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We investigate the quark-lepton symmetric model of Foot and Lew in the context of the Large Hadron

Collider (LHC). In this ‘‘bottom-up’’ extension to the standard model, quark-lepton symmetry is achieved

by introducing a gauged ‘‘leptonic color’’ symmetry which is spontaneously broken above the electroweak

scale. If this breaking occurs at the TeV scale, then we expect new physics to be discovered at the LHC.

We examine three areas of interest: the Z0 heavy neutral gauge boson, charge �1=2 exotic leptons, and a

color triplet scalar diquark. We find that the LHC has already explored and/or will explore new parameter

space for these particles over the course of its lifetime.
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I. INTRODUCTION

The Large Hadron Collider (LHC) has begun probing
physics at the TeV scale. The goals are to discover the
origin of electroweak symmetry breaking and to search for
new physics. The purpose of this paper is to analyze the
LHC phenomenology of the discrete quark-lepton (q-l)
symmetric model of Foot and Lew [1]. This theory is
conceptually related to both the Pati-Salam model [2]
and the left-right symmetric model [3]. Like the Pati-
Salammodel, it unifies the quantum numbers of the leptons
with those of the quarks, but it does so using a discrete
exchange symmetry rather than a continuous symmetry.
This discrete symmetry can be viewed as the quark/lepton
analogue of the discrete (parity or charge-conjugation)
symmetry used in the left-right symmetric model to unify
the quantum numbers of left-handed fermions with their
right-handed partners. The q-l symmetric model is distinct
from grand unification, because it does not require the
concomitant unification of the strong and electroweak
interactions.1 The absence of a continuous symmetry trans-
forming quarks into leptons and vice-versa allows the scale
of the new physics to be as low as a TeV, making it testable
at the LHC.

We now review how the q-l symmetric model incorpo-
rates a discrete symmetry between quarks and leptons.
Under the standard model (SM) gauge group,

GSM ¼ SUð3Þq � SUð2ÞL �Uð1ÞY; (1)

quarks and leptons transform as

QL � ð3; 2Þð1=3Þ; fL � ð1; 2Þð�1Þ;
uR � ð3; 1Þð4=3Þ; eR � ð1; 1Þð�2Þ;
dR � ð3; 1Þð�2=3Þ; �R � ð1; 1Þð0Þ;

(2)

where we have included a right-handed neutrino for neu-
trino mass generation purposes. Some similarities between
quarks and leptons are immediately obvious. They are
both fermions in three generations and each sector trans-
forms as 2 � 1 � 1 under SUð2ÞL. However, as is self-
evident, quarks have a color charge under SUð3Þq while

leptons do not, and the hypercharges are different.
One can increase quark-lepton symmetry by introducing

a ‘‘leptonic color’’ gauge interaction through an indepen-
dent SU(3) group. The SM gauge group is enlarged to

Gql ¼ SUð3Þl � SUð3Þq � SUð2ÞL �Uð1ÞX; (3)

where SUð3Þl is the new leptonic color group and X is a
charge described in Sec. II. The number of leptons is
tripled, and SUð3Þl must be spontaneously broken. This
is achieved through one or more scalar multiplets that carry
leptonic color acquiring nonzero vacuum expectation val-
ues (VEVs).
After this breaking, the SM is recovered as a low-energy

effective theory. The breaking pattern is

SUð3Þl � SUð3Þq � SUð2ÞL �Uð1ÞX
# w

SUð2Þ0 � SUð3Þq � SUð2ÞL �Uð1ÞY
# u

SUð2Þ0 � SUð3Þq �Uð1ÞQ;

(4)

where w and u are the breaking scales, Q is electric charge
and SUð2Þ0 remains as an unbroken remnant of SUð3Þl.
This SUð2Þ0 group is asymptotically free and expected to be
confining. Since all particles in nontrivial SUð2Þ0 represen-
tations are very massive (see below), the low-energy limit
is indeed the SM despite this additional gauge force.
This paper is structured as follows: Section II is an

overview of the construction of the q-l symmetric model.
We then move on to a study of phenomenology at the LHC.
In Sec. III, we look at a heavy neutral gauge boson called
Z0. We use LHC data to put a lower bound on the mass of
this particle. In Sec. IV, we investigate the charge �1=2
exotic leptons which gain a large mass at the leptonic color

1It is, however, compatible with an eventual high-scale grand
unification, through a structure now known as ‘‘quartification’’
[4].
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breaking scale. We show that the LHC will explore new
parameter space for these particles in the near future. In
Sec. V, we look at a color triplet scalar diquark. Using
Tevatron and LHC data we constrain mass-coupling pa-
rameter space for this diquark. Section VI contains the
conclusion.

II. QUARK-LEPTON SYMMETRIC MODEL

We consider the q-l symmetric model constructed
in Ref. [5]. When the SM gauge group is enlarged as in
Eq. (3), we write the quark-lepton spectrum as

QL � ð1; 3; 2Þð1=3Þ; FL � ð3; 1; 2Þð�1=3Þ;
uR � ð1; 3; 1Þð4=3Þ; ER � ð3; 1; 1Þð�4=3Þ;
dR � ð1; 3; 1Þð�2=3Þ; NR � ð3; 1; 1Þð2=3Þ:

(5)

The leptonic components can be expressed as

FL¼
fL

F1L

F2L

0
BB@

1
CCA; ER¼

eR

E1R

E2R

0
BB@

1
CCA; NR¼

�R

V1R

V2R

0
BB@

1
CCA; (6)

where fL, eR, �R are the familiar SM leptons and right-
handed neutrino, and FiL, EiR, ViR (i ¼ 1, 2) are the exotic
fermions named ‘‘liptons.’’ The generational indices are
suppressed. The components of FL are each doublets under
SUð2ÞL:

fL ¼ �L

eL

� �
; FiL ¼ ViL

EiL

� �
: (7)

The simplest way to achieve electroweak symmetry
breaking is through a Higgs doublet,�� ð1; 1; 2Þð1Þ, anal-
ogously to the SM. The simplest Yukawa Lagrangian,

Lð1Þ
Yuk ¼ �1½ �FLER�þ �QLuR�

c�
þ �2½ �FLNR�

c þ �QLdR�� þ H:c:; (8)

where�c � i�2�
� and �2 is the second Pauli matrix, leads

to unacceptable tree-level mass relations between quarks
and leptons. These relations are easily avoided by instead
introducing two Higgs doublets,�1 and�2, as described in
Ref. [6].

Leptonic color symmetry breaking is achieved by
introducing the Higgs triplets �1 � ð3; 1; 1Þð2=3Þ and

�2 � ð1; 3; 1Þð�2=3Þ through the Yukawa Lagrangian

Lð2Þ
Yuk ¼ h1½ðFLÞcFL�1 þ ðQLÞcQL�2�

þ h2½ðERÞcNR�1 þ ðuRÞcdR�2� þ H:c: (9)

The leptonic color symmetry is broken by a nonzero VEV
for �1. It induces the breaking

SUð3Þl �Uð1ÞX ! SUð2Þ0 �Uð1ÞY; (10)

where

Y ¼ X þ 1

3
T (11)

and T ¼ diagð�2; 1; 1Þ. The �1 VEV also generates
masses for the liptons.
One can generate small � masses in a number of

ways, for example, by inducing a seesaw mechanism
through Higgs multiplets �1 � ð�6; 1; 1Þð�4=3Þ and �2 �
ð1; �6; 1Þð4=3Þ as in Refs. [5,6], through additional Higgs
doublets [6], or via additional singlet fermions [7].
One can now see that a Z2 discrete symmetry of the

Lagrangian

QL $ FL; �1 $ �2; G
�
q $ G

�
l ;

uR $ ER; � $ �c; C� $ �C�;

dR $ NR;

(12)

can be postulated, where G�
q;l are the gauge bosons of

SUð3Þq;l and C� is the gauge boson of Uð1ÞX. This is the
quark-lepton symmetry.

III. THE Z0 NEUTRAL GAUGE BOSON

A. Coupling

Like many extensions to the SM, the q-l symmetric
model predicts a heavy extra neutral gauge boson, the
Z0. The relevant neutral current part of the covariant de-
rivative is

D
�
n:c: ¼ @� þ i

g2
2
W

�
3 �3 þ i

g0

2
C�X þ i

gs

2
ffiffiffi
3

p G
�
8 T; (13)

where once again T ¼ diagð�2; 1; 1Þ. Defining the VEVs2

h�i � u and h�1i � w, the neutral gauge boson mass
matrix is

M2 ¼
g22u

2=2 �g2g
0u2=2 0

�g2g
0u2=2 g02u2=2þ 2g02w2=9 �2

ffiffiffi
3

p
g0gsw2=9

0 �2
ffiffiffi
3

p
g0gsw2=9 2g2sw

2=3

0
BB@

1
CCA: (14)

Solving the eigenvalue problem gives

2For simplicity, we will write subsequent equations for the case where only one electroweak Higgs doublet is introduced. The
generalization to the realistic two-doublet situation does not affect any of the phenomenology we consider in the rest of this paper.
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M2
� ¼ 0;

M2
Z
Z0
¼ u2�1 þ w2�2 	

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu2�1 þ w2�2Þ2 � u2w2�3

q
;

(15)

where the minus (plus) sign corresponds to the Z (Z0) and

�1 ¼ 1

4
ðg22 þ g02Þ;

�2 ¼ 1

9
ðg02 þ 3g2sÞ;

�3 ¼ 1

9
ðg22g02 þ 3g22g

2
s þ 3g02g2sÞ:

(16)

The SM couplings are related to the q-l symmetric cou-
plings by

sin2ð	WÞSM � e2

g22
¼ g02g2s

3�3

;

g02SM � e2

cos2ð	WÞSM
¼ g02g2s

3�2

:

(17)

Furthermore, we have

u2 ¼ 2M2
W

g22
; w2 ¼ g22

2�3

M2
ZM

2
Z0

M2
W

: (18)

The neutral current covariant derivative (13) is rewritten
in the gauge-boson mass eigenstate basis as

D
�
n:c: ¼ @� þ iQ�A

� þ iQZZ
� þ iQZ0Z0�; (19)

where Q�, QZ and QZ0 are the charges that couple to A�,

Z� and Z0�, respectively. The charges coupling to Z and Z0
are given by

QZ
Z0
¼ �

�
sin2ð	WÞSM

g0SM2
þ 1

4�1

�

2

Z
Z0
� g04

9�3

���1=2

�
�3
2 �

�
sin2ð	WÞSM � g2

2
g02

12�1
ffiffiffiffi
�3

p
�

Z

Z0
� g02

3
ffiffiffiffi
�3

p
��

Q

�
� ffiffiffiffi

�3
p
8�1

�

Z

Z0
� g02

3
ffiffiffiffi
�3

p
��

T

0
BBB@

1
CCCA;

(20)

where


Z
Z0
¼

�
3

ffiffiffiffiffiffi
�3

p
g02

� 6�1

g02 ffiffiffiffiffiffi
�3

p
M2

Z
Z0

w2

��1
: (21)

In the w ! 1 limit the quantities within square brackets in
Eq. (20) tend to zero for the charge coupling to Z, so that
the expression reduces to the SM coupling. To facilitate the
calculation of these couplings we write the quantum num-
bers of the fermions in Table I.

B. Mass limit

A typical signature of a Z0 gauge boson is a high mass
resonance in dilepton production through the Drell-Yan

process pp!Z0
lþl� [8], in both the dielectron and dimuon

channels [9,10]. Recent approaches combine data from
each channel to obtain a stronger bound than is possible
with a single channel [10].
The aim now is to use LHC data to put a constraint

on the mass of the q-l symmetric Z0, henceforth called
Z0
ql. We achieve this by calculating the cross section

�ðpp!Z0
lþl�Þ, where l can be either � or e. As a compari-

son we also carry out this calculation for the benchmark
model of a Z0 with SM coupling, henceforth called Z0

SM.

We start with the Z0 interaction Lagrangian,

L Z0 ¼ �f��ðg0fV � g0fA �5ÞfZ0�; (22)

where

g0fV ¼ 1

2
QZ0 ðfLÞ þ 1

2
QZ0 ðfRÞ;

g0fA ¼ 1

2
QZ0 ðfLÞ � 1

2
QZ0 ðfRÞ;

(23)

and QZ0 is the charge coupling to the Z0 boson.
We use the Drell-Yan cross section,

�ðpp ! lþl�Þ

¼ X
q

Z 1

0

Z 1

0
dx1dx2

fq=pðx1; Q2Þf �q=pðx2; Q2Þ
þfq=pðx2; Q2Þf �q=pðx1; Q2Þ

" #

� �ðq �q ! lþl�; s ¼ x1x2SbeamÞ; (24)

for a pp collision at
ffiffiffiffiffiffiffiffiffiffiffi
Sbeam

p ¼ 7 TeV. The parton distri-
bution functions (PDFs), fq=pðx;Q2Þ, are evaluated using

the MSTW08 PDF set at Q2 ¼ 1
4 s [11]. We then scale the

results for next-to-leading order effects using a k-factor of
1.3 [12].
This cross section is dominated by the parton processes

u �u ! lþl� and d �d ! lþl�. The parton cross sections in
the

ffiffiffi
s

p 
 mq, ml limit are given by

TABLE I. The quantum numbers of the fermions.

�L �R eL eR ViL ViR EiL EiR uL uR dL dR

T �2 �2 �2 �2 1 1 1 1 0 0 0 0

Q 0 0 �1 �1 þ1=2 þ1=2 �1=2 �1=2 þ2=3 þ2=3 �1=3 �1=3
�3 þ1 0 �1 0 þ1 0 �1 0 þ1 0 �1 0
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�ðq �q!Z0
lþl�Þ ¼ 1

3

1

12�

s

ðs�M2
Z0 Þ2 þM2

Z0�2
Z0

� ðjg0qV j2 þ jg0qA j2Þðjg0lV j2 þ jg0lAj2Þ; (25)

where MZ0 is the mass of the Z0 boson. The Z0 width is
given to a good approximation by

�Z0 ¼ 3ð�ðZ0 ! �e ��eÞ þ �ðZ0 ! eþe�Þ
þ �ðZ0 ! u �uÞ þ �ðZ0 ! d �dÞÞ;

�ðZ0 ! f �fÞ ¼ Nc

MZ0

12�
ðjg0fV j2 þ jg0fA j2Þ; (26)

where Nc is a color factor equal to 1 for leptons and 3 for
quarks. For Z0

ql we use Eqs. (20) and (23) to find the

couplings, while for Z0
SM we use the familiar SM

couplings.
The results from our calculations are shown in Fig. 1.

The lower bounds on theMZ0 parameters, listed in Table II,
are given by the upper limit on the cross section at the LHC
[10]. We use the ATLAS limit, but a similar result is found
using the CMS limit. The lower bound of 1820 GeV for
Z0
SM agrees with that in the literature. The lower bound of

950 GeV for Z0
ql is an improvement of 230 GeV on the

previous bound [5], and the best bound to date on a q-l
symmetric Z0. The bound for Z0

ql is smaller than that

for Z0
SM due to the quarkphobic nature of Z0

ql. In fact,

BrðZ0
ql !

P
q �qÞ is less than 0.5%.

An analogous calculation was performed for the
Tevatron using the upper limit on the cross section from
D0 [9]. The results are also given in Table II. The LHC
bounds already exceed those of the Tevatron. In the coming
years, with more data and higher energy collisions, this
bound is set to increase significantly if a Z0 is not discov-
ered first.

In our calculations we have assumed that all the liptons
are heavier than 1

2MZ0 , so that none of them is a Z0 decay
product. As will be shown in the following section, this
need not be the case. We merely make the assumption for

simplicity, in order not to introduce too many unknown
variables. If liptons are present at low enough masses, the
Z0 width increases and the lower bound falls. As an ex-
ample, for the case of a single left sector lipton of mass
200 GeV, the lower bound on the Z0

ql mass from the LHC

becomes 930 GeV.

IV. LIPTONS

A. Mass eigenstates

The left and right components of the liptons do not
combine to form a Dirac fermion in the obvious way (i.e.
f � EiL þ EiR). To understand what actually happens, we
need to examine the Lagrangian of Eq. (9); it has the form

L mass ¼ �XLMXR þ H:c:; (27)

where

XL ¼ VL

ðERÞc
� �

; XR ¼ ðELÞc
VR

� �
; (28)

and

M ¼ m1 m�

me m2

� �
: (29)

This is for the one-generation case with SUð2Þ0 indices
suppressed. After symmetry breaking, written explicitly,
the entries are m� ¼ �2u, me ¼ �1u (the usual neutrino
and electron mass terms), m1 ¼ 2h1w and m2 ¼ h�2w. The
nonobservation of liptons implies that the latter two terms
are much larger than the former. We assume they are large
enough so that the off-diagonal terms can be approximated
as zero. In this case we get four exotic Dirac fermions per
generation:

fl1 ¼ ðE2LÞc þ V1L; fl2 ¼ ðE1LÞc þ V2L;

fr1 ¼ ðE2RÞc þ V1R; fr2 ¼ ðE1RÞc þ V2R:
(30)

We call these left (flj) and right (frj) sector liptons, with

masses m1 and m2 respectively. The liptons are degenerate
within a sector, each having an SUð2Þ0 ‘‘color’’ j ¼ 1, 2.
The conjugation flips the handedness of the spinor, so we
always have a left-handed and right-handed part in the
Dirac fermion.
Of course, we have little idea of the mass spectrum of

these liptons. Our model does not predict the masses, just
as the SM does not predict the quark and lepton masses. We

FIG. 1. The cross section �ðpp ! lþl�Þ versus MZ0 for Z0
ql

and Z0
SM. Also shown are the 95% confidence level upper limits

on the cross section from ATLAS data [10].

TABLE II. The observed 95% confidence level lower mass
limits on Z0

SM and Z0
ql.

Observed MZ0 limit (GeV)

Tevatron LHC

Z0
SM 1060 1820

Z0
ql 780 950
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only know that they are massive enough to have not yet
been detected.

B. Liptonium

Liptons can be pair produced at the LHC through the
Drell-Yan process. The cross section depends primarily on
the mass of the liptons and moderately on the mass of the
Z0. In the following analysis we focus on the lightest lipton,
L. This lipton can be either from the left or the right sector,
and we consider both possibilities.

Liptons are charged under the confining SUð2Þ0 group,
so one might think that pair-produced liptons will act like
pair-produced heavy quarks. In fact, because there are no
light liptons to facilitate SUð2Þ0 ‘‘hadronization,’’ they act
very differently. The pair, instead, forms an SUð2Þ0-neutral
bound state, L �L, which we call ‘‘liptonium.’’ As we will
see, energy is first lost through SUð2Þ0 glueball radiation.
To avoid confusion, and in order to distinguish them from
SUð3Þq gluons, we will call the SUð2Þ0 exotic gluons

‘‘huons’’. Of course, liptons are not charged under
SUð3Þq so do not couple to gluons.

Much of our expectations can be inferred from the work
of Carlson et al. [13], wherein the phenomenology and
collider signatures of the color SU(5) model of Foot and
Hernandez [14] were studied. This model has the same
intermediate and low-energy gauge structure (4) as the q-l
symmetric model. The analogy to liptonium in the color
SU(5) model is quirkonium, formed from ‘‘quirks’’ which
have the same quantum numbers as our liptons. These
quirks are doublets under an unbroken group analogous
to our SUð2Þ0 group.

Following Ref. [13], we assume that the invariant mass
of the lipton pair is well above the threshold �2mL, but
below 4mL. The lipton pair can be viewed as a highly
excited liptonium state. The deexcitation of this state will
occur in two distinct stages.

The first stage is hueball emission. As the liptons oscil-
late in the potential, many hueballs will be radiated with no
preferential direction in the liptonium frame. This will lead
to a large amount of missing energy but only a small
amount of missing transverse energy. The hueballs will
also carry away a significant amount of angular momen-
tum, leaving the liptonium with large J. When the excita-
tion energy drops beneath the hueball mass, deexcitation
will occur through photon emission. It is unclear whether
these photons will be hard or soft compared to the hueball
mass.

The second stage occurs when the liptons enter the one-
huon-exchange Coulomb potential

VðrÞ ¼ �3
sðrÞ=4r (31)

regime. Here we assume that the liptonium has a large
orbital quantum number l and that spin states S ¼ 1 and
S ¼ 0 are populated in the ratio 3:1. Annihilation of the
liptons to huons is small for high l states, and j�lj ¼ 1

electromagnetic transitions are favored. (Spin flip transi-
tions are small and can be ignored.) There will be many of
these soft photon emissions until the liptonium is in the
n3P or n1P state. From here, parity symmetry prevents all
lipton pairs annihilating to invisible hueballs. The n1P
states cascade predominantly to n1S states which annihi-
late to photons or huons. The n3P states can annihilate to
huons or cascade to n3S states. The cascade always domi-
nates [13]. The parity symmetry then prevents the n3S
states annihilating entirely to huons, and s-channel neutral
current annihilations are expected to dominate.
Thus we expect that approximately 75% of the total pair-

produced liptons will eventually reach 3S states. From here
they can annihilate toWþW�, Z Higgs, hh�, hhZ and f �f,
where h are huons. The most exciting products are SM
fermions. Production through this mechanism will result in
lepton pairs or jets of invariant mass �2mL. Similarly, we
expect that approximately 25% of pair-produced liptons
will reach 1S states where they can annihilate to invisible
huons or diphotons.
If the decay of liptonium occurs as we expect, then

liptons with mass less than �100 GeV are ruled out by
the Large Electron-Positron (LEP) collider experiments.
This is because LEP, running at up to

ffiffiffiffiffiffiffiffiffiffiffi
Sbeam

p ¼ 209 GeV,
was able to tag large missing energy events [15]. If mL <
100 GeV then the large missing energy resulting from the
first stage of liptonium deexcitation would have been
detected at LEP in dilepton events. The LHC experiment
does not have this capability, instead only being able to tag
large missing transverse energy events.

C. Seeing liptons at the LHC

Our aim now is to determine the cross section
�ðpp ! f �fÞ through the liptonium resonance. This cross
section can be approximated by

�ðpp!L �L
lþl�Þ � �ðpp ! L �LÞ � 0:75� Brð3S1 ! lþl�Þ;

(32)

where the factor of 0.75 accounts for the fraction of lipto-
nium states which reach the 3S1 state. The �ðpp ! L �LÞ
and Brð3S1 ! lþl�Þ factors will be given in the following
two subsections.

1. �ðpp ! L �LÞ
In our analysis, we ignore the contribution of the Z0

neutral current by taking the limit w ! 1, where QZ ¼
QSM

Z . This will be justified in a moment. We start with the
neutral current interaction Lagrangian,

L n:c: ¼ e �f��QfA� þ �f��ðgfV � gfA�5ÞfZ�: (33)

We calculate �ðpp ! L �LÞ using the Drell-Yan cross sec-
tion (24). The parton cross sections are found in the

ffiffiffi
s

p
,

mL 
 mq limit using
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�ðq �q!�;Z L �LÞ ¼ 2

3
Q2

qQ
2
L

8�
2

s2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

L

s

s
�

8>>>>>><
>>>>>>:

ð1þ 2Reð�ÞgqVgLVÞ
�
1
6 sþ 1

3m
2
L

�

þj�j2
( ðjgqVj2 þ jgqAj2ÞðjgLV j2 þ jgLAj2Þ

�
1
6 s� 1

6m
2
L

�
þ 1

2 ðjgqVj2 þ jgqAj2ÞðjgLV j2 � jgLAj2Þm2
L

)
9>>>>>>=
>>>>>>;
; (34)

where

� ¼ 1

4�QqQL


s

ðs�M2
Z þ iMZ�ZÞ

: (35)

The �-independent term is the pure photon contribution,
the j�j2 term is the pure Z contribution, and the Reð�Þ term
is the �=Z interference term. The width, �Z, is given by
equations analogous to (26).

To justify ignoring the Z0 contribution, we consider the
ratio

R ¼ �ðq �q!Z0
L �LÞ=�ðq �q!�;Z L �LÞ (36)

as a function of Z0 mass. The quantity�ðq �q!Z0
L �LÞ is found

analogously to the pure Z contribution in Eq. (34), with the

width of Z0 modified to include decay to a single family of
lightest liptons when MZ0 > 2mL. We find that R is largest
for left (right) sector liptons when MZ0 � 2:5mL, where
R � 0:12 (R � 0:56). Away from this resonance the con-
tribution is much smaller, and given that MZ0 > 950 GeV
this coincidence is unlikely in the region that will be of
interest.

2. Brð3S1 ! lþl�Þ
The decay rate of the 3S1 liptonium state to a pair of

fermions is given by the spin- and color-summed squared
matrix element multiplied by the square of the liptonium
wave function at the origin [16]. In the mf ! 0 limit, we

find

�ð3S1 ! f �fÞ ¼ NcQ
2
f

2�
2

3m2
L

j�ð0Þj2 ð1þ 2Reð�0ÞgLVgfVÞ
þj�0j2ðjgLVj2 þ jgLAj2ÞðjgfV j2 þ jgfAj2Þ

2
4

3
5; (37)

where �0 :¼ �js¼4m2
L
with � given by Eq. (35) [with Qq replaced by Qf]. This expression is appropriate for all fermions

except for the especially heavy top quark. For the top quark, we find

�ð3S1 ! t�tÞ ¼ 8�
2

9m2
L

j�ð0Þj2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� m2

t

m2
L

s
�

ð1þ 2Reð�0ÞgLVgtVÞ
�
1þ m2

t

2m2
L

�
þj�0j2ðjgLV j2 þ jgLAj2ÞðjgtVj2 þ jgtAj2Þ

�
1� m2

t

4m2
L

�
2
664

3
775: (38)

In our analysis, the WþW�, Z Higgs, hh� and hhZ
decay channels of the 3S1 state are ignored. For lipton
masses greater than 100 GeV, they each contribute of order
2% [13]. We take the total decay rate as

�ð3S1Þ ¼ 2�ð3S1 ! u �uÞ þ �ð3S1 ! t�tÞ þ 3�ð3S1 ! d �dÞ
þ 3�ð3S1 ! eþe�Þ þ 3�ð3S1 ! �e�eÞ (39)

and use Eqs. (37) and (38) to find the branching fractions.
The results are shown in Fig. 2. We include the experimen-
tally excluded region, mL < 100 GeV, so that the inter-
ested reader may compare the results with those for the
color SU(5) model [13].

3. Cross section

The cross section of two hadrons to a single lepton pair
via the liptonium channel can now be found using Eq. (32).
The resulting cross sections for the LHC are shown in
Fig. 3.

4. 3S1 width

The vertical axis of Fig. 3 can be read as ‘‘the number of
events per 1 fb�1 of integrated luminosity in the dilepton
channel,’’ where ‘‘dilepton’’ could either mean dielectron
or dimuon. Given enough data, these events would be
detected as a peak in the dilepton invariant mass spectrum
at mll � 2mL. We would like to have some idea of the
width of this peak. To achieve this, we must evaluate
Eq. (39).
With the liptonium in the one-huon-exchange potential

(31) regime, standard results for hydrogenic wave func-
tions tell us that, with fixed 
sðrÞ ¼ 
sðmLÞ, we have

j�nð0Þj2 ¼
�
3

8
n�1mL
SðmLÞ

�
3
=�; (40)

where n is the radial quantum number. For n ¼ 1 and mL

varying from 100–600 GeV, �ð3S1Þ varies from
�1–100 keV.
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The energy resolution of the ATLAS electromagnetic

liquid argon calorimeter is �ðEÞ=E ¼ 10%=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞp þ

0:7% [17]. The detector sees a convolution of the true peak
and the Gaussian defined by variance �2ðEÞ. Since the
resolution is much larger than the width of the liptonium
invariant mass peak, we can assume that the observed peak
is a Gaussian with 68% of events in the window of width
2�ðEÞ surrounding the peak energy 2mL.

5. Seeing liptons

We now make an estimate for the amount of data needed
to see a liptonium resonance in the dilepton channel. For an
invariant mass of mll we employ a bin width of 2�ðmllÞ.
We then compare the number of background events, Nb,
with the number of signal events, Ns, in this bin.

The number of background events in the dimuon and
dielectron channels is determined by extrapolating the
number of SM events expected in an ATLAS dilepton
resonance search [10] using

N ¼ �
Z

Ldt; (41)

where
R
Ldt is the integrated luminosity.

The number of signal events is given by Ns ¼
A� �ðpp!L �L

lþl�ÞRLdt, where A is the acceptance

for the signal assuming the same analysis cuts as in
Ref. [10]. The typical value for a spin-1 resonance with
these cuts is A � 0:65 (A � 0:40) in the dielectron
(dimuon) channel.
The number of observed background events fluctuates

according to a Poisson distribution with a standard devia-
tion of

ffiffiffiffiffiffi
Nb

p
. If we know the number of background and the

number of signal events for 1 fb�1 of data, nb and ns, we
can extrapolate to the number of events in x fb�1 of data
using Eq. (41): xnb and xns. The point where the signal
reaches 3� significance inside the window, or when
Ns ¼ 3

ffiffiffiffiffiffi
Nb

p
, is at

x ¼ 9nb
n2s

: (42)

This is the point at which the liptonium resonance is
noticeable.
The results versus lipton mass are shown in Fig. 4. Also

shown in Fig. 4 are the cases of the closely related SU(5)
and SU(7) leptonic color models [18]. The cross section to
diliptons is proportional to a color factor N � 1 for SUðNÞ
leptonic color, so, compared to the SU(3) leptonic color
model, the amount of integrated luminosity needed for 3�
signal significance decreases by 1=4 and 1=9 for SU(5) and
SU(7), respectively.
These calculations have been carried out for the LHC

running at 7 TeV. They can readily be recalculated for the
LHC at 14 TeV following a similar procedure. We stress
that this analysis is simplified and could be improved with
smarter analysis cuts. Our results illustrate that in the
foreseeable future, with the LHC set to gather more than
100 fb�1 of data, the LHC will explore lipton mass pa-
rameter space beyond 100 GeV, an improvement on the
LEP frontier.
A similar calculation for the diphoton product of the

liptonium 1S state shows that we need �106 fb�1 to see a
100 GeV liptonium resonance at 3� significance. A lipto-
nium dilepton resonance will therefore present itself with

FIG. 3. Cross section of pp ! lþl� through the production of
liptonium and the subsequent decay of the 3S1 state for the LHC
at 14 TeV and 7 TeV descending.

FIG. 4. The amount of data in fb�1 we need to see a liptonium
resonance at 3� significance multiplied by the acceptance
squared. [For m� significance multiply by a factor m2=9]. The
dotted grey lines are for dimuon channel left sector liptons with
SU(5) or SU(7) leptonic color descending.

FIG. 2. Branching fractions of the 3S1 liptonium state to di-
fermions. The solid (dashed) lines correspond to left (right)
sector liptons and i ¼ f1; 2g, j ¼ f1; 2; 3g are family indices.
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the absence of such a resonance in the diphoton channel.
This is one way of discerning the resonance from other
particles such as the Randall-Sundrum graviton [19].

V. COLOR TRIPLET DIQUARK

We will now focus on the phenomenology of the Higgs
scalars contained within the Yukawa Lagrangian (9). We
are interested in signatures at the LHC, so we concentrate
on the QCD coloured scalar �2, a color triplet diquark.
Diquarks are generically predicted by a number of bottom-
up models and GUTs, and are well studied in the literature
[see e.g. Ref. [20]].

A. Constraints

Rewriting the �2 Lagrangian with generational indices,
we have

L ¼ 2ðh1ÞijðuiLÞcdjL�2 þ ðh2ÞijðuiRÞcdjR�2 þ H:c: (43)

Color asymmetry and asymmetry in the SU(2) contraction
implies that h1 is symmetric in flavour space when the
quarks are in the gauge basis. Flavour rotation to the mass
basis does not retain this symmetry, because distinct rota-
tions must be applied to uL and dL. There is no symmetry/
antisymmetry condition on the h2 matrix.

The �2 diquark transforms as (3, 1) under SUð3Þq �
SUð2ÞL. If one considers only these SM charges then the
scalar can also behave as a leptoquark through the terms

ðfLÞcqL �� and ðeRÞcuR ��. These terms lead to rapid decay of
the proton through tree-level exchange unless the mass of
the scalar is very large, so they need to be forbidden if we
are to have any chance of seeing this scalar at the LHC. The
usual mechanism is baryon parity [20] or U(1) symmetry
[21]. The q-l symmetric model provides a natural mecha-

nism. If one tries to write down the terms ðFLÞcQL �� and

ðuRÞcER �� it quickly becomes clear that they are not gauge
invariant unless � transforms as a 3 under both SUð3Þq and
SUð3Þl. So this � cannot be our �2. Further, if we tried to
replace �2 with such a � [transforming like (3, 3, 1)] the

terms ðQLÞcQL�2 and ðuRÞcdR�2 would not be gauge
invariant under SUð3Þl. So, q-l symmetry naturally forbids
the leptoquark terms. Thus, there are no constraints on �2

from proton decay.
We must also suppress flavor changing neutral currents

to avoid strong constraints from meson-antimeson mass
mixing measurements. To achieve this we must adopt for
h1 and h2 a suitable Yukawa-coupling ansatz. It will be
sufficient for us to define the h1 and h2 matrices diagonally
in the mass basis, as in Ref. [22]. In this way, we avoid
flavor changing neutral current concerns.

B. Cross section

We now turn to phenomenology at hadron colliders. If
we restrict ourselves to considering proton valence quarks,

with a diagonal Yukawa-coupling ansatz we are consider-
ing only three parton-level processes: the s-channel pro-
cesses ud ! ud, cs, tb. The first two processes result in a
dijet final state, while the last is a single topþ b-jet. The
single top signal is the preferred method for a �2 diquark
search at the LHC due to a lower SM background [23]. The
s-channel process mediated by �2 and producing a single
top is shown in Fig. 5.

Our goal is to calculate �ðpp!��2
tbÞ as a function of �2

mass and couplings. To facilitate our calculation, we write
the Lagrangian in the Dirac basis:

L ¼ ðuiÞc½ðgVÞij � ðgAÞij�5�dj�2 þ H:c:; (44)

where

ðgVÞij ¼ 1

2
½2ðh1Þij þ ðh2Þij�;

ðgAÞij ¼ 1

2
½2ðh1Þij � ðh2Þij�:

(45)

Because h1 and h2 are diagonal, gV and gA are also
diagonal.

The dominant parton-level process is ud!��2
tb. The cross

section in the mu;d;b � mt limit is

�ðud!��2
tbÞ¼ 1

12�

�
s�m2

t

s

�
2 s

ðs�M2
�Þ2þM2

��
2
�

�ðjðgVÞ11j2þjðgAÞ11j2ÞðjðgVÞ33j2þjðgAÞ33j2Þ;
(46)

whereM�, �� are the mass and width of �2. The full width

is given by the sum of partial widths

�ð ��2 ! ui¼½1;2�djÞ ¼M�

4�
ðjðgVÞijj2 þjðgAÞijj2Þ;

�ð ��2 ! tdjÞ ¼M�

4�

�
1� m2

t

M2
�

�
2ðjðgVÞ3jj2 þ jðgAÞ3jj2Þ:

(47)

The cross section at a hadron collider is expressed in
terms of PDFs in a similar way to the Drell-Yan process
(24):

FIG. 5. Single top production mediated by the �2 diquark.
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�ðpp!��2
tbÞ

¼ X
i;j

Z 1

0

Z 1

0
dx1dx2

fui=pðx1; Q2Þfdj=pðx2; Q2Þ
þfui=pðx2; Q2Þfdj=pðx1; Q2Þ

" #

� �ðuidj!��2
tb; s ¼ x1x2SbeamÞ: (48)

The cross section �ðpp!�2 �t �bÞ is found similarly. At the
LHC, top-quark production is preferred over antitop
production due to nonzero initial baryon number, so that

�ðpp!��2
tbÞ 
 �ðpp!�2 �t �bÞ. The case for the Tevatron is

different, with �ðp �p!��2
tbÞ ¼ �ðp �p!�2 �t �bÞ.

The parton-level cross section in Eq. (48) will have a
distinct peak at x1x2Sbeam ¼ M2

�. The height and width of

this peak is determined by the �2 width (47), which can be
quite small depending on the coupling. This causes nu-
merical problems when integrating Eq. (48) directly. It is
convenient instead to introduce a change of variable, x2 ¼
M2

inv=x1Sbeam, so that the peak is only dependent on one

integration variable: the invariant mass of tb,Minv. Making
this substitution, and only considering valence quarks at
the parton-level, we obtain

d�ðpp!��2
tbÞ

dMinv

¼
Z 1

ðM2
inv
=SbeamÞ

dx
2Minv

xSbeam

�
fu=pðx;Q2Þfd=p

�
M2

inv

xSbeam
; Q2

�

þfu=p

�
M2

inv

xSbeam
; Q2

�
fd=pðx;Q2Þ

2
6664

3
7775

� �ðud!��2
tb; s ¼ M2

invÞ: (49)

One may then find the total cross section by integrating
over the invariant mass. The total integration is over
Minv ¼ ð0; ffiffiffiffiffiffiffiffiffiffiffi

Sbeam
p Þ, with the region nearMinv ¼ M� domi-

nating the cross section.

C. Mass/coupling limits

A Bayesian approach to calculating and combining CDF
and D0 Tevatron results for the single top cross section is
presented in Ref. [24]. The quantity includes both
s-channel and t-channel contributions to single top and
single anti-top quark final states. (In the language of had-
ron colliders, ‘‘single top’’ means single top quark or single
anti-top quark.) The single top cross section is found to be

�Tevatron
ðsþtÞ�chðp �p ! tX; �tXÞ ¼ 2:76þ0:56

�0:47 pb (50)

for a 170 GeV top quark. This is in good agreement with
the SM theoretical prediction of 3:33þ0:08

�0:10 pb [25]. We can

use this measurement to put a limit on the cross section of
our diquark mediated process. A conservative bound is

�Tevatronðp �p ! tb; �t �bÞ< 1 pb: (51)

For the LHC at 7 TeV, the SM theoretical prediction for
the single top s-channel cross section is �4:6 pb [25].
There is not yet enough data to statistically observe single
top production in this channel. However, the preliminary
limit [26],

�LHC@7TeV
s�ch ðpp ! tX; �tXÞ< 26:5 pb; (52)

is enough to compete with Tevatron bounds, as we will see.
We calculated �ðpp ! tb; �t �bÞ and �ðp �p ! tb; �t �bÞ as a

function of M� and ðjðgVÞiij2 þ jðgAÞiij2Þ using Eq. (49).

Here we made no assumptions on the magnitude relation-
ship between entries of the generational matrices h1 and
h2. PDFs were evaluated using the MSTW08 PDF set at
Q2 ¼ 1

4 s. A k-factor of 1.3 was used for both the Tevatron

and LHC calculations [27]. We then used Eqs. (51) and
(52) to put constraints on the two dimensional mass-
coupling space. Our results are shown in Fig. 6. We see
that the LHC can already impose bounds that exceed those
of the Tevatron at sufficiently large coupling.

VI. CONCLUSION

We have studied the phenomenology of the quark-lepton
symmetric model of Foot and Lew [1] in the context of the
LHC. In this model, an SUð3Þl ‘‘leptonic color’’ symmetry
is appended to the SM gauge group, tripling the number of
SM leptons. Consequently, a Z2 discrete quark-lepton
symmetry of the Lagrangian can be defined. The additional
symmetries are then spontaneously broken by an SUð3Þl
triplet Higgs multiplet, the Z2 partner of which is an
SUð3Þq triplet diquark called �2. After this breaking, the

eight gauge bosons of SUð3Þl become a heavy neutral Z0
gauge boson [in conjunction with the gauge boson of
Uð1ÞX], three massless exotic gluons (huons) mediating
an unbroken confining SUð2Þ0 force, and four charge
�1=2 ‘‘weak’’ bosons [these four bosons do not couple
to quarks and are not expected to exhibit prominent LHC
phenomenology]. There are also four massive �1=2
charged exotic leptons (liptons) per family which trans-
form as doublets under SUð2Þ0. The SM particles are un-
charged under SUð2Þ0.

FIG. 6. The experimentally excluded regions of �2 parameter
space.
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We investigated three main areas of interest at the LHC:
the Z0 heavy neutral gauge boson, the liptons, and the
diquark �2.

Using dilepton data, we put lower bounds on the mass of
the Z0 gauge boson of 780 GeV and 950 GeV, from the
Tevatron and LHC, respectively. The latter is an improve-
ment of 230 GeVon the previous best limit [5].

We then considered lipton pair production, L �L, at the
LHC through the Drell-Yan mechanism. All pairs form
excited ‘‘liptonium’’ bound states. These states then deex-
cite via isotropic hueball and soft photon radiation, result-
ing in large missing energy. It was estimated that 75% of
liptonium states will annihilate to difermions while 25%
annihilate to diphotons and huons. The diphoton events
were found to be too few in number to detect at the LHC.
However, we found that annihilation to dileptons will be

observable at the LHC in the near future for lipton mass
mL > 100 GeV, the current bound set by the LEP experi-
ments. New lipton mass parameter space is already being
explored by the LHC for the closely related SU(5) and
SU(7) leptonic color models.
Last, we investigated the phenomenology of the color

triplet scalar diquark �2. Using single top production data
from the Tevatron and LHC we excluded areas of the two
dimensional mass-coupling parameter space, as shown in
Fig. 6. We found that the LHC is already competitive with
Tevatron bounds.
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