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gauge group to the diagonal QCD facilitated by the renormalizable operators. It predicts the
existence of the beyond the SM massive color-octet gauge bosons (colorons), colored and uncol-
ored scalar degrees of freedom, as well as potential spectator fermions necessary for anomaly-
cancelation purposes. Furthermore, keeping the ordinary chiral quark charge assignments under
the extended color gauge group in their most general form, the framework (effectively) captures
a large class of models available within the literature. This contribution summarizes the current
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s = 14 TeV prospects for discovering its heavy scalar. The model is well-constrained

and highly predictive; in particular, it is shown that the parameter space can be thoroughly probed
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1. Introduction

Colorons are a set of massive color-octet vector bosons which arise in a variety of beyond
the standard model (SM) theories, where the SM color gauge group is (effectively) extended to
SU(3)1c× SU(3)2c. A spontaneous breaking of this extended color gauge group to its diagonal
subgroup SU(3)c (identified as the ordinary QCD containing the usual massless gluons) produces
the colorons as a massive copy of the gluon color-octet set,1 but potentially with chiral couplings
to quarks. Various types of models (effectively) containing such an extended color gauge group are
present within the literature, including: topcolor [6], the flavor-universal coloron [7], chiral color
(the axigluon) [8], chiral color with unequal gauge couplings [9], flavor non-universal chiral color
[10], flavorful top-coloron model [11], technicolor models with colored technifermions [12], and
extra-dimensional models with KK gluons [13].

In case the spontaneous symmetry breaking in the extended color sector occurs within a renor-
malizable framework [1, 7, 14], additional colored and uncolored (pseudo-)scalars are predicted
within the reach of the LHC. Furthermore, in a formalism where the couplings of the ordinary left-
and right-handed quarks to colorons are different (chiral color), potential gauge anomalies may
arise, the cancellation of which requires the existence of new chiral spectator fermions with the
opposite couplings to colorons as compared with those of the chiral quarks. Hence, the theory in-
troduces a rich spectrum of beyond the SM scalar, vector, and fermionic degrees of freedom within
a consistent framework, which may be thoroughly explored by the LHC and the next generation
hadron colliders.

2. Renormalizable Coloron Model

The spontaneous symmetry breaking in the enlarged color sector is presumed to occur at an
energy scale higher than the scale of the electroweak symmetry breaking,

SU(3)1c×SU(3)2c×SU(2)L×U(1)Y → SU(3)c×SU(2)L×U(1)Y → SU(3)c×U(1)EM. (2.1)

A renormalizable symmetry breaking framework may be constructed by introducing a complex
scalar Φ, which is in the bi-fundamental representation of the two color gauge groups; i.e., it is a
(3, 3̄) under SU(3)1c× SU(3)2c, and singlet under the electroweak gauge group, with the general
form

Φ =
1√
6
(vs + s0 + iA )I3×3 +(Ga

H + iGa
G) ta (ta ≡ λ

a/2) . (2.2)

The s0 (A ) is the gauge-singlet scalar (pseudoscalar) component, and Ga
H is a set of massive color-

octet scalars. The color-octet pseudoscalars Ga
G are the Nambu-Goldstone bosons eaten by the

colorons to make the latter massive. The nonzero vacuum expectation value (VEV) of the s0 scalar
triggers the spontaneous symmetry breaking in the extended color sector.

Defining φ as the ordinary electroweak Higgs field doublet with the usual components (vh =

246 GeV),

φ =
1√
2

( √
2π+

vh +h0 + iπ0

)
, (2.3)

1This is in analogy with the extensions of the electroweak sector, where the SM SU(2)L×U(1)Y gauge group is
augmented by the additional SU(2) and/or U(1) gauge groups, producing the W ′ and Z′ vector bosons.
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one may construct the most general scalar potential composed of φ and Φ [1]

V (φ ,Φ) =
λh

6

(
φ

†
φ −

v2
h

2

)2

+λm

(
φ

†
φ −

v2
h

2

)(
Tr
[
Φ

†
Φ
]
− v2

s

2

)
+

λs

6
(
Tr
[
Φ

†
Φ
])2

+
κs

2
Tr
[(

Φ
†
Φ
)2
]
− λs +κs√

6
vsr∆ (DetΦ+h.c.)− λs +κs

6
v2

s (1− r∆)Tr
[
Φ

†
Φ
]
,

(2.4)

with the potential being bounded from below and its global minimum coinciding with the scalar
VEVs for

λh > 0 , λ
′
s > 0 , κs > 0 , λ

2
m <

1
9

λhλ
′
s , 0≤ r∆ ≤

3
2
, (2.5)

and λ ′s ≡ λs +κs. The scalars h0 and s0 with nonzero VEVs are mixed with one another due to the
λm coupling in the potential (2.4), and may be diagonalized using an orthogonal rotation(

h0

s0

)
=

(
cos χ sin χ

−sin χ cos χ

)(
h
s

)
, cot2χ ≡ 1

6λm

[
λ
′
s

(
1− r∆

2

) vs

vh
−λh

vh

vs

]
. (2.6)

Hence, the model contains two physical Higgs-like scalars, h and s. Subsequently, one obtains the
physical scalar masses mh = 125 GeV [15], ms, mA , and mGH , satisfying the relations

m2
A ≤

3
2

m2
GH

, m2
A ≤ 9

[
m2

h sin2
χ +m2

s cos2
χ
]
. (2.7)

Tevatron searches exclude scalar color-octet masses within the 50 . mGH . 125 GeV range [16];
hence, we assume mGH > mh = 125 GeV.

The coloron mass can be expressed in terms of the two color gauge group couplings, gs1 and
gs2 , and the singlet VEV according to [4, 5]

MC =

√
2
3

gs vs

sin2θc
, sinθc ≡

gs1√
g2

s1
+g2

s2

, (2.8)

whereas, the ordinary QCD strong coupling is given by

1
g2

s
=

1
g2

s1

+
1

g2
s2

. (2.9)

Experimentally, the lower bound on the coloron mass is determined to lie within the TeV ballpark
by the Tevatron and LHC searches [17].

In general, the chiral eigenstates of each quark flavor may be charged under different SU(3)i c

color gauge groups (i = 1,2), which results in the chiral couplings of the quarks to colorons2

Lquark = q̄ii
[
/∂ − igs /G

ata− i/Cata (gLPL +gRPR)
]

qi ,

PL,R ≡
1∓ γ5

2
, gL,gR ∈ {−gs tanθc,gs cotθc} .

(2.10)

2The quark couplings to gluons remain vector-like, regardless of the chiral charge assignment.
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This, however, may give rise to potential gauge anomalies in the extended color sector, endangering
the consistency of the theory. Such potential anomalies may be canceled by introducing an appro-
priate number of additional chiral spectator fermions, which have the opposite chirality charges
under the extended color gauge group with respect to the ordinary quarks [5]. Both the left- and
the right-handed spectator generations are assumed to be doublets under the SU(2)L gauge group,
possessing a U(1)Y hypercharge +1/6 [3]. Hence, the electric charges of the spectator fermions re-
semble those of their corresponding quark counterparts (+2/3 for the up-like spectator and −1/3
for the down-like spectator). The (flavor-universal) spectator fermion masses are generated via
their Yukawa interactions with the complex scalar Φ (2.2),

−yQ

[
Q̄k

R ΦQk
L + Q̄k

L Φ
† Qk

R

]
, MQ =

yQ√
6

vs , (2.11)

where, Qk
L(R) denotes a left(right)-handed spectator doublet, and k is the generation index. The

lower bound on the spectator fermion masses also resides within the TeV region [18].
Assuming the aforementioned spectator fermion properties, the described minimal framework

contains additionally eight free parameters, which may be taken as the following set of the physi-
cally relevant quantities [1, 2]:

{vs,sin χ,ms,mA ,mGH ,MC,MQ,NQ} . (2.12)

Here, NQ represents the number of spectator fermion generations required for the anomaly-cancelation
purposes, depending on the original assignment of the quark chirality charges within the extended
color sector.

3. Formal and Phenomenological Constraints

Having reviewed the formalism of the renormalizable coloron model in the previous section,
let us discuss the constraints on the model’s free parameter space (2.12) arising from various the-
oretical and experimental considerations. On the theoretical side, the parameter space can be con-
strained by demanding the tree-level potential (2.4) to be bounded from below with its global
minimum coinciding with the scalar VEVs vh and vs (c.f. (2.5)), as well as imposing the unitarity
condition by performing a full coupled-channel analysis of the two-body scalar scatterings. These
analyses have been presented in detail in [1]. Furthermore, a thorough study of the vacuum stability
and triviality of the model has been performed in [3], and the viable regions of the parameter space
are identified by imposing the conditions (2.5) on the running couplings and, at the same time,
requiring the absence of any Landau poles up to a cutoff energy of 100 TeV.

Experimentally, the data from the electroweak precision tests can be utilized to constrain the
s boson mass as a function of the scalar mixing angle, since this second Higgs-like scalar is also
capable of interacting with the electroweak gauge bosons. In addition, direct measurements of the
125 GeV h boson couplings by the LHC confine the values of the scalar mixing angle. The results
of these experimental considerations at 95% C.L. have also been discussed in detail in [1].

The aforementioned constraints are summarized within the exclusion plots presented in Fig. 1
for various benchmark values of the model’s free parameters. One observes that the theoretical
considerations generally confine the mass range of the s boson; whereas, the experimental data

4



P
o
S
(
P
L
A
N
C
K
 
2
0
1
5
)
0
4
5

Phenomenology of the Renormalizable Coloron Model Arsham Farzinnia

constrain the scalar mixing angle. Moreover, heavier spectator fermions are severely disfavored,
due to their destabilizing effect on the vacuum of the potential.
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Figure 1: The sin χ −ms exclusion plots for various benchmark values of the remaining free parameters
of the model, displaying the constraints from imposing the global minimum of the potential coinciding
with the VEVs (long-dashed green line), unitarity (dot-dashed blue line), and vacuum stability and triviality
up to 100 TeV (solid brown line), as well as the electroweak precision tests (dotted red line), and direct
Higgs couplings’ measurements by the LHC (short-dashed black line). The enumerated curves correspond
to several values of n≡ mA /mGH between 0 and 1. All colored regions are excluded. (plots taken from [3])

For the s boson mass range 200 ≤ ms ≤ 1000 GeV, competitive bounds at 95% C.L. can be
obtained from the LHC heavy Higgs searches [19]. In addition, the ATLAS prospects for discov-
ering the heavy s boson [20], as well as its projections for the more precise measurements of the
125 GeV h boson properties [21], with

√
s = 14 TeV and an integrated luminosity of 300 fb−1 may

be utilized to probe the anticipated LHC reach with regards to the renormalizable coloron model’s
parameter space. These considerations have been analyzed in [2], and the results are summarized
within the exclusion plots depicted in Fig. 2 for various benchmark values of the free parameters,
also incorporating some of the previously mentioned constraints for comparison. It is evident that
virtually the entire parameter space of this theory can be probed by the LHC, making it a promising
beyond the SM candidate for exploration.3

4. Hadron Collider Coloron Production at Next-to-Leading Order

The first complete calculation of the coloron production cross section at the next-to-leading
order (NLO) within a hadron collider has been presented in [4, 5],4 taking into account the virtual

3This is perhaps not surprising, given the fact that the model comprises the minimal extension of the color sector,
while the LHC, as a hadron collider, is intrinsically the ideal environment for exploring such strong interactions.

4The NLO calculation is performed using the (non-renormalizable) non-linear sigma model for the gauge symmetry
breaking in the extended color sector. Nevertheless, the virtual corrections due to the additional scalar degrees of freedom
present within the formalism of the renormalizable coloron model are not anticipated to substantially affect the obtained
results, since the NLO corrections are dominated by the real emission processes in a hadron collider (in particular, a
gluon and a (anti)quark in the initial state with a coloron and a (anti)quark in the final state).
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Figure 2: The sin χ −ms exclusion plots for various benchmark values of the remaining free parameters
of the model, covering the heavy s scalar mass range 200 ≤ ms ≤ 1000 GeV and the full range of mixing
angle values−1≤ sin χ ≤ 1. The displayed constraints arise from unitarity (dot-dashed purple), electroweak
precision tests (dotted orange), direct Higgs couplings’ measurements by the LHC (vertical dashed gray),
and the

√
s = 7,8 TeV LHC heavy s boson searches (solid yellow). The inclined-stripped green region

corresponds to the s boson exclusion projections for
√

s = 14 TeV ATLAS with an integrated luminosity of
300 fb−1. The horizontally-stripped gray region in the bottom-right plot indicates the projected exclusion
by more precise measurements of the 125 GeV h boson. Universal values of the pseudoscalar and scalar
color-octet masses, mA = mGH = 150 GeV, are selected for the purpose of illustration. The dependence on
the coloron and spectator masses, MC and MQ, is negligible. (plots taken from [2])
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Figure 3: On-shell coloron NLO production cross section times branching-ratio to quarks at the LHC (
√

s =
7 TeV), corrected for the detector acceptance. Three possible flavor-universal scenarios for the quark charge
assignments are considered, and within each plot three benchmark values of the gauge mixing angle are
shown: sin2

θc|µ=MC = 0.05 (dashed), 0.25 (dot-dashed), and 0.5 (dotted). The cross section curves are
plotted for the factorization scale, µF , ranging from MC/2 to 2MC, and the thickness of each curve reflects
the weak dependence of the NLO cross section on the factorization scale. The CMS [22] upper limit (solid
line) on the cross-section times dijet branching ratio for a narrow resonance is also plotted. The axigluon
[8] corresponds to the middle rL 6= rR plot with sin2

θ = 0.5; therefore, a narrow axigluon resonance is
constrained to have a mass larger than 2.6 TeV. (plots taken from [4])
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corrections, as well as the soft and collinear real emission processes. The leading-order coloron
production proceeds through the tree-level quark-antiquark pair annihilation. The virtual correc-
tions at one-loop consist of the corrections to the quark self-energy, the vertex, as well as the
coloron (mixed) vacuum polarization amplitude. The real emission processes take into account the
emission of a soft/collinear gluon from the (anti)quark or the coloron, and additionally the Comp-
ton scattering, with a gluon and a (anti)quark in the initial state producing a coloron and a collinear
(anti)quark in the final state. Moreover, colorons can be produced at one-loop via the gluon-fusion
process [5], which is forbidden at the tree-level.5

The full NLO production cross section at a hadron collider can be expressed as the convolution
of the NLO partonic cross sections with the quarks and gluon parton distribution functions (PDF)
inside each colliding proton

σ
NLO =

∫
dx1

∫
dx2

{
∑
q

[
f 0
q (x1) f 0

q̄ (x2)+ f 0
q̄ (x1) f 0

q (x2)
](

σ̂
(0)
qq̄→C + σ̂

(1)
qq̄→C + σ̂

(1)
qq̄→gC

)
+∑

q

[
f 0
q (x1) f 0

g (x2)+ f 0
g (x1) f 0

q (x2)+ f 0
q̄ (x1) f 0

g (x2)+ f 0
g (x1) f 0

q̄ (x2)
]

σ̂
(1)
qg→qC

+ f 0
g (x1) f 0

g (x2) σ̂
(1)
gg→C

}
,

(4.1)

where, σ̂
(0)
qq̄→C represents the tree-level partonic cross section, the σ̂ (1) terms correspond to the

various NLO contributions, and f 0 terms are the bare PDFs. It has been shown in [4] that the UV
divergences of (4.1) can be subtracted using the two gauge-invariant counterterms of the theory
(corresponding to the renormalization of the original gauge couplings, gs1 and gs2), and all the IR
divergences cancel between the virtual correction and the real-emission cross sections, as expected,
except for some collinear singularities proportional to the Altarelli-Parisi evolutions. The latter
renormalize the bare PDFs. Furthermore, the production cross section via the gluon-fusion process
has been demonstrated to be negligible as compared with the remaining NLO contributions even at√

s = 14 TeV [5].
Fig. 3 exhibits the NLO production cross section (4.1) for on-shell colorons, multiplied by the

decay branching-ratio to quarks and the detector acceptance as a function of the coloron mass at the√
s = 7 TeV LHC. The plots demonstrate various flavor-universal scenarios for the quark charge

assignments and within each plot three benchmark values of the gauge mixing angle (c.f. (2.8)) are
shown, where we have defined: rL,R ≡ gL,R

gs
(c.f. (2.11)). The NLO corrections significantly reduce

the dependence on the factorization scale µF (of the order of 2% [4]), as evident from the thickness
of the plotted curves. For comparison, the CMS experimental upper limits [22] are superimposed,
indicating a lower bound on the coloron mass in the TeV region.

The effects of the NLO corrections are most clearly represented by the K-factor, defined as

K ≡ σNLO

σLO . (4.2)

The K-factor plots for various quark charge assignments and for different values of the gauge mix-
ing angle are depicted in Fig. 4 as a function of the coloron mass for the

√
s = 8,14 TeV LHC. It

5The Landau-Yang’s theorem, prohibiting the coupling of a massive spin-1 state to two massless spin-1 states to all
orders in perturbation theory, does not apply to non-Abelian gauge theories.
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is evident, once more, that the NLO corrections are significant, with the K-factor as large as 30%,
emphasizing the grave necessity of the higher-order calculations in reducing the theoretical uncer-
tainties for a more accurate comparison with the experimental data. Such large NLO corrections
predominantly originate from the initial state gluons in the Compton production process (a gluon
and a (anti)quark in the initial state with a coloron and a (anti)quark in the final state), due to the
abundance of gluons in a high center-of-mass energy hadron collider.
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Figure 4: The K-factor values for the LHC
√

s = 8 TeV (top row) and
√

s = 14 TeV (bottom row). Three
possible flavor-universal scenarios for the quark charge assignments are considered, with different bench-
mark values of the gauge mixing angle within each plot (µF = MC). Note that the NLO corrections can be
as large as 30%. (plots taken from [5])
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Figure 5: Fraction of colorons produced with pT ≥ pT min, as a function of pT min, for the benchmark vector-
like case rL = rR = − tanθc and sin2

θc = 0.05. Three curves corresponding to various coloron masses are
shown: MC = 1.2 (thin blue), 2.0 (medium purple), and 3.0 TeV (thick green). Within this mass range,
about 30% of the colorons are produced with pT ≥ 200 GeV. Below this pT value, the terms proportional to
log(M2

C/p2
T min) become large, and the fixed-order calculation is unreliable (red shaded region). (plot taken

from [4])

Finally, Fig. 5 displays the fraction of colorons produced with a transverse momentum, pT ,
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greater than pT min, as a function of pT min, for a benchmark scenario and several coloron masses.
Since the computation of the transverse momentum inherently starts at NLO, our calculation rep-
resents the LO results for this quantity. One observes that of the order of 30% of the colorons can
be produced with pT ≥ 200 GeV, making their collider searches very promising.

5. Conclusion

The renormalizable coloron model constitutes the minimal extension of the SM color sec-
tor, with the spontaneous symmetry breaking of the extended color gauge group facilitated by the
renormalizable operators. It predicts the existence of the beyond the SM massive color-octet gauge
bosons, colored and uncolored scalar degrees of freedom, as well as potential spectator fermions
necessary for anomaly-cancelation purposes. In addition, keeping the ordinary chiral quark charge
assignments under the extended color gauge group in their most general form, the model serves as
a general simplified framework, (effectively) encompassing a large class of models propsed within
the community.

The framework is well-constrained and highly predictive, and the hadron colliders form an
ideal environment for exploring its properties; in particular, its free parameter space can be thor-
oughly probed by the LHC and the next generation hadron colliders. To this end, the NLO compu-
tations have been shown to be indispensable in order to significantly reduce the theoretical uncer-
tainties, enabling more accurate comparisons with the experimental data.
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