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We discuss a class of models having the same general structure as the Stan-
dard Model. In particular we consider a model based on the gauge group
U(1) = SU2) = SU3y - SU) supplemented with a natural generalisa-
tion of the Standard Model charge quantisation rule. The simplest solution
of the gauge anomaly cancellation conditions. with mass protected fermions,
involves a fourth generation of quarks without leptons. but having the anoma-
lies cancelled by a generation of SU(5) "quarks™. We discuss the phenomenol-
ogy of this solution and. in particular. show that the infrared quasifixed point
values of the Yukawa conpling constants put upper limits on the new fermion

masses close to the present experimental bonnds.
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1 Introduction

In this paper we consider extensions of the Standard Model (SM) which have
the same distinctive features as the SN itsell. We are thereby led to consider
gauge groups of the type
SMGoy v =0(1) 2 SUR2) D SUB) @ SU(N)/Dx (1)
where N is greater than 3 and is not divisible by 2 or 3. The discrete group
DGN = {(6””/3‘\". _[2. ¢ i27/3 [3. (;z’lrrm ‘\v/NI;V)T = ZGN} (2)
gives the charge quantisation rule (Ty is the identity of SU(N)):
i L L my )
3 + )(/+ gf + kS n=0 (modl) (3)

where yis the conventional weak hvpercharge. dis the duality. £is the triality

and n is the N-alityv of a representation: also iy 1s an integer which is not a
multiple of N. In fact we can obviously choose 0 <my <N —1 since my 1s
really only defined modulo No The duality has value 1 if the representation
is an SU7(2) doublet and 0/if it s an S1(2) singlet. The triality has value 1
if the vepresentation is an SU(3) triplet. 0 i it is an ST7(3) singlet. and -1 if
it is an ST7(3) anti-triplet. In general we can define N-ality to be the number
of N-plet representations of SU(N) which must be combined to give the
representation of ST (V). In particular N-ality has value 1 if a representation
is an ST(N) Neplet. 06 it is an STUCN) singlet. and -1 if it 1s an SU(N)
anti-N-plet. Note that in S{7(2) the 2
representation.

This SMG, 5 class of gr
Model Group ' (S M) (1. 2]

SAG =Sy @)y =001 SU(2) 5 SU(3)/ Dg (4)
Dy= (¥ =L L) € Za) (5)

representation is equivalent to the 2

oups is the minimal extension of the Standard

(3
o
2

which has the same features of being essentially a cross product of several
factors supplemented by a non-trivial charge quantisation rvule eq.(3). We
feel that the SNG charge (uantisation rule

| |
% -+ 3"rl11;\lit}"' + q“trialily" =0 (modl) (6)

LS(rr(2y = 17(3)) is of course a proper subgroup of ST7(H)



is a fundamental feature of the Standard Model (SAM ). giving a sophisticated
quantisation in the sense that all 3 cross-product factors of SMG are involved
in it and y/2 determines both the duality and triality. Another feature that
we take over from the SN is the principle of using only small (fundamental or
singlet) fermion representations: a feature not shared with supersymmetric
models. where the gauginos are in adjoint repesentations.

We will consider the fundamental scale to be the Planck mass (M pignet)
and our models will be a full description of physics without gravity below
this scale. By requiring an anomaly [ree theory and the absence of any
Landau poles below Mpp,,cr. we obtain an essentially unique extension of
the SM with an extra generation of quarks. but with the extra generation
of leptons replaced by fermions in the fundamental representations of the
SU(N) component of S MGy v,

We assume that the extra SU{N) component of the gauge gronp is not
spontaneousty broken and therefore confines forming fermion condensates.
As we already know from the SN the ST7(3) component acts as a technicolour
group [3] and gives a contribution to the 1V and ZY masses. In the SM
this contribution is very small but when confining groups with N > 3 are
considered we must carefullv consider the effect this will have. Since we are
not wanting the complications of extended technicolour in order to generate
quark and lepton masses. we assume that there is a Iliggs doublet and that
the masses of the weak gange hosons are geunerated by a combination of the
Higgs sector of the theorv and the technicolour effects of the gange groups.
Thus the extra ST (N} component of the gauge group acts only as a partial
technicolour [1]. Tt follows that the SU(N) confinement scale must be at the
Tev scale or below.

In order to avoid conflict with precision electroweak data. it is not phe-
nomenologically consistent to introduce a large number of extra ST/ (2); dou-
blets. We shall therefore concentrate on the phenomenology of the SM Gy 55

mocdel which has the minimal value ol N = 3.

2 Structure of the SMG, 3 v Model

The three SM generations form representations of SM Gy 3 v and we now wish

to consider a new “generation” of fermions coupling to the SU(N) component
of the group. We assiime all the fermions get a mass via the SM Higgs
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mechanism and. by analogy with the SM quarks. we consider a generation of
SU(N) “quarks™ made up of the left-handed fermion representation (y.2, V)
together with the left-handed anti-fermion representations (—[y+1], 1,N)and
(=[y = 1].1,N). The weak hypercharge y must of course satisly the charge
quantisation rule eq.(3). We now consider the cancellation of the anomalies
generated by such a generation of SI7(N) “quarks™ and the technicolour
eflects of vacuum condensates formed from them.

2.1 Anomaly Cancellation

The contributions to each tvpe of anomaly from this generation of SU(N)
“quarks” are:

(SN — 0
(SN — 2=ty 41— (g = 1) = 0
(Grac U1y — 2y =(y+ 1) —(y—1) = 0
[y — N2 -+ =y =17 = —6Ny
[SUF ) — Ny

So we must cancel the resulting [SO7( NP (1) and [[;'(1)]3 anomalies against
other fermion representations in order to obtain a consistent theory. We can
0 fact cancel the anomalies against a fourth generation of SU°(3)¢ quarks. in
just the saine way that the quark anomalies cancel the lepton anomalies in
the three SM generations =, Alternatively we conld take the SU(N) “quark”
generation to belong 1o the conjugate of the above representations and cancel
its anomalies against a fourth lepton generation. However this is not a phe-
nomenologically viable alternative. since we know from the invisible partial
width of the 7 boson that there are only three massless (or light) neutrinos.
The non-zero anomalies due to a fourth generation of quarks ave:

2
?

[y — 3RO -GG = 6

SUR U = 3 = 1

3

W

e resulting generation of ST(3) quarks and SU(3) “quarks” 1s the smallest mass-
55 | 1

protected anomaly free representation which couples non-trivially to all the components

of the gange group SM iy



Table 1: Fermions coupling to S{7(:V) which would form an anomaly-free set
of fermions together with a fourth generation of quarks.

Representation under ['(1) Representation | Electric Charge

SU(2) = SU(3) — SU(N) 4 Q
N-1

2 ‘\' _L 'ZIV

L. 2N N4l

N

- N N-=1

[L10DN -5 TN

R \ ] N+1

1 l \ ._)‘\' ._)z\r

Anomaly cancellation hetween a generation of SC(N) “quarks™ and a fourth
generation of ST (3)¢ (uarks gives the condition:

Ny+1=40 (7)

and hence |
i = RN (8)
However the weak hypercharge y of the STN) “quarks™ must satisfy the

charge quantisation rule cq.(3). which takes the form:

AN

N

y=2/-1- (9)

where J is an integer. So we have a solntion with J = 1 and

(N + 1) (10)

my =

(R

Table | shows the properties of the left-handed fermions belonging to such a
generation of SU(\N) “quarks™. Note that this is a generalisation of the 5M

quarks. conpling to SU(N) with the specific choice of my = %(;\" +1). It
we set. N = 3 we wonld in fact get a generation of quarks with the opposite

chirality to those in the SM. This is to he expected since we are using these
fermions to cancel the anomaly contribution of a Ith generation of SM quarks
(with the nsual chirality).



Finally we remark that N is odd and hence Table 1 contains an odd
number of SU(2) doublets. Combined with the three ST7(2) doublets in a
fourth generation of guarks. this gives an even number of doublets and hence

there is no Witten discrete ST7(2) anomaly [5].

2.2 Technicolour Contributions

We assume that the SU(N) component of the gauge group confines and that
the ST7(N) “quarks™ form condensates. These condensates have the same
quantum numbers as the SN Tiges boson and contribute to the W% and Z°
masses. via the usual technicolour [3] mechanism.

We stress that we are not proposing a technicolour model as such, but
simply taking into account the unavoidable effect that adding an SU(N)

. i

.




These upper limits are obtained by using quasi-fixed-point values for the
Yukawa coupling constants. yy, as determined from the renormalisation group
equations (RGEs) assuming a desert above the TeV scale up to the Planck

scale.

3 Phenomenology of the SMGa 35 Model

We shall now discuss the minimal extension of the SM in our class of models.
It is based on the gaunge group S5 and. in addition to the three SM
generations. contains a fourth generation of quarks and a single generation
of SI7(5) ~quarks™. The representations of the left-handed fermions which
couple to the ST'(3) subgroup are <hown in table 2. This is a generalisation
of the quarks in the SM. coupling to S7(5) rather than ST(3).

Table 2: Lett-handed fermions coupling to SU7(5). The electric charges are

in units of 1+ due to the charge quantisation rule.

Representation under | £7(1) Representation | Electric Charge

SU() CSUEY SUG) g ¢
2.1.5 \ - 11() _5_3
11.3 \ - ~3
= 3 3
1.1.5 \ ﬁ 5 |

We will first consider the experimental constraints on the model and then
discuss its predictions for the fine structure constants and new fermion masses

in the model.

3.1 Experimental Constraints on Fermion Masses

The limits on the fermion masses are dependent on the type of particle and
its decay modes. We will consider first the usual SU(3) quarks and then the

SU(5) “quarks™.
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The top quark has recently been observed by the CDF [6] and DO (7]
collaborations. The mass is in the range 150-220 GeV. We use the dilepton
mode analyses of the CDF [3] and DO [9] groups to place a lower limit on the
possible masses of a fourth generation of t' and ¥’ quarks. Il the t' quark is
lighter than the & quark. it is expected to decay via the mode t' — O and
hence give a dilepton signal similar to the top quark. If the b’ quark is lighter
than the ¢ and top quarks. it is expected to decay via the mode §' — V'™
and again give a similar dilepton signal. So we take the limit on the masses
of possible fourth generation quarks. #" and . to be

.oy > 130 GeV

from the dilepton analyses of the CDE [8] and DO [9] groups (less restrictive
limits apply if other decay modes ave dominant).

The above experimental limits do not apply to possible S{7(3) “quarks”.
These fermions wonld be more difficult to produce and detect at hadron
colliders. They would anvway be confined nside ‘hadrons’ with a confinement
scale typically expected to be of order 200 Gev. So we conclude that the
ST(5) ~quarks™ would be anlikelv to be detected with current accelerators.

3.2 Precision Electroweak Data

Measurements of electroweak interactions are now accurate enough to be
sensitive to loop corrections to propagators and vertex corrections. These
effects are model dependent and can be sensitive 10 the values of some pa-
cameters such as fermion and iggs masses. So far there is no evidence for
deviations from the three generation S\ and the precision electroweak mea-
surements can be nsed to set limitson possible new phvsics at the electrowealk
scale. For example. the closeness ol the observed value of the p parameter
Ih

(p = —‘7——”—,‘—‘) to unity [10] indicates that the mass squared differences
B Ztu.s t o

within anv new fermion SU(2) doublets st he small (€ (100 GeV')?).
More generally any new physics which affects only the gauge boson self-
energies can be parameterised by the S. 7T and U parameters [11] or some
equivalent set of parameters [12. 13]. The T parameter is a measure of the
loop corrections to the p parameter and is juduced by mass splittings within
new fermion ST(2) multiplets. We shall assuine that these mass splittings are
small in our model. So the new physies cont ribution Thew to the T parameter



in our model can be neglected. Also 7, can be neglected, as in most other
extensions of the SM.

The S parameter provides a strong constraint on the number of new
fermion doublets. since perturbatively a mass degenerate doublet contributes

= to S. Analysis of the precision electroweak data gives [14]:

Spew = —0.21 £ 0217002 (12)
where the second error is from the Higgs mass My. The central value is for
My =300 GeV. the npper second ervor for My = 1000 GeV and the lower
one for My = 60 Ge\V. There are 8 new S{7(2) doublets in our SM G35
model. made up of a {fourth generation of quarks and a generation of SU/(5)
“quarks™. Tn a single SM generation. there are 4 doublets. So treating all
the new fermions perturbatively *. thetr contribution to Sya. is equivalent to

that of two SM genecrations: N, = —‘_ ~ (.12, Thus for M = 60 GeV. our
model deviates by ~ 2 standard deviations from the experimental value of
S..w. Our model is therefore just consistent with the precision electroweak
data.

3.3 Running Fine Structure Constants

Using the RGEs we now investigate how the gange coupling constants vary
with energy np to the Planek scale. Here we set the thresholds for all the
unknown fermions ( ith generation quarks and fermions coupling to ST(5)).
as well as for the top qnuark and Higes boson. to Mz, The absence of Landau
poles in this case will guarantee their absence if some of the thresholds are
set higher than M. From experimental limits we would expect that all these
thresholds should be greater than Mz,

There are four fine structure constants. which we shall label by a;. aq,

as and as. corresponding to the four gauge groups [7(1), ST(2). SU(3) and

ST7(3) respectively. The fine structure constants, aj. are related to the gauge
2

coupling constants. g;. by the relation a; = 7. The equations governing

the running conpling constants to first order in perturbation theory [16., 17]

(a good discussion of RGEs in the SM is given in [18]) can be integrated

3Non-perturbative corrections. estimated by analogy with QCD. tend to increase the
SU(3) fermion contribution to S [15]



analytically to give

1 1 1 9 Ji
= — — —— (Y 4+ ny)n|— 13
a(p) ("l(ﬂo) 27 ( ”> (;LU> ( )
l L 1 p
= —— + — (b = 2ngy — In|— 14
o) () * 127 ( nag = ) I (;LU> (14)
1 1 L I
= —— + — (66 = 2n3s) In (——) 15
as(yr) as(pe) 127 ( ) o (15)
: L L o= ("’) (16)
= —t — 2nge)in | — 3
(\_‘,(/l} ("»(/IU) 277 f /IU

where we calculate o)) (the running coupling constants at the energy scale

i > o = My) in terms ol a(My). Y72 = S y? is the sum of the weak

hypercharges squared for all the fermions and n,, s are the number of fermion

m and 77 representations of SU{m). nyy is the number of Higgs doublets.
From [19] we find

0T My = 9808 £0.16 (17)
a7 My = 29.7940 £ 0.043 (18)
o' (Myy = 8535£037 (19)

We can now use the above equations to examine how the coupling con-
stants behave up to the Planck scale in our model with 1 Higgs doublet. 3 SM
generations. a fourth quark generation and a generation ot ST7°(5) “quarks”.
Since there is no experimental value for as at any energy scale we shall, for
definiteness. assume that aZ'{(1,) = 2 (the precise value is unimportant) so
that the ST(5) interaction is stronger than QCD at My and confines at the
electroweak scale. Fig. | shows what happens for each group. For the graphs
we normalise the [7(1) gange coupling as if the (7(1) group was embedded in
a simple group. This essentially corresponds to redefinition of g;.

| e

(gD)aer = =(gi)sn (20)

o

(olﬁl)(,;l"[‘ = ((\?1)81\1 (21)

N I

So henceforth we nse the standard GUT normalisation. Eqs. (13) and



(17) now become,

L 1 I H
= —— (Y 4 ny)in (——)

ay{ 1) apy) 207 ( ”) 1o
“HMy) = 33351010 (23)

We use eqs. (11)-(16) and (22) to run the gauge coupling constants up
to the Planck scale as shown in fig. L. We see that there are no problems
with Landau poles below the Plan(l\ scale and our model is perturbatively
consistent.

3.4 Upper Limits for Yukawa Couplings

As stated in section 3.1, we take the limits on the masses ol a fourth gen-
eration of (uarks to he s > 130 GeNong > 130 GeVoand the top quark
mass to he 1, ~ 170 GeV'. We can now nse the RGEs equations to estimate
upper limits on the values of the Yikawa couplings to the SN Ihggs field of
these fermions. This will fead to upper limits on the masses indicating that
the 1 and I quarks would be almost within reach of present experiments.

Now we can choose initial values for the Yukawa couplings at the Planck
scale and nse the RGLEs 1o see how they evolve. as they are run down to the
electro-weak scale. Assuming no mixing for the quarks and neglecting the
masses ol all SN fermions except the top quark (a good approximation). the
RCEs ave. to one loop ovder in perturbation theory [17]:

By (G S - G (24)
W (G =+ ) = G (23)
D (S = 0+ 03(5) = G (26)
Do oy (S = )+ V(8 = G (21)
Doty (S = ) + Y8 = G (25)

where the ST(3) fermions have been Tabelled S and 5d as generalisations of
the naming of ST7(3) quarks. The other variables are defined as

VAUST = gl Oun 4 By 4 B+ 3y (29)

i



log,o(p/GeV)

=1 from M, to the Planck scale for each group. The initial value
Id he confine at the electroweak scale.

Figure 1: a
for az(Myz) was chosen so that it wou
There are obviouslv no Landau poles so this model s self-consistent.
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n (
G = oot + 08 + 30 (30)
P O R ‘
BV 401'*’4.(]2'%‘5.‘/:3 (31)
53 . 9 . 72
G = poogit i+ S0 (32)
(5 = L—"—s/’f+2.(/ff+‘%)g3 (33)
500 47 57

Here Y3(S) is really Tr(YTY) where Y is the Yukawa matrix for all the
fermions.

We can choose valies for the Yukawa couplings at the Planck scale and
then use the RGEs to see what values the Yukawa couplings will have at
any other scale. We have chosen the low energy scale to be Az as shown in
fig. 2. We observe fixed points similar to the case for the top guark in the SM
[18] and these will provide upper limits on the fermion masses. However. the
Yukawa coupling for any fermion at Mz depends on the Yukawa couplings
of the other fermions. But there is an approximate infrared fixed point limit
on Y3(S) and so one Yukawa coupling can be increased at the expense of
the others. This limit is quite precise if there is only one strong interaction
at low energies such as QCD in the SN ' We observe numerically that
Y5(S) & 7.5 £ 0.3 provided the Yukawa couplings of the three heavy quarks
are greater than | at the Planck scale and that the Yukawa couplings of
the fermions coupling to the SU7{3) gauge group are less than the Yukawa
couplings of the heavy quarks at the Planck scale.

The values chosen for fie. 2 have been chosen so that my, =~ 170GeV
and the fourth generation quark masses ave above the current experimental
limit of 130 Ge\. Also 11 ~ iy and s, ~ msg have been chosen so that
there is only a sall contribution to the p parameter described in section 3.2.
Table 3 gives the valne of the Yukawa conplings at Mz and the corresponding
masses neglecting the technicolour contribution to the VEV. v = 246GeV.
Therefore these masses should be considered upper limits on the masses of
the fermions for this particular choice ol Yukawa couplings at the Planck
scale. For other choices of Yukawa couplings at the Planck scale we could,
for example. increase the mass of the lourth generation of quarks but this

would have to be compensated for by a reduction in the mass of some of the

Detailed results for 4 general number of heavy SA generations are derived in [20].
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Figure 2: An exanmiple of running Yukawa couplings for all fermions with a
mass the same order of magnitude as the electroweak scale. The values were
chosen at the Planck scale and run down to Wz so that all the fermions
would have a mass allowed by current experimental limits.
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Table 3: Infrared fixed point Yukawa couplings and corresponding maximum
oFT

masses {corresponding to no S{(5) condensate contribution to the VEV) for
a particular choice of Yukawa couplings at the Planck scale.

Fermion | Yukawa Coupling | Maximum Mass (GeV)
" 0.99 172
Yo 0.76 132
Y 0.75 131
Ysu 0.7 32
| Yse 0.19 35

other fermions.

These values for the masses are consistent with current experimental lim-
its but are not so hiegh that all the new fermions could remain undetected
for long. In fact the quark masses may even he within the limits of cur-
rent accelerators. However it is unlikely that the fermions coupling to STU(5)
could be observed: thev would be confined inside SU(5) “hadrons™. with a
confinement scale of order 200 Gev. and wonld have a small production cross
section at hadron colliders. For this reason we consider the clearest evidence
for this model would come from the detection of a fourth generation quark.
The masses ol some lermions could be increased. but not by much. since this
would mean a reduction in the mass of other fermions. This means that this

model is consistent and relatively easy to test.

4 Conclusion

We have described a class of extensions of the SM. having gauge groups
with similar charactevistic properties to those ol the SMG. In particular we
introduce generalised chiarge quantisation rules. The simplest extension of
this type. based on the gauge group SM (/s 5. involves an ST(5) technicolour
Citeraction. but with the fermion masses generated by the usual SN Higgs
mechanism.  The smallest anomaly free representation of mass protected

L



fermions. involving all components of SN (/5. contains a fourth generation
of quaks without leptons together with a generation of SU7(5) ~quarks™. This
SAMGyas model is consistent with experiment. predicting the (’-‘,\'istence of 1/
and ' quarks with masses at or helow the top quark mass scale. So the
model is relatively easy to test.
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