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Abstract 

The possibility of constructing non-minimal models of the Pati-Salam type is investigated. The 
most interesting examples are found to have an SU(6) ® SU(2)L ® SU(2)R gauge invariance. Two 
interesting symmetry breaking patterns are analysed: one leading to the theory of 5(/(5) colour at 
an intermediate scale, the other to the quark-lepton symmetric model. In both cases there is ample 
room for new physics in the interesting energy range of 100 GeV to a few TeV. We also identify a 
new candidate for dark matter. 

1 



There have been a number of hypotheses concerning the unification of quarks and leptons. The 

earliest and one of the simplest of these is due to Pati ar.d Salam[l]. They start with gauge group 

SU(4) ® SU(2)L ® SU(2)JI and the following structure for one fermion generation: 

F L ~ (4,2,1), F A - ( 4 , 1 , 2 ) . (1) 

A discrete left-right Zi symmetry is also usually assumed. The Pati-Salam model therefore unifies quarks 

with leptons and left-handed fermions with right-handed fermions. One motivation for this type of model 

is that it has a simpler fermion spectrum then the standard model (SM). Another is that it provides a 

solution for the charge quantization problem of the SM, although the simplest solution of this problem 

is the introduction of neutrino masses[2]. 

The simplest model of Pati-Salam type has symmetry breaking as follows: 

SU{4) ® SU{2)L ® SU(2)R 

I Mi 
SU(Z)c®SU(2)L®U{l)y (2) 

[Mw 

SU(3)C®U(1)Q 

While it has some theoretical appeal, the model in its simplest form does not allow for much experimen

tally testible new physics. For example, if one calculates the Pati-Sal&m breaking scale Mi, using the 

experimental values for the three SM gauge coupling constants at the W-scale, then one finds a high value 

of about 1 0 1 5 GeV. This value for M\ is certainly consistent, since this scale implies very small values 

for the light-neutrino masses (via the see-saw mechanism) which is well within experimental bounds and 

also the more stringent limits from cosmology[3]. However, this scale also implies that AB = 2 processes 

such as N — N oscillations and other non-standard model phenonema are too small to be observable 

experimentally. 

An interesting question, therefore, is whether the minimal Pati-Salam model can be extended in such 

a way as to incorporate new physics in the TeV region. There are two broad ways in which one might 

modify the Pau-Salam theory. One way is to change the symmetry breaking sector[4]. Alternatively, one 

may investigate enlarging the gauge group. The latter possibility is entertained in this article. 

In what way can we extend the gauge group of the Pati-Salam model? A priori, \vr can either extend 

the "weak" part (i.e. SU(2)L ®SU(2)n), or the "strong" part (i.e. 677(4)). For example we might 

consider a model with gauge group SU(A)®S,J(S)I®SU(3)R. However such a model will sufTer from gauge 

anomalies (assuming the naive extension of the fermion content of eq.(l) i.e. Fj, ~ (4,3, 1), Fn ~ (A, 1, 3)) 

and therefore require extra unspecified fermions. This unfortunately makes the model less predictive and 

less interesting. A more interesting possibility is to extend the "strong" part. The simplest, extension of 

this kind is a model with gauge group Gr, where 

67, = SU{h) R> SU(2)r, (/> Sl!{2)„ (3) 
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and the fermion spectrum 

FL ~ (5,2,1),FR~(b, 1,2). (4) 

This model L free of gauge anomalies. 1 However, if the model breaks down to the SM at some scale, then 

irrespective of the symmetry breaking pattern, the fermions with exotic colour will contain charged 1/2 

states. To see l.his we note that the e cotic coloured fermions will transform under the SM gauge group 

GSM where GSM = SU(Z)®SU(2)L ® U(l)Y as ( l , 2 , y , ) , (1, l , y 2 ) , ( l , l , y 3 ) , where y , , 2 , 3 are general 

hypercharges. Since the usual fermions are anomaly free, the exotic fermions must also be anomaly free. 

This in turn implies that yi = 0 and y 2 = — y 3 . Since electric charge is given by Q = h + Y/2, we see 

that the (1, 2, yi) multiplet (with yi = C) contains Q — ± 1 / 2 fermions. 2 The prediction of charged ±1 /2 

fermions appears to be a problem experimentally since from electric charge conservation they should be 

absolutely stable, and no stable charge ± 1 / 2 particles have been discovered. Even if they are very heavy, 

one might expect significant terrestrial abundances of these unusual fermions on cosmological grounds, 

since their annihilation cross-secrion will decrease with increasing mass. This perhaps should not be 

regarded as a completely rigorojs argument, since many aspects of the standard cosmological picture 

(such as the existence of dark matter) have not been tested and thus standard cosmology may still be 

wrong. 

However, one version of such a theory can also be ruled ouf from collider experiments. The most phe-

nomenologically interesting symmetry breaking pattern of the 5(7(5)® 5(7(2)/, ® SU(2)R model features 

an intermediate theory of SU(4) colour[7]. However, for three fermion generations this model predicts a 

light charge ± 1 / 2 fermion (mass less then 21 GeV)[6], which is ruled out from collider experiments. 

We now move on to the next simplest extension, which has gauge group Ge, where Gc = 5(7(0) © 

5(7(2)/ ® 5(7(2)/,. The fr rmions are 

FL ~ (6,2,1), FR~ (6,1,2). (5) 

The most phenonvnologically interesting symmetry breaking pattern down to the GSM ® SU{2)' is 

5(7(6) ® 5(7(2)/. ® SU{2)H 
[Mi 

SU(b)®SU(2)L®U(l)Y' • (0) 

5(7(3), ® 5(7(2)' ® 5(7(2)/, ® (7(1 )y 

The symmetry breaking scale M\ is associated with the Higgs fields ///,,/?, which may be defined through 

the Yukawa Lagrangian, 

lyui = A, hHr,(F,,y + A, FnllniFnY + lis. (7) 

' T h i s model with an odd number of genera t ions conta ins a global anomaIy[. r>], However we dn not feel t ha t th is is n 
s t rong enough reason to rrjeet this type of mode l since the global a n o m a l y is Z2 valued, so that there are very many ways 
to cancel this. For a liscussion of this po i ' t see Kef [6]. 

2 I t can also be s lown t h a t th is model has the unusua l feature t h a t it contains the symmet ry (—1)" , (which forbids 
pro ton decay) even f a rb i t ra ry nonrcnormali7:ablc t e rms a re included (provided they are Kuige invar iant) . See M. Foot 
(unpublished) for details . 
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and transform as follows: 

HL~{2l,3,l),HR~(21,l,Z). (8) 

Hi and HR interchange under left-right symmetry and so there is only one independent Yukawa coupling 

constant. These Higgs fields, which may be represented by symmetric matrices, are assumed to gain tl e 

vacuum expectation values (VEVs) 

< Hi > = 0, < HR >- v 

/ 0 0 0 0 0 0 \ 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

\ 0 0 0 0 0 1 / 

( i ! ) (9) 

This induces the spontaneous symmetry breaking at scale Mi displayed above. Note that left-right 

symmetry is broken together with 5t /(6) at this scale. Thus the right-handed neutrinos gain Majorana 

masses of order M i . The equality of the Pati-Salam and left-right symmetry breaking scales is inevitable 

when one employs the minimal Higgs sector. The (7(1) symmetry generator Y' annihilates the HR VEV 

and is given by, 

Y' = \ T 5 1 + 2 I 3 R , (10) 
5 

where T51 = diag(l,l, 1 ,1,1,-5) in SU(<5) space and I3R = diag(l/2,-l/2) in SU(2)R space. 

The scale Mi is generated by a VEV for the Higgs field 

X ~ ( 1 5 , l , l ) , (11) 

which may be defined by the Yukawa Lagrangian term, 

L y u k = \2FLX(FLY + X2FIIX(FR)C + H.c. (12) 

The Higgs field \ may be represented by an antisymmetric matrix and is assumed to gain the VEV 

/ 0 0 0 0 0 0 \ 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 w 0 
0 0 0 — w 0 0 

^ 0 0 0 0 0 0 / 

s given by 

Y = Y' + 
1 5 7 3 2 

(13) < X > = 

The generator Y of standard hypercharge is given by 

(14) 

where 'I'M = dia.g(2, 2, 2, — 3, —3) in ,S7/(5) space. As a consequence of the non-zero VEV of \ , the exotic 

fcrmionic degrees of freedom, which come from the fourth and fifth colour (and which we rail "quirks''"), 

gain masses from this Yukawa Lagrangian. 

• 'This no ta t ion was suggested to one of us ( H I ' . ) by Uri Sarirl (pr ivate communica t ion) . 
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Finally, as in the minimal Pati-Salam model, electroweak breaking results from a bidoublet <t> ~ 

(1,2,2) . 

At this point we make some observations: 

(1) The models we construct in this paper have the usual serious problems characteristic of GUT 

theories. These serious problems include both the gauge hierarchy problem and, when the minimal Higgs 

sector is used, phenomenologically unsuccessful fermion mass relations. We will not in this paper pursue 

solutions to these well-known problems of GUT theories, except to point out that the correct fermion 

masses can be obtained at the expense of predictivity by enlarging the Higgs sector. 

(2) Below the SU(6) breaking scale M\, the model reduces to the S£/(5) c model[8]. As we will soon 

demonstrate, SU(5)C <S> SU(2)t ® U(l)y> may break down to the GSM ® SU(2)' symmetry at energies 

not far above the weak scale (i.e. the scale M 2 ) . The existence of this intermediate scale makes possible 

an abundance of new physics occuring in the soon to be probed energy region below a few TeV. 

(3) The exotic fermionic degrees of freedom have the following SU(2)' ®GSM transformation proper

ties: 

QL ~ (2 ,1,2,0) , V« ~ ( 2 , 1 , 1 , 1 ) , D R ~ ( 2 , 1 , 1 , - 1 ) (15) 

(We denote the corresponding standard quarks by lower-case letters.) These fermions have electric charges 

equal to ± 1 / 2 , and are expected to be confined by the unbroken and asymptotically-free SU{2)' force. 

One can easily see that this means the model contains no absolutely stable bound states of the qi'irks[8]. 

(4) Unlike the case of the SU(4)C model at the intermediate scale, this model has no phenomenological 

problems associated with light-mass fermions (the difference is that the \ field ' s antisymmetric in colour 

space)[6]. 

(5) The model contains lepto-quark scalar bosons which can mediate rare processes such as KL —* fit-

To get agreement with experiment, the.' t* bosons have to be heavy (greater then 30 TeV typically). 

(6) As is well known, the origin of symmetry breaking in nature is untested. We use elementary Higgs 

bosons as an example of how nature might work. 

Since the Lagrangian has 5/7(6) ® SU{2)L ® SU(2)n gauge symmetry and there is a Zi discrete 

symmetry, there are only two fundamental gauge coupling constants in the model. A consequence of this 

is that if we input the measured values of the SM gauge coupling constants at the W-scalo then we can 

get one relation for the symmetry breaking scales. 

Denote the two independent gauge coupling constants of the model as ga and #2- Between M\ and 

M2 there are three gauge coupling constants g', gi and §3. These coupling constants can be defined by 
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the covariant derivative, 

D„ = 9„ + iftG^ y + W2W; Y + , V ^T ' ( 1 6 ) 

where A a / 2 denote the generators of the SU(5) Lie algebra (normalised so that TV( A a Aj) = 26at), ra are 

the usual Pauli matrices and Y' is the U(l)y generator. Under the group SU(b)c <S> SU(2)i ® U(1)Y>, 

the fermions transform as 

h ~ (1,2, - l ) , e f l ~ ( l , 1 , -2) , v * ~ (1,1,0) , 

Q L ~ (5,2,1/5) , UK ~ (5,1,6/5) , dR ~ ( 5 ,1 , - 4 / 5 ) . (17) 

By diagonalising the gauge boson mass matrix, one can obtain the relation 

A = - + f . 08) 
a' a2 5 a 3 

which holds at the scale Mj (note that a' = (p') 2 /4ir etc.). Between Mi and Mw we have the standard 

fine structure constants a j , 02 and 03. One can show that c*i is related to a' at M2 by, 

- = A + T f - (•») 
«1 Q' 1D03 

Experimentally, we know the quantities a 1,02 and 0:3 a t M(v[9]: 

a3(Mw)=O.Wt°0°oll 

a2(Mw) = 0.0344 ±0.0007 
ai{Mw) = 0.0101 ±0 .0001. (20) 

Using the renormalisation group evolution equations for the gauge coupling constants together witli 

eqs.(18,19) we can derive a relation between the three scales Mi, M2 and Mw- Evolution between Mw 

and Mi is given to leading order in perturbation theory by the equations, 

1 _ 1 6) i 2 , 3 . j ^ 2 _ ... . 
« i , 2,3(^2) fti,2,3(A/w) 2TT Mw 

The b-functions 61,2,3 are determined by the quantum numbers of contributing particles via the well-

known formula, 

11 2 1 
6 = ——'/'(gauge boson) + -7(Weyl fermion) -f -'/'(complex scalar), (22) 

where T(R) for the representation R is given by T(R)6ai, = Tr(tnit,) (tn being a representation matrix). 

Between M2 and M\ evolution is described by 

1 _ 1 _ b\ M L 

n'{Mi) ~ a'(M2) 2TrnM2' 

1 1 *2 3 , M} , , 
~ln~. (236) «2,3(M|) ^2,3(^2) 27T M 2 ' 



Using the above we obtain the re) ^tion 

__ 106 3 + 1562 - 156i fa M 2 [ W3 + 15% - 156J fa Mx 

2ir Mw 2-K Mi' 

where 
15 , 15 10 ( . 

oi(Afw) ' a-j(Mw) a 3 ( M w ) ' 

If we neglect the (small) Higgs contribution to ••he b-functions then we have for three generations: 

20 2? 
61 = y , 62 = -"3 + 4 - 63 = - H + 4, 

*'i = f , 6'2--f + 6, 6i = -y+4. (26) 

Note that we are assuming that the exotic fermions, the quirks, gain masses of about the symmetry 

breaking scale M 2 . 

For the interesting case where M 2 ~ Mw, we find that 

Mi « 2 x 10 1 1 GeV. (27) 

In fact, as M 2 varies from Mw to M\, M\ varies from 2 x 10 1 1 GeV to 10 1 5 GeV. Thus like the minimal 

Pati-Salam model, the model is self consistent, predicting very small A S = 2 processes ana tiny masses 

for the light Majorana neutrinos, both within experimental and cosmological bounds. 

However, unlike the minimal Pati-Salam model, the 5(7(6) ® 5(7(2)/, <g) SU{2)R model is compatible 

with the existence of new low-energy physics. This comes mainly in the form of exotic charge ± 1 / 2 

fermions (quirks) with masses which may be of the order of the weak scale, which are confined by 

the unbroken SU(2)' gauge interactions. One can easily calculate that the confinement scale for these 

interactions is about equal to the QCD scale of 200 MeV. The quirks would therefore form heavy but non-

relativistic bound states. In addition, a second neutral gauge boson is predicted whose phenomenology 

within the 5(7(5) colour model has recently been studied[10]. 

We now turn to another interesting possibility arising from Pati-Salam 5(7(6) <%> 5(7(2)/, ® 5(7(2)/?, 

namely that it breaks first to the quark-lepton symmetric model[ll] rather than to 5(7(5) c ® 5/7(2)/, © 

U{\)Y'. This requires the adjoint Iliggs field 

* ~ ( 3 5 , 1 , 1 ) . (28) 

to be added to the model, together with (//,_/? and \. 

A non-zero VKV for <J> at scale M\ performs the breaking 

57/(6) ® 57/(2)/, ® 5C/(2) f , - 5(7(3), 0 5(/(3)< « 57/(2)/, » 57/(2)« ® (7(1 ) v (29) 
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under which the fcrmions transform as 

FL ~ (3,1,2, l ) ( - l / 3 ) , FR ~ ( 3 , 1 , 1 , 2 ) ( - l / 3 ) 

qL ~ ( l , 3 , 2 , l ) ( l / 3 ) , < / « ~ (1,?, l , 2 ) ( l /3 ) . (30) 

In addition to the left-right discrete symmetry, there is also a Zi discrete symmetry left over from 

5(7(6) under which Ft,:i *-» 1L,R, and C^ *-* —C^, where C^ is the (7(l)v gauge field. This symmetry 

interchanges quarks with the fermions F. The multiplet F contains the standard leptons together with 

two exotic fermion partners (per Weyl lepton), which we call "Uptons." The quark-lepton symmetric 

model thus defined was actually introduced as a novel way of unifying the properties of quarks with 

those of leptons. In this regard, it performs a similar task to orthodox Pati-Salam theory, but of course 

in a different manner. The embedding of discrete quark-lepton symmetry into Pati-Salam 5(7(6) thus 

represents the marriage of two alternative approaches to the unification of quarks with leptons. Pati-

Salam 5(7(6) also has the theoretical significance of providing a connection between two hitherto disparate 

gauge models: colour 5(7(5) and quark-lepton symmetric theories. 

The surviving degrees of freedom from the Higgs fields4 HL,R are A n ~ (6,1,3,1) plus its left-right 

and quark-lepton symmetric partners. The second stage of symmetry breaking proceeds via a non-zero 

VEV for Ai/, . The residual gauge symmetry is now 

5(7(2)' <g> 5( / (3) c ® SU(2)L ® (/( l)y ® U(l)x, (31) 

where Y, which is standard hypercharge, and X are given by 

Y = 2J3R + V+1f-, (32a) 

and 

A' = 2/3R + (3 - yfiftV + 7^fl2, ft # ~ (326) 

where 7\2 = diag(l, 1, —2). The charge X annihilates the VEV of A n for all values of /?. 5 Note that, 

left-right symmetry breaking is decoupled from 5(7(6) breaking in this model. This is possible because 

we have the additional Iliggs field $ . Right-handed neutrinos pick up Majorana masses at, this scale, but 

the liptons are still masslcss. 

The third stage of symmetry breaking is induced by a non-zero VEV for the surviving field from the 

Higgs multiplet, \- This survivor is neutral under GSM but not under (7(l)x- The U(\)x is therefore 

broken and liptons acquire non-zero masses. 
4 Hy "surviving" we mean those Higgs bosons whose mass terms have been finetuiicH in a hierarchical manner so as to 

implement symmetry breaking at a variety of different scales. 
5 T h c most convenient choice for 0 is one which ensures a diagonal covariant derivative and diagonal V'nctic energy terms 

for the gauge fields of Y and X • For the purposes of this paper, we only need to know that there is a value for P for which 
this occurs, not its explicit expression. See Ref.[l2] for a more detailed analysis. 
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Finally, electroweak symmetry breaking is again performed by the remains of the SU(2)L ® SU(2)R 

Higgs bidoublet. It is easy t o see that ihe liptons are charge ± 1 / 2 fermions confined by SU{2)' gauge 

forces, as were the quirks. 

To summarise we have the symmetry breaking pattern 

SU{6)®SU(2)L®SU(2)R 

SU(Z)t ® SU(3)C ® SU(2)L ® SU(2)R ® U(l)v 
IM2 

SU(2)'®SU(3)c®SU(2)L®U(l)Y®U(l)x • (33) 
[M3 

SU(2)' ® SU(3)C ® SU(2)L ® U{l)Y 

SU(2)'®SU(3)C®U(1)Q 

As for the SU(b)e scenario, a renormalization gioup analysis can be performed to obtain o..e relation

ship between the SM coupling constants at Mw and the symmetry breaking scales Mi 2,3- We denote 

the various b-functions in this case as follows: 

between Myy and M3 : 63,62 and by for SU(3)C,SJ(2)]J and U(l)y respectively; 

between M3 and Mi : 63,6 2 and b'Y for SU(3)C,SU(2)L and U(l)y respectively; 

between A/ 2 and M\ : 63 and bv for SU(3)iiC and U(\)v respectively. (34) 

Adopting the normalization that the :oupling constant of U{\)v is </v/2 (c.f. normalization of g' in 

eq.(16)), we obtain the relation: 

£ = l (36v - b'3)lnMl 

where 

6TTV •>' Mw 

1 M, 
+ ^ ( 6 ' , + 36' v - 2fc3 - 36'2 - Uv)ln--2-

+ ±(6 y -6' y + 6 2 - ~ 6 2 ) , n ^ , (35) 

^ = 1 1 '*__ ( 3 6 ) 

» i ( M w ) a2{Mw) 3n^(Mw)' 

By including the fermion contributions 6 to the b-functions one obtains 

33 M, 99 M 2 , . m 

t ~ In In . (.17) 

Note that £ does 710/ depend on the scale A/3 (to this level of approximation). The quantum numbers of 

Mv the liptons are such that the coefficient of InM3- in oq.(35) is zero 

This result immediately implies that the lipton masses, whose scale is set, by A/3, can be light, (in the 

40 GeV to 1 TeV range, say). It also means that the Z' boson associated with U{l)x can be relatively 

"Note t h a t if surviving Higgs fields a rc included, t hen ' h e y do not change things much, due to various cancellations 
among them. If we include the Higgs cont r ibut ions , then we would obta in eq.(37) with 33 —> 29 and 99 —» 103. 
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light, although it is expected to be heavier than about 700 GeV from neutral current data [12]. This 

represents interesting non-standard model physics that may manifest itself at relatively low energies, just 

as in the previous model. 

Equations (37) and (36) constrain both Mi and M 2 to be large. Two representative cases are: 

Mi = M 2 =>Mi= 10 1 3 GeV; 

Afi = MPtanck = 10 1 9 GeV => M 2 = 10 1 2 GeV. (38) 

This is once again self-consistent because it implies tiny masses for the light neutrinos and unobservably 

small N — N oscillations. 7 In contrast to the 5(7(5) colour case, the gauge bosons in the coset space 

5C/(3),/5t/(2) ' will be heavy (~ M 2 ) . 

An important difference between the present model and the SU(b)c case, is that the unbroken 

asymptotically-free gauge group SU(2)' breaks off from its parent group (SU(Z)i in this case) at the 

high scale of about 1 0 1 2 - 1 3 GeV (from eq.(38)). (Remember that the SU(2)' fine structure constant Q'2 

is equal to 03 in both models at the breaking-off scale.) In the SU(b)c scenario, the SU(2)' confinement 

radius (A') is about the same as the QCD scale, due to the numerical fact that the b-functions for pure 

SU(2) gauge theory and for Q( 'D with three quark-lepton generations are approximately equal. By con

trast, in the present model the lipton fields remain massless between M 2 and M3 and thus contribute to 

the b-function for SU(2)'. They slow down the running of the a 2 relative to 0:3, thus causing SU(2)' to 

confine at a much lower scale. 

A straightforward calculation shows that 

L l l a 3 ( M w ) 2 Mw 11 Mw 1 

For Mi « I 0 1 3 O V , and for A/3 sa Mw this yields 

A ' « ^- KeV. (•10) 

This is about 6 orders of magnitude lower than the QCD scale, and is of course much lower than the 

typical mass A/3 of the fermions which feel the SU(2)' force, namely the Uptons. Lipton bound states 

(t-bags?) are thus expected to be heavy ( « A/3) and highly non-relativistic. It also means that, the 

SU(2)' glueball will be the lightest state associated with this exotic colour group. 

Since the exotic glueballs are so light, one can easily show that they are almost, stable. They will decay 

via loop diagrams ' o the ordinary ferrnions, with a lifetime which .s longer than the age of the universe. 

These gliiehalls may therefore be relevant to cosmology. In the stand" rd cosoinological picture (for 
7 Note that there are lepto-quark scalar bosons from the X "'ggs multiple! wltirli mediate proton deray (/-" —» Jr°e +). 

Thus these bosons have to be much heavier than the scale M%. This is a similar problem to the minima! ,S7/(S) GUT ease, 
sinre the 5 of .S7/(.ft) contains a colour triplet lepto-quark boson which mediates proton decay. 
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reviews see[13]), it is easy to see that they will not affect the successful nucleosynthesis calculations. This 

is because the exotic gluons will decouple from the ordinary particles very early, i.e. when the temperature 

of the universe cools to just below the lipton mass (see below). However, they may contribute to the 

missing mass of the universe. Since the exotic gluons are relativistic when they decouple from the photons, 

it is straightforward to calculate their present abundance. To estimate the decoupling temperature of 

the exotic gluons, we note that the exotic gluons will be in equilibrium with the ordinary particles 

provided that the number density of the liptons is large enough. The relevant reactions which niaintain 

equilibrium are: (i) the tree level process between the lintons (L) and exotic gluons (g), Lg <-• Lg; and (ii) 

LL •-» t+e~, Lj <-• Ly and so on. When the temperature drops just below the lipton mass, the liptons 

rapidly annihilate and consequently the exotic gluons drop out of equilibrium. 8 Since the decoupling 

temperature for the exotic gluons is high (greater than about 40 GeV), all three generations of quarks 

and leptons (except possibly the top quark) contribute to the heating of the photons relative to the 

exotic gluons. A simple calculation shows that the ratio of the photon temperature to the exotic gluon 

temperature just r.fter the electrons and positrons annihilate is 

| = (x)" 3 

Calculating the present energy density of the glueballs we find 

p9 « S a A ' T ^ M = 3 a A ' ^ 7 ? M (42) 

where a = 8fi-5/fc4/(15/i3c5) and TJ — ir 4/30C(3). It should be noted that the calculations leading to 

equations (41) and (42) have employed the usual simplified assumptions of cosmology. For example, we 

have neglected to consider phase transitions, two body to three body processes, and so on. Using the 

observation that the photon temperature (7^) is now about 2.7 degrees Kelvin, we find that, 

/ 7 , ; / ^ « 3 7 A ' ( K e V ) / / ^ , (13) 

where pr — '.'H^/SvG is the critical density and h0 is the measure of the uncertainty in the Hubble 

constant //„ (0.4 < h„ < 1). Thus we find that the glueballs may close the universe (see cq.(40)) and 

represent a good candidate for dark matter . 0 We find this to be an interesting result, because both the 

qiiark-lepton symmetric model and its .577(6) extension were motivated by other concerns. The dark 

matter candidate emerges as a necessary by-product. 1 0 

In conclusion, we have investigated the possibility that nature utilises an extended gauge model of 

the I'ati-Salarn type. The model with gauge symmetry .S7/(fj) ® 5(7(2)/, ® SV(2)u was shown to be the 
8 Therc are processes directly connecting exotic gluons with ordinary particles via loop I''cynman diagrams involving 

virtual liptons. However, it is straight forward to show that the reaction rates for these processes are too slow to maintain 
equilibrium at temperatures hclow the lipton mass. 

3 T h c possibility that the missing mass of the universe is composed of so TIC type of exotic glueball has been previously 
considered in HefJM). 

1 0 Note that one can turn this argument around, and use the r.osmological requirement that there must not be too much 
mass in the universe to place an nfprr bound of a few TeV on the lipton mass scale. Also note that the cosm;>logical impact 
of the exotic glneballs in the ,S7'(.ri)r model has been sludiedjl fi]. 

II 



most interesting extended Pati-Salam model. We have shown that these models a!low for observable new 

physics at currently available, or soon to be available, collider energies. 
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