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ABSTRACT 

We show that there can be TeV scale scalar and fermionic leptoquarks 

with very weak Yukawa couplings in a generic standard-like superstring mod

el. Leptoquark-(down-like) quark muring though present, is not large enough 

to violate the unitarity bounds on the CXM matrix. The constraints on lepto-

quark masses and couplings from FCNCs are easily satisfied whereas those from 

baryon number violation may cause problems. The leptoquarks of the model are 

compared to the ones in E% Calabi-Yau models. 
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1. I n t r o d u c t i o n 

Superstring theories are [1 J, to date, the most promising Planck scale theories 

of particle physics. In spite of their successes, one of the many drawbacks of 

realistic superstring models is their loose connection to TeV or weak scale physics. 

TeV (or weak) scale signs or predictioas of realistic superstring models are rare 

even though they can reproduce most of the known low-energy physics. It is 

important to look for these signs or predictions either to make specific superstring 

models more plausible or to rule them out. 

In this letter, we show that, under certain conditions, there can be TeV 

scale leptoquarks in a class of standard-like superstring models [2,3]. We find 

that these leptoquarks have very weak (i.e. < 10~ s ) Yukawa couplings if at all. 

Supersymmetry (SUSY) constraints in the observable and hidden sectors play 

an important role in these results. One of the leptoquarks mixes with down-like 

quarks, but the mixing is small enough to satisfy the unitarity constraints on 

the CKM matrix. Due to the small leptoquark Yukawa couplings, constraints 

from flavor changing neutral currents (FCNCs) on leptoquark masses are easily 

satisfied. Baryon number violation may impose severe constraints on leptoquark 

masses unless the Yukawa couplings to diquarks are absent up to very high orders. 

We also compare these leptoquarkB with those that come from Ef Calabi-Yau 

models [Ij and discuss their differences. 

The standard-like superstring models that we consider have the following 

properties |2,3): 

1. N = 1 space-t ime SUSY. 

2. A S£ / (3 )c x SU(2)L x V{l)nxhidden gauge group. 

3. Three generations of chiral fermions and their superpartners, with the 

correct quantum numbers under SU(3)c x SU(2)L X U(l)y. 

4. Higgs doublets that can produce realistic electro-weak symmetry breaking. 
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5. Anomaly cancellation, apart from a single "anomalous" U ( l ) which is 

canceled by application of the Dine-Seiberg-Witten (DSW) mechanism [4]. 

The superstring standard-like models are constructed in the four dimensional 

free fermionic formulation [5j. The models are generated by a basis of eight 

boundary condition vectors for all world-sheet fermions [2,3]. The observable 

and hidden gauge groups after application of the generalized GSO projections 

are SU(3)c x U(l)c x SU(2)L x U(l)L x U(l)"' and SU{5)H x SU(3)H x t / ( l ) 3 , 

respectively. The weak hypercharge is given by U(l)y = \U(\)c + \U(l)i and 

has the standard 5 0 ( 1 0 ) embedding. The orthogonal combination is given by 

fJ(\)z' = U(\)c — U(l)i. The models have six right-handed and six left-handed 

horizontal symmetries U(l)Ti x ?7( lV (j = 1 , . . . , 6 ) , which correspond to the 

right-moving and left-moving world-sheet currents respectively. 

A generic standard-like superstring model including the complete massless 

spectrum with the quantum numbers and the cubic superpotential were presented 

in Ref. [2] and will not be repeated here. The notation of Ref. [2] is used 

throughout this letter. 

2 . S U S Y c o n s t r a i n t s 

In order to preserve SUSY at Mp, one has to satisfy a set of F and D con

straints. The set of F and D constraints is given by the following equations: 

DA = ̂ Qt\x^-=^-T^QA)± (la) 

D'^YlQ'ilxtf^O i = l...S (14) 

* 
dw 

W = ̂  = 0 (I.) 

. U(\)c = \V(1)B-L and V(\)L = 2V(1)T,R. 
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where xt ai>d m are the fields that do and do not get VEVs respectively and 

Q[ are their charges. ( 2 a ' ) _ 1 = g%M},/&* = M 2 ~ (101 8 GeV)2 and W is the 

superpotential. The charges Q^ correspond to linear combinations of the original 

local U{\)T which are non-anomalous whereas QA corresponds to an anomalous 

(7(1) local symmetry with Tr(QA) = 180 [2]. From the DSW mechanism, the 

D constraint for the anomalous U(1)A gets an additional terra proportional to 

TT(QA) [4]- From Eq. ( l a ) we see that, 5 0 ( 1 0 ) singlet scalars must get VEVs 

~ g2M/4ir ~ M / 2 5 in order to preserve SUSY at Mp. The scale of the 5 0 ( 1 0 ) 

singlet VEVs is fixed by the U{\)n charges of the fields and the coefficient of the 

anomaly term. 

The set of F constraints in the observable sector has been studied before 

[6]. One finds that SUSY requires (when either (Bi3) = (BK) = 0 or (Bu) = 

(B2t) = 0 which as we will see below is the case) 

(*n> = (#n) = <fc> = 0 (2) 

even though the number of fields is larger than the number of constraints. Then, 

one is left with only three F constraints from the observable sector: 

*M*a» + *<"*,r = 0 (3a) 

< » * » + *<"*," = 0 (36) 

$«*« + *?*+ + *t"*r = o (3c) 

In the hidden sector, on the other hand, we get the following F constraints 

from the cubic superpotential: 

Hi,ff20 + HaHu + B35Bis = 0 (4a) f 

HnHu+HuBu=0 (46) 

-ZlB2t+ $23^26 = 0 (4c) 
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2 ^ 2 3 + *2jff2B=0 (id) 

2^1^26 + *23#24 = 0 (4e) 

^ # 2 5 + *23#2J = 0 ( 4 / ) 

The requirement of realistic (or non-zero) 6, J, fi and r masses means that 

f i and fo (>n addition to $ * , $ * ) must get VEVs [6]. Then, from the above F 

constraints we obtain 

(Hi,) = {HU) = (B17) = (Hit) = 0 (5) 

in order to preserve SUSY at Mp. H\Q and H20 are 5 and 5 of SU(5)H and obtain 

masses of {^2)/2 ~ M. Therefore, they decouple from the spectrum before the 

hidden SU(h)jj condenses at the scale An which means that (H\$H2o) — 0. For 

the rest, H23, Hu, Hit, Hit, from Eqs. (4c-f) we get the following constraints: 

a) When (* 3 3 ) ^ 0 and ($33} ^ 0, either (H13) - (Hit) = 0 or (#34) = 

{BM) = 0. 

b) When one or both of $23,*23 have vanishing VEVs, (H23) — {#25) = 

(H2i) = (H2t) = 0. 

We stress that these SUSY constraints on the hidden sector V E V B are ob

tained by requiring a realistic heavy quark and lepton spectrum (i.e. (£1,2) ^ 0). 

Otherwise, Eqs. (4a-g) do not lead to useful SUSY constraints on the hidden 

sector VEVs. 

Once SUSY is dynamically broken by the hidden sector condensates, the 

right hand side of the F constraints, Eqs. (2-4), can be non-zero. For broken 

SUSY, (F) ~ MlUSY and mi/2 ~ MjUSY/M < 0(TeV), in order to solve the 

hierarchy problem. For a light gravitino (and light squark and slepton masses), 



i.e. m 3 / 2 ~ 0 ( 1 0 0 GeV), we need MSUSY ~ 101 0 GeV or (F) ~ 102 0 GeV. As a 

result, the VEVs which vanished due to SUSY can now be non-zero and up to 

0(TeV). Note that for a heavy gravitino with m 3 / 2 ~ 0(TeV) these VEVs can 

be up to 0 ( 1 0 TeV). 

3 . L e p t o q u a r k s o f t h e m o d e l 

In the massless 6 j + 6 j + a + / 3 + ( 5 ) sector of standard-like superstring models 

there are two color triplet and electroweak singlet states, D45 and .D45 [2,3]. 

Under SU(3)c x SU(2)L x U(l)c x U(l)i, DK and 2J45 transform as ( 3 , 1 , - 1 , 0 ) 

and ( 3 , 1 , 1 , 0 ) respectively. Since Qy = QC/3 + QL/2 and QZ' = Qc - QL we 

find that QY{D^) = QEM(DK) = - 1 / 3 and Qz'(D4s) = - 1 with D45 having 

opposite charges. Another combination of Q c and QL gives QB-L = 2 Q c / 3 

which is a gauge symmetry in these models. Thus, QB-L(DAS) = —2/3 and 

Qj3_i(Z?45) = 2 / 3 . From all these quantum numbers we see that .D45 and .D45 are 

actually leptoquarks. Note that D45 and .D45 are superfields and as a result there 

are two scalar and two fermionic leptoquarks in this model. 

In general one expects that D45 and .D45 get large masses (of O(10 1 7 GeV)) at 

the level of the cubic superpotential. Even if this is not the case D45 and .D45 can 

get large masses from higher order terms (i.e. N > 3 terms) in the superpotential 

and decouple from the low-energy spectrum. In fact, in the standard-like model 

under consideration, there are potential mass terms for Dis and £45 at the cubic 

level [2,3] 

WD,D = ^ 4 5 ^ 4 5 6 + ^ 4 5 ^ 1 8 ^ 2 ! (6) 

where H21 is a hidden sector state which is a 3 of color, £3 and His are singlets 

of SU(3)C x SU{2)L x U(\)c x U(1)L . We see that due to the SUSY constraints 

in the observable and hidden sectors, i.e. since (£3) = (His) = 0, D45 and 

.D45 remain massless at the cubic level of the superpotential. 

As noted earlier there may be higher order terms which give large masses to 

J?45 and Z?45 . Higher order (N > 3) non-renormalizable contributions to the 
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superpotential are obtained by calculating correlators between vertex operators 

[7] AN ~ (V/V/Vf • • • Vfc) where Vf (K>) are the fermionic (bosonic) vertex 

operators corresponding to different fields. The non-vanishing terms are obtained 

by applying the rules of Ref. [7], First, since only #23 , #25 or #241 #26 can get 

VEVs due to the SUSY constraints in the hidden sector, a mass term containing 

B21 is not possible to any order in N. Second, H21 gets a large mass from the 

term s #21 if22^1 *n ^ e c u bic superpotential and decouples from the low-energy 

spectrum [2,3]. Therefore ZJ45 cannot mix with H21 at low or intermediate 

energies. On the other hand, there are XI45 .D45 mass terms which arise from 

N > 3 terms in the superpotential. At N = 5 we find a large number of terms 

which can be combined to give 

r, ^ „ , ,9w ^ aw - aw 

These vanish because of the SUSY constraints, Eq. (2) and Eq. (3) , which can 

be written as 

aw = aw_ = aw_ = . 

There are many other higher order (N > 5) D45 O45 terms arising from the 

observable states which are proportional to the F te ims in Eq. (8) and therefore 

vanish. There may be terms which are not proportional to the F terms in Eq. (8) 

at very high orders. It is difficult to disregard this possibility because the number 

of terras increases rapidly with the order TV. Here we assume that if there are 

such terms they can be made to vanish by an appropriate choice of vanishing 

VEVs. 

When hidden sector states are taken into account, there are N = 6 terms 

^ 4 5 ^ 5 2 2 7 2 $ 4 5 * 2
f ( 6 + 6 ) (9) 

of the hidden SU(5)B gauge group. There are no phenomenologicaJ constraints 



from quark and lepton masses or quark mixing on ( $ J ) . ' n addition, the SUSY 

F and D constraints can be satisfied whether ( $ J ) vanishes or not. K ("tj) 5̂  0, 

then generically {* + ) ~ M / 1 0 ~ 1017 GeV and the {T 2f 2) ~ Aj , where An ~ 

101 4 GeV is the hidden SU(5)g condensation scale [8]. This gives MD Q ~ 

108 GeV. Potential leptoquark mass terms arising from VEVs of Hi vanish due 

to the SUSY constraints in the hidden sector, Eqs. (4). 

If , on the other hand, {$2 ) = 0, then the D+s .D45 mass terms come from 

the SUSY breaking VEVs. (Once again we assume that if there are N > 6 

terms similar to Eq. (9), then they can be made to vanish by an appropriate 

choice of vanishing VEVs.) As mentioned earlier, the VEVs vanishing due to 

SUSY can become non-zero (and up to the TeV scale) once SUSY is broken. 

Therefore, when SUSY is broken, D45 and £45 get TeV scale masses from the 

cubic superpotential, i.e. from the terms in Eq. (6) since now (£3) ~ 0(TeV) 

(for a scenario with light squark and lepton masses). In addition the scalar 

leptoquarks get contributions to their masses from soft SUSY breaking terms. 

These are generally less than a TeV. (For the case we consider, soft SUSY 

breaking masses for the scalars 7710 ~ mz/2 ~ 0 ( 1 0 0 GeV).) Thus, under the 

conditions given above, there are two scalar and two fermionic leptoquarks with 

masses around the TeV scale in this model. The lower bound on MD p from 

direct leptoquark searches is 45 GeV [10] which is easily satisfied. 

The fermionic leptoquarks may mix with down-like quarks. In this model, 

there is a d\Dts mixing term of the form 

( S B « t f , * 1 3 * j - ( f i + 6 + 6 ) (10) 

Similar mixing terms for the other two down-like quarks may appear at higher 

orders, N > 6. There are no djDiS mixing terms, for the left-handed down

like quarks, due to the conservation o* Qi and Qc- (JV?) appears in n o n -

renormalizable terms which induce dimension four baryon number violating op

erators [6]. From the proton lifetime, we get the constraint (Nf) ~ 0(TeV) at 
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most. As a result, the mixing term in Eq. (10) is at most about O(GeV) and 

the others are smaller by at least an order of magnitude since they appear at 

higher orders. (Note that the mixing term in Eq. (10) can be made to van

ish by taking ( * n ) = 0 or {$3) = 0.) Now, the 3 x 3 CKM matrix becomes 

non-unitary because of the new mixing terms in the 4 x 4 down quark mass 

matrix. (In standard-like superstring models, CKM matrix arises mainly from 

the down quark mass matrix [8].) The strongest bounds on the magnitude of 

the ({3D45 mixing arise from unitarity of the CKM matrix (Vij) which imposes 

|V„£>| < 0.07 [10] and l-ReV^Vi,| < 2.4 x 1 0 - 5 , i = u,c,t (from flavor changing 

Z currents [11]). In our case, when <2jZ?45 mixing is much smaller than Mo, 

\VuD\ ~ (JV3
c)/10a(£i) ~ 10~ 3 and \VeD\ ~ \VtD\ are (at least) an order of magni

tude smaller. With these results the constraints from unitarity are easily satisfied. 

Conversely, since the d^D^s mixing is very small compared to MD , there will not 

be an appreciable violation of unitarity in the 3 x 3 CKM matrix. 

4 . L e p t o q u a r k i n t e r a c t i o n s 

The leptoquarks O45 and D45 carry color, electric and Z' charge and there

fore have strong, electromegnetic and Z' gauge interactions. Of these, the Z' 

interactions will be very weak at the TeV scale if the Z' gauge boson has a large 

mass (i.e Mz1 » TeV). Otherwise all gauge interactions of D45 and D45 are 

appreciable at the TeV scale. In any case, the leptoquarks will be easy to pro

duce in e + e - or pp collisions. Production of leptoquarks has been investigated in 

Ref. [12] in detail. As final states D45 and D45 will look like new, very massive, 

SU(2)i singlet, down-like quarks. 

Yukawa couplings of D45 and .D45 are more interesting since it is these that al

low D45 and -D45 to decay into quarks and leptons. In addition, Yukawa couplings 

are model dependent and are useful to distinguish beteween different models. The 

Yukawa couplings allowed by Qc and QL conservation are 

WY = LiQiDts* + eiit,-Z>45# + NidiD^i (11) 
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where » is the generation index (» = 3 is the lightest generation in the notation 

of Ref. (2j.) and * is a generic string of 5 0 ( 1 0 ) singlet fields which get VEVs . 

Effective Yukawa couplings for the three terms (gu,g2i>93i) are obtained from 

the VEVs of the string of singlets divided by the proper power of M. Each term 

in (11) also has a coefficient which can be calculated exactly and is O ( l ) [7]. 

We look for terms which induce effective Yukawa couplings for ZJ45 and Da at 

orders N > 3. We find that all kinds of couplings given in Eq. (11) are allowed 

for all generations by the gauge symmetries of the model at N = 4 and N = 5. 

All of these terms except one vanish due to the string selection rules as given in 

Ref. [7j. These selection rules arise from the left-handed U(l) symmetries and 

the world-sheet sigma model operators that appear in the vertex operators in 

the world-sheet correlators (after picture changing is taken into account). The 

term that remains at N = 5 is 

WY = .L3<?3S45*456 (12) 

which potentially gives an effective Yukawa coupling of ($45£i)/M ~ 10~ 2 . But 

tfi) — 0 due to SUSY, so this term vanishes. (Even after SUSY breaking, 

((s)/M ~ 1 0 - 1 5 and this term is negligible.) We see that the Da and Da Yukawa 

couplings can only arise from terms at N > 5 in this model. As a result they are 

at most ~ 10 i n d probably smaller which means that Da and Da have very 

weak decays into leptons and quarks. 

If the Yukawa couplings of Da or Da are not "diagonal", i.e. Da or 

.D45 couple to more than one quark and lepton generation, they induce FCNCs. 

F C N C processes such as KL —» e + e ~ and K+ —» TT+VV give the strongest bounds 

on MD D and the Yukawa couplings S{i | 2 i 3}; . From the analysis of Ref. [13] we 

get 

l»2ff/s| < 5-65 x W-^ainBcM^ D (13) 

from KL —* e + e ~ , and a slightly lower bound from from K+ —> -K+VV. Here j is 

the index for the different couplings and 0C is the Cabibbo angle with sin0c ~ 0.2. 
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With the upper bound of ~ 1 0 - 3 that we obtained for the D45 and 

Z>45 Yukawa couplings above, we find that the lower bound on MD $ from FCNCs 

is Mp Q > 10 GeV which is not a constraint at all since the bound from direct 

searches is MD £, > 45 GeV. FCNC constraints are severe only for leptoquarks 

with Yukawa couplings ~ 0 ( 1 ) to more than one generation. The same bounds 

and remarks also apply to the squark-quark-fermionic leptoquark Yukawa cou

plings but since squark masses are very large (and unknown) no useful bounds 

exist in this case. 

£>45 and Dts can also have diquark couplings such as 

W = u^D^ + QiQiDa* (14) 

(We will call these effective couplings ga and 55;.) Baryon number (B) violation 

imposes severe constraints on the strength of these couplings if there are non-zero 

leptoquark couplings like those in Eq. (11). This is because if both leutoquark 

and diquark couplings are non-zero at the same time, Da, and D45 exchange 

leads to very large B violating processes such as QiQi —> Ujey or Uidi —» QjLj 

where t, j are generation indices. 

Both kinds of diquark couplings for all generations are allowed by the local 

symmetries of the model at N = 5 and N = 6. As for the leptoquark couplings, 

all these terms except one vanish due to the string selection rules. The term that 

remains at N — 5 is 

ulfiDutish (15) 

which vanishes due to SUSY ({£3) = 0). Proton lifetime constrains the product 

of leptoquark and diquark couplings such that 

I f ^ i i i < 1 0 - " GeV-3 (16) 
MD,D 

or \gng4i\ < 10~ 2 6 ior MDj) ~ 0(TeV) with a similar bound on |j2iS5i|- This 

requires a search up to N = 11 for both kinds of terms (and to higher orders for 
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one if the other apperars at N < 11) which is difficult to do due to the very large 

number of terms at these orders. As before, we assume that if unwanted terms 

appear, they can be made to vanish by an appropriate choice of vanishing VEVs. 

If this cannot be done, one has to p;ive very large masses to .D45 and Da in order 

to satisfy the constraint, Eq.(16), from B violation. 

5. Discussion and Conclusions 

We found that, under certain conditions, standard-like superstring models 

have two scalar and two fermionic leptoquarks with MD $ ~ 0(TeV) and the 

quantum numbers given above. MD £, ~ 0(TeV) only for light (~ 0(100 GeV)) 

squarks and sleptons. Moreover, D45 and .D45 have Yukawa couplings to lep

toquarks which are weaker than ~ 10~3. As we saw, SUSY constraints in the 

observable and hidden sectors play an important role in these results. .D45 also 

mixes with the down quark (and possibly with 5 and b). These mixings are s-

mall enough (compared to MJJ) to satisfy the unitarity constraints on the CKM 

matrix. FCNC constraints on the leptoquark masses can be easily satisfied due 

to the small Yukawa couplings. On the other hand, baryon number violation 

may impose severe constraints on MD Q if there are Yukawa couplings to both 

leptoquarks and diquarks at low N. 

Of course, leptoquarks appear also in E& Calabi—Yau (CY) models. There, 

the leptoquarks are in each 27 of EQ, i.e. there is a leptoquark pair for each gen

eration. In the SU(3)3 CY model [14], leptoquarks get masses at ~ 1012"14 GeV 

where the gauge symmetry is broken spontaneously and decouple from the spec

trum. In CY models with a rank 5 gauge group (e.g. SU(3) X SU{2) x U'.l)2 [12]) 

leptoquarks are light because the superpotential contains (for each generation) 

W =\1H1H2N+ \7DDN (17) 

in addition to leptoquark and diquark couplings of the form given in Eqs. (11) 

and (14). Here TV is a 50(10) singlet whose VEV gives the Higgs mixing as well 
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as the leptoquark masses. Since Higgs mixing has to be < 0(TeV) in order to 

get weak symmetry breaking, Afp p < 0(TeV) as in our case. Note that in the 

CY model the scale of leptoquark masses is correlated with the Higgs mixing. 

If Higgs mixing is small, then MD jy can be smaller than 0(TeV). There is no 

such connection between Higgs mixing and leptoquark masses in standard-like 

models. Instead, the correlation is between the scale of the sparticle spectrum 

and leptoquark masses via the gravitino mass. 

In CY models, either the leptoquark or the diquark Yukawa couplings (or 

both) are eliminated by the discrete symmetries (—I) 3 * or (—1)* respectively. 

(B and L are baryon and lepton numbers respectively.) The one which is not 

eliminated is, in general, ~ 0 ( 1 ) . In our case, ths Yukawa couplings are at most 

~ 1 0 _ s and probably smaller. Also the discrete symmetries of CY models do not 

exist in standard—like models since B and L are not good quantum numbers but 

only (local) B—L is. The explicit terms in Eqs. (12) and (15) are counterexamples 

to these discrete symmetries. 

If TeV scale leptoquarks are observed, one can think of a number of scenarios 

in which it would be possible to distinguish between the different superstring 

models. For example if a) more than one pair of leptoquarks or b) leptoquarks 

with Yukawa coupligs of 0 ( 1 ) or c) sparticle masses much larger than 0 ( 1 0 0 GeV) 

are observed, standard-like models will probably be ruled out. If no leptoquarks 

are observed at the TeV scale, both standard-like models and SU{3)3 CY models 

are possible but the rank 5 CY models are not. Finally, if the amount of Higgs 

mixing turns out to be different than leptoquark masses rank 5 CY models are 

ruled out. 

The leptoquarks of the model are also interesting because of their mixing 

with the down-like quarks. Since the CKM matrix is determined mainly by M j 

in these models, one may try to obtain the quark mixing only from these terms. In 

addition, this mixing may realize the Nelson-Barr mechanism which is a possible 

solution to the strong CP problem, naturally. These issues are currently under 
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investigation and will be reported in the future. 
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