l2 —

2.0 _~..3 2 2
M UL_ZUL(p1+02)+93ULUR+UL(a11+q22+811)k

+UL(a11

2 2
[ ] 1] 1
+a, 48,5 )k +UR(Y11+Y22)kk +UpY 5 (k +k

(4.5.3)

(4.6.9)

(4.%.5)

(4.5.6)
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and MZUR = 2U§(01+02)+%ULUR

2 ) 2
+ u {a Yk +UR(a11+a22+322)k'

11722278,

, 2,,,2 ,
+ UL(Y11+Y22) kk +ULY12(k +k'“?) (4.%.7)

Multiplying equation (4.5.F) by Vp and equation (4.5.7) by v

and subtracting one obtains

2

2.1
[uLuR{ 2(p1+p2)-p3}—Y12(k +k'%)

= (Yy1%Y,,)kk'] (ui-ua) = 0 ‘ (4.5.8)

The possible solutions are

(i) UE = Ué , in this case, LR symmetry is not broken,

2 2
712(k +k'“) + (Y11+Y22)kk'

(ii) v up = T ISR ; (4.5.9)

2 2
for UL # UR

In the approximation k'<< k and v, = 0 from eq {(4.5:3)

L

_ 2 2
Vixgs K) = (=2 40300400 11140y 100" A 0011 +h p00, K2 K

+ (Mjqy1¥hg00)K"
2,2 2
- UR+(p1+p2)U +u (a11+a22+611 (4.5.10)
Again from the extremizing condition %%— = 0 we obtain
R
2 _
-2u?v +4(p +02)U +2V (a11+a22+811)k
2_

or -u +2(p1+p2)u +2(a11+a2%+811)k =0
or o = H3-2(ay 40y 48, )k

R - (4 ..‘..‘”‘ )

2(D1+02)
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which is the minimum solution and the parity 1is spontaneously

broken. From eq.(4.5. 9)
_ _B 2
Vi Vg = -p" k
in the limit k >> k' and B8 =Yq5
1] —_
p-p' = 2(p,*0,) -0,
1K B
UL = UR with vy =E:6.
The fermion mass 1in the present case
Lagrangian
o‘mass = hT‘FL‘WR * hZWf?wR

There is no coupling of the fermions to the '

is generated by the

(4.5.12)

fields, and

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

and leptons due to the VEV's of ¢ and ¢
mve = hik + hzk'
m, = h1k' + h2k
m, = h3k + h k'
md = h3k' + h4k

(4.5.13)

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



[ 89 ]

of Higgs scalars AL and AR are used to break left-right symme-
63,68

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 AL(1,0,2), AR(0.1,2) and

¢ (1/2, 1/2%, 0), § = T,0*1,(1/2, 1/2%, 0) (4.6.1 )
With the numbers in the brackets denoting SU(2), SU(2), and

U(”B—L gquantum numbers respectively. Writing in the matrix

form, ‘ P
1 gt st
AL r = 24 "/1: s 4.6.2)
' S 2
oS o ¢°* - ¢°* B

o = 1 1 $= 2 2
- (o) - o*
_¢2 ¢, 4 ¢y

in the 2X2 representation.

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

consistent with U(1)em is

<p>=<p,> =l‘]; i;[, <p,> = P> = ]:];' }(:—J

and <AL,R> = (O 0) (4.6.3 )
v 8] L,R

and the Higgs potential satisfying gauge, left-right
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and discrete symmetries (A, — Ap, Ap —> Ap, ¢ — elW/2¢)

can be written asqo

V= § y t t +§ A tr( N ) tr{ N )
TRt R ¢i¢j:;j,k,1=1 iga T 10505) Frlody

I A er oteLe! 2ty (ATA +ATA)
akger b TT Gifyhedy mwTer (A5 b

+ pyl(tr A;AL)Z + (tr A;AR)Z]

+ p,(tr AEALA;AL +trA;ARA; Ag) + pgtr AEALA;AR

+ + +
+izj=1 aij tr ¢i¢j(tr ALAL + tr ARAR)
14

+ + + +
+.Z pij(tr ALAL¢i¢j + tr ARAR¢i¢j)

+ I Y. s

+ + ‘
i3 tr AL g0l (4.¢.4.)

which gives

- 2 2 2 p 4 4
V(AL, AR, k], k2) = -} (VL+VR) + 4 (VL+VR)

P! ay2 2,2 2
+ 5 Vivp + (VL+VR) [(a11+022+811)k

2

+ (a11+ a22+ 822) k'C + (4a12+ 2812)kk']

2) (4.6.5)

2
+ 2VLVR [(711+722) kk' + 712(k +k '
+ terms which depend on k, k' only.

where p = 4( p1+p2), ! =203 (4.6.6)
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as previously, in the approximation

k' < < k,
= 2 2,2 P h b
o' a2y2 Q2,024 2 2
+ 5 VLVR + = (VL+VR)k + BVLVRR

with o = 2( a11+a22+811)
B= 2v4,

Again from the extremizing condition

Vv oV .
== = w5~ = 0, spne obtains ,
avL avR
2 - 3 [ 2 2 2
wv, = va + o'V Vp + ak vyt Bk Vi
2 = 3 ' 2 2 2
H VR pVR + p VRVL + ak VR+ Bk VL
and

' 2 2 2y _
[(p-p")V V- BK"] (V -Vp) =0

The possible solutions are

2 _ .2
(a) Vi o= Vg

for which L - R symmetry is not broken.

(b) VL # VR in which case,

- _B' 2
writing vy = B
p-p'
2
V = lg_.
L VR

(4.6.7)

(4.0.%.)

(4.6.9)

(4.6.10)

(4.6.4)

(4.6.12)

(4.6.13)

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

1s a coupling with the A' fields which generates majorana mass
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terms for the neutrino. The fermion mass 1is generated by

the Lagrangian,
o =hy Dby + hybpd v + hy O ¢ Qp

= . T T
+ h4QL¢ Qg + 1h5(¢LC TZAL¢L+WRCT2ARWR) + H.C. (4.6.19)

where ¢ = T2¢*T2 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 1 2
— L}
m, = h3k + h4k (4.6.15)
mg = h3k' + h4k
where m,» Mm,, my are the masses of electron, up and down
quark respectively. The Lagrangian for Vi, VR sector becomes’n,
1 4
v o_ T + At T t At %
a&as hS[VL(vLCvL+vLC V¥ )4V (VECVa+vpC vR)]
L
. ' _ -
+ (h1k+h3k ) (vaR+vRvL) (4 .6.16)

which 1is a mixture of Majorana and Dirac mass terms. This

Lagrangian can also be written as

Voo T T
O asss hS(VLv Cv - VRN CN)
+ (hk + hyk') vION + H.C (4.6.07)

where v = v, and N = C (GR)T
and using the properties of charge conjugation matrix

ct = ¢, c% -1 and cYucT = -yg

toat s o T - _ T, _ T

VRC VR = -N'CN and VRVL, = N°Cv = v 'CN.
In the matrix form, the above Lagrangian takes the form

_ T.T v ‘

®rass = (VNT) MC () + H.C. (4.6.1%)

where M= a c
(c b) (4.@.'9)
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a,b denote the Majorana mass and C denotes the Dirac mass
term. and
= = =1 ' .
a = hSVL' b= -hSVR, C =3 (h1k+h2k ) (4.%.20)
The eigen states of this mass matrix is given by,

V=V cos [ + Ne sin

€ (4.6.2[)
N = -ve sin ¢ + Ne cos ¢
. _ _ 2c¢ . 2c
with tan 2 ¢ = = ta ° 5 (4.6.22)
Studying the eigen values of (4.6.20) assuming k' << k,
Mahapatra and Senjanovic.. obtain light and heavy Majorana
neutrino masses as70
C2
Mye ¥ @ - ' (4.@.23)
Mye = b.
Using eqs. (4.6.(3) and (4.6.20), masses can be written
/
as, )
h 2
1 k
m = (h + - V) = .
ve 5Y T g h, R (4.6.24)
Mye = “BsVg
For simplicity we put k' = 0. If all Yukawa couplings are
equal, h1 = h2 = h5 = h, then it is easy to see that,
~ b
"Ne ¥ g ™R
and mé (4.6.25{
Me = %, m
WR

Where g is the gauge coupling constant in the LRS model,
and, as wtll be demonstrated subsequently in this dissertation.

+
MWR ~ gVR, where MWR stands for the Wﬁ gauge boson mass.
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If h/g

1]
—
-

R

me o (4.6.26)

Thus, as mWR——+ ©, m,. — 0.
i.e. in the V-A limit of charged and neutral currents, the
neutrino has zero mass as 1in the standard model. But for
any finite value of MR the neutrino acquires a mass much
smaller compared to the Dirac mass of the gquark or charged
lepton in the same family. The formula (4.6.26) holds for
every generation and can be generalised as

2
My = o (4.6.27)

a=e, U, T.
We calculate the neutrino masses for assumed value of MR

in the range 1 TeV - 101ZGeV. as presented in Table 4.1.

Table 4.1 Neutrino masses for three generations as a function of W*R boson

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

Myp m\e(eV) m, (keV) ' m (MeV)
(GeV) me=.511MeV m}J = 105.6MeV m_ = 1870 MeV
10 0.261 11.2 3.5

10% 0.026 1.12 0.35

10° 2.6x107 0.11 0.04

142 2.6x10710 1.i2x1078 3.5x10°7
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4.7 Neutrinoless double B-decay

In order to confirm the finite neutrino mass, there

are various experiments such as the B -decays of 3H’ 35

S'
and 63Ni' the neutrino oscillation, the electron capture
in 163Ho and so on. Concerning the V+A charged current, the

precise measurements on the B-and u-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 1in

Fermi coupling 1if neutrinos are Majorana particles (shown

in the fig. 4.1)

n_, . p

WL(WR) N

v(N) X o
WL(WR)

n ™ ™ P

Fig.4.1. The diagram showing neutrino less double - 8- decay

through exchange of W and v (i = e,u,T) or W, and

R
N. .
1

The neutrinoless double g-decay (BB)O has been analysed
in terms of the amplitude n, the lepton number nonconserving
parameter or the admixture of left and right handed neutrino

electron currents, where n appears in the leptonic current as
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_ (1*75) (1+Y5)—h ) .
ey U [________2 + n ——-———2 Vv (4 .1 A )

through the finite mass of the electron neutrino. The value

obtained for the contribution involving W_-W_ and v-N mixing is

. L R
m .
n< 1072 £ <107’ (4.72.2)
—— m —
N
for my > 100 GeV. The values of n obtained for my = 102-104 are

listed in the table below.

Table 4.2 The values of n for m,, = 102-10# GeV are obtained from the

N
relation (4.7.2)
m
N 102 10 10%
(GeV)
n 5x1078 5x107° s5x10710

We see the relation (4.7.2) is satisfied for the values of

_ 2 4 . 2
my = 107 - 10" 1i.e. my 2 107,
The limit on n consistent with (BB)O decay rates of 48Ca + 4BTi,
76 76 82 82 1t

Ge ~» Se, and Se » Kr. 1is,

In| < sxi107*

The  value of n corresponds to m, < 1 KeV for the light neutrino

ve
and implies a half-life for (B8)  decay of,828e, eq,



o (BB 1.1 x 10
1/2 n (4.9.3)

v
-3
<
X
3]
o
[
[a

Again due to the tiny ncutrino masses, the exchange of heavy

right handed leptons Ni(i = e,u,T) will obviously dominate and

n is given by

4 :
U i 1 (4.7.4)
=\ Mg My nuc.
Where fnuc is the nuclear structure estimated by Halprin
EL
et al to be about 0.35 GeV.
m 2
For m > 100 Gev, and WL, < -
Ne — R — 10

n becomes < 3.5 x 107>

For the values of n in eq (4.7.4) (BB)O would require a half-
22%2

life measurement of order 8x10 yr. The values of n are
— _ 2 4
found out for mN = mWR = 10" - 10" GeV.
Table 4.3 The values ofn obtained for m_, = m = 102—104Gev from the relation
(4.7.4) N~ TWR
N 10° 10° 10*
(GeV) '
n 3.5 x 107 3.5 x 107° 3.5 x 107/

A measurement of a half-life for (BB)O decay in the range 1020 to



[ 98]

24

10 Yr would place a limit on m_. for the left-right symmnetric

N
electroweak model if the limit on WL : is known from other
considervations Neutrinoless double B—gg%%y is a 1lepton number
violating process which provides constraints oa 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 > can be derived from the 1life 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 1limit

v derived from the UCS-LBL result on 76Ge, are given

32~
by lev, 2eV andl9eV,. b

on <m

We now briefly comment on some other muon and electron
number changing processes. The intereting possible decay
such as u + ey and u * 3e may sometimes impose severe const-
raints on models with neutrino masses. The processes u + ey

receives its two dominant contributions from the UHW W, and

1 RR
U§WLWL triangle loop diagrams (Fig.4.2). These contributions

to the branching ratio may be estimated respectively.

8 _P(U"E‘fj)

L~ I'  total
H m?2 -m
3 a V2 W

= I35 (sin © cos 9 5 ) (4.7.5)

02 2 Wy n, - m 2
g - o v o , 2 N,
R = 337 5 sin O cos 6 5 (4.7.6)

me mWL
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For my ~ 80 GeV, and the limiting values muei 30 ev, muu~ 0.6
-26

MeV, B; < 4.5 x 10 which is too small. Eq. (4.7.6) holds
for L-R symmetric model where neutrinos are predominantly
left-handed and 1light while the N's are predominantly right

handed and heavy, but the masses smaller than but of the

2 !
same order as mgp. In this case, eq (4.7.6) for mWLZ ~ :0 ,
2 2 4 ™R
— m ~ 10" GeV.
™, N,
~ -8 : ] |2
By =4 x 10 (Sin 6' «cos 6') (4.7.7)
From cosmological limits on the
m,\ 2
v_, V. masses, 06'< (——)
e H —\m
u
and B, < 2 x 1079 (4.7.8)
R.—. o/ o

When compared with u + ey process, the branching ratio becomes
- _ - ~ . a
B(u + eee) = I'(ureee)/T(u+ eUuUe) = —EIHTEW B(u + e vy)

For Sin26W > 0.22,

B(u + eed) / B( urey) = (1=10)% (4.7.9)

Other possible muon and lepton number changing process are

el+ ue ,

o +A(Z) —> e +A(Z), (4.7.10)
LT +A(Z) — S+A(2z-2), etc. (4.7.11)

For the process (4.7.10)

B< 1.3 x 107 %sin26’ cos?6’ ~ (4.7.12)
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me 2
Choosing 0'~ | —
m
M
B< 6x 10 '3 (4.7.13)
and for the process (4'71) 2
=10 i 200 cos2et (2 1
B < 4x10 sin®@' cos®f' | ——— (4.7.14)
N A

Where my, m, are the masses of Majorana neutrinos and Mma

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(Z)LxSU(Z)RxU(l)B_L in which breakdown of parity
mmvariance is spontaneous, lead most naturally to a massive
neutrino. Dirac mass 1s generated by Yukawa interaction of
fermions with Higgs doublets carrying B-L = 0 and Y = +1. But
when Higgs triplets with B-L = 12 are used, neutrino also
gets Majorana mass. The small mass of the physical neutrino
i1s 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 1in low energy weak interactions. In particular,

in the limit Mep — @, M, — 0} the weak interaction becomes
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pure V-A type. In left-right symmetric model, the V-A limit
of charged and neutral currents corresponds to the vanishing
of neutrino mass. The neutrinoless double B-decay 1s 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(Z)LXU(1)RXU(1)B_L where it 1is possible to
generate nonvanishing Majorana neutrinomass even if MWR——+ ®
Here it has been found?:£hat vanishing neutrino mass is a
consequence of V-A limit of neutral currents only. Neutring .
masses from various experiments are also summarised in the

next chapter.

X
~

rf"//%' ,‘;\/"%}""* ey \Y

i3



CHAPTER 5



GAUGE BOSON MASSES AND NEUTRAL CURRENT PHENOMENOLOGY IN
LEFT-RIGHT MODELS AND MAJORANA MASS GENERATION
IN TWO-STEP BREAKING

In this chapter, we discuss how far gauge boson masses,
discussed in chapter 4, are modified 1n the two-step sponta-
neous breaking of SU(Z)LXSU(Z)RXU(1)B_L models. We also discuss
deraivation of neutral current parameters in left-right models.
Certain new aspects of Majorana mass dgeneration for neutrinos

are discussed and experimental results on neutrino masses summa-

rized.

In Sec 5.1 of this chapter, masses of charged and
neutral gauge bosons 1n the L-R symmetric model are rewritten
by using suitable parameters. In sec 5.2, neutral current
parameters of LRsmodel arecompared with that of SU(2)LXU(1)Y
model and with experimental results. In sec 5.3, we discuss
how the light and heavy gauge boson masses get modified 1in

SU(Z)LXU(1)RXU(1) model, descending from left-right gauge

B-L

models. As noted 1in the previous chapter, neutrino masses

vanish 1n SU(2) XSU(2) XU(1), . model for m.-—> «.In sec 5.4

we discuss how, according to an alternative proposal, neutrino
+

masses get completely decoupled from MR but depends on m,_.
R ZR

In sec.5.5, results obtained from differeat experiments on

neutrino masses are compared. A brief summary of the chapter

1S gaiven 1in seZ 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 thz gauge group SU(Z)LXSU(Z)

XU(1) the Higgs representa-

R B~L

tion

AL = (1,0,2), AR = (0,1,2), ¢ = (1/2, 1/2, 0).

are used with their VEV's

<A> =({0 V <A>= [0 V (H=[kx'" ©
t AN ( ) 7 ) (5.1.1)

o o 0o © 0O X

: . . 76 .
Following Rizzo and Senjanovic , the following parameters

are used to explain the weak interaction phenomenology

~ 2
o k%ix0? R _ 2K 2
T T 2= 5y (5.1.2)
v K24k K24k

where Ny measures the amount of breaking of SU(2) measures

R’ L
the presence of Jleft-handed Higgs +triplet and Z tests the
amount of WL—WR mixing. Using these parameters the charged

gauge boson mass matrix (4.4.4) becomes,

2.3
2,2
—nRH—H—Z) ] (nRH) (5.1.3)

and the neutral gauge boson mass matrix becomes,

2 1 2.2
My = 5 9 Vg (ngll+2ng) “"gr —2€Npny
—nR 2+nR -2€
2
-2€nLnR -2¢ 2¢€ (1+nLnR) {(5.1.4)
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.where € = g'/g (s %)

The charged currert constraint from u-d=cay becomes

Gp g2 Coszi Sinzi -
= 5 + (5.1.6)
V2 8 M 2
W M
1 WL _

Where Mw , 1=1,2 are the masses of the charged W-boson. The
1
left and rignt handed gauge bosons get mixed and the mixing

angle can be expressed in terms of the above parameters as

1

2ng [1-(1-2)°]2
tan 28 = (5.1.7)
T-Nghy,
On diagonalizing the mass matrices, in the usual way, one

. : ] _
obtains the four mass eigen values kw 'Mw M. andM . ]n obtaining the
! 2 21 1‘2

masses, the relation

5 2
. - _ e
Sin Gw =X = —5
g
1 _ 2 1 are used.
and —s = —5 + —3
e g g

The eigen values of the masses for charged gauge bosons are, -

2 _1 2.2

MW = g VR (1+2nR+anL)
+{(1 12ean? [1-(1-2) (5.1.8)
* —T]LUR 'ﬂR N
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Where,
M§1 % ngé(1+2WR+WR”L)‘{(1°”L”R)2+4”;["(1'Z)“%
is the lighter mass, and,
M = 3 9PVR (1e2ngngny )+ (1onyng) Seang [1-(1-2)21) %
1s the heavier mass.
For neutral gauge bosons
M% = % gzv§(1+nLnR) M {1+ ]+nn - P
1—2XW L'R 1—xw
s (1-2xw)n§(1-2xw)-2nR<1+nLqR)xw-4n&28'"5}
(141, 022 (1-x.)° -
LR W
Whzre,
1-X n 1-2X
MZ1 = % gzvé (1+n;ng) —Tjigg‘ {1+ 1+§L“R 1_XZ

—[1+ - TS ==- ) 2 ;
(1+ﬂLﬂR) (T—Xw)

is the lighter gauge boson mass and,

1-X n 1-2%
2

M, = 3 9OVE(1+n ng) —2 (14 —F L

2 1—2Xw 1+nLnR I-Xw

2
v LITAITRUI 20 ety g
2 2
(T+n; np) " (1-X0)

i1s the heavier gauge boson mass.

We discuss in the sec. 5.3, how the masses get modified

in the absence of 1left-handed Higgs triplet and for no WL—WR

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 GF in terms of the model parameters.
-+
6 _ 1 TR (5.2.1)

2 2
V2 4npVp 1+nL+nLnR+nR(1—Z)

One further introduces the parameters
@z - a2 [1-(1-2)%]? | (5.2.2)

which 1is the coefficient of the mixing term in the general

charged current Hamiltonian and

ng (140 )

L

Lo o]
(51}

(5.2.3)
+
1 Ny
Wnere B is the cc:fficient of right-handed currents. Turning
into the various neu.ral processes, the effective Hamiltonian
for both the SLAC asymmetry44 experiment and atomic parity

violation can be expressed as

_ S
HPV = HPV AB

1 +nR(1—z)2+nL(1+nR)

where A = =~ {(5.2.4)
1+nL(2+nR)
1 - n;n
_ LR
and B = —_Tiﬁgn— (5.2.5)

and HS 1s same as in the standard model.
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(1) Neutrino-Hadron Scattering

For neutraino-hadron scattering, Hamiltonian can be
expressed as, -
VH GF - - -
H =7§ VY, H*YS)\)[EL(q)qYU(VYS)q+€R(q)qyu(1+ys)q]
Gp _ _
= ~/—§ VY, (1»\(5)\)[(eL(u)+€R(u))Uyu1
+ (ex(u)—el(u))uyuy5u+(eL(d)+eR(d))dyud
+ (ER(d)_EL(d))dYuYSd] (5.2.6)
where the parameters are given by
e (u) =2 (1 Eﬁii Fw
L 2 "2 N, +1 3
R —
ew= 21 _& iy
R 2 72 Mt 3 _
— (5.2.7)
+
e (a) =2 (-1 23_3 + %y
L 2 2 n,+1 3
R —
n 2X.. —
_a .1 i
QR (d) - 2 [ - 2 n +“ + 3 !
R —_
(ii) Neutrino-el >ctron scattering
For neutrino electron interaction, the Hamiltonian
can be written as,
ve GF - — -
H _E \)Yu(1—y5)v[eL(e)eyu(1*y5)e+eR(e)eYu(1+Y5)e] (5.2.8)
Gp  _ _
= o VY, (I=vg)v ey (gy+g,vgle

e

Where, g a = egle) t e (e)



[ 108 ]

and the parameters are,

= _ A
gv - = 2 [_1-4}(]
g, = - B (5.2.9)
A 2(n + npt 7)
(1i1) Parity violation in atomsandasymmetry in e-d scattering

TheHamiltonian for electron-hadron scattering can

be wraitten as,

HeH=

i (C1ieYuY5eq1Yuq1+” ey 191959, ) (5.2.10)

[

where q; = u, d, ...
and the parameters are expressed as,

8X

_ AB W
Crog = 2 =14 5~ |
C - AB [1- ifw ] (5.2.11)
1d 2 3
= - = AB [_
Cou™ =Cog = 73 [-144%l
(1v) Asymmetries in eTe” — u+u'
The Hamiltonian for e+e— — u+u_ involving V and A couplings can
be written as,
GF = - —-_H H
H = — [hy,(ey ety u)(ey e+uy u)
/3 H H

= =~ = U -_u
+ ZhVA(eYUE+UY5U)(eY YgetHY VM)

= = = U -_u
+hAA(eYuYSe+UYuY5U)(eY Ygetuy YgH) (5.2.12)
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Where the parameters are

.. AB _
hga = 7 [1-4%]
ho =2 [14n_n.1/(n+1) (5.2.13)
AR~ 24 g1/ (g 2.
1+2n_+n.Nn
A rTOLIR 2
hyy =7 1 (T+ng) (1-4X0)

Comparison of the neutral current parameters obtained

from thé LRS model with that of WS model

In the following table 5.1, neutral current parametes
are written down in terms of Ngr Ny, XW, A and B. It is apparent
that in the absence of ng, (left-handed triplet) and g (right-
handed charged boson is infinitely heavier) all neutral current
parameters obtained in LRS model reduce -to those in the SU(2)L
XU(1)Y 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,
- "o
g = 5 as K 0 (5.2.14)

= 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 = ?+nR and B =

147 (5 218)



Table 5.1 - Neutral current Parameters of LRS and WS model

2u T2d

] nR+2 uxw

A2l netl T 3 ]
Al2 [1/2 %—n -?V]
A/2[-1/2 :Erlz +i§!’)
AI2 [-1/2 (nn:+1)+ ZZ(WJ

Al2 [-1 + #XW]

1
-A/2 [(W]
8X
3

AB/2 [-1+ W]

AB/2 [1- l#XW/B]
AB/2 [—l+l¢XW]

AB/4 ““*Xw]

A Ty

-2/3 XW

Xw

-1/2 + 5

1/3 Xy,

-1/2 + ZXW

-1/2

4XW

-1/2 + 3

1/2 - 2X,/3

w/
~-1/2 + ZXW
1/4 (1-4XW)

/4

1/ (1 - axw)2
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In the table 5.2, neatral current parameters are found out

for a given value of N and compared with experimantal data.

Table 5.2 - Calculated and experimental values of neutral current parameters

Parameters with Xy = 0.23 Experimental

Par ¢ results of the

ameters | siandard LRs Model parameters

model :
My = 0.2 nRzzOA

e, (W) 0.347 0.366 0.385 0.340 + 0.033
ERﬁU) -0.153 -0.134 -0.115 ~0.179 + 0.019
eL(d) -0.423 -0.458 -0.493 -0.424 + 0.026
sRﬁd) 0.077 0.042 0.0073 - 0.017 + 0.058
8y -0.04% -0.048 -0.056 0.043 + 0.063
ga -0.5 -0.05 -0.05 -0.545 1+ 0.056
(:lu -0.193 -0.193 -0.193 -
(:ld 0.347 -0.347 0.347 -
(22 -0.04 -0.04 -0.04 -

u
C2d 0.04 0.04 0.0#’ -
hVV 0.0016 0.0022 0.0029 0.02 + 0.04
hAA 0.25 0.25 0.25 0.35 : 0.11
hVA 0.02 0.02 0.02 -0.27 :+ 0.04

It is seen that the values of eL(u) and eL(d) are increasing

while that of sR(u) and ER(d) are decreasing as Ny increases

for the condions (5.2.14) and for a fixed value of Sin26W=O.23.
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But the value of Ia remains constant for the above condition
while gy 1increases with Ng The values of C1u' C1d' C2u’ and C2d
remain same as they are 1in the standard model because these

values do not depend on R -

The accurate measurement of e-d asymmetry yields44

Ciu = >4

C2u - .5 C

= -0.45

I+

0.12

(5.2.16)
= 0.23

1+

23 0.38

while the theoretical values obtained by satisfying certain

conditions
C - .5 C = -0.367
u 1d (5.2.17)
C2u - .5 C2d = -0.06
The theoretical values of C - .5C is too 1less from the

2u 24
experimental value.

The atomic parity violation measurements on heavy

atoms yield 44,48
C, +1.15C = 0.24 + 0.068 (Novosibirsk)
Tu 1d
= 0.49 * 0.41 (Berkeley)
= 0.20 £+ 0.30 (Seattle)
= 0.15 * 0.035 (5.2.18)

while the theoretical values are,
C1u + 1.15C1d = 0.205 (5.2.19)
which agrees more with the values obtained from Novosibirsk

and Seattle than the values obtained from Berkeley experiment.
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5.3 Light and heavy gauge boson masses in SU(Z)LXU(1)RXU(I)B_L
model arising from left-right models

In this section, we describe how the masses of 1light

and heavy gauge bosons get modified due to the two step break ing

of SU(Z)R.
Considering the LRS breaking pattern as
SU(2)LXSU(2)RXU(1)B_L

> my

Twe” My
— SU(Z)LXU(l)RXU(l)B_L
<XR> £0
mZR>:nWL (5.3.1)
-+ SU(Z)LXU(I)Y
<AR> t0
Mw
L u(1)
<AL§ZO£<¢> em.
<X > £0

where the Higgs representations are already defined in Ch&pter 4.,

In the absence of left-handed Higgs triplet (nL=O) and

for no WL-WR mixing (Z=0), the mass matrix for charged gauge

boson becomes (using the parameters from (5.1.2)).

R
Mv% = % g2V§ (5.3.2)
B (@] I+T]R—
2,142 2
where Ng s ;kz > %—2 {(5.3.3)
R RS
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assumlng k2 > > k'2, for 51mplic1ty-In the first step)the symmetry

breaking takes place at mass scales

mer > > My with A I3R = 0. This 1s achieved by a Higgs

triplet €p = (0,1,0). Only SU(2)R is broken, but 1local B-L

symmetry remains unbroken. From charge conservation condition

e -4
AI,p = - 5 & (B-L) (5.3.4)

which 1s satisfied since

I = B-L = 0O for €

3R R

In the second step, for M, e > > Mot » thecondition AI3L= 0 1s

also satisfied and the charge conservation 1s satisfied since

I3R = %1 and B-L = -2 for AR.

Eg. (5.3.4) relates the breaking of U(‘i)R and U(1)B
-L
local symmetries.

For the two step breaking of SQ(Z)R, €, plays an essen-

R

tial role. As I = 0 for € 1t contributes only to the

3R R’

mass of right-handed charged gauge boson but does not effect

the neutral gauge boson mass matrix.

Writing VEV of €p as
1 0
fR7 T TS £x (5.3.5)
0

The charged gauge boson mass matrix 1s modified as ,
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1

_ ) -
> 1 2.2 ngl1+ngy) -ngl1-11-2)7] 5.3.6)
MW =29 VR 2132 X (5.3.
—nR[1—(1~Z) ] (1+nR+nR )
€
where nﬁ = —’25 (5.3.7)
v
R

and the mixing angle { can be expressed as

. 1
2nR[1—(1-Z)2]2
tan 2§ = X (5.3.8)
[(1+nR+nR )—nR(1+nL)]

The eigen values of charged gauge bosons are modified as,

2 _ 1 2.2 X
MW =79 VR [nR(1+nL)+(1+nR+nR )

X 1
#{[np (1+n )= (T4np+ng )12 +4np[1-(1-2) 2] (5.3.9)

In the absence of left-handed Higgs triplet (nL=O) and for no

WL—WR mixing (%Z=0), the mass -matrix for charged gauge boson

can be written as,

2 _1 .22 [ ™ ° B
My =29 VR « (5.3.10)
0 (1+nR+nR ) _
_ k? . 2 2 ‘ .
Where np = vZ  assuming k™ >> k for simplicity
R
€
and nx - X
R V2
R
For no mixing case, E =0, tan 2§ = 0 (5.3.11)

The eigen values of charged gauge bosons are also further
modified
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2.2 X Xy1213
9" Vp [nR+(1+nR+nR )i{[nR—(1+nR+nR)] 11 (5.3.12)

where the 1light and heavy charged gauge boson masses take

the form, -

_ 1l L2052 X X 2

MW1— [4 g Vg {(nR+1+nR+na) - (mp + 1)}
1 .

= 13 g% ng1? (5.3.13)
and

T R, X X 3

1
- [% 92V§ (‘+“R+ﬂﬁ)12 (5.3.14)

respectively.
But in the presence of left-handedtriplet and for no mixing

case, the lighter (left-handed) charge gauge boson mass becomes,

202 1 (14m. )12 (5.3.15)
r Nril1+ny 3.

My = 13 9

1

Thus, it 1s sean that the mass Mw shown in eqg.(5.3.13) gets redu-
! "R™L, }
—3——) in the

absence of left-handed Higgs triplet. It is also evidant from

ced, as compared to (5.3.15), by a quantity gVR(

2gs.{(5.3.9) and (5.3.14) that whether the 1left-handed Higgs
triplet 1s 1included or not, right-handed heavier charged

auge boson mass , does not change for no mixing case.
gaug ) g

2
can be made large by making né large to break
sz - M,
SU(2) - U(1)R.

In no mixing cas2, Z=0, and £=0.both in egs (5.1.7) and (5.3.8)
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and the muon decay constraints coming from eg (5.1.6) and

the two steps sywnetry breaking case are the same, namely,
1 g? 1 2
= 3 g, = —————— ———~ when k' =0 (5.3.16)

But in the absence of N, ed (5.3.1%) becomes,

= e (5.3.17)

The relation (5.3.17) can also be obtained from eq.(5.2.1).

The introduction of Higgs triplet XRr doess not affect
ths 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)LXU(1)RXU(I)B__L model
It 1is shown in the last chapter that the left and right-
handed Majorana neutrinos can acgquire the small and large

masses separately, due to the spontaneous symmetry DbLreaking

in SU(2) XSU(Z)RXU(1) model with minimal Higgs representa-

L B-L

tions. The 1left and right-handed Majorana neatrinos take

the form

e
m\)e ~ —— and mN ~ mWR (5.4.1)

respactively, where m is the charg=d lepton mass andeR is the
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charged right-handed gauge bos2n mass.
From eq.(5.4.1) when,

mWR — >, m\)e —r 0.

which 1s already discussed 1n thes last chapter.

The Higgs representations used for the two step symmetry

breaking of SU(2)R of SU(Z)LXSU(Z)RXUH)B_L are,

XL(1,0,0), XR(O,1,0), AL(1,O,2),

AR(0,1,2) and ¢(1/2, 1/2, 0) wath their

vacaum expectation values as,

- X X
<XL> = (O VL ) <XR> R

I
O
<

0 0

(> =1k o
0 k

(5.4.2)

A
[
=
A\
]
T
(& o
O <
=
\,,/
é
o
v
]
/——\
o O
O <
el
~—__

Wnere Xp and Xg are the left and right-handed Higgs triplet-

with B-L=0 and AL and AR are Higgs triplet with nonzero B-L

values. The values of Xgpr X+ AR, AL and ¢ all contribute to

+ t
the WR and WL masses and AR' AL and ¢ to the ZR and ZL mas-

ses. The symmetry breaking can be achieved by choosing,

X2 2 2 N v?2 (5.4.3)
VR > > VR > > k > > V L L
2 2
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Then one has,

o X - _ ~
Mg ~ V™ s myp gVor  Tyup M, gk (5.4 .4)

The neutrino Majorana mass does not arise from the contribution
of the triplets Xr, and XgR (B-L = 0), but arises from the con-

tribution of AR and AL’ since for them B - L # 0. I t 1 s
shown 1in chapter 4, that Majorana neutrino masses <can be

written as,70

1
Mmoo ~ (h5y + 7 5 ) Vo (5.4.5)

and Mye = hSVR
where y 1s a ratio of Higgs self coupling,

With the reasonable assumption as,

h, © bhg = B ” (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
m -~ b Do g Te (5.4.7)
ve g Myp h My <.
and
h
mN ~ 6 mZR (5.4.8)
If Wo =1, eqs(547) and (54°8)
become,
' 2
Mo
m\)e ~ Ez—l; } (5.4.9)
and my ~ Myp (5.4.10)
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Thus it is seen that neutrino can have a finite non-vanishing

mass even if MR is very large as long as m 1s not too

ZR
large. That 1is, the vanishing of neutrino mass in this case

is a result of the V-A limit of neutral currents. Now choosing

2 2
X5 2 X
\Y = VL ~ 0 and VR > > VR

and myp = 500 GeV - 105 GeV,

2

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,p = 500 GeV-—leGeV

mon m\)e(ev) mw(kev) mW(MeV)

(GeV) me:.511MeV mu = 105.6 MeV m_ = 1870 MeV

5 x 10° 0.52 22.3 6.99

10° 0.26 11.15 3.50

1o* 0.026 1.12 0.35

10° 2.6x107 0.11 0.04

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_\)e < 10
My < 0.5 (5.5.1)
m < 250

VT
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But according to Particle data group78 the following bounds

on neutrino masses aregiven

ms < 46 (60 eV)?q

LN < 500 KRev (5.5.2)

m,, < 160 Mev ( 25 Mev) 8°

From the analysis of the electron energy spectrum of the

21

tritium B-decay ITEP group 1n Moscow reported the finite neu-

trino mass

17 eV < mg, < 40 eV (5.5.3)
at 95% confidence level.
Out of the othesr recent results of other groups we mention
only the 95% confidence level limit of the Zurich group‘4 who

implemented 3H 1n a carbon matrix

m5e < 18 ev (5.5.4)

Absence of neutrinoless double B-decay in 76Ge, leads to a

limit mv(hajorana) < 2eV. and m\m < 0.25 MeV (90% confidence
level)
82 .
m, < 85 MeV (95% confidence level)
also mVTga < 76 MeV (95% confidence level) {(5.5.5)

From the cosmological arguments first advanced by Cowsik
and Mc Clellund84, 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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va'g < 40 ev (5.5.6)
A summary of the situation then is that the mass of Ve (which
has the most stringent limit) should be less than about 20 eV.

From an analysis of the neutrino burst from the Supernova

1987a 1t is possible to improve this llmitgs- to 12 eV.

From the resolution of the solar neutrino puzzles’6 ’
mass of neutrino is found out to be ~ m\)P ~ 0.008 eV while
following Bethe if one uses the highly speculative but very

interesting see-saw mechanism one expects

-7
Mye ™ 10 ev (5.5.7)
To satisfy this condition, the value of Mer ~ Mzp should be
equal to ~ 2.6 x 1018 eV, We summarize four experiments oubli-

shed in the year 1986 and 1987.

Table 5.4 Summary of antineutrino mass experiments published in 1986,1987

Experiment References , M. (eV)
Zurich M. Fritsh: et al,[€4] <18
Tokyo H. Kawakami et al [87] <3242
LAMPF J.F. Wilkerson et al [8%] <27
Moscow S. Boris et al [8t] 30+2

SN 1987 A M. Roos [ 9] <20

The claim by the Moscow group to have found a non zero \—)e

mass 1s not supported by the other experiments, which are
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compatible with a vanishing mass. The Zurich measurement

yields the most stringent limit < 18 eV.

5.6 Summary
It 1s shown that the two steps breaking of SU(Z)R

in left-right symmetric SU(2)LXSU(2)RXU(1)B_L model yields

a Majorana neutrino mass 1independent of the heavy MR but

inversely proportional to the ligher m Since M decouples

ZR" ZR

from Mg, m, —> 0 only if M,p, —> ®. In the case when M —> =,

Moo could be finite, yielding nonvanishing Majorana neutrino

B-L model, when WL—WR do not mix,

left-handed <charged gauge boson mass gets modified while

mass. In SU(Z)LXU(T)RXU(1)

right handed charged gauge boson mass remains unchanged 1in
the absence of 1left-handed Higgs triplet. The neutrino mass
(mve) from SN 1987Px%q , which 1in 1ts most conservative form,
reads

m,. < 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

M < 18 eV Zurich data,
mye < 27 eV Los Alamos data (5.6.2)
m,e < 32 ev INS (Japan) data

The ITEP claim of observing a non-vanishing V., mass

17 ev < mve < 40 ev

m = 30.3 +

ve g eV (5.6.3)
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The only new laboratory result on neutrino masses

has to do with T neutrino. According to the ARGUSqo data,

m,, < 50 Mev (5.6.4)

from the measured 5w-invariant mass in the decay T —> 57v.

These laboratory 1limits (5.6.1) — (5.6.4) can be
made to be consistent with the 1left right models, or the

XU(1) model with Mt (or M,.) Dbetween

sU(2) R B-L WR ZR

LXU(1)

500 GeV - few TeV.

However, solution of the solar-neutrino puzzle requires

-7
a very small neutrino mass, Mye = 10 '. for which we need
10

Mw {~ MZR) > 10 GeV. This implies that if the conventional

R
treatment of these models are to explain small neutr-no mass
compatible with solutions to the solar neutrino puzzle, it

is extremely difficult to verify left—rlght 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 emphasize upon the idea of minimal
fine tuning of parameters and specify the Higgs sector and
VEV's neededfor sponitaneous symmetry breaking. The minimal
fine tuning constraint leads to a modification of gauge
boson masses and neutral cuarrent parameters. Its implication

on neutral current parameters are also discussed.

In sec 6.1, we specify the Higgs sector and the
VEV's neaded for the LRA model based upon SUi2)LXS"J(2)RXU(1)B_L
(g, # gg). In s=c 6.2 we note down modified formulae for
charged and neutral gauage boson masses. The corresponding
formulae for the neutral current parameters are also desc-
ribed in this section. Implications on neutrino masses are

discussed 1n sec 6.3. A summary of the chapter 1s provided

in sec 6.4.

6.1 Minimal fine tuning and the Higgs sector

The hypothesis of minimal fine tuning of parameters

i

can be stated in th=z following manner Only those
particles (scalars and fermions) remain 1light which are
necd=d to be light. Others acguire heavy or superheavy masses

characiteristic of next higher scale(s) of spontaneous symmetry

breaking of the gauge symmetry. An example of this hypothesis
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can be described in the context of LRS model breaking down

to U(1)em through SU(Z)LXU(l)

v*
<A_> # 0
R <p>£ 0
SU(2),.XsU(2)_ X0(1 —_— Su(2),Xu(1 ——— U1
( )L ( )R ( )B—L Mon ( )L )Y <AL># p ( )em
MW
(g, = 9g = 9) L  (6.1.1)

In this case <AR> # O 1s necessary for spontaneous symmetry
breaking at the first stage and <¢> # O 1s necessary at the
second stage. Since <¢> # O executes the breaking of

My

SU(2)LXU(1)Y 55 £ o » U(])em it 1s not necessary to

attribute nonzero VEV's to AL. Similarly the VEV k # O occuring

<> =(FK °V <= [K °> (6.1.2)
(o} k', ) o k

is sufficient to break SU(2)

in

Xu(1), — U(1)e using k'# o is

L Y m

not necessary.
Since <AL> # O 1s not neaded, the left-handed Higgs triplet

does not remain light, but acquires mass ~ M in the LRS model

We

Similarly with k'=0, the left-right mixing angle vanishes.

tan 2( —— O. \

In the LRA model the two coupling constants are

unequal at u > Mw . In the LRS model the equality betwzen coup-
R .

ling constants (gL=gR=g) is maintained at u > MWR 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 wmod=l maintaining
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such a sywumetry is not compulsory. Therefore from the point
of minimal fine tuning of parameters, the following VEV's

are the minimal requirements

(A)Y LRS model (gL=9R=g)

<4> = k o <F> o o)
o o/, o X

1]

(6:13)

(B) LRA model (gL # gR)

<> = k ) <G> = o o <AR> = ; °© (614
o 0 , o 78 R ©

It 1s noted that AL 1s not pres2nt 1n the Lagranglan respecting
LRA gaug=z symunetry (Case B). Similarly 1f we take doiblets
instead of traiplets, th2 <counterpart of the right handed
doublet 1.e.,

xL(i, 0, 1) need not b2 present 1in thz Lagran-

gian.

6.2 Gauge boson masses and neutral current parameters from

minimal fine-tuuning constraint

(A) LRS model: Using formulae discussed 1in the previous
sections,
We have (V =0, k'=0, Vé >>k?# 0)
2
\Y 2 .
R, =0, 2= —3— =0
k“+k' kKT+k!
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n K24k _ okl
R 2 2
'R VR

[1-(1-2)2

e | et
N

)
tan 28 = 2n = 0 (6.2.1)
R (1—anL
The mass matrices are
n [¢
Mé =} 92V§ R
0] 1+nR
(6.2.2)
— n _n O P
W2 = 1 g2y2 ROR
Z R -nR 2+nR -2€
0O -2¢ Z2¢
Where € = g'/g. These formulae
‘l .
L (6.2.3)
2 _ 1 2,2 2
R
M
W
M = L
ZL Cos GW
(6.2.4)
MW Cos Sw
R
MR =
v Cos ew

The neutral-current parameters take the form

for (i) atomic parity violation and asymmetry in =2-d

scattering:-

e - .1,
Tu 2 3

S (6.2.5)
1a 2 3

C = - C =_-1 2X
2u 2d 2 W
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(ii) Neutrino-hadron scattering :-

e W) - 1 + R 1 nR+2 ) 4Xw
L - 2 2 nR+1 3
e (W) = SR R R S ™
R 2 2 Rl 3 (6.2.6)
) 14 +2 2
e (@) = —r | _1 RTC, XW]
L 2 2 Tno+ 3
R
e (a) - 1+ng 1 g N 2%y
R 2 2 nR+1 3

(i1i) Neutrino-electron scattering

(1+nR)
Iy = - Tz - [-THaxl
1 (6.2.7)
9a T "~ 2
. ) + - + =
(iv) Asymmetries in e e —> u |
ho = [ 1-8%]
VA 4 W
.
hAA = 2 (6.2.8)
he. = 1 (142n.)(1-4x.)2
vV 4 R 1%
, e? (M)
where X = Sin ew = 5 - It is well known that if
g (MW)
X. = 0.23, Mw > few Tev, M = 500-1000 GeV, this model agrees
w R Iy
well with existing low-energy data.
It 1s noted that C C C and C in this case

Ta’ 1a’ 2u 2d
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are the same as 1n the standard model, so that the atomic
parity violation experiments cannot distinguish between left-
right symmetric models from the standard model. Saimilarly
Iy hVA and hAA have the same expression as the standard

model, but Iy receilves a corcrection to the standard model

formula by
2
k2 My
8g,, = —5(gy) = —I(g,) (6.2.9)
v V2 v std M2 v std
R W
R
- _ 1 : , .
where (gv)Std = -5+ 2xw denotes the value obtained in the

standard model. Accurate measurements of 9y from vu—e and Ve
scattering experiments should then set a limit on the right-

handed gauge boson masses. Similarly hVV receives a correction

2M2
2k? L
Shyy = 73 yylsta ® —mr Pyv)sta (6.2.10)
vi : Wy :

1 2
v std = 32 (1-4x _)° denotes the standard model value.

where (h
+ - + - 4. -
Thus, accurate measurements on hVV frome e ——> B U ,T 1T
, . +
experiments would set a limit on W gauge boson masses, although
hAA and hvA cannot distinguish between the two models. 1In

Figs.6.1 and 6.2 we have plotted Iy and h as a function of

£%+§

+
MW /Mw . It is clear that if M& = (6-10)
R L R L
tions are similar to the standard model.

, LRS model predic-

(b) LRA model (g # gg)

In this case, egs (6.2.1) hold, but in addition
R2 = gi / gé # 1. The appropriate formulas for gauge boson
masses are obtained from the formulae given in chapter § using

1 _— —
k' = V. = 0. The neutral current parameters C1u' C1d' C2u and C

L 2d
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remain the same as 1in the standard model, and the parameters

e_(u), e (u)l, EL(d) and €_(d) remain the same as in the LRS

L R R

models. The parameters hvA and hAA are also same as 1in the
LRS or the standard model. But Iy and hVV both differ from
the LRS model expressions

o 4hR)
Sv = 2

[-1- 4wa] (6.2.11)

where the parameter

2
R (2+nR)+ﬂR

F:
2

2R (1+nR>

1 R%_1 2 2
h = ———_ { =—— [8x (R“+1)-3R“-1]
vV (R2+1)2 4 W

(6.2.12)
e 20 2 e TR 220,
R2 w 2

In this case also accurate measurements on Iy would set a
o + . ‘
limit on the Wﬁ gauge Dboson masses. Similarly hVV clearly

distinguishes the model from the standard and LRS models.

+
If the Wﬁ gauge boson masses > few TeVand MZR~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 formvla for neutrino

masses when minimal fine tuning constraint restricts the

VEV's. With vy =K' = 0, the scalar potential responsible for
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‘ SU(Z)RXU(1)B_ breaking is of the form

L

e 24,2 _pb b 2,2 . .
V(UR,k)— Mg+ —p U 4 aURk + terms involving k only. (6.3.1 )

Here p,and a are of order unity. Using extremizing condition

3V _ C. 2 2 2 =
T 0 yields, -u’+ pu} + 2ak® =0 (6.3.2)

or u§= (u? -2ak?) /p

Thus the hierarchy Ué > > k?, can be maintained with p? >> k2,

In the V;,- Vg sector, the mass term in the Lagrangian is

v T *

+ o+
%rass = NglVr(VR €% + Vg € Vg I
+h1k (vaR +vRvL) (6.3.3)

Denoting the two components as Vv = Vi, and N = C(GR)T, where C

is the Dirac chargeconjugation matrix, the mass term can

be written in the form

T \Y

NT) MC >) +H.C. (6.3.4)

o = \Y
mass (

where the neutrino mass matrix is

0 1k

M= (6.3.5)
]
Ih,k -h v,

The physical eigen states can be written as
Vv = Vv cosE + N Sing

(6.3.6)
N = -v sin&+ N cos £
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where the left and the right handed neutrino mixing parameter

is written as,

h.k

1
tan 28 = - 4/ (6.3.7)
hgVg

Diagonalization of the mass matrix then yields the eigen

values, when

2 z
vZ > > k

R
h?k?
_ 1
mye = —Z;—;—— (6.3.8)
SR
Mye = - BsVg (6.3.9)
. 1 .
Using M, = ———— gu,, m_ = h.Kk and assuming | h.] =| h,| =h
WR S R e 1 5 1
yields
~ h
M™e © g i (6.3.10)
mﬁ.
h e
n = 6.3.11
ve * g W (6.3.11)
R
Note that with the assumed hierarchy Ué > > k?, the formulae
(6.3.8) - (6.3.11) are obtained with more exactness as compared

tc the corresponding ones discussed in chapter §. Here although
the final formula 1s 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 VL=k'=O. In the LRA model, the presence
of left-handed doublets (¥ L) or triplets (AI) are needed,
since the ¢(2,2,0) executes the spontaneous symmetry breaking
of SU(Z)LXU(1)Y. The gauge boson masses and the neutral current
parameters assume simpler forms. In both the LRS and LRA
cases, the atomic parity violating parameters Clu' C1d!c2u and
C2d yield 1identical expressions as the standard model. Simi-
larly two of the parameters in ete™ —— ytu or T+T_, namely
hAA and hVA' have identical forms as the standard model.
Also the parameter Ia in vu-e and Vg-e scattering remains un-
affected. But the neutral current parameters Iy and hVV' are
significantly affected compared to the standard model, such
that accurate measurements of these parameters might provide
a lower limit on the W; and ZR gauge boson masses. The para-
meters eL(u), eR(u), eL(d), eR(d) occuring in v-hadron processes
are modified in the same manner 1in both LRS and LRAmodels

with the minimal fine—tunin9 constraint.

The expression for the neutral current parameters
discussed in this and other chapters have been derived at
the tree 1level. Radiative corrections might change them to
an extent by which our conclusions and statements, drawn

in this chapter are expected to be valid within geod approxi-~

mation.



CHAPTER 7



DISCUSSION AND CONCLUSION
The SU(Z)LXU(HY electroweak gauge model, discovered
by Glashow, Weinberg and Salam 1s broken spontaneously to
U(1)em at the WL-boson scale by a standard doublet carrying
Y= +1. Predictions of the broken gauge symmetry on the neutral
current parameters, Slnzew, wi and ZL boson masses and CP-viola-
tion 1n weak decays agrees remarkably well with experiments.
Although, experimencally, there 1s no compelling reason at
present to search for alternatives to the standard model
based upon SU(3)CXSU(2)LXU(1)Y, there are many aesthetic
reasons which point out that the standard model might not
be the ultimate gauge theory of basic forces 1n nature. One
such motivation 1s the neutrino mass; 1i1ndications 1i1n favour
of neutrino mass seem to be positive 1n various experiments.
Further, solution of the solar neutrino puzzle reguires a
tiny npeutrino mass. Another such motivation 1s the origin
of parity violation. In the standard model, th= fermions
transform differently under left and right gauge transforma-
tions and parity violation seem to be aintrinsic. Similar
to the spontaneous breaking of gaug=z symmetry, the breaking
of parity might have also a spontansous origin only if 1t
1s restored at a scale much larger than the WL—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 models based
upon left-right symmetric gauge theory, which, during the
course of 1ts development, agreed with all available experi-
mental data. Besides they fulfilled the objectives of establi-
shing, theoretically, that party (P) and weak CP symmstries,
present 1n LRS theories could break dowsn spontaneously. 1In
the Pati-Salam model, a completely new additional possibility
called quark-lepton unification was also achieved through
th= gauge group SU(2)LXSU(2)RXSU@Q}gL=gR). Developing the
1dea of P and CP-violation proposed by Mahapatra and Pat:,
in the vyears 1974-75, Mahapatra 2and Senjanovic showed how
Majorana neutrino masses can be generated in left-right symizs-

tric gauge models.

In this dissertation, we have reviewa2d the electroweak
gauge model based upon SU(Z)LXU(1)Y and compared 1its predic-
tions with experiments. We have reviewad how spontaneous
symmetry brea%Xing of gauge models based upon SU(2);XSU(2)pXU(1)
with both gL=gR(LRS) and gL#gR(LRA), either directly to the
standard group, or through the intermediate symm=2try,
su(Z)LXU(l)RXU(1)B_L, takes place with appropriate choice
of Higgs sector, capable of generating Majorana neutrino
masses over a wide range. The phenomenoclogy of computing
the neutral current parameters 1in terms of the VEV's ani

electroweak mixing angles has been daiscussed. It 1s w21l

known by now from various phenomenological analyses that

w

[l
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if s1n6._~0.23, MY >1 Tev-few Tev, or largsr, and M, > 500
W WR - ZR -

Gz2V, predictions of LRS and LRA models on charged and neutral
current paramsters and also on CP-violating parameters agree

well vith the existing data at low enargies.

In the LRS or LRA models, breaking spontaneously direc-
tly to the Weinberg-Salam model, the Majorana neutrino mass

15 governed by the relation

m 2 —— W = , 1 = e, u,1T (7.1.1)
1 WR Ni MWR

where m. stands for the charged lepton mass of the i-th family

(generation) and my. is the corresponding right-hand=d Majorana

neutrino mass. In these cases —* 0 MWR —=* ®  since

Myi

MZR and MWR are decoupled from each other. Thus 1n this case

vanishing neutrino mass 1s a consejuence of V-A limit of
neutral currents only. Tne Majorana mass ranges for widely
+

varying values of hﬁR and MZR have been computed and compared

with th2 existing =xperimental data.

Finally w2 make some new observations on LRS and LRA
models, in view of thz constraint impos2d by minimal fine
tuning of parameters 1in gauge theories. It 1s noted under
such a3 constraint that, for the spontaneous breaking of LRA

gauge symmetry, or for SU(Z)LXU(l)RXU(1) the left-handed

B-L’
doublet or triplet {(under SU(Z)R), are not necessary. Both
for LRA and LRS models, ths VEV's should be such that V1= '=0.

In these cases the atomic parity violating neutral current
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parameters, C1u' C1d' C2u’ C2d and the parameters 9pr h

VA

, + - + -

and hAA occuring in v-e and e e — py Y have 1dentical expres-
sions as the standard model. Accurate experimental measuremz=nts

of the parameters 9y and hvv might set a lower limit for

+
wR' or ZR gauge boson masses.

In particular, 1in the LRS model we der:ive that the

changes 1in Iy and hVV’ compared to the Weinberg-Salam model,

can be expressed as .

g
L
(Sg Y — (g ) (7.1.3)
\Y 2 \Y
MWR std.
2 M2
WL
Ghvv = 5 (hvv) (7.1.4)
MWR std.
where (gv) and (hVV) denote the corresponding standard
std. std.

model predictions.

However, thesse statements are valid at the tres-level
only and radiative corrections might change them. Since radia-
tive corrections are usually small, our conclusions and state-

ments are expected to be wvalid, at least, approximately.
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Confidence contours (68% CL) in the (mz-mw, mz) plane,

taking into account the statistical erros only (dashed curve)

and with statistical and systematic erros combined in quadrature
(solid curve). The dashed region is allowed by the average of
recent low-energy measurement. Curve (a) is the SM prediction
for p=1 with known radiative corrections, and curve (b) is the

expectation without radiative corrections.
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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. 3.4 Region of C lu and C 4 allowed

(a)i) the SLAc eD experiment
(ii) Novosibirsk & Berkeley atomic physics experiments
(iii) v-hadron scattering, (b) allowed regions for a simultaneous fitt
. (i) the eD and atomic physics results, or (ii) the v-hadron, ve
and eD results. (assuming factorization)
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Fig.3.4 Region of C,, and C,, allowed

(i) the SLAC eD experiment
(ii) v-Hadron scattering
(iii) a simultaneous fit to the v-hadron, ve and

SLAC eD results (assuming factorization)
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Fig.4.2  The leading diagram for a lepton-flavour changing process y + e y. Again

L or Ni and WR. In

addition, due to the GIM mechanism, the Goldstone boson exchange

the process goes through the exchange of U, and W

(denoted by GL and GR) are comparable in strength to gauge boson

mediated amplitude. The physical Higgs particle exchanges are ignored
by assuming my > > My
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Fig.4.3 Some typical diagrams leading to a decay u + eee.
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Fig. 6.2 Comparison of LRS model prediction on hVv (solid line) with
the standard-model (SM) prediction {(dashed line).



