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Introduction

The search for a new physics beyond the Standard Model (SM) is
now one of the aims of the high energy physics. One of the new
physics can be induced by the possible four color symmetry treating
leptons as quarks of the fourth color [J. C. Pati, A. Salam. PRD,
1974]. This symmetry can be uni�ed with the SM by the gauge
group

Gnew = Gc × SUL(2)× UR(1)

where Gc is the group of the four color symmetry. The color group
Gc can be the vectorlike group

Gc = SUV (4)

or the general chiral group

Gc = SUL(4)× SUR(4)

or one of the special groups of the left or right four color symmetry

Gc = SUL(4)× SUR(3), Gc = SUL(3)× SUR(4).
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Minimal Quark Lepton Symmetry model

Minimal model with the four color symmetry

The Minimal four color Quark - Lepton Symmetry model
(MQLS-model) is based on the gauge group

Gnew = SUV (4)× SUL(2)× UR(1)

as on the minimal group containing the four color symmetry of
quarks and leptons [ A. D. Smirnov. PLB, 1995; YaF,1995].
According to this group in addition to gluons Gjµ, j = 1, 2, . . . , 8
and W±-, Z-bosons the gauge sector predicts the new gauge
particles: vector leptoquarks V ±αµ, α = 1, 2, 3 with charges
QemV = ±2/3 and an extra Z'-boson originating from the four color
quark - lepton symmetry.
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Minimal Quark Lepton Symmetry model

Fermion sector of the model

In MQLS-model quarks and leptons form the SUV (4)-quartets
ψpaA, A = 1, 2, 3, 4, a = 1, 2, p = 1, 2, 3, . . .

ψ′p1A :
(
u′α
ν ′e

)
,

(
c′α
ν ′µ

)
,

(
t′α
ν ′τ

)
, · · ·

ψ′p2A :
(

d′α
e−′

)
,

(
s′α
µ−′

)
,

(
b′α
τ−′

)
, · · ·

Each lepton have SUV (4) "color"A = 4
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Minimal Quark Lepton Symmetry model

Fermion mixing in MQLS

The basic left and right quark and lepton �elds Q′L,Rpaα, `
′L,R
pa can be

written, in general, as superpositions

Q′L,Rpaα =
∑
q

(
AL,RQa

)
pq
QL,Rqaα , l′L,Rpa =

∑
q

(
AL,Rla

)
pq
lL,Rqa ,

of mass eigenstates QL,Rqaα , `
L,R
qa . Here AL,RQa and AL,R`a are unitary

matrices diagonalizing the mass matrices of quarks and leptons
respectively.
(ALQ1

)+ALQ2
≡ CQ = VCKM is Cabibbo-Kobayashi-Maskawa matrix

(AL`1)+ AL`2 ≡ C` is the analogous lepton mixing matrix ((Cl)+ = UPMNS)

(AL,RQa )+AL,R`a ≡ K
L,R
a are the new mixing matrices which are

speci�c for the models with the four color symmetry.
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Minimal Quark Lepton Symmetry model

Features of Z ′-boson originating from the four color

symmetry

Lgauge
NC = −eZ1µJ

Z1
µ −

e

cW
Z2µJ

Z2
µ ,

JZ1
µ = f̄γµ(vZ1

f + aZ1
f γ5)f,

JZ2
µ = f̄γµ(vZ2

f + aZ2
f γ5)f

vZ2
fa

=
1

sS

√
1− s2

W − s2
S

[
c2
W

√
2
3

(t15)f −
(
Qfa −

(τ3)aa
4

)
s2
S

]

aZ2
fa

=
sS√

1− s2
W − s2

S

(τ3)aa
4
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Minimal Quark Lepton Symmetry model

The scalar sector contains in general four multiplets [A. D. Smirnov.
PLB, 1995; YaF,1995; A.V. Povarov, A. D. Smirnov, YaF, 2001 ]

(4, 1, 1) : Φ(1) =

(
S

(1)
α

η1+χ(1)+iω(1)
√

2

)
,

(1, 2, 1) : Φ(2)
a = δa2

η2√
2

+ φ(2)
a ,

(15,2,1) :Φ(3)
a =

(
(Fa)αβ S(+)

aα

S(−)
aα 0

)
+ Φ(3)

15,at15,

(15, 1, 0) : Φ(4) =

(
F

(4)
αβ

1√
2
S

(4)
α

∗
S

(4)
α 0

)
+ (η4 + χ(4))t15,

transforming according to the (4,1,1)-,(1,2,1)-,(15,2,1)-,(15,1,0)-
representations of the SUV (4)× SUL(2)× UR(1)-group
respectively. Here Φ(3)

15,a = δa2η3 + φ
(3)
15,a, η1, η2, η3, η4 are the

vacuum expectation values.
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Minimal Quark Lepton Symmetry model

(15.2.1) : Φ(3) :

(
S

(+)
1α

S
(+)
2α

)
;

(
S

(−)
1α

S
(−)
2α

)
;
(
F1k

F2k

)
;

(
Φ(3)

1,15

Φ(3)
1,15

)
,

where S(±)
aα and Fak (k=1,2...8) are the scalar leptoquark and

scalar gluons doublets. Φ(3)
15 − Φ(2)-mixing gives the SM Higgs

doublet Φ(SM) and an additional Φ′ doublet. These scalar doublets
have the electric charges

Qem :
(

5/3
2/3

)
;
(

1/3
−2/3

)
;
(

1
0

)
;
(

1
0

)
.

In general

S
(+)
2α =

3∑
m=0

c(+)
m Sm,

∗
S

(−)
2 =

3∑
m=0

c(−)
m Sm

where Sm are three physical leptoquarks with electric charge 2/3

and S0 is the Goldstone mode, c
(±)
m are the elements of the unitary

scalar leptoquark mixing matrix, |c(±)
0 |2 = 1

3g
2
4η

2
3/m

2
V � 1.
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Minimal Quark Lepton Symmetry model

The experimental lower mass limits for the scalar leptoquarks from
their direct search are [PDG. C. Amsler et al. , Physics Letters
B667, 1 (2008)]

mLQ & 250 GeV.

The indirect data set the limits on the relations of scalar
leptoquark coupling constants to their masses.

In MQLS-model the leptoquark Yukawa coupling constants are (due
their Higgs origin) proportional to the ratios mf/η of the fermion
masses mf to the SM VEV η. As a result these coupling constants
are known (up to mixing parameters) and are small for light quarks.
So, the indirect mass limits for MQLS scalar leptoquarks are weaker
then those from direct searchers.

Martynov, Smirnov tt̄ Production in the Model with Four Color Symmetry



tt̄ Production in the Model with Four Color Symmetry

Minimal Quark Lepton Symmetry model

The partonic cross sections of scalar gluon pair production are
known ([A.V Manohar, M.B. Wise, PRD 74, 035009 (2006); MM,
A. D. Smirnov, Mod. Phys. Lett., 2008, A23, 2907-2913]), which
gives now possibility to calculate cross section of scalar gluon pair
production at the Tevatron in dependence on scalar gluon mass.

In these calculations we use PDF's set AL'03 ([S.I. Alekhin PRD
67 014002, 2003]) (NLO, variable-favor-number) with the
K-factor chosen as K = 1.45 for consistency with theoretically
predicted dependence of σNLO(tt̄) on mt ([M. Cacciari et al. JHEP
09, 127 (2008). arXiv:0804.2800], [N. Kidonakis,R. Vogt, PRD 78,
(2008) 074005. arXiv:0805.3844]).
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Minimal Quark Lepton Symmetry model

100 200 300 400

mΦ, TeV

10
-3

10
-2

10
-1

10
0

10
1

10
2

σ (p p →
Φ

Φ
+

X

), pb

√s = 1.96 TeV

Sa

Fa

100# at L = 3.2 fb 
-1

Cross sections of SS∗-,FF ∗-pair production at the Tevatron as
functions of the masses of scalar particles
Our estimate for mass limits for scalar gluons Fa from direct
searches at Tevatron is

mFa & 320 GeV.
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Minimal Quark Lepton Symmetry model

The interactions of the scalar leptoquarks S
(±)
aα with quarks and

leptons:

L
S

(+)
1 uilj

= ūiα

[
(hL+)ijPL + (hR+)ijPR

]
ljS

(+)
1α + h.c.,

L
S

(−)
1 νidj

= ν̄i

[
(hL−)ijPL + (hR−)ijPR

]
djαS

(−)
1α + h.c.,

LSmuiνj = ūiα

[
(hL1m)ijPL + (hR1m)ijPR

]
νjSmα + h.c.

LSmdilj = d̄iα

[
(hL2m)ijPL + (hR2m)ijPR

]
ljSmα + h.c.

The interactions of the scalar gluons with quarks:

LF1uidj = ūiα

[
(hLF1

)ijPL + (hRF1
)ijPR

]
(tk)αβdjβF1k + h.c.,

LF2uiuj = ūiα

[
(hL1F2

)ijPL
]
(tk)αβujβF2k + h.c.,

LF2didj = d̄iα

[
(hR2F2

)ijPR
]
(tk)αβdjβF2k + h.c.
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Minimal Quark Lepton Symmetry model

Scalar leptoquarks S
(±)
1 , Sm couplings to fermions

(hL+)ij =
√

3/2
1

η sinβ

[
mui(K

L
1 Cl)ij − (KR

1 )ikmνi(Cl)kj
]
,

(hR+)ij = −
√

3/2
1

η sinβ

[
(CQ)ikmdk

(KR
2 )kj −mlj (CQKL

2 )ij
]
,

(hL−)ij =
√

3/2
1

η sinβ

[
(
+
KR

1 )ikmuk
(CQ)kj −mνj (

+
KL

1 CQ)ij
]
,

(hR−)ij = −
√

3/2
1

η sinβ

[
(Cl

+
KL

2 )ijmdj − (Cl)ikmlk(
+
KR

2 )kj
]
,

(hL,R1m )ij = −
√

3/2
1

η sinβ

[
mui

(KL,R
1 )ij − (KR,L

1 )ijmνj

]
c(±)
m ,

(hL,R2m )ij = −
√

3/2
1

η sinβ

[
mdi

(KL,R
2 )ij − (KR,L

2 )ijmlj

]
c(∓)
m ,

where β is Φ(2)
a −Φ(3)

15 mixing angle in MQLS model, tgβ = η3/η2,

CQ = VCKM , Cl = UPMNS and KL,R
a = (AL,RQa )+AL,Rla are the

mixing matrices speci�c for the MQLS model.
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Minimal Quark Lepton Symmetry model

Scalar gluons Fa couplings to fermions

(hLF1
)ij =

√
3

1
η sinβ

[
mui(CQ)ij − (KR

1 )ikmνk(
+
KL

1 Cl)kj
]

(hRF1
)ij = −

√
3

1
η sinβ

[
(CQ)ijmdi − (ClKL

2 )ikmlk(
+
KR

2 )kj
]

(hL1F2
)ij = −

√
3

1
η sinβ

[
muiδij − (KR

1 )ikmνk(
+
KL

1 )kj
]

(hR2F2
)ij = −

√
3

1
η sinβ

[
mdiδij − (KL

1 )ikmlk(
+
KR

1 )kj
]

(hR1F2
)ij = 0

(hL2F2
)ij = 0
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Minimal Quark Lepton Symmetry model

The largest couplings h ∼ mt/η

S
(+)
1 t̄τ : (hL+)33 =

√
3/2

mt

η sinβ
(KL

1 Cl)33,

S
(−)
1 ν̄τ b : (hL−)33 =

√
3/2

mt

η sinβ
(
+
KR

1 )33(CQ)33

Smt̄ντ : (hL,R1m )33 = −
√

3/2
mt

η sinβ
(KL,R

1 )33c
(±)
m

F1t̄b : (hLF1
)33 =

√
3

mt

η sinβ
(CQ)33

F2t̄t : (hL1F2
)33 = −

√
3

mt

η sinβ

mt/η ∼ 0.7!

These particles may give signi�cant contribution in
tt̄-quark production at Tevatron.
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tt̄ Production at the Tevatron

The latest CDF data on cross section and forward-backward
asymmetry of the tt̄ production at the Tevatron (CDF 2009
L = 3.2 fb−1)

σtt̄ = 7.5± 0.31(stat)± 0.34(syst)± 0.15(lumi)pb
Att̄FB = 0.193± 0.065 (stat)± 0.024 (sys)

σtt̄ SM prediction [M. Cacciari et al. JHEP 09, 127 (2008).arXiv:0804.2800,...]

σSMtt̄ = 7.35 +0.38
−0.80 (scale) +0.49

−0.34 (PDFs)[CTEQ6.5] pb÷
7.93 +0.34

−0.56 (scale) +0.24
−0.20 (PDFs)[MRST2006nnlo] pb

Att̄FB SM prediction [O. Antunano et al. PRD77, 014003 (2008)]

Att̄FB = 0.051(6)

Att̄FB =
Nt(cos θ > 0)−Nt(cos θ < 0)
Nt(cos θ > 0) +Nt(cos θ < 0)
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tt̄ Production at the Tevatron

pp̄→ tt̄

SM Diagrams of order α2
s

qq̄ → tt̄
q

q̄

t

t̄

g

gg → tt̄

Martynov, Smirnov tt̄ Production in the Model with Four Color Symmetry



tt̄ Production in the Model with Four Color Symmetry

tt̄ Production at the Tevatron

pp̄→ tt̄ LO Cross Section

dσ(qq̄ → tt̄)

d cos θ̂
=

α2
sπβ

9ŝ

(
1 + β2c2 + 4m2

t/ŝ
)

σ(qq̄ → tt̄) =
4πα2

sβ

27ŝ

(
3− β2)

dσ(gg → tt̄)

d cos θ̂
= α2

s
πβ

6ŝ

(
1

1− β2c2
− 9

16

)(
1 + β2c2 + 2(1− β2)− 2(1− β2)2

1− β2c2

)
σ(gg → tt̄) =

πα2
s

48ŝ

[(
β4 − 18β2 + 33

)
log

(
1 + β

1− β

)
+ β

(
31β2 − 59

)]

where c = cos θ̂, θ̂ is the scattering angle of t-quark in the parton
center of mass frame, ŝ is the invariant mass of tt̄ system,
β =

√
1− 4m2

t /ŝ
No sources of order α2

s for the forward-backward asymmetry

Martynov, Smirnov tt̄ Production in the Model with Four Color Symmetry



tt̄ Production in the Model with Four Color Symmetry

MQLS model contributions in tt̄ production

MQLS Contributions in tt̄-production

1. Z' tree s-channel process

2. Scalar gluons tree processes

3. 1-loop gtt̄ e�ective vertex
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MQLS model contributions in tt̄ production

Z' tree s-channel process

q

q̄

t

t̄

γ, Z, Z ′

Singlet color state qq̄
γ, Z, Z′→ tt̄

dσ(qq̄
γ, Z, Z′→ tt̄)

d cos θ̂
=
πα2

emŝβ

2

∑
i,j=γ,Z,Z′

KijRe(Pi(ŝ)P ∗j (ŝ))

cos θ̂ ≡ c
Kij = Aij

(
2 + β2(c2 − 1)

)
+Bijβ

2(c2 + 1) + 2Cijβc
Aij = (aqia

q
j + vqi v

q
j )v

t
iv
t
j

Bij = (aqia
q
j + vqi v

q
j )a

t
ia
t
j

Cij = (aqi v
q
j + vqi a

q
j)(a

t
iv
t
j + vtia

t
j)

Pi(ŝ) =
1

ŝ−M2
i + iMiΓi
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MQLS model contributions in tt̄ production

For MZ′ > 1.4 TeV (current experimental limit [PDG. C. Amsler et
al. , Physics Letters B667, 1 (2008)])

Contributions of Z ′ is small due smallness of couplings

∆σ(pp̄→ tt̄) ∼ +0.05÷ 0.1 pb
∆Att̄FB ∼ +0.003
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MQLS model contributions in tt̄ production

Scalar gluons tree processes

Fa Fa

σ ∼ m2
q/ŝ σ ∼ |(CQ)i3|4

Contributions are suppressed by factors m2
q/ŝ or |(VCKM )i3|4

∆σ(pp̄→ tt̄) ∼ 0.0001 pb
∆Att̄FB ∼ 10−6
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MQLS model contributions in tt̄ production

1-loop gtt̄ e�ective vertex

F2

t

t

t

F2

F2

τ

S
(+)
1

S
(+)
1

b

F1

F1

ντ

S
(±)
2

S
(±)
2

F1

b

b
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MQLS model contributions in tt̄ production

Main contributions into e�ective gtt̄-vertex

(V µa )αβ = gst(ta)αβ

6∑
i=1

Ci
[
(a2
i + v2

i )γµ − 2aiviγ
µγ5] I(ŝ, {m1,m2,m3}i, µR),

I(ŝ,m1,m2,m3, µR) =

−1

16π2

∫ 1

0

dxdy ln

(
−(ŝx2 +m2

1y
2 + ŝxy) + ŝx+ y(m2

1 +m2
2 −m2

3)−m2
2

µ2
R

)

where color factors Ci = − 1
6 for i = 1, 2 and Ci = − 3

2 for i = 3, 4, 5, 6
{m1,m2,m3}1 = {mt,mb,mF }, {m1,m2,m3}2 = {mt,mt,mF },
{m1,m2,m3}3 = {mt,mF ,mb}, {m1,m2,m3}4 = {mt,mF ,mt},
{m1,m2,m3}5 = {mt,mS ,mτ}, {m1,m2,m3}6 = {mt,mS ,mντ }
µR � renormalization scale in MS-scheme
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MQLS model contributions in tt̄ production

Cross Section of tt̄ Production at Tevatron

2 4 6 8 10

mF, TeV

6

7

8

9

10

σ (p p →
t t

+
X

), pb
√s = 1.96 TeV

Sin β = 0.85

Sin β = 1.0

σ(tt) CDF 

-1σ

-2σ

+1σ

+2σ

0.1

σ(tt) SM

µR=mt 
÷ 2mt
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MQLS model contributions in tt̄ production

Limits on masses of scalar particles

We assume mF ≈ mS

0.3TeV . mF . 3.6÷ 6.8TeV, µR = mt ÷ 2mt, sinβ = 1
0.3TeV . mF . 1.8÷ 3.7TeV, µR = mt ÷ 2mt, sinβ = 0.85
0.3TeV . mF . 1.3÷ 2.6TeV, µR = mt ÷ 2mt, sinβ = 0.77
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MQLS model contributions in tt̄ production

Possibility of the direct searches scalar gluon at the LHC

The production cross section of scalar gluons F at the LHC with
masses mF . 1300GeV is shown to be su�cient for the e�ective
(Nevents & 100) production of these particles at the LHC
(L = 10 fb−1). [MM, A.D. Smirnov, Mod. Phys. Lett., 2008, A23,
2907-2913].

At mF1 . 1130GeV from analysis statistical signi�cance the
number of the signal tt̄bb̄ events will exceed the SM background by
3σ (LHC L = 10 fb−1).[MM, A.D. Smirnov, Phys. of Atomic Nucl.
2010, 73, No.7, to be published].
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Summary

Summary

The contributions to the cross section σtt̄ and to the
forward-backward asymmetry Att̄FB of tt̄ production at the

Tevatron from new Z ′,S(±)
a , Fa particles predicted by the

MQLS-model are calculated.

These contributions in tree approximation are shown to be
small (∆σ ∼ 0.1 pb, ∆Att̄FB ∼ 0.003).

The scalar doublets S
(±)
a , Fa give the logarithmically rising

contributions to the 1-loop gtt̄ e�ective vertex.
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Summary

Summary

With account of the gtt̄ e�ective vertex the upper mass limits
for scalar leptoquarks and scalar gluons are obtained from CDF
data on σtt̄.

mS , mF . a few TeV

in dependence on model parameters and regularization scale.

The lower mass limits for scalar gluons

mF & 320GeV

are obtained from the data on direct searches at Tevatron.

At mF1 . 1130GeV the scalar gluon F1 can be evident at
LHC at the signi�cance not less that 3σ (for L = 10 fb−1).
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Summary
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Summary

For all parton integration we use PDF's Set AL'03 ([S.I. Alekhin
PRD 67 014002, 2003]) (NLO, variable-favor-number) with the
appropriate K-factor K = 1.45 for consistency with theoretically
predicted dependence of σNLO(tt̄) on mt ([M. Cacciari et al. JHEP
09, 127 (2008). arXiv:0804.2800], [N. Kidonakis,R. Vogt, PRD 78,
(2008) 074005. arXiv:0805.3844]).
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