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TOPICS IN PHENOMENOLOGY OF UNIFIED GAUGE THEORIES

OF WEAK, ELECTROMAGNETIC, AND STRONG INTERACTIONS
by

Young Suk Kang

ABSTRACT
Three phenomenological analyses on the current unification
theories of elementary particle interactions are presented. In
Chapter I, the neutral current phenomenology of a class of super-

symmetric SU(2) X U(1) X ﬁ(l) models is analyzed. A model with the

'simplest fermion and Higgs structure allowing a realistic mass

spectrum is considered first. 1Its neutral current sector is
parametrized in terms of two mixing angles and the strength of the

new ﬁ(l) interactions. Expressions for low-energy model-independent

' parameters are derived and compared with those of the standard model.

Bounds on the neutral gauge boson masses are obtained from the data
for various neutrino interactions, eD scattering, and the asymmetry
in e+e- +> u+u-. A similar analysis is performed on models in
which a set of isosigglet Higgs fields contribute to the neutral
gauge boson mass matrix. Other predictions of these models which
may be relevant to future experiments are discussed.

In Chapter 1I, the evolution of fermion mass in grand unified
theories is reexamined. In particular, the question of gauge in-

variance of mass ratios in left-right asymmetric theories is



considered. A simple expression 1svderived fortheevolutian of the
Higgs-fermion-ferﬁion coupling which essentially governs the scale
dependence of fermion mass. At the one loop level the expreséion
is gauge invarjiant and involves only the representation content of
left- and right-handed fermions but not that of Higgs. The corres- , {
ponding expression for supersymmetric theories is also given. Some
applications of these formulas are presented.

In Chapter 1II, the production and the subsequent decays of a
heavy lepton pair l.‘t near the Z peak in e+e_ annihilation are con-
sidered as a test of the standard model. The longitudinal polariza-
tion is derived from the spin-dependent production cross-section,
and the decays L =+ TV and L + £vv are used as helicity analyzers.

The improvement over previous treatments is two-fold: (1) the

formulas derived here may be useful for any sequential lepton of

M
<
mass ~ —%, and (2) the correlation between the spins of a heavy

"lepton pair is studied in the form of a cross-section for the pro-

duction and the coincident decays of the pair.



¥

Dedicated
to

my parents



ii

ACKNOWLEDGEMENTS -

ﬁy sincere thanks first go to my thesis advisor, Dr. Robert
Cahn, without whose guidaﬁce this thesis would not have been possible.
His willingness to offer help in matters outside physics is also v
greatly appreciated. I am very grateful to Prof. Mahiko Suzuki for
serving as my faculty advisor during my research at Lawrence Berkeley
Lab. Dr. Ian Hinchliffe contributed considerably to my thesis
research during its later stages. I thank all members 6f my qualify-
ing exam and thesis committees for their time, especially Prof.
Herbert Steiner who helped me much throughout my graduate years. 1
had the fortune of knowing and working with many friends and colleagues
in Berkeley. Among them are Philippe DeForcrand, Chang Gil Han, P.Q.
Hung, Jisoon Ihm, and John Nofthrup. Last but not least, I thank

Chisoon for enriching my life.



CHAPTER

CHAPTER

CHAPTER

TABLE OF CONTENTS

I: Neutral Current Phénomenology of Super-
symmetric SU(2) X U(1) X U(1) ModelS.eeeoesess.
Introduction..ccseceseccsssoscccseccscscsccsassccsanns
1. Supersymmetric SU(2) X U(1) X U(1) Models........
2. The Minimal Mixing Model...ceccenveeescncceancance
3. The Extended Mixing Model....ccvacevecnnraccnncns
4. Other ProCesSeS..c.ceesccesaccccssssssssssnssnsna
5. Summary and ConclusionS...cececeesssnscecscoscacs
II: Mass Evolution in Unified Theories........... .o
IntroducCtion.cceceseeseosceocscncsccccnsasancossscnns
1. Review of the Preview Treatment of Mass Evolution
In GUTS..ieieeeesncecescescsssassanscscccsnsnnanas
2. The Chiral Abelian Case....ccceveeeccccccescccass
3. The Non—Abélian C3S@everevrocnccsccsnnssssssonsas
4. Inclusion of Supersymmetric Particles............
5. ApplicationS..cecscccccccsccessssscscasccnccnccns
I11: .Heavy Lepton Polarization at Z Peak.eeeeeoaense
Introduction..ceeeescscectennnnsctonccecaccnencncnes
1. The Longitudinal Polarization of a Heavy Lepton..
2. Helicity Analysis from L -+ Qv ,....... cessnean
3. Helicity Analysis fromL + TV ... .ceveeen. ceenn

4. Cross-section for Coincident DecaysS.....ccceveee.

page

12
29
37
40
60

61

63
67
70
72
73
84

85

92
95

96

iil



I.

NEUTRAL CURRENT PHENOMENOLOGY OF SUPERSYMMETRIC
n
SU(2) X U(1) X U(1) MODELS



INTRODUCTION

Although the initial development of supersymmetric gauge -

theories [1] had broad theoretical implications, the recent applica-

-

tion of ideas from supefsymmetry in particle physics has focused on
the hope that an outstanding problem in unified gauge theories of
weak, electromagnetic, and strong interactions may be partially
solved[2]. While grand unified theories (GUTs) [3] represent a giant
step forward in putting all elementary particle interactions on a
simpler conceptual basis, part of the price paid in the process is
that the’problem of the scalar sector is more pronounced than in the
standard electroweak model of Glashow, Weinberg, and Salam (GWS)
[4]. The scale of SU(2) X U(l) breaking, which is essentially a
free parameter in GWS, becomes even more mysterious in GUTs where .
the natural scale for the theory appears to be that of the breaking
of the grand unifying group, Mx (perhaps identifiable with the
Planck mass, Mp). In addition, the quadratic divergences that plague
elementary scalars in GWS still remain to make GUTs unnatural. The
so-called gauge-hierarchy problem consists of: (I) why at the tree
level there exist two vastly different scales, and (II) why radiative
corrections do not generate a new scale, say, of the order of aMx,
which means in every order in perturbation theory there should be
miraculous cancellations which preserve the tree level symmetry -
breaking pattern.

Supersymmetry can provide a partial answer to this problem by

putting scalars in the same supermultiplet as fermions, thus



preventing some scalars from getting large masses, as theif fermionic
par;ners are protected by chiral syﬁmetry. Non-renormalization
préperties of supersymmetric theories [5] further ensure that these
scalar fields do not develop quadratic divergences. This has been
the main motivation behind recent "low energy" supersymmetric models
{2] in which supersymmetry persists down to the GWS breaking scale.
In fact, it turns out that in many models scalars that remain almost
massless are not easlly generated, and to date there exists no real-
istic GUT which incorporates supersymmetry. It was shown explicitly,
howgver, that at least in some toy models {6] the existence of such
scalars is indeed possible, and one may continue to be optimistic
about the role supersymmetry might play in unified theories.

Among a number of constraints supersymmetric theories face,
perhaps the most obvious one is that supersymmetry should be broken
at low energy since scalar partners of quarks and leptons have not
been obsérved yet experimentally. The breaking can be either explicit
or spontaneous. In the case of explicit supersymmetry breaking,
scaiar partners of ordinary fermions can obtain arbitrarily'large
masses, as mass terms are added directly to the Lagrangian, provided
they remain soft, i.e., they do not introduce quadratic divergences[7].
On the other hand, spontaneous supersymmetry breaking at the tree level
requires that a certain relation be satisfied among masses of particles
with different spins, as explained in detail in Section 1. Because of
this constraint, supe;symmetric theories based on.the standard in-
ternal symmetry group SU(3) X SU(2) X U(l) do not have a realistic

mass spectrum. It is in this context that Fayet [8] proposed the



‘ "
extension of the standard gauge group to include an extra U(l) factor
under which known fermions transform chirally. This type of extra
gauge symmetry was also considered to be a possible mechanism for pre~- -

venting nucleons from decaying too fast [9].

N

The introduction of such a new gauge interaction brings about new
theoretical and phenomenological complications. On the theoretical
front, it was shown that a consistent model can be constructed which
is anomaly-free and which has the correct vacuum structure [2]. Some
of the new phenomenology due to a new neutral gauge boson associated
with ﬁ(l)‘ has been considered by Fayet [10]. It is the purpose of
this chapter to parametrize énd analyze systematically the neutral
current sector of a rather generéi class of supersymmetric "extra
E(l)" models.

It turns out that this analysis often parallels what was done on
a number of alternative electroweak models of the past with more than
one neutral boson, most notable of wﬁich include SU(2)L X SU(Z)R X U(1)
[11] and SU(Z)L X U(1) X U(l) [12]. Some of these models typically
were motivated to accommodate apparent deviations of some experimental
data from the standard model predictions at the time. Others were
introduced mainly for the sake of considering alternatives to ortho-
doxy. Althoughisome ﬁodels had theoretical implications, for example
as a possible effective group surviving at low energy when a certain
grand unifying group breaks [13], the class of supersymmetric extra -
g(l) models considered here enjoy a more compelling theoretical

~motivation than most other alternative models.
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The organization of this chapter is as follows. In Section 1, the
essential features of supersymmetric extra ﬁ(l) models are reviewed.
The theoretical motivation, the structure of Higgs and fermion sectors,
»and the neutral vector boson mass matrix are discussed. In Section 2,
the minimal mixing model, defined at the end of Section 1, is analyzed.
After the parametrization of the model is given, expressions for low
~energy model independent parameters are derived in terms of the model
pa;améters. A fit is made to the low energy data from neutrino
scattering [14] and SLAC eD experimen;s [{15). The forward-backward
asymmetry in e+e- +> ﬁ+h- is derived, aﬁd along with the fit made
previously, bounds on the vector boson masses are estimated from the
recent DESY [17-20] data for the asymmetry. In Section 3, an exten~
sion of the minimal miﬁing model is made to include contributions from
isosinglet Higgs fields. This section parallels Section 2; model
independent parameters are derived and fits to data aie obtained. 1In
Section 4, other neutral current processes which can be potentially
affected by the extra V) are considered. The decay widths of the
neutral bosons, and the anomalous magnetic moment of the muon are

discussed. Section 5 contains a summary and conclusions.

1. SUPERSYMMETRIC SU(2) X U(Q1) X 3(1) MODELS

(1) Motivation for the Extra U(l) and the Structure of the
Fermion Sector

If supersymmetry is relevant in particle physics, it must be
broken at low energy since Bose-Fermi mass degeneracy is not observed
in nature. If the breaking is spontaneous, there exists at the tree

level the following mass relation for particles with different



spins [21];

D@1 er M =z c tr ¢°, eY)
J o -
J a -
where MJ is the mass matrix for a spin J field, and qa the charge v

of a chiral multiplet for a gauge group labeled by a. Ca is a
constant which depends on the group and the supersymmetry breaking
parameter.

If we use the standard gauge group, and enlarge each weak
multiplet to include supersymmetric partners, eq. (1) results in
an unacceptable mass relation [22]. For SU(3) X SU(2) X U(1l) the

right-hand side of eq. (1) is zero, and for a four-component fermion

f, we get
2 2 _ 2

where s and t are the two scalar partners corresponding to, say,
the left-handed and the right-handed components of f. No scalar
particles satisfying eq. (2) have been seen for any of the three
generations of four-component fermions with the possible exception
of the yet undiscovered top quark.

One solution to this problem was suggested by Fayet [10], who
introduced a new gauge group U(1) which couples chirally to fermionms.

We then have the relations

2 2 ~
Ms - Mf (const) QL

Mz - M% = - (const) aR ’ (3)



vhere 6L and 6R are the U(1) charges of left- and right-handed f.
It is obvious from eq. (3) that for both s and t to be heavier than
£, 6L and 6R should have opposite signs. 1In other words, the
ninimum requiremen; for the U(1) charge of a four-component Dirac
fermion is that its axial part should be larger in magnitude than
its vector part. There is no such restriction on neutrino ﬁ(l)
couplings in theories where right-handed neutrinos are absent.

In the most general supersymmetric extra U(1) model satisfying
this requirement, different fermions can in principle couple to U(1)
differently, which will result in the proliferation of parameteré in
"the fermion sector. However, there are arguments suggesting that
masses of some scalars are almost degenerate. For example, the
scalar partners of u and d quarks, pairwise, based on measurements
of parity violating nuclear transitions, appear to have small mass
differences, unless the masses are greater than 0(100) GeV [23].
Also, the limits on flavor changing neutral currents suggest that
the scalar partners of quarks and leptons with the same qﬁantum
numbers but in different generations ére nearly degenerate in mass
[24]. Thus the U(1l) couplings of at least some fermions seem to
have the same -axial part and negligible vector parts.

In view of these considerations we use throughout this chapter
the simplest fermionic ﬁ(l) couplings meeting the mass requirement.
A straightforward supersymmetric generalization of the standard model
particle assignment is made; left-handed matter supermultiplets con-

sist of



UL N
QL'(D) U, D -(L) E
L"* R* R’ LL EL * "R,
whose fermionic components are the ordinary quarks and leptons. These
fields have the usual SU(3) X SU(2) XNU(I) quantum numbers while all
of them have the same %(1) charge, %-. This means that quarks and
charged leptons have the identical, pu:ei? axial 3(1) charge, ;,
and the neutrino has a V-A coupling, %-, to 8(1). The quantum
numbers of these fields are listed in Table 1. Any extension of this
minimal structure finds little theoretical motivation in actual models,
and will not be considered here. We note in péssing that Fayet [10],
in comparing the predictions of supersymmetric extra 8(1) models with
neutrino data, introduced the parameters cos ¢u’ cos ¢a , etc.,

. o Y
corresponding to the magnitude of the vector parts of the U(1l)

couplings for u, d, etc., relative to their axial parts.

(ii) The Higgs Structure

Unlike in the standard model where a single Higgs isodoublet
gives mass to both charge %- and - %‘quarks, in supersymmetric
models at least two isodoublets, ¢ ,. and ¢2. , are required, since
superfields within the same term in the Lagrangian should be of the
same chirality. From the Yukawa terms 6L¢1UR and 6i¢2DR’ we
see that the U(1l) charges of ¢1 and ¢2 differ by one and their

n ;
U(1) charges are the same. These Higgs fields, as in the standard

model, also serve to break SU(2) X U(1).

o«



Other Higgs fields may be needed, for example, for theoretical
consistency such as the correct vacuum structure [2,25]. Some of
them may alter the neutral current sector as they obtain non-zero
vacuum expectation values (VEV's). One such set of Higgs fields
occurring in actual models will be considered in Section 3, namely,
those which transform trivially under SU(2) X U(1l) and non-trivially

under U(1).

(iii) The Neutral Boson Mass Matrix

The covariant derivatives for the two Higgs isodoublets des-

cribed above are:

- .
T > ~ o~ ™

Du¢1 ('éu-ig22 Wu-iylgBu-iygBu) ¢ (4a)
-

D¢, = (3 -ig, ~ . W -dy.gB -1y g B ) ¢ (4b)

W92 p - igy 3 W - iy,eB yEB) ¢, »

~

where ﬁu, BU’ BU are the boson fields, and g8, 8> g the couplings

associated with SU(2), U(1), U(), respectively. Y1 and Yy the U(1)

charges of ¢1, and ¢2, satisfy Yy =Y + 1 from the Yukawa terms,

2
and y is the common ﬁ(l) charge of_cbl and ¢2, which is twice that

of left-handed fermions.

As ¢1 andvcb2 obtain VEV's,

0 hZ -
¢1 = ( ) ¢2 = ’ (5)
hl 0

the terms relevant to masses in the Lagrangian become:

2
t oM 2 82 3 <. x.2, 8 x2
@6 %) ~ 0] 1GE W - vy, -5 857 + 72 @’ (6a)



2

p +,.u .2 8, 3 ~—~ 2 8_2_ _2
(D ¢,) (D 6)) ~ by (GBI 4y,e8 + 588 )" + 22 (W)} o
(6b)
The mass of the charged weak bosons is given by
2
2 g, 2 2
Moy = 72(h) + b)) . )

The neutral boson mass matrix becomes:

3
Bu Wu
ge
2 (o2n24 0212 552 2_y h2
- g° (yyhi+yohy) 9 (yz.h2 ¥,h7)
88, 2 2 82 2.2,
2 =} 222 - 22
M2 = —=(ypho-y b)) 7= (hy+hy)

8
~- 2 2 =~ 2
— 2V E (ylhi.“'yZhZ) E— yg (hz'hf)

g¥E(y, h+y,h2)

g .., .2 2
7 ye(hy-hy)

52g% (ni+ndy

(8)

Notice that det M2=0 regardless of Yis Yoo hl’ h,, since the

VEV's of b, and ¢, have been chosen such that electromagnetism

is unbroken.

The eigenvector of the mass matrix (8) corresponding to the

photon is given by

- - 3 Y4y, &
B + - Wo—- 172
Yge, 5, yg(yl Yz)g u BB —— u

A =
U o 2 .. 22 ) 2
[y2g2g§ + (y,7y,) 82¥%8%+ge (Zl_“zi%) ]!’ .

(9)

10
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1f Y™ =Y Au haé no contribution from gu, and the mixing for A.u
is as in the standard model; Q=T3+Y, where Y 1s the U(l) generator
and Au-coseBu + siQew:, where sinZ¢ = Ezf%g is the usual weak mixing
parameter. The quantum numbers of ¢; and ¢, are shown in Table 1.
of course one can be completely general and consider full mixing of all
three neutral boson fields involving three different mixing angles.
However, our aim in this chapter is to analyze thg most economical
class of models theoretical consistency allows. Thus we leave the
photon the same as in the standard model, while we introduce mixing
between the two massive neutral bosons in order to avoid immediate
contradiction with data, as discussed in Section 2.

With Y, =<y, = %-, the mass matrix (8) now becomes

g2 -g8, -gge
2=l 2 .2 _ 2 -
M z (hyth) 28, g5 8,8€ (10)
—-—eBr r 52 ’
gge 8,8¢ g
2 2
hi-h o=
vhere € = E%?E% . and -3 2yg .

€ 1s a measure of the mixing between the two massive neutral bosons.

If hf=h§ (e=0), 'Eu decouples completely from Bu and Wﬁ, and E

n
alone sets the scale of the U(l) breaking. The minimal mixing model

MM) is how defined as the one in which there are two Higgs_iso-

doublets whose neutral components obtain different VEV's in general.
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2. THE MINIMAL MIXING MODEL

(1) Parametrization

Here we parametrize the neutral current sector of MMM de-
fined at the end of Section 1, and 1list formulas useful in deriving
e#pressions for the low-energy model-independent neutral current
parameters.

The mass matrix and one of the eigenvectors Au were written down
in Sect;on 1. The other two eigenvectors ZU’ iu with non-zero

eigenvalues M:. M; are:

1
3 -
z = (-gB + g, W + gnB ) (1a)
v 2 2 =22 2 :
H g2 + g2 + & u v v
1 3 —
Z = (-g"B. + g,TW_ + gB. ) (1b)
v 2.2 ~ =2 2 ’
I R R v W
where
n = € R (2a)
-2 2 %(hi”‘g)
1-g (1-€7) 2

M

z
-~ E .
n= . (2b)

2 2 2%“‘%*“5)
1 - (g" +8g,) (1-€7)
2 2
YA

The expressions (1) have been chosen so that as £ tends to zero the

detachment of ﬁ(l) from SU(2) X U(1l) is smoothly made. (In this

limit n,” + 0.) Note that nij = 1 if Mz = MEZ.
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We now write the eigenvectors as follows:

A cosb s8inb 0 B

- H H
Zu = |- cosasin® cosocosbd sina Wﬁ 3)
’ . iu sinasin® - sinocos® cosa iu »

where 6 was defined in Section 1, and

2 2
g +8)

(4)
2 =22
g + g5 + 8"

cos O =

The sign of cosa is chosen to be positive, and the sign of sina will
be discussed later in terms of other parameters. As mentioned before,
of the three rotation angles one was eliminated by requiring that the
photon does not mix with the ﬁ(l) boson.

The non-zero eigenvalues of the mass matrix satisfy the following:

p+pPp=1+A

ob = A(1-€2) , (5)
Micosze Mécosze
where p = ——— , p= = (6)

" Y

e i.e., mass squared in units of the standard model Z mass squared,
and
A= I3 §2coszesin26

= . ' o))
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Requiring that as € + 0, p + 1 and § + A, we identify

i |
1 [ | 4a ;

pe=z[l+Aa+ (1-2a) 1+ (15_ 7 ) (8a) .

~ 1 | loAs:z

Pz l+a- Q-0+ (8b)

a-m2!-

Which boson mass is the bigger depends on whether A is larger than

unity or not:

(A-1) (B-p20.

Also notice that (1 - p) (1 - P) =-A€2 < 0, which means one boson is
lighter and the other is heavier than the standard model Z mass.
Thus the Georgi-Weinberg theorem [26] on neutral boson masses in a
multi-boson model is satisfied, although its premise is not met.

It turns out that p and p are very convenient intermediate para-

meters to work with. For example, in terms of p and P ,

n=-—F i l__€e (92,b)

- 1= -1
cosa = B—"_—'% R sina= # 'g—_-s . (10a,b) .

The sign of sina is such that if (1 - A)e > 0, sina > 0, and vice

versa. From eqs. (8) and (10),

' 2 - 3
cosa (1 + {1+ ———ﬁéji—] 2) . (11)

1 - a?

n
N
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There are five independent parameters in MMM: g,gz.E,hl,hz.
Apart from
: g2, ' 2 sz 1
ex——— , G

. - F
_ /82+8§ auw /‘(h +h)

(12a,b)

we choose towork with the following three free parameters: sin26, as
in the standard model, and A > 0, | € | < 1, which measure the rela-
tive streﬁgth of the U(1) coupling, and the degree of mixing between
the two massive neutral bosons, respectively. We will eventually
express low energy model independent parameters in terms of these
model parameters.

We now consider the couplings of fermion f to ZU and Eu. In
terms of physical fields the relevant interaction terms in the

Lagrangian are written as follows:

L

u
int LI 2D Qg

e aM Y + z¢¥ 3
SNC 3} ) 2t O4N

(13)

where JX = ?&uf, Jﬁ = ?&ust. Q.Y is the electric charge, and QZ,

Q; are vector, and Q;, Q% axial weak charges.

The weak charges are given by:

-~

T.. +T Y. + Y
V_ e 3R © 3L y_. 2 ~ o
QZ = ZinBeosp cosa { 2 Q'sin“® ] + g sina 5

R

(14a)
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: Top-T - Y -Y.

A.__e_..__ 3R 3L n R 'L
Q; = sinfcosd o8¢ 7 +tg sina—5 (14b)

Tap?T §+Yd'
Va.__=¢ 3R°3L vy, 2 )
Qi sinbeosetinel—7— - Q'sin6] + gcosa

(l4c)

Top-T Y -Y
AL e 3R3L | . =
L sinbcoss Simo——5— # Ecosa 5 . (14d)

For quarks and charged leptons, as discussed in Section 1, we take
N . N

N Y

Y, = -Y.= L. For neutri ¥=0, ¥ =2
L =7 or nmeutrinos Y.=0, YL =7 Thus these charges

become, for example, for the electronm,

\' 1 e
Q = - — cosgt —m—— (1~ in26
Z,e 4 ©°% sinBcos® (1-4 5in®6) (152)
A 1 e _ .
QZ,e 4 (cosa sin6cosd T gsina) (15b)
Qy L o e 2
= = sint —————— (7 - . ,

Z,e 4 sinBcosb (1 - 4 sin®6) (15¢)
Qé = l (- sina —& + g cosa ) (15d)
Z,e 4 ~ sinBcoss .

For a=0 (=0, or p=1) the vector charges are the same as in the

"
standard model and the axial charges contain contributions from U(1).

(ii) Model Independent Parameters

In comparing neutral current predictions of an electroweak -
model with data it is customary to work with low-energy model inde-
pendent parameters [27]. Here we derive the expressions for the

parameters which describe various low-energy processes involving
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space-like momentum transfer, in terms of the MMM parameters,
sinze, A, €. The model independent parameters we use are defined

in the following processes.

1) Neutrino-electron scattering

G -0 - e e
Loee = - 7Y A-v)vev, ey + gyv5)e (16)

The values for g; and g: determined experimentally

from v-e elastic scattering data are given in Table 2.

2) Neutrino-hadron reactions _
G -0Q - q q
Loii = - 57 A-v)var (ey + gy¥sda s (17)
where q= u or d .

The available data for these parameters are from deep inelastic
scattéring, semi-inclusive pion production,'elastic V p scattering,
and other processes [28]. The following linear combinations [27]
somewhat facilitate fits to data, as some of them (B and &) turn

out to be independent of sin26:

a = gs - 33 (vector isovector) ' (18a)
B = gX - gi (axial isovector) (18b)
y = gg + gg (vector isoscalar) (18¢c)
8§ = g: + gi (axial isoscalar) . (184d)
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3) ELECTRON-HADRON REACTIONS

¢ )=.0 3 3
ﬁzsz - - 7 ey v.e [Cluuyau + clddYad]
+ Eyae [Czuﬁyaysu + Czda‘Yust] (19)

The parameters C_ .., C C

i describe parity-violating electron-

12* €20 Coa
nucleon interactions. Not all of these four parameters have been
determined experimentally in a model independent way yet, and the

following two combinations are used here:

= 4 1 '
a = -3(C,-35C9 (202)
= _4 1
b = 3 (C2u > Czd) . (20b)
a and b enter into the expression for the asymmetfy (Aen)
in eD scattering [29]:
A _(y) — (1-v)2
eD 9 G [a + 1 (1-y) b] (21)

Q2 = 20 /EﬂaEM 1+ (1-y)? .

Since it turns out that the error in experimental determination
of b 1is large and the errors for a and b are highly correlated,
the following combination which is best determined will be used in

place of b [27]:

wis
~~
(@)
|
N
(@]

c=a+ .25b = - (22)
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Various atomic parity violation experiments can also be described by
lj.near combinations of clu’ cld’ Czu. ch’ and analyses of some

alternative models have included the recent data [11]). However, in
this analysis atomic experiments will not be considered, and a total

of eight parameters are studied:
'8:’ Szv a, B, v, 6, a, ¢ .

We now derive the expressions for these parameters. From eqs.

(14), (16), and (17)>

2 ,
M p—
gj = ¥ 3 12 (cosqg - -;—-E sina sinf cosf) [cosa (T3L--2Q'Y sinze)]
cos 6 M
z
+ 2 (sina + l-g-sina sin® cosf)[sina (T -ZQY;sinze)] R
M 2 2 e 3L
z (23a)
£ sz' 1 13 |
8y = 3 57 (cosa - 3 5 sin® sin® cosf) [-cosa Ty
cos 6 M
z
+31 28 g4na sin6 cos 6] - A (sina + 128 cosasind cos 9)
2 e M~2 2 e
z .
[sina T3L + —21— -E cos @ sin® cos 9]} . (23b)

where f = e, u, or d.

Eqs. (23) are written again as:

el = 1y - 20 s (5 - %) - (242)
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£ 1 N
gA--T3Lj+2(1+T3L)k-Z£’ (24b)
where
2
M 2 2
o (v}
j = w2 (cos2 + s:l.n2 ) (252)
cos” 6 M M~
z z
sz 1 1 2
k = ( 3" 3 ) -5 sinb® cos 8 sinqa cosa (25b)
cos O M M.
z
M 2 2 2 \ =\ 2
L= wz ( sinza + cosza)(f) sin26 cosze . (25c¢)
cos 6 M M-~
z z
Similarly, in terms of j, k, %,
a= (- 3% sin20) (i + k) | (26a)
b= (-4 sinze) G - %). (26b)

Thus all the low ener'gy model independent parameters considered here
are simple functions of j, k, £, which are in turn expressed in terms
of the sum and the product of the two boson masses.

From egqs. (10) and (25), we obtain

j:.f%;g;l ~ (27a)
1
Kk = ¢ —& [b+p-1) (p - 1) (1—5)]2 (:fore§0) (27b)
P

) P_._____"’pg -1 (= §). (27¢)
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From eqs. (5) and (27), in terms of the model parameters,

j=L= 3 (28a)
l-~-¢€ .
k=-—3. (28b)
' l-¢€ -
Finally putting eqs. (24), (26), and (28) together, we arrive at
the expressions for model independent parameters in terms of the
MMM parameters:
€
1+4<
e 1 2 2
=== (1~ 4 sin“6) ——— (29a)
& 2 1 - 2
e 1
BA"T 1+ (29b)
€
14+
u _1 8 2 2
== (1 -5 8in“0 (29c)
& 7 2 3 1 - 2
G IT- - (290)
14 -
d 1 4 2 2
= -2 (1 -<s8in”6) (29e)
By 2 3 1 - €2
d _ 1
A4 (1 +09) - (@9
20 2 1
a=(1- 9s:i.n 6)1_‘_e (29g)
€
2, 13
b= (1 -4 sin 9 3 (29h)

1-E€
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Expressions for g:, g:. a, B, v, §, a, c are listed again in Table
2 and compared with the corresponding expressions in the standard
model. Also shown there are the data from various experimental

groups compiled by Langacker et al. [26}, and the numbers from the

best fit to MMM (see next).

(iii1) Fitting

First of all, we observe from Table 2 that all the eight para-
meters considered are independent of A. In the case of no mixing
(e= 0), this is easy to understand; the contribution from the new
gauge sector 1s, in the zero momentum transfer limit, a function of
ng, which is independent of E in MM. Even in the case of non-zero
zgxing, as mentioned before, all the parameters are functions of j,
k, %, which are all independent of A (eqs. (28a,b)). Thus the neu-
trino reactions and the eD asymmetry impose no constraints on A.
Information on the strength of the ﬁ(l) coupling will come from
e+e-'+u +u’ at PETRA energies.

Now we proceed to perform a two-parameter fit to data with sinze
and €, Fig. 1 (a,b) show the regions in the (€, sinze) plane con-
sistent with data within one and a half standard deviation for each
model independent parameter. We would like to determine the values
of € and sinze as precisely as possible, since they have implica- --
tions for, among other things, boson masses. The lighter boson mass

<
Mz has an upper bound:

<1 - €, (30a)

<
or M < A - Ez (equality for A + =), (30b)
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That non-zero mixing (€) is needed is apparent from the axial
coupling for neutrino teacsions; for € = 0, g: - %3 and § = - l,
which are more than four standard deviations off. 1In Fig. 1(;) the
horizontal band comes from axial coupliﬁgsr(g:, B, 6) which are
independent of sin26.

To gain a better understanding of the location of the allowed
regions in Fig. 1, we consider some special cases of MMM to be
'compared with the standard model, before we present the best fit to
data. For € = —-% » neutrino interaction parameters are reduced
to their standard model expressions. Indeed, thé small shaded

'region in Fig. 1(a) around € = - l-, sinze = ,239 (from the best

2
one-parameter fit to V data alone [28]) is consistent with all six
V  parameters, but not with eD parameters, especially c. The best
‘fit to v &ata gives

€= - .46 sin?0 = .241 .

For these values a = .86, ¢ = .90, which are 1.5 0 and 7 O off,
respectively.

On the other hand, for € = 0 the eD parameters are the same
as in the standard model, as they should, since the additional vQ1)
e and quark currents are purely axial and do not contribute to the
asymmetry [29]. Also unchanged are the vector V parameters (gs, Q,
Y) and B, for which the isolated axial contribution from U(1)

cancels. However, € = 0, sinze = ,224 (from the best fit to SLAC

data [28)) are in gross disagreement with data for axial V parameters,

e

8a and 6 , as mentioned before. From Fig. 1(b) we see that the

regions consistent with SLAC data are not restricted to near € = 0,
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but comprises a wide range of € , including a region around € = -~%
where the horizontal v axial band is located. sinze allowed by
SLAC data in this region is larger thén in the standard model.

Thus it is not surprising that the best fit to all data for

MMM gives:

€ = - .44 , sin’® = .295 . (31)

For these values all eight parameters are in good agreement with
data, as shown in the.last column of Table 2. The relatively large
value of sin29 may not be a problem yet, in view of the absencé of
a realistic supersymmetric GUT including U(1) . The fit is genefally
improved when we include in Section 3 a Higgs isosinglet transforming
non-trivially under U(1) .

To get an idea of the location of the boson masses, we note

that the best fit (31) gives:
p _<_ .81 » (323)
or M_ < 73.5 Gev, | (32b)

while Mw = 68.7 GeV. The upper bound corresponds to A + ® ,
<
and as A gets smaller, so does Mz . The lower bound on A, thus
< -
on Mz » can possibly come from data for the U+ W forward-backward

asymmetry in e+e- annihilation, which is considered next.
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(iv) Asymmetry in ete” » vhu

As in most other multi-boson models where thefe is at least one
neutral boson lighter than the standard model Z, we expect the
forward-backward asymmetry Auu to be more negative at low ené;gy
than in the standard model. The contributions to the asymmetry

come from three interference terms among photon, Z, and z exchanges

[30].
4 ¥,
2 -2, = 2, 2,21 12
F,o= 1+2 [g Re®) + g Re®] + (g% + 8, )R]

~2 ~22~ g ~' ~2
+ (g, +8,) |&|% + 2 Re(R¥R) (g8, + 848,) >

2 ~ 2. (= 2 2,12 , ~ 2~ 2312
Fy = 2 [g, Re(R) + §,"Re(®) ] + 4 [g g, IRI® + & g, IRl °)

~ ~ ~ 2
*
+ 2 Re(R*R) (g8, + 8,8.) s (33)
where R = 3 82 s and gv, gA are the vector and axial
e“(s - M " + 1 Mzr)

couplings of e (M) to Z.

For center of mass energy (V's) much less than the smaller of
the boson masses, the interference between Z and Z exchanges is
negligible, and the asymmetry is approximately given by:

2

MM _ 3 2. . ~2%
7 (8, R+g, R, (34)

A
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where the widths have been ignored.
One of the two terms in eq. (34) 1is expected to be negligible com-
pared to the other, especially when the two masses are widely

separated, but the sum results in algebraic simplification.

2 -~ 2“' o r » -
g, R+g, R=- - (7 - 2%+ ), (35)
16 sin“® cos“ 0
where
2 2
. cos Q sin"a
kK = 1 — sina coso sinf cosf E. (36b)
o=-0 o-p e
L2 2 —\ 2
2' = - (s1na + £°5 ?) <-g) sin‘ze cosze , (36¢)
g c-Pp c~-p e 7
c0529
o = §———§—— , 1.e. center of mass energy squared in units
M
W

of the standard Z mass squared.
j’, kK, 2 reduce to i, k, g of eqs.-(27a,b,c) in the zero limit of
center of mass energy:

g (0=0) =g, etc.

In terms of the model parameters,

- P+p-1)-0 A-0
3j = — = (37a)
(=P (@=-8) 2 _ (a+1o+a-¢d)
1
T = 4 1 - - - = 2 <
k - (G - p) (0_5) [ +p 1) (@ 1 @a o)1 >0
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-— 2A ¢ > (37b)
o -(A+1)o+A (1 -¢)
(L-0) (p+p=1 _ __ (1-0)4A
) - — —te— = . (37¢)
' (G- 0= . @+mo+aa-ed
Putting eqs. (5) and (37) together, we finally have
AWM o 3o {2(1+e)-o
32 sinze cosze Q- €2) -0
\2 .
+ v12 02[(1+e)-o] 2}. (38)
1-e")-0 [Q-€)-0)A~-(o~-0)

The dependence on A is isolated in the second term in braces.
Fof oL p <, which includes the region in energy where there are
data available and where eq. (38) is approximately valid, this A-
dependent term is always positive, regardless of A. Thus AN has

an upper bound:

AWH < - 3 0 2Q+e -0 (equality for A + o). (39)

32 sinze cosze (1 - gz) -0
If we compare the expression (39) with AYY in the standard model:

3 o

AWM = 2 2 1-0 , (40)
standard 32 sin ' cos' @

we see that for the same value of sinze » the minimum of |A““| in

eq. (38) is always greéter than | AWH |, foro ¢1 - 52.
standard

Thus, even for A + » , which corresponds to MZ at infinity, the

addition of an extra gauge symmetry with the minimal Higgs structure
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implies a more negative value of APU than in the standard model at
low energy. Also the slope of APU as 0 * 0 (which is independent

of A) is steeper in MMM than in the standard model by a factor of

l1-€°
For the values of the MMM parameters determined earlier (eq.

(31) ), and for vs = 34 GeV, eq. (38) becomes

.005

Hu
o 276 '226). (41)

AT = - (.117 +

While some experimental groups (CELLO [17], MARK J [18]) reported
data consistent with the standard model prédiction, other groups

(TASSO [19], JADE [20]) find the asymmetry considerably more nega-
tive. In the former case, the errors are not small enough to rule

out MMM, and A will have a lower bound. In the latter, if we take

the TASSO data (A"M = - .16 + .03) [19], for example, the bounds
on A are:
29 < A < .61, (42)

which corresponds to
43 Gev < M~ < 53 Gev , (43a)
85 Gev < M < 90 GeV . (43b)

In Fig. 2 the predictions for Auu in MMM and in the standard model
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are compared. The data from various groups are shown in Fig. 2(b).

3. THE EXTENDED MIXING MODEL (EMM)

(1) Parametrization

While MMM considered in the previous section was shown to
be consistent with the existing low-energy data, it could be soon
ruled out by data from more asymmetry measurements or the upcoming
P ;'collision experiments. In this section an extension of MMM is
made in view of the fact that in actual models SU(3) X SU(2) X U(Q1)
singlet Higgs fields ¢ 01 (i =1 to N) are often introduced [2,25],
which have U(1) charges, §°i and obtain non-zero VEV's. These
fields have the potential to improve fits to data, since in effect
they introduce a new parameter into the neutral current sector.

The quantum numbers of ¢oi are listed in Table 1.

. R . i,
The covariant derivative for ¢° is:

D¢ " =( -1y

< 1
%o u . 8 Bu) ¢° . (1)

As ¢oi obtain VEV's, hoi, the contribution to the mass matrix from

¢ oi is written as:

i f, w4 12 2 =22
(Du¢o) (D ‘i’o)~z(h1 +h2) (t-D g Bu , (2)
where
(§oi hoi)2
t=1+ 7 5 (3)
i h + h
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The mass matrix then becomes

2 =
g - 88, - 88E

2 —-—
2 ) - 88, 8 88t |. (4)

~ - =2
- 88€ g,8¢ gt

Again we have chosen =" }’2 = -]2-'- not to break electromagnetism.

2

(Otherwise, det M~ « (yl + y2)2 *0, and the photon will develop

mass.)
The non-zero eigen values satisfy:
P+ P=1+At (5a)

pP=A (t —€2) . - (5b)

We choose the following solutions to eq. (5) (as € *0, P *1 and

o
P ~At):
p=%{1+At+(l-At) v/l+-—4Ai—2} (62)
(1 - At)
: 2
5=% {1+At—(1—At) /1+___4A€__i_}. (6b)
(1 - At)

The upper limit of the smaller boson mass is now given by:

(o] <1-_’ (7)
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which is larger than in MMM for the same value of € .

The expression for the mixing angle 0 1is exactly the same as
in MMM in terms of p and P (eq. (2.10)). The intermediate
quantities j, k, £, although they are still the same functions of

p and P, are modified since p and P now depend on t:

t
j = » (8a)
t - €2
€
k= - : (8b)
t - €2
1
g = . (8¢c)
t - EZ

The eight model independent parameters are now given by:

€
t + =
e 1 2
= == (1 - 4X) - (9a)
gy 2 . - el
1+¢
t - N
e 1 2
g, = 35 (9b)
A T 22
t+-§
a = (1 - 2X) 3 (9¢)
t - €
't+§€, _ |
B = - 5 - (9d)
t -¢
2 t+'2EE
Y = -‘5}( 3 (9e)
t - €
1, |
$ = - 2 (9f)
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20 . t - € - :
a = (1-—]X) — © (98)
9 t-sz '
€
| t + = :
e = a-Bnt=S+g-n—3, | (9w
’ t-¢€ t-¢ '
where X = »sinZB .

(11) Comparison with Low Energy Data

Again the expressions (9) are independent of A as in
MMM. For t = 1 they reduce to the MMM expressions, as they should.
We also notice that for large t thé standard model is asymptotically
recovered, as in models where the écale of the U(1) breaking is made
large compared to O (100) GeV [25]. EMM is truly an extension of
the standard model in the sense that there is now a parameter for a
certain value of which the standard model is recovered. Therefore,
-we expect that regardless of the value of € , a very large value of
t will give as good a fit to data as the single—parﬁmeter standard
model.

In Fig. 3 the regions in the € - t plane consistent with
neutrino data for sinze -independent quantities to within 1.5 O are
shown., Figs. 4 and 5 show, for a representative value of sin26 =
.230, the regions in the € - t plane consistent with neutrin; and eD
data for sinzﬁ ~dependent quantities to within 1.50 and 10, respec-
tively. One region consistent with all data, as noted before, lies
above a certain large value of t and comprises a wide range (almost

all values, for a reasonable value of sinze) of €.,

Thus it is not surprising that the best fit to all data gives t
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of the order of a few hundred, for sinze ranging from .220 to .250,
which corresponds to ho1 -~ h1,2 X 0(10) , unless N is large. This
value of t may seem too large in view of the theoretical prejudice
regarding naturalness. However, the value of t is very sensitive
to data, and as mentioned before, the current data can be accommo-
. dated for a wide range of t (including t ~ 5) as well as or better
than in the standard model.  The present experimental accuracy thus
placés virtually no useful constraint on the allowed range of t.

It should be noted that for smaller t the allowed range of € be-
comes more restricted, which has implications for the upper bound
on the lower boson mass (see eq. (7)).

As an 1llustration of these points, we consider the special
case €v= -‘%. Frovaig. 6 it is seen that a much smaller value of
t is permitted than the best fit. Indeed we observe from eqs. (9)
that for € = - %-all the V parameters are reduced to their
standard model expressions, just as in MMM. eD parameters in this
case are still functions of both sin26 and t. This t-dependence
will serve as the basis for an improved fit to eD data with the
other parameters ( €, sinze) determined from V data as in the
standard model. In this respect, this model (with € = - %3 and
sinze and t as free parameters) resembles the SU(2) X U(1) X U(1)
model of Deshpande and Iskandar [31] whose V sector is the same as
the standard model, and whose electron-quark reactions are described
by an additional parameter. For € = - % and sin28 = ,239 * .010

(from the standard model fit to V data) the best fit to eD data

gives
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+ 12.9

t=7.8 '3.35 °

Fig. 6 shows regions in the sin29 - t plane consistent with data for
a and ¢ within 1 0. Again it is clear that t is highly sensitive to
data.

Another special case where some low-energy parameters are the
same as in the standard model results for €¢ = 0. As in MMM, the eD
parameters and also g:. a.ﬁB, Y are unchanged, but gi and § now
depend on t. The best fit to data for these two parameters gives
t = 350, which makes € = 0 less favorable than € = - %. (gz tends

to favor large t for € = 0).

To get an idea of the boson masses iﬁ EMM, we note from

€=-7 sin’0 = .239, t = 7.85 | (10)
we get

p° < .97, (11a)
or Mz< < 86.1 GeV . (11b)

(iii) Asymmetry in ete” » p+u-

The expression for A" is the same as in MMM in terms of

37 k7, L7 (eq. (2.35)).T However, j°, k”, £° are modified:

" - (1 +At) o+ A (t -¢€")

K" = - AE (12b)

02 - (1 +At) o+ A (t - ez)
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2,‘ - (1 - 0) A . (12C)

oz - (1 +At) o+ A (¢t - Ez)"

Thus from eqs. (2.34), (12), the asymmetry is given by:

1] 30 (l+t+2) -0
A = - 2 2{ 2
32 sin“0 cos B t(1-0)-¢
2
+ o [0 - (1+e); ; } (13)
t(1-0) - ¢ [t (1-0)-¢’]a-(0-0%

The first term in braces in eq. (13) is again always positive for ©
2
< 1 —-%— » and smaller than the corresponding term in the MMM

prediction for the same value of € . Since the second term is always
positive regardless of A as in MMM, the minimum of | AW I in EMM
is smaller than that in MMM for same € , in the range of 0 where
eq. (13) is approximately valid. \

In fitting EMM parameters tb the asymmetry data, one must be
careful unless t is small (t f 5, which could be too small in view
of naturalness). If one works with fairly large t (as required,
for example, from the low energy data), the approximation for AW
in eq. (2.34) may not be valid for asymmetry data considerably
larger than predicted in the standard model. This is illustrated

in the example given before (eq. (10)). Using the TASSO data (Auu

= - ,16 + .03), we find
.020 < A < .021, (14)

which corresponds to
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34 GeV < My £ 35Gev, | (15a)
87 GeVv < M; < 88 GeV . . (15b)

For this value of M;, the terms neglgcted in eq. (2.34) are
actually bigger than the lowest order terms in eq. (2.34), and
should obviously be included for thé precise détermination of the
boson masses. However, the crucial point here is that the location
of the lower boson mass ié very near the center of{mass energy,
which is in clear coﬁtradiction with, for example, the current data
for the e'e  total cross section [32].

Why this happens for‘not so small t and large I Auu lis seen

from the approximation of eq. (13) for large t:

! HH - o[(1 + €) - 0]
A - Astandard + (const) t
X 1 . (16)
t (1-04A- (0~
or
a .- feogetl oy 2 | (17)
£ A t

where A is the deviation from the standard model prediction. For

large t, unless A is small A ~ -% regardless of the value of A, -
and A is determined so that the mass of the lighter boson is close

to the center of mass energy.. Thus it follows that if the asymmetry

‘data considerably larger than the standard model prediction are not
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accompanied by the corresponding peak in the e+e- total cross-
secti&n,‘t should be”small for EMM to be consistent. If smali t

is indeed preferred, large mixing ( ¢), in turn, could put a non;
trivial upper bound on the lower boson mass (see eq; (7)). To make
more definite remarks on the fate of EMM, we would have to wait for

more data on AYM and results from ﬁ; expériments.

4. OTHER PROCESSES

Two other neutral current processes which are potentially affected
by the presence of a new U(1) gauge group are considered in this

section.

(i) Widths of Z and Z

The decay widths of neutral bosons may soon be directly
measured in the upcoming ﬁ; and e+e- experiments. The partial width
at the tree level ( To) of a neutral boson Z is easily expressed in

terms of the Zf f2 couplings [33].

1l
2 2 2 2 2 1
_ Mz Ml + M2 Ml 2 2
-+ = =2 - -
Po 755 =xq (G -——7) -
z z
M 2 +M 2 M 2 _ M 2 2
2 2 1 2 1 1 2
X (gv + gA ) 1- 2 -2 2
2M M
Z z
M. M
2 2 1 2
+ 3G, -8 —5 | ¢}
M
z
where Ml 2 are the masses of fl 2 and the fermion current used is

£ Y, (g, +8, Y) £y -
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For most fermions masses are negligible, and eq. (1) simpli-

fies to:
M

z 2 2
T = 127 (& +g,

) . ' (2) .

Using the couplings derived in Section 2, and summing over e, V, us,

di (i:color), we obtain the total widths:

: M 2
T oz = N 1;." [ 2 e 3 cosza 1-2 s:i.n26 + -g— sinae)
. sin“ € cos“ O ,
+‘%%.§2 sinzﬁ] ’ (3a)
-~ M~ 2
I‘oz = N 1;17 [ 3 € 3 sinza (1 -2 sin29+-g-Sin49)
sin“ 0 cos“© v
+ %%-EZ cosza] y o (3b)

for N generations.,

For the values of € and sinza from the best MMM fit (eq. (2.31)). and

A determined from the TASSO data {19] (eq. (2.42)), we obtain

1.8 GeV (4a)

-3
N
m

r 2 = .3 to .7 Gev , (4b)

for three generations.
For EMM, since the values of the model parameters were not deter-
mined we merely note one special case ( €= 0) where the ratio of

the widths simplifies:
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r 2 3

1 1 2
'%'?3‘ ——3 A X (5)
Fo (1 -2 8in"6 +3 sin 0)

(i1i) The Anomalous Magnetic Moment of the Muon

The weak current contribution to au = 5—%—2 in the standard
model is known to be toq small to detect at éhe present level of
experimental accuracy (341. We examine here how the addition of
U(1) "alters this situation.

To lowest order, the weak corrections to a  come from the four
diagrams in Fig. 7, i.e., one-loop diagrams involving the exchange of

-+ ~
W, 2Z, Z, and Higgs. As in thg standard model calculation, the Higgs
M

contribution is down by O (—J%z) and will bé ignored. The contribu-
tion from the charged weak current is the same as in the standard
model:

aﬁw = 1;—%;;5 Muz GF . . (6)

‘The contribution from the Z exchange (Fig. 7(b)) is given by [34]:

2 z 2 z )2
a z = EH_ S,_ _‘5 Q_A_ (7)
U 12 2)\M M '
' i Z 2

~

‘auz is given similarly. The sum of auz and auz simplifies in terms

of the intermediate parameters j, k, £ defined in eqs. (3.8):

2
2,7 _ M Cr

a
24 v?hz

' §[(1 -4 sin?e)2 -51§-10k - 5 z} . (8)

Putting eqs. (3.8) -and (8) together, the total weak contribution to

au in terms of the model parameters is:
2

MG
gveak ='—E___Ef ‘ 10 + —2 5 @ - 4 sinze) t -5+t - 25)]}
H 24 V27 t - € :

(9)
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The current experimental bounds on auveak. are:

-1.5 108 . au"’“k < 2-107% [34]. | (10)

For EMM no useful bound on t is obtained, again because of the sensi-
tivify of t to efperimental errors. For MMM, in a wide range of €
including-the besf fit from loﬁ energy data, eq. (9) is more nega-
tive and cancels more of the charged weak current contribution of

eq. (6) (which has the opposite sign); to make eq. (9) even smaller
than in the standard model. Thus no useful constraints on the model
parameters are obtained from the current data for the muon anomalous

magnetic moment.

5. SUMMARY AND CONCLUSIONS

In this chapter, the neutral current sector of a class of super-
symmetric SU(2) X U(1) X U(1) models has been parametrized by A, €,
and t, which measure the relative strength of the new U(1l) inter-
actions, the mixing between the two massive neutral bosons, and
the Higgs isosinglet contribution to the boson masses, respectively,
in addition to the usual sinZB. Neutral current data including (I)
various neutrino interactions, (II) SLAC eD asymmetry, and (III)
u+ﬂ- forward-backward asymmetry in e+é- annihilation have been used
to obtain boundé on the two neutral boson masses. (I) and (II) were
used to fit sinze, €, and t, and from (III) pounds on A were obtained.

In the absence of Higgs isosinglets (t = 1; MMM), (I) prefers

™
n

- % while (I1) reduces to the standard model expressions for

e = 0. The best fit to both (I) and (II) gives € = - .44
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and sinzﬁ = ,295, for which agreement with the data is good
for all the model—independent low-energy parameters considered.

The large mixing (both ¢ and sinze) required in MMM places the

- upper bound of 74 GeV on the mass of the lighter boson. There is

some uncertainty in the current experimental situation for (III).
Depending on which asymmetry data we take, the prediction for the
lower boson mass can be as low as 43 GeV. (The TASSO data, which
are considerably larger than the standard model predicts, give

.29 < A < .61 or 43 GeV < M. < 53 GeV.) 1If a neutral boson
does not turn up in the upcoming ﬁ; experiments until around 90 GeV,
MMM 1is probably ruled out.

If there are Higgs isosinglets present (t + l; EMM), as € * ®
the standard model is recovered. For a wide range of t (especially
for large t) the data for (I) and (1I) are well accommodated. Even
for not so large t (t ~ 5, which is preferred by the theoretical
prejudice regarding naturalness), there are regibﬁs }n the € - sin26
plane consistent withv(I) and (II). Since the value of t is
extremely sensitive to theAexperimental errors, however, no useful
constraints on t are obtained from (I) and (1I). As for (I11), if
the asymmetry is indeed much larger than the standard model predic-
tion, the isosinglet contribution to the boson masses should not
dominate.‘ This further implies that the mixing (€) would have to
be small if a low-mass boson is not found. On the other hand, if
the asymmetry is not large, EMM survives for a wide range of t,
regadless of the location of the lighter boson.

More precise low-energy data, the direct production of one or

more neutral bosons, or more theoretical constraints will obviously



shed more light on the relevance of the supersymmetric extra ﬁ(l)

models conSidered>here.
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Table 1: Quantum Numbers of the Left-handed
Chiral Fields in EMM

SU(3) SU(2)y u(Ql) v
1 3
Q 3 2 6 2
T 1 ¥
Up 3 1 5 z
= 2 ¥
Dp 3 1 -3 s
' 1 3
L 1 2 T2 2
= y
Ep 1 1 1 g
1 -~
¢1 1 2 2 y
1 -~

6t 1 1 0 5.t
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Table 2: X = ainze
~Model
Independent Standard MMM
Parameters MMM Model Data Best Fit
1+ £ o B
o -3 a0 —2 |-l aum | 06 +.08 | .09
l-¢
g: % T 1 . -;— .52+ .06 .45
1+
o (1-2X) 3 1 - 2% .589 * ,067 .396
l-¢
1+
8 - 2 -1 .937 & 062} - .967
1l -¢
£
2 1+3 2
Y -3 X 3 -3 X .273 ¢+ 0811 - .190
1l -~-¢
I , |
8 - 3 0 101 * 093 | - .074
l1-¢
20 1 20 » ‘
a (l—g—X) 1+ e 1—9—X .60 % .16 .62
20 1
Q-5 %13 £
5 29
c . 1+_§, Z-g—x .53 * .05 .57
+ (& - X)
4 2
l1-¢




Fig. 1

Fig. 2

Fig. 3

Fig. 4

(a)

(b)

(c)

(a)

(b)
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- FIGURE CAPTIONS

Regions in the € - ainze plane consistent with neutrino
data for the parameters g:. a, B, ¥, 6 to within one and
a half standard deviations. The small shaded area is
common to all regions. (The region for g: is not

shown, which also includes the shaded area.)

Regions in the € - sinze plane consistent with data for
SLAC eD parameters, a (shaded) and ¢ to within one and

a half standard deviations.

Regions allowed by (I) neutrino data (Fig. 1(a)) and
(I1) eD data (Fig. 1(b)) are shown again along with the

best fit to MMM.

Predictions for Auu in the standard model and in MMM for

A*+®

The shaded region is allowed by MMM and the solid line

UU_I

corresponds to the minimum I A Also shown are the

data from various groups.

Regions in the € - t plane allowed by neutrino data for
sin26 independent parameters to within one and a h»lf
standard deviations. The shaded area is common to all

regions. -

The shaded region is allowed by V data for sinze-dependent

parameters to within 1.5 O, for sin26 = ,230.



Fig. 5

Fig. 6

Fig. -7
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The shaded region 1s allowed by SLAC data to within 10

for sinze = ,230.

The shaded region in the sinze - t plane 1is allowed by
eD data to within 1 O for EMM with € = - %u The best fit

for t as a function of sinze is also shown.

Diagrams contributing to the weak corrections to a

in
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INTRODUCTION

Grand unified theories (GUTs) [1], based originally on specu-
lation about a symmétry group relating low-energy particle inter-
actions of apparently different strengthé. now enjoy much fespect
among theorists thanks partly to some phenoménological success.
Three major predictions are usually regarded as characteristic of a
broad class of grand unified models [2]:

- (1) The finite lifetime of nucleons.

(2) The value of sinze at low energy renormalized from its

value at the grand unification mass (GUM) scale.

(3) Certain fermion mass ratios at low.energy renormalized

down from their GUM values.

Unless prohibited explicitly by some kind of discrete symmetry,
the decay of nucleons is inherent in most grand unified models, be-
cause of the presence of gauge bosons which carry quantum numbers of
both quarks and leptons. Most theoretical estimates of the proton
lifetime [3] border on the current experimental lower limit

30 yr) [4]. A spectacular confirmation of

( Ty exp >1~2-+10
this prediction may soon come from the search for proton decay cur-

rently under way [5]. Predictions (2) and (3) are also direct cén—

sequences of a basic concept GUTs are founded on; coupling constants
are functions of the energy scale and evolve according to the

appropriate renormalization group equations. In the minimal SU(5)

model, for example, where sin26 = %-and M- 1 at GUM, low energy
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values for these parameters have been shown to be consistent with

2 %

e : 0206 -~ 0216 [6], M_ ~
T

The evolution of sinze is governed by the B functions for the

data (sin 31[7,8)).

coupling constants. The evolution of mass is usually treated in the
same manner; mass is considered as anothér parameter receiving multi-
plicative renormalization. Thus the scale dependgnce of mass involves
tﬁe anomalous dimension of the mass operator which is calculated
perturbatively. However, there has beeﬁ some discrepancy in the
literature regarding gauge invariance of this procedure. It is the
purpose of this chapter to clarify some of that confusion by recalling
that in unified theories tree level fermion masses arise from Yukawa
couplings. It is shown that the formula for mass evolution is not
only gauge invariant but also has a very simple expression in thé
sense that it only depends on the representation content of the fgrf
mions and not on that of Higgs.

The organization of this chapter is as follows. Section 1 reviews
the concept of mass evoluti&n and the previous treatment of mass ratios
in GUTs. 1In Section 2, a chiral U(l) model is considered, and the
explicitly gauge invariant expression for the running mass is dgrived
to the one loop level. In Section 3, the result of Section 2 is
generalized tova non-Abelian case. The expression for the anomalous

'mass dimension is shown to be Higgs-independent as well as gauge in-
variant., In Section 4, a further extension is made to include the
effect of supersymmetric partners of ordinary particles in the loop.
Section 5 contains some applications of the forﬁulas derived in the

_previous sections.
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1. REVIEW OF THE PREVIOUS TREATMENT OF MASS EVOLUTION IN GUTs

A basic idea of grand unified theories is that varioﬁs coupling
constants associated with low-energy gauge groups evolve at differ-
ent rates to merge into a single parameter at some large mass scale
(GUM) [9). The dependence of a coupling constant g4 on the scale

(1) is given by:

e SR @
dinp  "1'84 »

where Bi are calculable to a given order in perturbation theory from
the renormalization of a three-point gauge vector vertex function
{10]. Thus sinze, or its equivalent, which is essentially the ratio
of two coupling constants subject to different renormalization group
equations, is renormalized at low energy to a value different from
its GUM value which is determined simply by the structure of the
unifying group.

The mass of a fermion m, if treated as a coupling constant
receiving multiplicative renormalization, evolves according to the

following equation [7]:

dm )
dlnu = Yﬁ T (2)

where Yo is the anomalous mass dimension, which is calculable from
the renormalization of a two-point mass insertion operator.

To lowest order, Bi and \h are written as:
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0o 3 .
Bi = - Bi 81 ' (38)
0 2 :
Yy = - I vy g
m g ®y i . (3b)

From eqs. (1), (2), (3a,b), the ratio of the fermion masses at two

different scales is:

Yo
Y g )y
T - n _f—_) ZBi : (4)
2 i gy (W)
Bio is well known [11]:
o__1 i1 _b g
B s [ ¢,-39;) . (5)

16 7

Where ¢A is the quadratic Casimir invariant for the adjoint repre-

sentation of the gauge group, and ‘6]1-* is defined in
er (1210 = &0, (6)

TFa being a matrix representation for fermions. The first computation
of Yﬁo for an arbitrary gauge group was done by Nanopoulos and G. G.
Ross [12], who considered the diagram (a) in Fig. 1 in the Landau

gauge (where the gauge parameter @ = (). Although, in general, all
three diagrams in Fig. 1 contribute to Yﬁo, in the Landau gauge the
fermion wéve function renormalization is absent, and the answer they

obtained is gauge invariant:
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0 3
Ym = 8—1'.2" ¢F » (7)

where ¢F is the quadratic Casimir invariant for the fermion iepre-
sentation.

Now we briefly discuss the lepton-quark mass ratios in SU(5)
[13]. 1If a single Higgs transforming as a 5 under’SU(S) gives mass
to‘fermions through Yukawa terms, o, < oo holds at GUM, where D and
E\denote a charge - %-quark and a charged lepﬁon, respectively. As
we go down in energy, D and E evolve differently in mass, since they

have different SU(3) X SU(2) X U(1l) quantum numbers. From eq. (4),

2 Ayg.
s (1) e =
= - —5 28 (8)
"E 1 \g; (G
where AYO is the difference between Y0 's for D and E, and i
m ‘ m,

i i
refers to SU(3), SU(Z)L, or U(1). The SU(3) corrections are domin-
ant in eq. (8), and Chanowitz et. al. [7] applied eq. (8) for SU(3)

m
to obtain Eg =3 at low energy, which works well for the third

generation. uThis lowest order result cannot be directly applied to
the first or second generation, because ét momenta of the order of
my or m, Ol.s is not small [14].

Althouéh SU(Z)L X U(1l) corrections in eq. (8) ;re only about
10% of SU(3) corrections, some confusion arose in the literature
when Y;O for SU(Z)L X U(1l) computed in two different gauges gave
different answers [7,15]. This apparent non-gauge invariance of Ym

for chiral theories is in fact not surprising, since the gauge de-

pendence in the contribution from three diagrams in Fig. 1 is not



gancelled when left- and right-handed fermions héve different wave
‘function renormalizations. For example, in the case of SU(Z)L the
diagrams 1(a) and 1(c) give zero since the right-handed fermions do
not couple to SU(2) bosons, and the only remaining diagram (1(b))
contributes a gauge dependent wavé function renormalizatioﬁ.

This was also pointed out explicitly by Elias [16] who used
the simple exampie of a chiral U(1l) model, in which left- and right-
handed fermions have charges.aL and aps with aL + aR in general.

The mass renormalization was done on a massive fermion propagator

to yield, to one loop order,

2
-8 _ 2 2
Yo =S (- (6420 8 g rala’ e, (9

where a is the gauge parameter in the vector propagator:

vV
v Y
gu -(l-a)kz
k
12

Eq. (9) is identical to the sum of the contributions from the three
diagrams in Fig. 1. His point, illustrated further with specific
examples from GUTs, was that in chiral theories although the anoma-
lous dimensioné of individual mass operators are in general gauge
dependent, the ratios of masses evolve in a gauge-independent way.

However, Georgi and Nanopoulos [17] noted that the proper pro-
cedure is to consider the Higgs-fermion-fermion vertex which serves
to give mass to fermions at the tree level in unified theories.

- Since a Yukawa term h‘WL¢WR is gauge invariant, its anomalous

66
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dimension is expected to be also gauge invariant at least to the one
loop_order [11], while the mass insertion operator m YY¥ is not gauge
invariant in chiral theories. The evolution of mass, at least in

the intermediate energy range (between the SU(5) and SU(2) X U(1)
breaking scales), is essentially governed by the scale dependence of

the Yukawa coupling h:

dh
dnw - P (10)
To lowest order,
_ 0 2
T T T I B A (11)

If a single Higgs is used in all the Yukawa terms in question the
ratio of fermion masses is given by that of the corresponding Yukawa
couplings. In the next two sections, gauge invariance of this pro-

cedure is demonstrated for chiral abelian and non-abelian theories.

2. THE CHIRAL ABELIAN CASE

We use the notation (éL, %9 introduced in the previous section.
The relevant diagrams contributing to Yh are shown in Figs. 2(a)
and 3. The renormalized Higgs-fermion-fermion coupling hR in terms
of the bare ho is given by:

1

(ZLZRZH)2

\ = h —==E (1)
hR o 212223

A
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Where ZL' ZR' ZH are wave function fenormalization factors for the
left-handed fermion (diagram 3(a)), the right-handed fermion (dia-

gram 3(b)), and the Higgs (diagram 3(c)), and Z Zz, 23 are the

1.
renormalization factors for diagrams 3(d), 3(e), 3(f), respectively.
The contribution from each Z factor to‘Yh can be read off from

its logarithmically divergent term; the negative of the coefficient

of the term proportional to 1ln ﬁ- (when regularized with cutoff A)

or 4'} = (when dimensionally regularized) is weighted by an appro-

priate factor from eq. (1) (% for ZL’ z , ZH’ and - 1 for Zl, ZZ’ zZ

R 3)'

For example, from diagram 3(a), we have

z =1-8_1L o 2)

a —B— 2 3)

We now list the contributions to Yh from each of the six

diagrams in fig. 3:

2
Yh(a) = Q Ii;i aLz (4a)
v.® . _Ei a 2 ' (4b)
h L2 R
VO L GaewmEs a a (4c)
h 2 L R
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2

@ . _ & -
"h 8T & (8 - %) \ (4d)
y (& . afi- a (a - a) 4
h gni2 R L R | (4e)

(£) _gz__ 2
Y = - (3-0 - (a - a) _ (4f)
h L6m2 L~ R

Notice we have used the fact that the Higgs charge in diagrams
3 (4, e, f) is required to be ( GL - 8R) from gauge invariance of
the Yukawa term.

The sum of eqs. (4a) through (4f) gives
3 g2 (al+ a)), | (5)

which is gauge invariant. If we compare veq. (5) with eq.:(1.9), we
see that Elias' ;esult corresponds to dropping diagraﬁs 3 (d, e, f),
as mentioned before. It can be also seen at this point why the mass
ratio is guaranteed to be invariant even in the previous formulation
in which a mass insertion is renormalized. The evolution of the

ratio of two masses Ml and M2 is essentially governed by the differ-

ence between their anomalous mass dimensions. In the chiral abelian

case, from eq. (1.9),

2
1 , D) (2) (2)
Y, -y, =-B-{{_-6(a a + 8 a_‘’)
MU M, T (e L R L R
oo a®oa @ s @ s IR
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' In unified theories where fermion masses arise from Yukawa terms, the
& - dependent term in eq. (6) is zero, since (8L - aR) for any fermion
is fixed to be equal to the charge of the Higgs in fhe Yukawa\term.
Stated differently, the reason the calculation of the ratio in Landau
gauge turned out to be correct is that in that gauge pnly diagrams

3 (c) and 3 (f) are non-zero. The former is the only one calculated
by Buras et al. [8], and the latter, being only dependent on Higgs,

cancels in the mass ratio.

3. THE NON-ABELIAN CASE

We generalize in this section the calculation of the previous

section to a non-abelian case. The Yukawa terms are written as:

viyldgk .
Cisk L ' ¢ - (L

(See Fig. 2(b)).
Anélogously to the requirement in the abelian case that the Higgs
charge be fixed to (aL - aR), gauge invariance of the Yukawa terms

implies [18] that

a

a
R ) 13’

a
B mk - L) ni Cogx G @

C (T (2)

ijm

where THa. TLa, T.2 are the matrices for Higgs, left-handed, and

R
right-handed fermion representations.

The same relation that was mentioned in the previous section

between the Z factors and their contributions to Yh is used. 1t
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turns out that these contributions are expressed solely in terms of
the quadratic Casimir invariants for the Higgs, left-handed fermion,

and right-handed fermion representations:

¢ 6, = 3 (1.0 (@D (3a)
H ik a3 H 13 H k
t ¢ I (T (T (3b)
L ik a,j L 13 L jk
¢ 6. = I (r.h (@b . (3¢)
R 1k a, i N3 Bk

We now list the contributions to Yh from each of the diagrams

in Fig. 3. Diagrams 3 (a, b, f) give in a straight-forward way:

v (@ - Ii% & (4a)

y ® oo £y (4b)

h 16ﬂ2 R

WP = -6-o —&2—2 &, - (4e)
16m

Using the relation (1) to eliminate THa in terms of TLa and'TRa, we

get from diagram 3 (c),

2
(c) _ g - -
Yy G+ 2 €y - 6, - ¢ - (5)

Similarly, with eq. (1), diagrams 3 (d) and 3 (e) combine to give:
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2
Yy o o ®)
™

Putting eqs. (4), (5), (6) together, we have the final result:

Y, = - 1;2 g® ¢, +¢p- )
Again eq. (7) 1s gauge invariant, and the dependence on the
Higgs representation has also dropped out. This means that although
the tree level mass relation certainly depends on which Higgs fields
are used in the Yukawa terms, its subsequent evolution.depends only.

on the representation content of fermions. Some applications of

this simple formula will be made in Section 5.

4. INCLUSION OF SUPERSYMMETRIC PARTICLES

In this section we compute Yh for supersymmetric theories. We
only have to add to Yh obtained, in Section 3 the contributions from
extra diagrams in which fermions, Higgs, and gauge bosons in the
loop are replaced by their supersymmetric partners, denoted by ¢F’
ﬂh, and X, respectively. Five such diagrams are shown in Fig. 4.
They correspond to diagrams 3(a, b, d, e, f) in the previous section.

Contributions from diagrams 4(a, b, c, d, e) to Yy, are:

(a) _ 52 ¢ (1a)
Yh le2 L
i
(b) = _é_ ¢ (1b)
Yh 2 'R
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2
YRR S | (1)
" .
(e) = ._gz_ ¢ ) (ld)
LY H®

Adding eqs. (1a) through (1d), we obtain the total contribution from

supersymmetric partners to yh:
s“"=—52—[-s¢+:«s(¢ +¢)] @
Th BT H LT

Combining eq. (2) and eq. (3.7) from the previous section, we get

the final result for Yh in supersymmetric theories:

2
Yh=-_2_f;r§ (4 ¢y +3 (6, +¢p)] . | (3)

Some application of this formula will be considered in the next

section.

5. APPLICATIONS

In this section we apply the formulas for mass evolution derived
in the previous sections to certain GUTs. First we apply the formula
for Yy (eq. 3.7) to SU(5). We only need to compute the appropriate

Casimirs for fermion representations. A useful relation is:

I: (1)

where N is the number of generators of the group,é@the dimension of
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a
F

eq. (1.6) of Section 1. For a fundamental representation of SU(N),
éi' =1
F 2°

For SU(3)

the fermion representation matrix T_ , and éﬁ; was defined in

color °*

4 : .
b = & =3 (2)
which gives

y, = -l 8
2n

From the B function for SU(3) (eq. 1.5), we have, for quarks,

12

2
mgooy _ [ 8 W 33 -2 W
mq (GUM) g32 (GUM)

where f is the number of quark flavors. This agrees with the
result given in ref. 7.

Similarly, for SU(2)L we have

¢L = % (5a)
¢, = 0 (5b)
Y, o= - 23;5 gzz (5¢)
g = -UL-D 3 (5d)
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Thus the SU(Z)L contribution to the mass ratio is:

2

m (GUM) g% (GUM)

2 27

m (M) ( g, (W 16(11 - f)

- (6)
m (GUM) 822 (cm) )
For U(l), we have
b =3 o (72)

9g2 2. 2
Yy, = - ( + ) (7¢)
h 807 s AR 1
B = L5 . | (7)

247 ‘
The U(l)‘contribution to the mass ratio thus becomes:
| 2 - %? ("Lz + anz)

m ( g (1) ) . ®

For v, e, u, and d, aL2 + aR2 equals %4 %3 %%, and 3%, respectively.

Now we apply the formula for Yh (eq. 4.3) to supersymmetric

SU(5). Considering only the dominant SU(3) corrections, we have

v =--3_, (9)
h 3,112

where we have used eq. (2) and ¢H = 0.
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The B function for supersymmetric theories is given by [19]:

‘ 1 3 ‘
By = "I;;i (3 ¢A - 2{7;) g~ - ‘ - (10)

Thus for quarks the mass ratio becomes:

2 W R
o (33 v 3 G- an
m (GUM) 832 (GUM)

We note from eqs. (3) and (9) that for SU(3) the anomalous mass
dimension for supersymmetric theories is sméller in magnitude than
for ordinary theories. However, it is interesting that for three
generations of fermions the gauge couplings evolve at slower rates
in.supersymmetric theories than in ordinary theories (see eqs. (10)
and (1.5)) for SU(3) [19], which nearly compensates the change in

Y, [20].  For the third generation (with f = 6);'eq. (11) gives

2.8 -

n

i
mT

Thus the sﬁccessful prediction in the minimal SU(5) model for 29
is essentially preserved in a supersymmetric extension. t
We can?apply oﬁr results to models in which there is evolution
above SU(5). For example, in a model by Elias [21], the unifying
group SO(10) breaks down to SU(5) at MS’ and all fermion masses

are assumed equal at GUM. As we go down from GUM to MS’ particles

belonging to different representations of SU(5) split in mass. The

.
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evolution of mass ratios is governed by the Casimirs for SU(5):

¢ = 2 | (12)

¢an = 2. (13)

From eq. (1.4), we have

= = ¢ +¢an-¢ ) =28 (142)

N 5
1n U 6
n—€= ¢(10)+¢(10)-¢(5)-¢(10)=3, (14b)

» etc., and E, N, U, D denote a charged lepton,

a neutrino, a charge % quark, and a charge - % quark. From egs.

(14 a,b), we obtain

3 3
EE (?—Q) = -mg (mB) 1. (15)
N mU‘ at low energy N \"u at M5

For second and third generations, this implies

'm.v ~ 35 eV (16a)
y _
“’v < 1.8 MeV (with m_ = 50 GeV) . (16b)
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FIGURE CAPTIONS

Diagrams contributing to the renormalization of a mass

insertion operator represented by the cross.

The Higgs-fermion-fermion vertex (a) in a chiral abelian

theory, and (b) in non-abelian theories.

Diagrams contributing to the renormalization of a Yukawa

coupling.

Additional diagrams contributing to the anomalous mass
dimension in supérsymmétric theories. ¢F, X, and YH are
supersymmetric partners of fermions, gauge bosons, and

Higgs, respectively.



(1)

(2]

(3]

) 105 B, 33 (1981) and references contained therein.

(4]

[5)

(6]

(7}

(8]
[9]

[10]
[11]
(12}

(13]

79

REFERENCES

H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438 (1974);
J. C. Pati and A. Salam, Phys. Rev. Lett. 31, 661 (1973).
For a review and references, see, for example, P. Langacker,
Phys. Rep. 72 C, 185 (1981).

V. S. Berezinski, B. L. Ioffe and Ya. I. Kogan, Phys. Lett.

J. Learned, F. Reines and A. Soni, Phys. Rev. Lett. 43, 907
(1979); E. N. Alekseev et al., report, XVIIth Intern. Cosmic
Ray Conf. (1981).

S. Miyake and V. S. Narasimham; R. I. Steinberg; M. A. Shupe;
E. Fiorini; R. Barloutaud; C. Wilson; D. Sinclair and T. W.

Jones, in The Second Workshop on Grand Unification, ed. J.

Leveille, L. Sulak and D. Unger (Birkhauser, Boston, 1981).

W. J. Marciano and A. Sirlin, in The Second Workshop on Grand

Unification (see ref. 4).

M. S. Chanowitz, J. Ellis, and M. K. Gaillard, Nucl. Phys.

B 128, 506 (1977).

A. J. Buras et al., Nucl. Phys. B 135, 66 (1978).

H. Georgi, H. R. Quinn and S. Weinberg, Phys. Rev. Lett. 33,
451 (1974).

H. D. Politzer, Phys. Rep. 14 C, 129 (1974).

D. J. Gross and F. Wilczek, Phys. Rev. D 8, 3622 (1973).

D. V. Nanopoulos and G. G. Ross, Phys. Lett. B 56, 279 (1975).

H. Georgi and S. L. Glashow, ref. 1.



[14)
[15)
[16]
[17]

(18]

[(19]
(20)

[21)

80

H. Georgi and C. Jarlskog, Phys. Lett. 86 B, 297 (1979).

D. V. Nanopoulos and D. A. Ross, Nucl. Phys. B 157, 273 (1979).
V. Elias, Phys. Rev. D 21, 1113 (1980). | |

H. Georgi and ﬁ; V. Nanopoulos, Phys. Lett. 82 B, 329 (1979).

T. P. Cheng, E. Eichten and L. F. Li, Phys. Rev. D 9, 2259
(1974).

S. Dimopoulos, S. Raby, F. Wilczek, Phys. Rev. D 24, 1681 (1981).
J. Ellié, D. V. Nanopoulos and S. Rudaz, CERN-TH3199 (1981);

M. B. Einhorn and D. R. T. Jones, Nucl. Phys. B 196, 475 (1982);
L. E. Ibanez and G. G. Ross, Oxford-TP-65-81.

V. Elias, Univ. of Toronto preprint (Jan. 1980).



(a)

XBL-827-7230

81

Fie. 1

Fic, 2



82

e ane e aas s

XBL-827-7232

FiG.

(c)

ac

>-
o
S




XBL-827-7234

Fic. 4



I1I.

HEAVY LEPTON POLARIZATION AT Z PEAK
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INTRODUCTION : \

While all low-energy data point to the existence of a massive
neutral gauge boson, its direct production remains as the defini-
tive test of the standard electroweak model [1]. If the Z is in-
deed discovered in the next generation of colliding beam experiments,
its mass and width will provide information on sinze and the number |
of different species of neutrinos, among other things. In addition,
exﬁeriments near the Z peak will probe into the nature of the
fermion couplings to Z. In this chapter we consider one such ex-
periment, namely, the measurement of the polarization of a heavy
lepton produced in pairs in e+e— annihilation. This process is of.
particular interest, since it is the only one sensitive to the rela-
tive sign between the vector and axial Zff couplings in the absence
of polarized beams. Furthermore, it benefits greatly from the high
event rate at the Z peak, while at low energy such an experiment is
prbbably not feasible. In constrast, the forward-backward asymmetry
in lepton pair production, which is another high-priority experiment
at the Z peak, measures only the magnitude of tpe axial couplings,
and some low-energy data are already available [2].

The first treatment by Tsai [3] of heavy lepton pair production
in e+e- annihilation and their subsequent decays focused on the pro-
duction of T pairs slightly above the threshold, where the photon
exchange is déminant. The full formula for the cross-section for

lepton pair production including the photon and the weak boson exchanges
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was derived by Budny (4], from which the lengitudinal polarization
of a lepton is immediately obtained. The extraction of the polariza-
tion of a heavy lepton L from its decay products at the Z peak was
discussed by Goggi [5] and Augustin [6] in the context of LEP, who
considered the decays L* e VW and L+ TV respectively. The
purpose of this chapter is to extend their work in two aspects.
First, we derive formulas involved in the production and the subse-
quent decays of heavy leptons of arbitrary mass. This analysis may

M
. <
be relevant for any possible sequential heavy lepton of mass ~ =2

2
Secondly, the correlation between the spins of a heavy lepton pair
is considered in the form of a cross-section for the production and
the coincident decays of the pair.

The organization of this chapter is as follows. In Section 1,
the full formula for the longitudinal polarization of a heavy lepton
of arbitrary mass at arbitrary e+e- center of mass energy is derived.
In Section 2, the purely leptonic decay of a heavy lepton of arbi-
trary mass is discussed. 1In Section 3, the decay in flight L ~ T V
- for arbiﬁrary ML is considered. 1In Section 4 the results of the

previous sections are combined to give the final formula for heavy

lepton decays in coincidence.

1. THE LONGITUDINAL POLARIZATION OF A HEAVY LEPTON

The average longitudinal polarization P, of a lepton L produced

L

in pairs is given by:

<p.> = L = -
P . (1)
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G + denote the production cross-sections for L with helicity ¢ 1,.in
which the helicity of the other lepton is summed over. If left- and
right-handed fermions couple differently to the exchanged gauge
boson, <PL > is in general non-zero. Moreover, <PL> has a linear
dependence on g, and By3 <PL> ~ BB, s which allows us to deter-
mine the relative sign of the vector and axial couplings.

-To calculate <PL> we need the spin-dependent cross-section O

- * - .
for the process e+e +Y , Z *'L+L + Generalizing the notation of

Tsai [3]), we write the cross-section as follows:

-> > -+ -+ > -> :

o) “« € +4C, -S+C, S +8° 3 * 8 , (2)

> >, - +
where S and S are the spins of L. and L in their rest frames. The
diagrams contributing to this cross-section are shown in Fig. 1. If
the axial part of the ZLL coupling is non-zero (as in the standard

> -+
model) C1 and C2 are also expected to be non-zero. In Tsai's formula
derived for low-energy e+e- annihilation where only the photon ex-
change was considered, the linear terms in the spins are absent, and
< > =
PL 0 L]
The angular distribution obtained from diagrams 1 (a,b) in terms

o -+, : + -
of § and S » averaged over e e spins, is written as:

(4m? 5 -

where B is the velocity of Lt and s the total energy squared in the
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center of mass system. The three terms in eq. (3) represent contri-
butions from the photon exchange, the Y - Z interference, and the Z
exchange; respectively. Iy. Iint’ and Iz contain constant, linear,
and bilinear terms in the heavy lepton spins. The coefficients of

' -+
these terms for each of the I's are listed below, denoted by Co’ Cl’
<>

29 and C3

used, including the definition of 6 , refer to Fig. 2.)

->
C in accordance with eq. (2). (For the coordinate system

For IY »

. 2q
C = 1+ cos26 4 8in °
o Y

-+ e
C1 = C2 = 0
x y z
i . )
H L4
c, = x @+ 3;0 sinze’ 0 1 sin20
3 2 Y
Y
vy~ 0 - 82 sin’6 0
-11 | 2 sin26
z | = sin26 0 1+ cos® ~"-—1,
LY 2
Y -l
1
where Y = JI*:—EZ . This agrees with the result given by Tsai.
For Iint ,
2 1 2 2 2 2
= = 6
C, g, (1+ 7) + 2 B8 g, cosd + 8 g, cos 8

Y
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1 2 ‘ )

= IBVSA %’(2 + B cosB) sing, O, By8, QR+ 2 cosd + B cosze)]

e r o 2 1 2 sinf 2 2, _
E3 g, a1+ Yz) sin" 0 0 v (ng cosb + BgA )
0 - 8% g2 sin’ 0
v
sind 2 2 2 2 2
L Y (2gv cosf + B By ) 0 B g, + ZBgA cosb

+ (14 ii) gvz cosZG .

For Iz’

2 2,2 | 1 4 4 2 2
C,6=1(g, +g,) + ;5 (8, -84 ) +8g, g, ~ B cosd

+ (g% + g,)% 8% cos?e
Ciy = Cox = 2 8Agv'$ [2 gv2 +8 (8v2 + gAz) cosB] sinb
Cpy = Cpy =0
Ci, =C, = 28,8, [B (gvz + gAZ) +2 (gvz + 8 gAz) cos®

+ B (gv2 + gAz) cosZG]

C,..-= [(g

3xx

4 4 1 2 2.2 . 2
v " B ) +';§ (gv + 8, )] sin“ 6 (6)
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o= - (gv4 - gAA) E? sinza

.= 32 (gvz + gAz)2 + 8 gvngz B cosb
4

4
- B
+ [(gv2 + 8A2)2 + i?——A— ] cos?

3zz

6

C. .=¢C 2

2
3xz 3zx Ba ) sin26]

! 2 2 4
- =3 [4 8 g, 8 sinb + (gv + g,

c,.-=¢C

3xy 3yx” = ©

=C, . .-=0.

3yz 3zy

%V and ga in Eqs. (5) and (6) are the vector and the axial couplings
of e (M, T) to Z:
=z" Ty (g + g.v.) £

Lxgv A5’ ’

2

nt

where f =e, U, Oor T.

The coefficient of each spin term in g% (e+é- -+ L+L-) can be read
off from eqs. (3) through (6). For example, the Sysy‘ term is

given by:

2
s 4 4 -
—_—— - S
+[S 3 MZZ] (e, -8, )$ 8,5y (7)



Note that the interchange of ﬁ+ and L~ (charge conjugation) results
in the sign flip of the linear terms in $and 3°. From the cross-
section (eqs. (3) through (6)), <?L> is obtained according to eq.
. |

Ve consider two special cases, near the Z peak.

(1) B + 0 (near the threshold)

, |
do 1 1 2 2 2 n ~
o _ 1 gl —1 8 +g%) 1+ &H&3)]
i gum? [s - nzz] & g TR

+ 28 (1:'§ + 1;"87’) % ,
A
where ; is the unit vector in the direction of e (see Fig. 2.).
Thus if £ = 8,84 >0 , both % and $° tend to be parallel to ﬁ, and
if £ < 0 the two spins tend to be anti-parallel to i.
(i1) B+ 1 (massless)
This is the case considered previously by other authors
[5,6]. Summing over one lepton final state, and integrating over cosf,

we obtain the well known formula;

<PL> = + 2 § 3 for Lt .

' 1+¢

~ In discussing the correlation between the two lepton spins in Section
4, we use the cross-section itself which is folded witﬁ the decay

spectra, rather than <PL> .
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2. HELICITY ANALYSIS FROML * 2V V

As the heavy lepton pair produced in e+e- annihilation deca& in
flight..their spin contents are transferred into the energy distri-
bution of their decay products. Although the production cross-
section of L+L- is reduced in the process by the branching ratios
involved, the large cross-section near the Z peak compensates for
this loss in rates to make this kind of analysis experimentally
feasible. Two major decay modes have been studied. In this section
we consider L * R VW, where £=e or U, L * TV is presented in
the next section. The leptonic decays have the advantage that they
give a clean experimental signature in the form of U e events. Even
for a very heavy sequential lepton whose chain of decays may be more
complicated, the formulas listed ﬁere may be relevant in the case of
prompt decays into U e.

The decay rate I for L° =+ £ VvV in the e+e- center of mass
frame can be written as:

T, «@+8-9%a%, ) .

2
where E is the momentum of £ , and §*the spin of L~ in its rest frame,
as before. A and % are functions of E, Vs, and ML' Since we are
only interested in the energy spectrum, we can fix the momentum of

L™ to be in the 2 direction. We write, ignoring the mass of 4,

2.5
oy Mmoo

d& dcosf 3.0 3 Y [f (X, cosB) +8 g (X, cos®)] , (2)
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where X-l—_'_—g—',': (0<x<1), (3)
A ,

i.e. the normalized energy of £, and © is the polar angle for the
beam axis (see Fig. 2).

f and g are given by:

-

- e
£ (X, cosf) = %%—27 (1 - B cos®) [3x? - 2x° ——-——B——l T f £O5 1.
(4a)
g (X, cosf) = L1_+_3).5 (B - cose) [2X3 1 I fcqse _ XZ] . (4b)

a-8

For B = 0, integrating eq. (2) over X, we recover the familiar
angular distribution in the rest frame of L .

In obtaining the £ energy spectrum for arbitrary B, we note the
. kinematic constraint that the sum of neutrino four-mementa be time-

like:
1-+22(1-8cos®) >0. ' (5)

Thus the integration over ® differs in two regions of X:

I A

poa |t
1
™

-1<cosb <1 for 0

A
>

(6a)

1-8
X

1
—B(l—

[y
'
h o)
I A

)< cos® <1 for

X <1. (6b)

]
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The resulting‘energy spectrum of £ 1s:

1 97y
T, & " Fo, () +5, 6, (X), Y
where
.
Fz(x)=[-%%f—§—lx3+ele 1*22,o<_xgi; (8a)
1-8)
128 wd - 45y, i;gf_le
‘ B(1 + B) 3 1 -8
¢, = (2B riex3 -6 (1- 8 %21, 0 <X <=L (8b)
[} 3(1-8)3 1+8B
1+B[2(3B+1)x3—3(28+1)x2+1],i;g<x<1
68 - -

Identifying Szvas the spin of L  produced in e+e— collision, we
replace it by <PL> derived in the previous section. FQ (X) and
G, (X) are plotted in Fig. 3 for various values of B. For B =
eq. (7) reduces to the formula derived bylGoggi [5,7]:

dar

%—a-i&=-§(4x3-9x2+5)+—-—2§-—1
2

3 2
= (8X7 - 9" +1) . 9
1+€23

We mention in passing one quantity considered by Goggi which is

sensitive to <PL>

f[]dx

J.[]dx , (10)
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where Xc is the zero of GR(X). as seen in Fig. 3(a). The denominator
and the numerator of n change in the opposite direction from each

other as <P,> changes. For B + 1 there is more than one zero of

L
Gl(X) and an analogous quantity to n does not seem to be of much
use. The spectrum %% for L+. whose momentum lies in the - 2

direction has the same form as eq. (7) with Si’replacing Sz. Formu-
las (7) and (8) will be used in Section 4 to derive the cross-

section for L+L- coincident decays.

3. HELICITY ANALYSIS FROM L+ 11 vy

Another decay mode of L~ which can serve as a helicity analyzer
" is the process L -+ 7 v. An advantage of this two-body decay is
that the spin content of L decaying in flight is directly trans-
lated into the slope of the pion energy distribution. A disadvantage
may be that for heavier leptons the hadronic dec#y channel may get comp-
licated, which makes direct pion production difficult to analyze.

The formula for the pion angular distribution in the rest frame

of L~ is well-known to be:

2 .2 3
ar b4 G ML
kiJ = i _ 2 1
d cosf , 16T (1 R) 2 (1 + SZ Cose) N (1)
where R = —'"7 .

3

In the center of mass frame the energy distribution is obtained easily

from the boost along the Z direction;
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2 2.3
drﬂ fﬂ G ML

2
& - e - A-RTIF®+s, 6], 2)
2E
where X is the normalized pion energy, —I , and
Vs
(L+R) -8 (1-R) (1 +R)+g (1 -R)
2 R 2 . (3)
Fﬂ and GTr are given by:
FE(X) =t (42)
T B(I - K) 2
G (X) = 01— [2X- QA+R]. (4b)
B (1 - R)

The same expression as eq. (2) results for L+ moving in the
~ dr

. . - . . 1 T
~ Z direction with SZ replacing Sz . Fig. 4 shows rﬂ ax for a
representative value of <PL> (with sinze = .2), for various

values of B.

4. CROSS-SECTION FOR COINCIDENT DECAYS

In the two previous sections we derived expressions for decay
cross-sections in terms of the polarization of one heavy lepton
with the helicity of the other summed over. From eqs. (1.3),

(2.2), (3.2), we can get the cross-section o, for

+ + +
L =+ g weorm v

- {
e e -+

L + £ v orm v . (1
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0. contains information on the correlation between the two heavy

lepton spins, and is given by

+ - + -

ocsc(ee '*LL)BiBj. (2)

where Bi.j are the appropriate branching ratios (1, j = £ or ).
Since in deriving eqs. (2.2), (3.2) we chose L.‘t momenta to be

PN

in ¥ 2 direction, the relevant part of eq. (1.3) can be written as:

4o - -
Fio Bt + a, (Sz + Sz ) + ay SZ SZ , (3)
where al, az, a3 are functions of 8 alone and can be read off from

eqs. (1.3) through (1.6).

From eqs. (1.3), (2.2), (3.2), summing over SZ and S,” we obtain

z
1 99
o, X, ax, " F, (P Fy (X))
fa, a0 L
+ ja_lldﬂ (6, (X)) Fy (X)) +Fy (X)) 6, (x,)]
Ia3 af
+ for 1o % %) 65 ) (4)

where Xl and Xz are normalized energies of £ or T (eqs. (2.3), (3.3)),
and 1, j can be either % or T (eqs. (2.8), (3.4)).
The coefficients of the second and the third terms in eq. (&) are'

. given by, near the Z peak,
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!a daf - g 8
a=-r2—=88 2 2 VA2 3. 2 2 (5a)
Ialdn G+ @480+ 5@ -
2 2 2. 1 2 2
IanQ (1+3B)(gv +8:A)+W(gv —gA)
b= - 7 2 2. 3 . 2 2 ° (5b)
Ialdﬂ G+ 8) (g, +g0) + 76 - g)
They reduce in the limits B + 0 and 8 + 1, to
a-83g L1 a0 (6a)
3gv ’ 3 _
2 g 4
a=—2§"—“7, b=1 (B=1) . (6b)
gv +gA

Single particle spectra can be recovered by integrating eq.

(4) over either X1 or Xz; For example, upon integration over X2,
we get |
1 dI‘i _
Tooax, - Fp Fprat Kpo )
i 1
where we have used
fFi (X)) dx = 1 (8a)
fci (X) d&Xx = 0, (8b)

the range of integration depending on whether it is for R orT

(eqs. (2.3), (3.3)).
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a is nothing other than <PL> » and eq. (7) is identical to egs.
(2.7) and (3.2).
One quantity containing information on the spin correlation is

the following
, dr dar
A = 1 _d9%¢c 1 4 1 3
o dx dX2 r, dX r, dx (9a)

= ®b-aho @) G @) (9b)

- '+ 28" +3) gv4 + 4g" gA4 - 87 gv2 gA2

= 4 2

G, (X)) G,.(X,)
[+ &) (g7 +0) + 3 (8,7 - 8,0 S
Y (9¢)

Experimentally A represents the difference between the normalized
spectrum for coincident decays and the product of two independent
single decay spectra.

For B=1, A reduces to:
2

and is still parametrized by the same quantity as in the single
particle spectrum case. Only for appreciably smaller values of 8,
b (eq. 5(b)) is different from unity and provides non-trivial
information.

Our approach has been that we first treated the two steps in

the process (eq. (1)) sparately, and reduced the expressions in
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terms of the 3-spins in heavy lepton rest frames, which were then
summed over. We note in closing that other authors [8] have used,
in the simple case of B = 1, the covariant formalism in which L+L-
are treated as intermediate states. The heévy lepton propagators

used in compﬁting the process (1) are then put on mass shell via
ﬂ

*'ﬁ;r 6 (P2 - MLZ) .

1
the substitution
(pZ _ ML2)2 + MLZ F2



Fig.

Fig.

Fig.

Figo )
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FIGURE CAPTIONS

Tree level diagrams used in computing the spin-dependent

+ -

cross-section for ee  * vt .

The coordinate system used in deriving formulas in this

chapter.

Plots of Fg (X) and Gy (X) for various values of B .

dar

1 w
Plots of rﬂ ax

for various values of B with sin26w = ,2 ,
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