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Abstract 

Motivated by the recent HERA events which are consistent with a possible leptoquark interpretation, we discuss the 
prospects for including additional light colour triplets and anti-triplets in the spectrum of supersymmetric unified theories. 
We focus on a particular string-inspired Pati-Salam model, and propose a simple mechanism by which a light colour triplet 
of charge - l/3 plus anti-triplet of charge l/3, may have a mass of order 200 GeV, with one of the new states having 
leptoquark couplings and with proton decay suppressed. We also discuss possible scenarios for gauge unification in such a 
model. @ 1997 Elsevier Science B.V. 

The recent HERA events [ 1,2] have been followed 

by much theoretical speculation about leptoquarks 
[ 31. If we accept that the excess of events reported 
at high Q2 is not a statistical fluctuation and future 
runs confirm their existence, it is clear that they are 
suggestive of new physics beyond the standard model 

(SM). In particular, assuming that the events occur 

at the s-channel, then the observed peak at definite 
large x-values is a distribution which corresponds 
to a mass determination of order 0( 200) GeV. The 
various theoretical explanations include contact in- 
teractions, R-parity violation and leptoquarks. In this 
letter, prompted by the above experimental findings 
at HERA, we discuss the prospects for incorporating 
leptoquarks into supersymmetric unified models. ’ 

*Research supported in part by grant numbers GR/K55738, 

TMR contract ERBFMRX-CT96-0090 and IIENEA-15815/95. 
’ By leptoquarks we mean light colour triplets with leptoquark 

couplings. The introduction such states might be expected to de- 

stroy the unification of the three gauge couplings, however there 

are various ways to remedy this as discussed later. See also [4] 

A). To set the notation we first present the R-parity 
conserving superpotential in the MSSM: 

W = Alquch*+A~qdch~ +A@hl +A&JIlh* (1) 

where q = (u,d) = (3,2, i), uc = (3, 1, -$), dC = 

(3,1,i),!=(v,e)=(1,2,-~),ande”=(I,I,l) 
are the left-handed quark and lepton superhelds which 

transform under the standard model gauge group as 
shown and ht,~ the standard higgses. ~$0 is a singlet 
which realises the higgs mixing.2 In addition, one 
may add the following interactions 

W’ = A.&e” + A&q& + h7ucdcdc + Agc,boh2C (2) 

When both A5,6 couplings are present, there are graphs 
mediated by the scalar partners which lead to lepton 
number violation. On the other hand, the coexistence 

* This is actually the next-to-minimal supersymmetric standard 

model (NMSSM). In the MSSM Higgs mixing is achieved by a 

phi hz coupling. 
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of h6,7 couplings leads to fast proton decay, unless the 
couplings are unnaturally small [ 51. A natural way 
to avoid such problematic couplings is to impose R- 

parity which forbids all the terms in (2), unless initial 

conditions on the couplings at the unification scale 
are assumed in order to allow only the desired terms 
at low energy (see for example [7] ). Henceforth we 
shall assume such an R-parity, and turn instead to the 

possibility of leptoquarks. 
Assuming the existence of light leptoquarks the ba- 

sic question we wish to address is how they might 

naturally be incorporated within the framework of su- 
persymmetric unified models. From this point of view 
leptoquarks correspond to new coloured states which 

are remnants of representations of a higher symmetry. 

For example in the context of a non-supersymmetric 
SU( 5) theory additional light states Q = (3,2, i) and 

Q = (3,2, -i) contained in the 10 + 1% were intro- 

duced to adjust the wrong prediction of sin2 BW [ 81. 
However tremendous fine-tuning is necessary to split 
apart the light Q state from the remaining compo- 
nents of the 10 which must remain superheavy. This 
is similar to the problem of splitting the Higgs doublet 

from the Higgs colour triplet in the 5 of SU( 5). From 
this example it would seem that light leptoquarks only 

serve to exacerbate the doublet-triplet splitting prob- 
lem present in unified models, supersymmetric or not. 
However, as we shall see in the next section, there is a 
natural way to obtain a pair of light leptoquarks in su- 
persymmetric unified models without any fine-tuning. 

A further candidate for a light leptoquark, common 
to all grand unified models, are new left-handed repre- 
sentationsLY=(3,1,3) andD”=(3,1,-i) where 

DC has the quantum numbers of the down quark sin- 
glet dC. There are two types of couplings which can 
exist in the low energy superpotential. These are, 

W, = AgqqDc + AlouCdCDC (3) 

W2 = AlI D’qe + A12DcuCeC + A1@dCvC (4) 

where we have assumed that vc is the right handed 
neutrino. In order to avoid proton decay problems, 
with a suitable discrete symmetry we may prevent one 
of WI, W2. There are other exciting possibilities of 
exotic quark states [ 3,6], which create couplings that 
might interpret the HERA data. Thus, states like those 
described above, offer interesting possibilities for new 
phenomenology. Since all of these new states carry 

colour, the new couplings should not lead to fast pro- 
ton decay. In particular, symmetries imposed by hand 
in the above superpotential pieces are not always con- 

sistent with the unified gauge symmetry. 
f?). After these rather general considerations we 

now specialise to a particular model in which it is pos- 
sible to have light leptoquarks without inducing ex- 
cessive proton decay, and to achieve this in a natural 
way without any fine tuning. This is the string-inspired 

Pati-Salam model [ 9,101. Here we briefly summarise 

the parts of the model which are relevant for our anal- 

ysis. The gauge group is 

Gps = SU(4) @ SU(2), @ SU(2), (5) 

The left-handed quarks and leptons are accommodated 

in the representations 

F = (4,2,1) = (q,z) 

P= (4,1,2) = (uC,dC,vC,eC) 

The MSSM Higgs fields are contained in the fol- 

lowing representations, 

(6) 

Under the symmetry breaking in Eq. ( lo), the Higgs 
field h in Eq. (6) splits into two Higgs doublets ht , 

h2 whose neutral components subsequently develop 

weak scale VEVs, 

(h!) = Ul, (@) = u2 (7) 

with tan p = uz/ut. The spectrum of the model is 
completed with four singlets rp, 4i, i = 1,2,3 where 
(rp) N p realises the higgs mixing and 4i mix with 

the right handed neutrinos and participate in the higgs 
mechanism [ IO]. 

The Pati-Salam gauge symmetry is broken at the 
scale Mps by the following Higgs representations 

A= (4,1,2) = (uff,dh,z$,,eL> 

I-z= (4,1,2) = (ii~,&V~‘i$) (8) 

The neutral components of the Higgs fields are as- 
sumed to develop VEVs 

(4) = (&) - Mps, (9) 
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leading to the symmetry breaking at Mps: 

GPS + SU(3)c @ SU(2), 8 U( 1 )y 

in the usual notation. 

(10) 

The high energy Higgs mechanism removes the 
H, A components u&, e&, ii;, t$, from the physical 
spectrum (half of these states get eaten by the heavy 

gauge bosons and gauginos and the other half will 
become massive Higgs bosons), leaving massless 

d&, &. In order to give these states a large mass one 
introduces a colour sextet superfield 

D6=(6,1,1)=(Dc,dc) 

where as before DC = (g,l, 3) and DC = (3,1, -f). 

We take the gauge invariant superpotential to have the 
form (dropping all coupling constants) 

w422 N FFh + PH+; + p( hh + +i$j + 0606 + HA) 

-t FFD6 + PFD6 + t71?D6 + HHDa (11) 

Now, the way the colour triplets receive superheavy 
masses is the following. Remember first that the de- 
composition of the sextet gives an antitriplet/triplet 

pair (06 -+ DC + dc) . On the other hand Z?, H fields 
contain also another such pair with the same quantum 
numbers: d&, c$,. To break the SU(4) x su(2)R the 

H, fi fields acquire vevs of 0( i&s). Then from the 
terms of the second line in (11) one gets the follow- 

ing two mass terms 

(H)HDh + (R)ADb -+ (&)&DC + (fi;)dfiDc 

(12) 

From the point of view of proton decay the most 
dangerous colour triplets are those contained in the 

heavy sextet field Dg. This is because of the terms in 
the second line of the superpotential which mix the 
families with them. Indeed, the following dangerous 
combinations of couplings appear 

(14) 

On the right hand side of the above equations we have 
inserted the same couplings used in Eqs. (3)) (4) in 

DC I>” / / \ \ 

Fig. 1. A dimension-5 proton decay operator generated from terms 
in the operator FFDh. 

Fig. 2. A dimension-5 proton decay operator generated from terms 
in the operator FFD6. 

order to emphasise the way that GUT models in gen- 
eral lead to couplings which can potentially generate 

proton decay. 

C). The question we now ask is: can we some- 
how have a light colour triplet plus anti-triplet without 
inducing excessive proton decay? At first sight this 
would seem unlikely due to the dimension-5 operators 

generated by the colour triplet exchange diagrams in 
Figs. 1, 2. 

Note that the dimension-5 proton decay diagrams 
rely on the mass mixing of the DC and DC colour 
triplets, which is controlled by the term qoD~D6 in 

the superpotential whose adjustable coupling strength 
will dictate the proton decay rate. However there are 

also dimension-6 proton decay diagrams which do 
not involve the chirality-flipping mass mixing, which 
involve the exchange of DC or DC only. Physically 
the dimension-5 operators correspond to spin-l /2 ex- 
change, while the dimension-6 operators correspond 
to spin-0 exchange. 
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Let us first assume the existence of a symmetry 
which prevents the appearance of the term FFD6. 
However, this is not enough to prevent proton decay 

since FFD, contains two operators which are com- 
bined to a proton decay Feynman graph in Fig. 1. 
However we observe that if in addition one of the 
colour triplets DC or DC were to remain heavy, then 
fast proton decay would be avoided at least at the 

dimension-5 level. How could this be achieved? The 

crucial observation is that the mass states in ( 12) are 
formed between &DC and dk@. Thus if we extend - - 
the symmetry to forbid the term HH& then there is 
only one allowed mass term for the two triplet pairs, 

namely (~H)&D~. When supersymmetry breaking 
takes place, the scalar part of the other pair receives 

a (mass) * - m&, i.e., of the order of the super- 
symmetry breaking scale. Thus fast proton decay is 
avoided, and a phenomenologically interesting light 

colour triplet DC and colour anti-triplet dk pair occur 

in the spectrum. 
Clearly, the general requirement is that one of the 

two operators FF& or FFD6 is forbidden and in ad- 
dition one of the operators AI!lD, or HH& is forbid- 
den by the unspecified symmetry. What is the origin 
of such a symmetry? A situation typical of string con- 

structions is to have a gauge group Grs x U( 1) where 
the various matter and higgs multiplets carry charges 
Qf under the U( 1) symmetry. As an example, if we as- 
sume the charges Qk = QL = -3Qb = -3QX = -312 
and Ql, = Q& = -Q& = -Qb/2 = 1, ban the terms 

HH&, FFD6 as well as the mixings p( HA+&&). 
Similarly, making a different choice of the Qts, we 

may ban the terms AAD,, F’PD,. 
27). Babu et al [ 61, observed that there are new 

kinds of colour particles which can distinguish be- 

tween pe+ and pe- modes at HERA. In particular in 
addition to the DC, DC fields considered above they 
also suggest the following SM representations. 

U=(3,1,;), 6=(3,2,-i) (15) 

These states have exotic charges. Both of them can be 
accommodated in representations of our gauge sym- 

metry group. Indeed, assume the decomposition of the 
representation Z = ( 15,2,2), 

X==+++Li+ti+Q’+~‘+h’+h’ 

+ (872); + (8,X; ( 16) 

However, if we stick to string motivated scenarios at 
k = 1 level [ 111, these representations are not possi- 
ble since they only arise in the adjoint of SU( 4). Of 

course, at k = 2 Kac-Mody level they are possible. As 
an alternative, we may consider that such states may 
arise as bound states of smaller representations which 
bind together due to their properties under a hidden 
symmetry [ 121, however, in this letter we will not 

elaborate this further. 

E) We now briefly discuss the problem of unifica- 
tion. It is known that the particle content of the MSSM 

allows the three gauge couplings to attain a common 
value at a high scale, of the order Mu N lOI GeV. 

The introduction of massless states beyond those of 

the minimal spectrum change drastically the evolu- 
tion of the gauge couplings. Thus, if we assume the 
existence of new (types of) quarks remaining mass- 
less down to the weak scale, in order that the idea 
of unification remains intact at some high scale addi- 

tional contibutions to the beta functions are needed to 

compensate for the leptoquark pair and yield a correct 
prediction for the weak mixing angle. It is clear that 
if a colour triplet plus anti-triplet pair remains in the 
massless spectum this will alter both the unification 

scale and sin* 0~. In the context of the present model, 
we desire gauge unification at the string scale, rather 
than at MU, so some modification to the spectrum is 

required in any case. A complete exhaustive study is 
clearly required to determine all possible solutions to 
the unification question in this model. 

Perhaps the simplest unification scenario is one 
in which we introduce in addition to the DC + 2” 
or DC + d; pair a further pair of Higgs doublets at 
low energies contained in an extra h’ = ( 1,2,2) (or 

perhaps ( I,?, 2) ) representation of the Pati-Salam 
group. Then the low energy spectrum contains an 

extra two Higgs doublets h’, , hi giving four Higgs 
doublets in total. This would clearly have important 
implications for the electroweak symmetry breaking 
sector, which would be interesting to explore. The 
low energy spectrum would then contain in addition 
to the MSSM spectrum, extra states with the quantum 
numbers of an SU(5) 5 + 5 vector representation, 
and gauge unification is achieved in the usual way at 
around lOI6 GeV. If this scale is identified with the 
Pati-Salam breaking scale MPS then it is possible to 
maintain the equality of the coupling constants right 
up to the string scale by the addition of suitable extra 
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heavy Pati-Salam representations [ 131. References 
To summarise, motivated by a possible leptoquark 

interpretation of the HERA events, we have discussed 
the prospects for including additional light colour 

triplets and anti-triplets in the low energy spectrum of 
unified models. We have proposed a specific string- 
inspired Pati-Salam model which contains a mecha- 

nism for allowing low energy states which have lep- 

toquark couplings, without inducing excessive proton 
decay, and outlined the kind of string symmetries 

which will forbid the correct combination of operators 
to allow this. There are two possible scenarios: 
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