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1 Introduction

Colored scalars are frequent harbingers of new physics. For example, they are inherent to

any theory of matter unification [1]. Phenomenologically, colored scalars that can couple

directly to matter fields are of particular interest. This feature makes them very appealing

candidates for collider physics and precision flavor studies. For example, some have been

suggested as possible explanations of the enhanced forward-backward asymmetry in tt̄

production as measured at the Tevatron [2–4] or the (g − 2)µ anomaly [5]. More recently,

it has been pointed out that some could also contribute significantly to the unexpectedly

large CP asymmetry in the decays D0 → K+K−, π+π− [6]. Moreover, in a framework of

simple one-particle extensions of the Standard Model (SM), these states can establish a

unique link between collider and Planck scale physics via proton decay [7]. They might

even help induce tiny neutrino masses through loop effects [8].

It has been demonstrated that light colored scalars help improve unification of gauge

couplings in the Grand Unified Theory (GUT) setting [9–18]. It could thus be possible to

establish a firm connection between the colored scalar mass scale and observable proton

decay signatures in the minimal matter unification scenarios. Moreover, the colored states

often reside in the same representation of the GUT group as the fields responsible for the

electroweak symmetry breaking (EWSB). This could allow one to infer the strength of

Yukawa couplings of colored states to matter. These, on the other hand, are subject to

nontrivial constraints originating from low-energy flavor phenomenology and the require-

ment of viable fermion masses. What one can end up with is a highly predictive class of

simple models that connect matter stability to low-energy phenomenology [19, 20].

– 1 –



J
H
E
P
1
1
(
2
0
1
2
)
1
3
0

A generic feature of massive scalars in extensions of the SM is that they couple to the

SM Higgs boson. Above the EWSB scale, one can write marginal — the so-called “Higgs

portal” [21] — operators of the form Φ†ΦH†H, where H is the SM Higgs doublet, Φ is

the new scalar weak (and color) multiplet and all possible color and weak contractions are

assumed. After EWSB this will induce corrections to the masses of weak Φ components

(Φi) and couplings of the form Φ†iΦih, where h is the physical Higgs boson. At the one-loop

level, the presence of such interactions can affect Higgs production and decays as measured

at the LHC [22]. In fact preliminary data on the Higgs-like resonance with a mass of

mh ' 125 GeV show an excess of events in the loop-induced h → γγ decay channel with

respect to the SM prediction at the 2σ level, while other, tree-level dominated Higgs decays

to vector bosons show good consistency with the SM expectations [23–26]. If it were to

persist at larger significance, such a deviation would point towards the existence of new

degrees of freedom at the EW scale that couple to the Higgs boson.

Motivated by these observations, in the present study, we focus on the contributions of

colored scalars to loop-induced production and decay channels of the Higgs boson through

interactions of the form Φ†ΦH†H (a similar analysis based on earlier experimental results

can be found in [27]). In particular, we study fields with direct couplings to the SM mat-

ter fields that can thus play an interesting role in other collider and flavor observables.

We single out two fields which accommodate the observed h→ γγ enhancement while re-

maining in good agreement with the other measured decay channels. Interestingly enough,

these fields turn out to be sextets and octets of color. This precludes them from having

leptoquark-like couplings to the ordinary matter.

We then proceed to show how and where these particular states appear in simple sce-

narios of matter unification. We revisit gauge coupling unification in two full-fledged models

based on the SU(5) gauge group [28] to demonstrate the connection between the lightness

of these states and observable proton decay signatures. One of the models can also address

the (g − 2)µ anomaly, albeit through the presence of an additional light colored scalar.

The remainder of the paper is structured as follows. In section 2 we discuss a possible

explanation of the h → γγ excess with colored scalar fields. We analyze the impact of

all the relevant experimental inputs and specify the numerical procedure used to generate

our results. We also provide predictions for h → Zγ and di-Higgs production using the

best-case scenarios and associated parameters. The fields that can help accommodate the

h → γγ excess are shown to appear naturally in matter unification scenarios in section 3.

There we also correlate the lightness of these states with observable proton decay signatures.

Finally, we conclude in section 4.

2 Enhanced di-photon signal with colored scalars

We study the influence of colored scalar fields coupling to the SM Higgs doublet through

Φ†ΦH†H interactions on Higgs production and decay signatures at the LHC. If sufficiently

light, such states can significantly modify the loop-induced gg → h, gg → hh, h→ γZ and

h → γγ processes, while leaving other, tree-level dominated Higgs production and decay

channels SM-like.
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After specifying the color and EW representations, each scenario (Φ) can be para-

metrized in terms of the relevant Higgs couplings and masses of the weak components Φi

of the multiplet. Different possible weak contractions of the Φ†ΦH†H terms will in general

induce different relative contributions to these couplings and masses. However, severe

experimental constraints coming mainly from the ρ parameter require an approximate

custodial symmetry to be active in the EW symmetric scalar potential (cf. [30]). It turns

out that in this limit, one can without loss of generality consider a single interaction term

of the form

L 3 −λΦ(Φ†iaΦia)(H
†
jHj) = −λφmWΦ†iaΦiah+ . . . , (2.1)

where we have written out the summed over weak (i, j) and color (a) indices explicitly,

and the dots denote further terms in the EW broken phase expansion of the Higgs fields.

Furthermore, in the custodial limit, Φi are almost degenerate and we will use mφ to denote

their common mass.

Then, the partial decay width for h→ γγ at one loop is given by [22, 29],

Γh→γγ =
Gµα

2m3
h

128
√

2π3

∣∣∣∣∣A1(xW ) +
4

3
A1/2(xt) +

∑
i

λφ
gw

m2
W

m2
φ

d(rΦ)Q2
Φi
A0(xφ)

∣∣∣∣∣
2

, (2.2)

where Gµ is the Fermi constant, α the fine structure constant, gw =
√

4πα/ sin θw and θw
the Weinberg angle. Also, xi = m2

h/(4m
2
i ) for i = W, t, φ, while relevant one-loop functions

are given by

A1(x) = −
(
2x2 + 3x+ 3(2x− 1)f(x)

)
x−2, (2.3)

A1/2(x) = 2 (x+ (x− 1)f(x))x−2, (2.4)

A0(x) = − (x− f(x))x−2, (2.5)

f(x) =

 arcsin2√x x ≤ 1

−1
4

(
log 1+

√
1−x−1

1−
√

1−x−1
− iπ

)2
x > 1

. (2.6)

The first and the second term in eq. (2.2) are the SM one-loop contributions from the W and

the top quark, respectively. For mh = 125 GeV, their numerical values are A1(xW ) = −8.3

and A1/2(xt) = 1.4. Finally, d(rΦ) is the dimension of the color representation of Φ, and

QΦi the electric charges of weak Φi components.

Analogously, the parton level gg → h cross section at partonic c.m.s. energy
√
ŝ

reads [22, 29]

σ̂gg→h = σ0m
2
hδ(ŝ−m2

h),

σ0 =
Gµα

2
s

128
√

2π

∣∣∣∣∣12A1/2(xt) +
∑
i

λφ
gw

m2
W

m2
φ

C(rΦ)A0(xφ)

∣∣∣∣∣
2

,

where αs is the strong coupling constant and C(rΦ) is the index of the color representation

rΦ of Φ. The only color representations we consider are triplet, sextet and octet as these

are the ones that can contract directly with SM matter fields in SU(3) space to yield a

singlet. We accordingly use C(3) = 1/2, C(6) = 5/2 and C(8) = 3.
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2.1 Numerical procedure

Our goal is to confront available Higgs signal strength data with possible contributions

from light colored scalars. Parameters used to fit the data are λφ and mφ. Following [23]

we define individual channel signal rates, normalized to their respective SM values as

µi =

(∑
j
σj→h × Bh→i

)
(∑

j
σj→h × Bh→i

)
SM

,

where the labels j and i denote the relevant Higgs production and detection channels. We

furthermore denote the reported experimental values and variances of µi by µ̂i and σ̂2
i ,

respectively (listed in table 1).

A global χ2 is then defined as

χ2(λφ,mφ) =
∑
i

(µi(λφ,mφ)− µ̂i)2

σ2
i

, (2.7)

where we neglect correlations among the various terms as they are not supplied by the

experimental collaborations. As pointed out in [24], theoretical uncertainties are only

relevant for σSM
gg→h, where they amount to a relative error of ±14%. To obtain the σi values

in eq. (2.7), we add this contribution in quadrature with the experimental errors (σ̂i) for

each observable. For each scenario (Φ), we determine the minimum of the χ2 (χ2
min), and

define the 68% (1σ) and 95% (2σ) best-fit regions as solutions to χ2 ≤ χ2
min + ∆χ2, where

∆χ2 are set by the appropriate cumulative distribution function.

2.2 Data

The relevant observables, which can be significantly affected by colored scalar contributions,

are the recently measured LHC Higgs production rates in the WW ∗, ZZ∗, γγ and γγjj

channels [31–39] listed in table 1. In our fit we combine the independent measurements for

each channel using weighted average. The γγjj channel is the only one with a significant

contribution from vector boson fusion (VBF). The expected signal strength in this channel

can be parametrized as [23]

µγγjj =
0.033σgg→h + σVBF

0.033σSM
gg→h + σSM

VBF

×
Bh→γγ
BSM
h→γγ

,

where σgg→h denotes the hadronic gg → h cross section and the ratio σSM
VBF/σ

SM
gg '

0.078 [40] remains almost constant when going from 7 TeV to 8 TeV c.m.s. energy at the

LHC. Since VBF remains SM like in our scenarios, we can also identify σVBF ' σSM
VBF. All

other channels are completely dominated by gg → h production alone.

2.3 Results

We consider contributions of colored scalars listed in table 2 to Higgs production and

decays. The fit parameters are the effective coupling λφ and the colored scalar mass mφ.

In the SM reference scenario, χ2
min/d.o.f. = 1.84.
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CHANNEL µ̂i ± σ̂i REFERENCE

pp→ZZ*→4l 1.25± 0.55 ATLAS7+8 [24]

pp→ZZ*→4l 0.85± 0.3 CMS7+8 [24]

pp→WW*→4l 1.4± 0.5 ATLAS7+8 [39]

pp→WW*→4l 0.7± 0.4 CMS7+8 [24]

pp→γγ 1.7± 0.55 ATLAS7+8 [24]

pp→γγ 1.5± 0.4 CMS7+8 [24]

pp→γγjj 3.2± 0.9 CMS7 [24]

pp→γγjj 1.6± 0.8 CMS8 [24]

Table 1. Data used in the analysis.

SU(3)× SU(2)×U(1) χ2
min χ2(ZZ, WW, γγ, γγjj)

(3,1, 1/3) 6.8 (0.49, 0.25, 1.61, 4.5)

(3,1,−2/3) 7.2 (0.22, 0.09, 2.20, 4.7)

(3,1,−4/3) 6.1 (0.31, 0.30, 2.36, 3.1)

(3,2, 1/6) 7.1 (0.35, 0.17, 1.91, 4.6)

(3,2, 7/6) 6.5 (0.20, 0.21, 2.55, 3.5)

(3,3,−1/3) 7.4 (0.04, 0.01, 2.62, 4.7)

(6,1,−1/3) 6.7 (0.55, 0.28, 1.48, 4.4)

(6,1, 2/3) 6.9 (0.44, 0.21, 1.73, 4.5)

(6,1,−4/3) 7.4 (0.07, 0.03, 2.56, 4.7)

(6,3,−1/3) 0.7 (0.02, 0.04, 0.12, 0.5)

(8,2, 1/2) 1.3 (0.03, 0.00, 0.01, 1.2)

SM 7.4 (0.04, 0.01, 2.63, 4.7)

Table 2. The list of colored scalars that couple to the SM fermions at renormalizable level and

corresponding χ2
min from a fit to Higgs production and decay measurements. Last column shows

contributions to χ2
min from individual observables in the fit whereas the last row contains the SM

result.

We notice two different behaviors in the interesting range of parameters. Obviously,

to enhance h→ γγ, a negative λφ is preferred, but this tends to lower gg → h, affecting all

the measured channels. The goal then would be to have as small C(rΦ) as possible and as

big d(rΦ)Q2
Φi

as possible, and to have a small negative λφ. It turns out, however, that none

of the considered scalars can accommodate all the data in this way. The best candidate

from the list would be the (3,1,−4/3) and we present its χ2 plot in the (λφ,mφ) plane in

figure 1. Clearly, (3,1,−4/3) can fit gg → h well, but fails to enhance h → γγ. This is

typical for most of the scalars listed in table 2, as can be seen from the last column which

shows separate contributions for all observables in the fit. For the sake of the argument, we

also plot the scalar (3,1, 8/3) example, which fits the data perfectly but does not couple

directly to the SM fermions.

Another possibility is to allow λφC(rΦ) to be negative and large, so that contribution

of the scalar in the loop is twice the contribution of the top quark but with opposite sign.

In this case gg → h will again have the same value as in the SM. This particular scenario

– 5 –
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Figure 1. (left) χ2 plot for (3,1,−4/3) state where χ2
min/d.o.f. = 3.05. Black strip is a region in

parameter space with the minimum χ2. Two other regions are the 1σ and 2σ. (right) χ2 plot for

(3,1, 8/3) state where χ2
min/d.o.f. = 0.35.

to keep gg → h at the SM level has been observed in refs. [41, 42]. To accomplish this,

we need large C(rΦ) since λφ is constrained by perturbativity arguments. It turns out

that we have two good candidates listed in table 2 that can accomplish the task. These

are the color sextet (6,3,−1/3) and color octet (8,2, 1/2). The corresponding χ2 plots

for these states are presented in figure 2. Note that the optimal parameter space in both

cases is very narrow. This practically fixes the allowed λφ for a given value of mφ and vice

versa. We obtain χ2
min/d.o.f. = 0.35 and χ2

min/d.o.f. = 0.63 for (6,3,−1/3) and (8,2, 1/2)

scenarios, respectively.

2.4 Other constraints

In this best-fit region, the sextet (octet) masses above 380 GeV (340 GeV) quickly lead to

non-perturbative values of the coupling λΦ >
√

4π. On the other hand, the remaining

interesting range of masses is not yet completely excluded by direct searches at the LHC as

recently emphasized in [6]. In particular the mass window between 200 GeV and 320 GeV

is allowed by present searches for colored scalars at the LHC. Furthermore, current ex-

perimental analyses assume that such scalars are narrow and decay 100% to pairs of jets,

none of which is required or predicted by our fit to the Higgs data (for a recent discussion

on light colored resonances escaping present experimental searches cf. [43, 44]).

Another important issue to address in these scenarios, given the large required λφ cou-

plings, concerns vacuum stability and perturbativity of the scalar potential. We focus here

on the (8,2, 1/2) state for concreteness, while similar conclusions hold for the (6,3,−1/3)

as well. A recent study of vacuum decay constraints on colored scalars coupling to the

Higgs [45] included the (8,2, 1/2) representation and found that in the low energy effective

theory comprising the SM and the color octet weak doublet state, and for the interest-

ing range of color octet masses as extracted from our analysis, vacuum (meta)stability

constraints can be satisfied, provided a quartic term of the form

L 3 −λ4Φ(Φ†aiΦai)
2 , (2.8)

– 6 –
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Figure 2. (left) χ2 plot for (6,3,−1/3) state contribution where χ2
min/d.o.f. = 0.35. (right) χ2

plot for (8,2, 1/2) state contribution where χ2
min/d.o.f. = 0.63.

is present and the couplings satisfy λ4Φ & λ2
Φ/8λ, where λ is the SM Higgs quartic coupling

λ ≡ 2m2
h/v

2
EW and vEW ' 246 GeV is the EW condensate. While this shows that all

involved quartic couplings can be perturbative at the EW scale, this is not necessarily true

up to arbitrary high scales (µ). We study the issue using renormalization group equations

(RGEs). For concreteness we consider the two relevant Φ quartics in eqs. (2.1) and (2.8).1

Taking into account also the effects of the top yukawa (Yt) interaction, the RGEs for λ, λΦ

and λ4Φ at one loop are given by

16π2 dλ

d lnµ
= 24λ2 + 16λ2

Φ + 12Y 2
t λ − 6Y 4

t ,

16π2 dλΦ

d lnµ
= 4λ2

Φ + 12λλΦ + 68λ4ΦλΦ + 6Y 2
t λΦ ,

16π2 dλ4Φ

d lnµ
= 80λ2

4Φ + 2λ2
Φ . (2.9)

We observe that the positive beta function of λ4Φ necessarily drives this coupling to large

positive values at high scales. In particular, for the parameter range preferred by the fit to

the Higgs data and satisfying the vacuum metastability constraint, λ4Φ develops a Landau

pole already at scales µnonpert. . 10 TeV. Such a scenario can thus only represent a low

energy effective theory, which needs to be extended below µnonpert.. One possibility without

introducing new light degrees of freedom is to utilize the couplings of Φ to matter fields. In

particular, couplings to quarks of the form YqΦQ̄LΦqR can induce negative contributions

to the beta functions of λΦ and λ4Φ proportional to Y 2
t Y

2
qΦ and Y 4

qΦ, respectively. Here,

QL, qR refer to left- and right-handed quark fields, respectively. If large enough, such

contributions can, in principle, stabilize the color octet quartics. However, YqΦ also induce

mixing among the various possible terms in the most general scalar potential involving the

(8,2, 1/2) state [46] and its complete RGE study is clearly beyond the scope of the present

paper. Finally we note that the presence of YqΦ might have interesting phenomenological

1For a full list of possible quartics involving the (8,2, 1/2) state and the SM Higgs cf. [46].
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consequences in both flavor observables as well as for collider signatures of the color octet

scalar (cf. [6, 46, 47]). A detailed study of the implications of sizable YqΦ on the UV behavior

of the (8,2, 1/2) scalar potential and the associated phenomenology is in progress.

2.5 Predictions for h → Zγ and di-Higgs production

In the SM, the h→ Zγ decay is generated at the loop level in a very similar way as h→ γγ.

Being extremely suppressed, this channel has not yet been explored by the experimental

collaborations. However, once it is measured, it will be an extremely useful test of possible

explanations of the h → γγ anomaly since, in general, these two rates are related. The

partial decay width for h→ Zγ including colored scalars contribution is given by [48]

Γh→Zγ =
G2
Fm

2
Wα

64π4
m3
h

(
1−

m2
Z

m2
h

)3

×
∣∣∣∣cos θWC1(x−1

W , yW ) +
2(1− (8/3) sin2 θW )

cos θW
C1/2(x−1

t , yt)

+
vEW sin θW

2

∑
i

λφmW gZΦiΦid(rΦ)QΦim
−2
φ C0(x−1

φ , yφ)

∣∣∣∣∣
2

(2.10)

where yi ≡ 4m2
i /m

2
Z and the coupling of φ to Z boson is given in units of |e|, that is

gZΦiΦi = 2(T 3
Φi
−QΦi sin2 θW )/sin 2θW . Here T 3

Φi
represents the value of the weak isospin

of Φi and in eq. (2.10) we sum over all i within the given weak multiplet Φ. The relevant

one-loop functions are defined as

C0(x, y) = I1(x, y),

C1(x, y) = 4(3− tan2 θW )I2(x, y) +
(
(1 + 2x−1) tan2 θW − (5 + 2x−1)

)
I1(x, y),

C1/2(x, y) = I1(x, y)− I2(x, y),

where

I1(x, y) =
xy

2(x− y)
+

x2y2

2(x− y)2

(
f(x−1)− f(y−1)

)
+

x2y

(x− y)2

(
g(x−1)− g(y−1)

)
,

I2(x, y) = − xy

2(x− y)

(
f(x−1)− f(y−1)

)
,

g(x) =
√
x−1 − 1 arcsin

√
x, x ≥ 1.

The SM contributions to h → Zγ induced by the W boson and the top quark are pro-

portional to cos θWC1(x−1
W , yW ) = 5.8 and 2(1− (8/3) sin2 θW )C1/2(x−1

t , yt)/cos θW = −0.3,

respectively. Clearly, the SM result is dominated by the W boson contribution.

We calculate µZγ ≡ Γh→Zγ/Γ
SM
h→Zγ , for the best-fit values of coupling λφ and mass

mφ for the scalars that can accommodate current Higgs data. For the (8,2, 1/2) state we

predict µZγ = (0.90±0.01) throughout the interesting range of scalar masses and couplings.

Similarly, for the (6,3,−1/3) state we get µZγ = (0.70 ± 0.02), again independent of the

scalar mass in the interesting range of parameters. We observe that both scenarios predict

a mild suppression of the h→ Zγ decay rate and that a 20% measurement of the relevant

– 8 –
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branching fraction could start probing the scalar color sextet explanation of the h → γγ

excess, something possibly in reach of the 14 TeV LHC with several hundred fb−1 [49].

Another interesting related process is the di-Higgs production via gluon fusion, i.e.,

gg → hh, which is again loop suppressed in the SM and thus potentially sensitive to non

standard contributions. We accordingly turn our attention to this process. The di-Higgs

production can be significantly affected in the presence of light colored fields. This is

especially true for the regime we explore where |λφ| is large (λφ < 0) and colored state

mass mφ is relatively small [42]. We accordingly evaluate µhh ≡ σgg→hh/σ
SM
gg→hh for the

best-fit values of coupling λφ and mass mφ for both scalars that accommodate current

Higgs data in a satisfactory manner. We use the parton level loop-induced top quark

contribution towards gg → hh amplitude [50] as well as the loop-induced colored scalar

contribution [42] to evaluate total cross-sections σSM
gg→hh and σgg→hh that are relevant for

the current LHC energy reach. We integrate the parton level gg → hh cross sections

using the LO MSTW2008 parton distribution functions [51] with fixed factorization and

normalization scales of 2mh.

At the 8 TeV c.m.s. energy LHC we obtain for the (8,2, 1/2) and (6,3,−1/3) states an

enhancement of µhh = (200± 60) and µhh = (140± 40) respectively, for the best fit regions

of couplings and almost independent of the scalar masses in their interesting range. We

have checked that these values also hold for the 14 TeV LHC energy. We observe that both

scenarios predict significant enhancement of the total cross-section for di-Higgs production

via gluon fusion with respect to the SM predictions. The signals and discovery strategies

within the regime of enhanced di-Higgs production at LHC have been discussed extensively

in ref. [42], where the relevant rates for various final states can be found for both 8 TeV

and 14 TeV c.m.s. energy LHC.

3 Colored scalars and matter unification

Our analysis singles out two particular colored scalars — (8,2, 1/2) and (6,3,−1/3) — as

potential candidates that can consistently address the observed enhancement in h → γγ

decay channel if light enough. Here we want to comment on matter unification scenarios

that predict these scalars to be in a required mass range. Note that although both scalars

couple directly to matter they do not mediate proton decay.

3.1 Color octet

Color octet state is an appealing source of new physics. For example, it is the only scalar

beside the Higgs doublet that can be consistently coupled to the SM quarks within the

Minimal Flavor Violation framework [46]. Octet production at the LHC and relevant

electroweak constraint on its mass and Yukawa couplings in that particular context have

been extensively studied [52]. More recently, there have been numerous studies of the color

octet influences on Higgs physics in view of LHC data and potential signals [41, 42, 53–55].

Note that in all these instances the presence of light octet state is simply assumed.

There are, however, viable unifying models that predict existence of a light color octet

state and correlate it with proton decay signatures [10, 11, 16, 56]. We discuss two par-
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ticular models based on the SU(5) gauge group [28] in what follows. The first model [56]

uses one 5-dimensional (5) and one 45-dimensional (45) scalar representation to accommo-

date charged fermion masses [57] and a set of extra fermion fields from one 24-dimensional

(24F ) representation [58] to accommodate neutrino masses. The phenomenology of light

octet state that resides in the 45-dimensional scalar representation within this particular

context has been addressed in ref. [12]. The second model uses three scalar representations

— 5, 15 and 45 — to accommodate all fermion masses [10, 11]. These two models, beside

the usual matter representations, also use one 24-dimensional scalar representation (24) to

break SU(5) down to SU(3)× SU(2)×U(1).

In both scenarios an upper bound on octet mass is correlated with the observable

partial proton decay lifetimes. In view of the latest experimental data on partial proton

decays modes [59, 60], in particular on p → π0e+, we update these predictions for both

models to demonstrate this correlation.

We show in figure 3 a viable unification for the model with one 5-dimensional and

one 45-dimensional scalar representation and one 24-dimensional matter representation.

Numerical procedure that is used to establish unification of gauge couplings and implement

proton decay constraints is described in detail in ref. [14]. Here, we outline the most

important points that lead to results presented in figure 3. The scalar fields are denoted as

5 ≡ (ΨD,ΨT ) = (1,2, 1/2)⊕(3,1,−1/3), 45 ≡ (∆1,∆2,∆3,∆4,∆5,∆6,∆7) = (8,2, 1/2)⊕
(6,1,−1/3)⊕ (3,3,−1/3)⊕ (3,2,−7/6)⊕ (3,1,−1/3)⊕ (3,1, 4/3)⊕ (1,2, 1/2) and 24 ≡
(Σ8,Σ3,Σ(3,2),Σ(3,2),Σ24) = (8,1, 0)⊕ (1,3, 0)⊕ (3,2,−5/6)⊕ (3,2, 5/6)⊕ (1,1, 0). The

extra fermions in 24F ≡ (ρ8, ρ3, ρ(3,2), ρ(3̄,2), ρ24) = (8,1, 0) ⊕ (1,3, 0) ⊕ (3,2,−5/6) ⊕
(3,2, 5/6)⊕ (1,1, 0) are related through a following set of mass relations [56]

mρ8 = m̂mρ3 , mρ(3,2)
= mρ(3̄,2)

=
(mρ3 +mρ8)

2
. (3.1)

Here, m̂ is a dimensionless free parameter that describes the mass splitting between

masses of ρ8 and ρ3. We accordingly present our findings in a m̂ vs. MGUT plane,

where MGUT represents the scale of gauge coupling unification. MGUT is maximized

through numerical procedure that varies scalar and fermion masses, in accordance with

mass splitting constraints of eq. (3.1), in the following ranges: 200 GeV≤ mΣ3 ,m∆1 ,m∆2 ,

m∆4 ,m∆7 ,mρ3 ,mρ8 ,mρ(3,2)
,mρ(3̄,2)

≤ MGUT, 1012 GeV≤ mΨT
,m∆3 ,m∆5 ≤ MGUT and

105 GeV≤ mΣ8 ≤MGUT [58].

Solid lines in figure 3, going from top to bottom, correspond to m∆1 = 340 GeV, m∆1 =

500 GeV, m∆1 = 5 TeV and m∆1 = 50 TeV. Horizontal dashed line is due to a constraint

imposed by experimental results on proton decay through p→ π0e+ on unification case for

m∆1 = 340 GeV. Note that the difference between constraints on m∆1 = 340 GeV case and

m∆1 = 50 TeV case is practically negligible as it is dominated by the difference in values

of the appropriate unified gauge coupling at the GUT scale for these two cases.

The most important point is that all unification scenarios below the dashed line in

figure 3 are excluded by experimental limits on p → π0e+. The proton decay signature

through p→ π0e+ channel is derived assuming that the Yukawa matrices for matter fields

are symmetric. This assumption allows for light ∆6 as it prevents ∆6 to couple to a
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Figure 3. Viable unification for the model with 5-dimensional and 45-dimensional scalar represen-

tations and an extra set of fermions in 24-dimensional representation in m̂ vs. MGUT plane at the

one-loop level for central values of low-energy observables. Solid lines, going from top to bottom,

correspond to m∆1 = 340 GeV, m∆1 = 500 GeV, m∆1 = 5 TeV and m∆1 = 50 TeV. Horizontal

dashed line is due to the constraint imposed by experimental limit on partial proton decay lifetime

through p→ π0e+ on m∆1
= 340 GeV case.

quark-quark pair [61]. That, on the other hand, renders ∆6 innocuous as far as proton

decay constraints are concerned. The same assumption removes dependence on unitary

redefinitions of quark and lepton fields from proton decay operators induced through tree-

level exchange of heavy gauge bosons. Note that the mass of ∆6 = (3,1, 4/3) needs to be

below 560 GeV if it is to explain the g− 2 anomaly of muon through perturbative Yukawa

couplings [20]. We take it to be m∆6 = 350 GeV to generate figure 3. If ∆6 mass is

closer to 560 GeV the allowed GUT scale would be slightly raised with respect to what is

shown in figure 3. One should also worry that such a light colored state that resides in

the same representation of SU(5) as the octet field could spoil results for the satisfactory

enhancement of h → γγ signal. For example, if (3,1, 4/3) is to couple to the Higgs field

with the same strength as the octet components one would need to simultaneous fit data

with both fields to address the viability of such scenario. In the most general case one

would have a situation where the triplet and the octet have different couplings to the Higgs

boson and different masses.

To generate results shown in figure 3 we update some of input parameters with regard

to what is used in ref. [14] to produce partial decay width for p→ π0e+. We use αs(mZ) =

0.1184 [62], τp→π0e+ > 1.3 × 1034 years [59, 60] and α̂ = −0.0112 GeV3 [63]. Here α̂ is

the relevant nucleon matrix element. The predicted proton lifetime for p → π0e+ due

to gauge mediation is at most a factor of 5 above the current experimental limit for the

m∆1 = 340 GeV case while the proton lifetime due to scalar mediation is already at the

present limit.

The GUT scale in figure 3 is maximized by imposing a lower bound on proton decay me-

diating scalars, i.e., ΨT , ∆3 and ∆5, to be 1012 GeV. It has been recently shown [61] that the

scalar exchange dominated proton decay in the models with 5- and 45-dimensional scalar

representations with symmetric Yukawa couplings to matter fields constrains the mass of

ΨT through experimental data on p → K+ν̄ channel to be above 1.2 × 1013(100 GeV/v5)

– 11 –
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Figure 4. Viable unification for the model with 5-, 15- and 45-dimensional scalar representations in

m∆1
vs. MGUT plane at the one-loop level for central values of low-energy observables. Horizontal

dashed line represents a limit due to the constraint imposed by experimental limit on partial proton

decay lifetime through p→ π0e+.

and 1.5× 1011(100 GeV/v5) GeV in the most and least conservative case, respectively. We

use τp→K+ν̄ > 4.0 × 1033 years [59], while the VEVs for 5- and 45-dimensional represen-

tations — v5 and v45 — satisfy |v5|2/2 + 12|v45|2 = v2
EW. This conclusively shows that

1012 GeV is a reliable lower bound on the mass of proton decay mediating scalars for

one-loop unification considerations.

We present in figure 4 a viable unification for the model with 5-, 15- and 45-dimensional

scalar representations in a m∆1 vs. MGUT plane at the one-loop level for central values

of low-energy observables. We use 200 GeV≤ mΣ3 ,m∆1 , m∆2 ,m∆4 ,m∆6 , m∆7 , mρ(3,2)
,

mρ(3̄,2)
,mΦa ,mΦc ≤ MGUT, 1012 GeV≤ mΨT

,m∆3 ,m∆5 ,mΦb
≤ MGUT, 105 GeV≤ mΣ8 ≤

MGUT, where 15 = (Φa,Φb,Φc) = (1,3, 1) ⊕ (3,2, 1/6) ⊕ (6,1,−2/3). In this case the

predicted proton partial lifetime for p→ π0e+ channel due to gauge mediation is at most a

factor of 26 above the current experimental limit for m∆1 = 300 GeV. The proton lifetime

due to scalar mediation, on the other hand, is at the present limit.

The relevant coupling of the octet to the-would-be Higgs field h originates from the

following set of SU(5) contractions: λ15
∗
α5α45βγδ 45∗ δβγ and λ25

∗
α5β45αδγ 45∗ γβδ . The couplings

of the neutral and charged component of the octet ∆1 to the-would-be SM Higgs, under the

assumption that the SM doublet primarily originates from 5-dimensional representation,

are λφ0 = 2λ1 + λ2 and λφ+ = 2λ1, respectively. Any mixing between the doublets in 5-

and 45-dimensional representation can be easily accounted for. In any case, we need to go

to the limit v5 > v45. To reproduce the setup used in section 2 where the h → γγ excess

is accounted for via custodial symmetric color octet loops one needs to assume that λ2 is

much smaller than λ1.

3.2 Color sextet

The color sextet (6,3,−1/3) resides in 50- and 70-dimensional representations of SU(5) [64].

It has been shown that it can provide for gauge coupling unification within an SU(5) frame-

work [15]. It is, however, difficult to connect its lightness to proton decay or correlate

its Yukawa couplings with the origin of masses for matter fields without additional as-

sumptions in that particular setup. This seems, instead, to require an SO(10) embedding

– 12 –



J
H
E
P
1
1
(
2
0
1
2
)
1
3
0

scheme. Namely, the color sextet is part of 126- and 210-dimensional representations of

SO(10). Both representations are frequently used in model building with the former one

being crucial in explaining observed fermion masses. For example, colored scalars, which

are part of 126-dimensional representation of SO(10) and are light enough to be accessible

at the LHC, have recently been proposed in refs. [16–18]. In fact, there already exists

a viable setup with an intermediate-scale sextet [16]. It might thus be feasible to have

very light (6,3,−1/3) scalar that would originate from an SO(10) model. We leave it

to future studies.

4 Conclusions

We have considered the impact of light colored scalars that can couple directly to matter

fields on the recently observed h→ γγ excess. We find two viable scenarios where two states

— (8,2, 1/2) and (6,3,−1/3) — can individually influence the excess in a constructive way

and remain in excellent agreement with all available data. The colored states in question

should have a substantial coupling to the SM Higgs of order one and a mass of order 300 GeV

(or below) in order to explain the data. In particular, perturbativity arguments require

that the sextet and octet masses should be below 380 GeV and 340 GeV, respectively. The

best fit values for the colored scalar masses and couplings to the Higgs are used to generate

predictions for h → Zγ and di-Higgs production. We find moderate suppression of the

partial decay width h→ Zγ with regard to the SM value. The di-Higgs production, on the

other hand, is enhanced by at least a factor of a hundred with respect to the SM prediction

at both the 8 TeV and 14 TeV LHC. We subsequently study extensions of the SM where

these states naturally appear with primary focus on matter unification models based on

SU(5) gauge group. It is shown that two simple models correlate light color octet mass with

observable proton decay. For the color octet mass of 340 GeV the predicted partial proton

decay lifetime through p → π0e+ channel is a factor of 5 (25) above the current limit for

the model with extra fermions (scalars) in 24-dimensional (15-dimensional) representation.

In the model with extra fermions it is also possible to accommodate the (g− 2)µ anomaly,

albeit through a presence of an additional light colored scalar. In conclusion, the presented

setup relates high scale matter unification and matter stability to Higgs physics via the

effects of light colored scalar states.

Acknowledgments

This work was supported in part by the Slovenian Research Agency. I.D. acknowledges

support by SNSF through the SCOPES project IZ74Z0 137346.

References

[1] J.C. Pati and A. Salam, Lepton number as the fourth color, Phys. Rev. D 10 (1974) 275

[Erratum ibid. D 11 (1975) 703-703] [INSPIRE].

[2] J. Shu, T.M. Tait and K. Wang, Explorations of the top quark forward-backward asymmetry

at the Tevatron, Phys. Rev. D 81 (2010) 034012 [arXiv:0911.3237] [INSPIRE].

– 13 –

http://dx.doi.org/10.1103/PhysRevD.10.275
http://inspirehep.net/search?p=find+J+Phys.Rev.,D10,275
http://dx.doi.org/10.1103/PhysRevD.81.034012
http://arxiv.org/abs/0911.3237
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.3237


J
H
E
P
1
1
(
2
0
1
2
)
1
3
0

[3] I. Dorsner, S. Fajfer, J.F. Kamenik and N. Kosnik, Light colored scalars from grand

unification and the forward-backward asymmetry in tt̄ production, Phys. Rev. D 81 (2010)

055009 [arXiv:0912.0972] [INSPIRE].

[4] A. Arhrib, R. Benbrik and C.-H. Chen, Forward-backward asymmetry of top quark in diquark

models, Phys. Rev. D 82 (2010) 034034 [arXiv:0911.4875] [INSPIRE].

[5] I. Dorsner, J. Drobnak, S. Fajfer, J.F. Kamenik and N. Kosnik, Limits on scalar leptoquark

interactions and consequences for GUTs, JHEP 11 (2011) 002 [arXiv:1107.5393] [INSPIRE].

[6] W. Altmannshofer, R. Primulando, C.-T. Yu and F. Yu, New physics models of direct

CP-violation in charm decays, JHEP 04 (2012) 049 [arXiv:1202.2866] [INSPIRE].

[7] S.M. Barr and X. Calmet, Observable proton decay from Planck scale physics,

arXiv:1203.5694 [INSPIRE].

[8] P. Fileviez Perez and M.B. Wise, On the origin of neutrino masses, Phys. Rev. D 80 (2009)

053006 [arXiv:0906.2950] [INSPIRE].

[9] I. Dorsner and P. Fileviez Perez, Unification without supersymmetry: neutrino mass, proton

decay and light leptoquarks, Nucl. Phys. B 723 (2005) 53 [hep-ph/0504276] [INSPIRE].

[10] I. Dorsner and P. Fileviez Perez, Unification versus proton decay in SU(5), Phys. Lett. B

642 (2006) 248 [hep-ph/0606062] [INSPIRE].

[11] I. Dorsner and I. Mocioiu, Predictions from type-II see-saw mechanism in SU(5), Nucl. Phys.

B 796 (2008) 123 [arXiv:0708.3332] [INSPIRE].

[12] P. Fileviez Perez, H. Iminniyaz and G. Rodrigo, Proton stability, dark matter and light color

octet scalars in adjoint SU(5) unification, Phys. Rev. D 78 (2008) 015013

[arXiv:0803.4156] [INSPIRE].

[13] K.M. Patel and P. Sharma, Forward-backward asymmetry in top quark production from light

colored scalars in SO(10) model, JHEP 04 (2011) 085 [arXiv:1102.4736] [INSPIRE].

[14] I. Dorsner, S. Fajfer, J.F. Kamenik and N. Kosnik, Light colored scalars from grand

unification and the forward-backward asymmetry in tt̄ production, Phys. Rev. D 81 (2010)

055009 [arXiv:0912.0972] [INSPIRE].

[15] D.C. Stone and P. Uttayarat, Explaining the tt̄ forward-backward asymmetry from a

GUT-inspired model, JHEP 01 (2012) 096 [arXiv:1111.2050] [INSPIRE].

[16] S. Bertolini, L. Di Luzio and M. Malinsky, Seesaw scale in the minimal renormalizable

SO(10) grand unification, Phys. Rev. D 85 (2012) 095014 [arXiv:1202.0807] [INSPIRE].

[17] K. Babu and R. Mohapatra, Coupling unification, GUT-scale baryogenesis and

neutron-antineutron oscillation in SO(10), Phys. Lett. B 715 (2012) 328 [arXiv:1206.5701]

[INSPIRE].

[18] K. Babu and R. Mohapatra, B-L violating proton decay modes and new baryogenesis

scenario in SO(10), Phys. Rev. Lett. 109 (2012) 091803 [arXiv:1207.5771] [INSPIRE].

[19] I. Dorsner, S. Fajfer, J.F. Kamenik and N. Kosnik, Light colored scalar as messenger of

up-quark flavor dynamics in grand unified theories, Phys. Rev. D 82 (2010) 094015

[arXiv:1007.2604] [INSPIRE].

[20] I. Dorsner, J. Drobnak, S. Fajfer, J.F. Kamenik and N. Kosnik, Limits on scalar leptoquark

interactions and consequences for GUTs, JHEP 11 (2011) 002 [arXiv:1107.5393] [INSPIRE].

[21] B. Patt and F. Wilczek, Higgs-field portal into hidden sectors, hep-ph/0605188 [INSPIRE].

– 14 –

http://dx.doi.org/10.1103/PhysRevD.81.055009
http://dx.doi.org/10.1103/PhysRevD.81.055009
http://arxiv.org/abs/0912.0972
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.0972
http://dx.doi.org/10.1103/PhysRevD.82.034034
http://arxiv.org/abs/0911.4875
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.4875
http://dx.doi.org/10.1007/JHEP11(2011)002
http://arxiv.org/abs/1107.5393
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.5393
http://dx.doi.org/10.1007/JHEP04(2012)049
http://arxiv.org/abs/1202.2866
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.2866
http://arxiv.org/abs/1203.5694
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.5694
http://dx.doi.org/10.1103/PhysRevD.80.053006
http://dx.doi.org/10.1103/PhysRevD.80.053006
http://arxiv.org/abs/0906.2950
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.2950
http://dx.doi.org/10.1016/j.nuclphysb.2005.06.016
http://arxiv.org/abs/hep-ph/0504276
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0504276
http://dx.doi.org/10.1016/j.physletb.2006.09.034
http://dx.doi.org/10.1016/j.physletb.2006.09.034
http://arxiv.org/abs/hep-ph/0606062
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0606062
http://dx.doi.org/10.1016/j.nuclphysb.2007.12.004
http://dx.doi.org/10.1016/j.nuclphysb.2007.12.004
http://arxiv.org/abs/0708.3332
http://inspirehep.net/search?p=find+EPRINT+arXiv:0708.3332
http://dx.doi.org/10.1103/PhysRevD.78.015013
http://arxiv.org/abs/0803.4156
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.4156
http://dx.doi.org/10.1007/JHEP04(2011)085
http://arxiv.org/abs/1102.4736
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.4736
http://dx.doi.org/10.1103/PhysRevD.81.055009
http://dx.doi.org/10.1103/PhysRevD.81.055009
http://arxiv.org/abs/0912.0972
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.0972
http://dx.doi.org/10.1007/JHEP01(2012)096
http://arxiv.org/abs/1111.2050
http://inspirehep.net/search?p=find+EPRINT+arXiv:1111.2050
http://dx.doi.org/10.1103/PhysRevD.85.095014
http://arxiv.org/abs/1202.0807
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.0807
http://dx.doi.org/10.1016/j.physletb.2012.08.006
http://arxiv.org/abs/1206.5701
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5701
http://dx.doi.org/10.1103/PhysRevLett.109.091803
http://arxiv.org/abs/1207.5771
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.5771
http://dx.doi.org/10.1103/PhysRevD.82.094015
http://arxiv.org/abs/1007.2604
http://inspirehep.net/search?p=find+EPRINT+arXiv:1007.2604
http://dx.doi.org/10.1007/JHEP11(2011)002
http://arxiv.org/abs/1107.5393
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.5393
http://arxiv.org/abs/hep-ph/0605188
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0605188


J
H
E
P
1
1
(
2
0
1
2
)
1
3
0

[22] W.-F. Chang, J.N. Ng and J.M. Wu, Constraints on new scalars from the LHC 125 GeV

Higgs signal, Phys. Rev. D 86 (2012) 033003 [arXiv:1206.5047] [INSPIRE].

[23] J. Espinosa, C. Grojean, M. Muhlleitner and M. Trott, First glimpses at Higgs’ face,

arXiv:1207.1717 [INSPIRE].

[24] P.P. Giardino, K. Kannike, M. Raidal and A. Strumia, Is the resonance at 125 GeV the Higgs

boson?, arXiv:1207.1347 [INSPIRE].

[25] T. Corbett, O. Eboli, J. Gonzalez-Fraile and M. Gonzalez-Garcia, Constraining anomalous

Higgs interactions, Phys. Rev. D 86 (2012) 075013 [arXiv:1207.1344] [INSPIRE].

[26] D. Carmi, A. Falkowski, E. Kuflik, T. Volansky and J. Zupan, Higgs after the discovery: a

status report, JHEP 10 (2012) 196 [arXiv:1207.1718] [INSPIRE].

[27] B. Batell, S. Gori and L.-T. Wang, Exploring the Higgs portal with 10/fb at the LHC, JHEP

06 (2012) 172 [arXiv:1112.5180] [INSPIRE].

[28] H. Georgi and S. Glashow, Unity of all elementary particle forces, Phys. Rev. Lett. 32 (1974)

438 [INSPIRE].

[29] A. Djouadi, The anatomy of electro-weak symmetry breaking. II. The Higgs bosons in the

minimal supersymmetric model, Phys. Rept. 459 (2008) 1 [hep-ph/0503173] [INSPIRE].

[30] R. Barbieri, A. Pomarol, R. Rattazzi and A. Strumia, Electroweak symmetry breaking after

LEP-1 and LEP-2, Nucl. Phys. B 703 (2004) 127 [hep-ph/0405040] [INSPIRE].

[31] ATLAS collaboration, F. Giannotti Observation of an excess of events in the search for the

standard model Higgs boson with the ATLAS detector at the LHC, CERN Seminar, July 4,

2012, ATLAS-CONF-2012-093.

[32] CMS collaboration, J. Incandela, Update on the Higgs boson searches at the LHC, CERN

Seminar, July 4, 2012 http://cdsweb.cern.ch/record/1459513.

[33] CDF and D0 collaborations, E. James and W. Fisher, CDF and D0 Higgs results with the

full Tevatron dataset, talk given at the Tevatron Higgs Seminar, July 2, 2012,

tevnphwg.fnal.gov/results/SM_Higgs...12/jul02_wine_cheese.pdf.

[34] CMS collaboration, Combination of SM, SM4, FP Higgs boson searches, PAS-HIG-12-008

(2012).

[35] CMS collaboration, Search for the Higgs boson in the fully leptonic w+w− final state,

PAS-HIG-11-024 (2011).

[36] ATLAS and CMS collaborations, SM scalar boson search with ATLAS and CMS, talk given

at Moriond 2012 EW session, March 7, 2012.

[37] CMS collaboration, S. Chatrchyan et al., Search for the standard model Higgs boson decaying

into two photons in pp collisions at
√
s = 7 TeV, Phys. Lett. B 710 (2012) 403

[arXiv:1202.1487] [INSPIRE].

[38] CMS collaboration, Search for the fermiophobic model Higgs boson decaying into two

photons, PAS-HIG-12-002 (2012).

[39] O. Arnaez, Searches for the SM scalar boson in the WW decay channel with the ATLAS

experiment, talk given at Higgs Hunting 2012, July 18, 2012, Orsay France.

[40] LHC Higgs Cross Section Working Group collaboration, S. Dittmaier et al., Handbook

of LHC Higgs cross sections: 1. Inclusive observables, arXiv:1101.0593 [INSPIRE].

– 15 –

http://dx.doi.org/10.1103/PhysRevD.86.033003
http://arxiv.org/abs/1206.5047
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5047
http://arxiv.org/abs/1207.1717
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1717
http://arxiv.org/abs/1207.1347
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1347
http://dx.doi.org/10.1103/PhysRevD.86.075013
http://arxiv.org/abs/1207.1344
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1344
http://dx.doi.org/10.1007/JHEP10(2012)196
http://arxiv.org/abs/1207.1718
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.1718
http://dx.doi.org/10.1007/JHEP06(2012)172
http://dx.doi.org/10.1007/JHEP06(2012)172
http://arxiv.org/abs/1112.5180
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.5180
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,32,438
http://dx.doi.org/10.1016/j.physrep.2007.10.005
http://arxiv.org/abs/hep-ph/0503173
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0503173
http://dx.doi.org/10.1016/j.nuclphysb.2004.10.014
http://arxiv.org/abs/hep-ph/0405040
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0405040
http://cdsweb.cern.ch/record/1460439
http://cdsweb.cern.ch/record/1459513
tevnphwg.fnal.gov/results/SM_Higgs...12/jul02_wine_cheese.pdf
http://cdsweb.cern.ch/record/1429928
http://cdsweb.cern.ch/record/1406341
http://dx.doi.org/10.1016/j.physletb.2012.03.003
http://arxiv.org/abs/1202.1487
http://inspirehep.net/search?p=find+EPRINT+arXiv:1202.1487
http://cdsweb.cern.ch/record/1430018
http://arxiv.org/abs/1101.0593
http://inspirehep.net/search?p=find+EPRINT+arXiv:1101.0593


J
H
E
P
1
1
(
2
0
1
2
)
1
3
0

[41] B.A. Dobrescu, G.D. Kribs and A. Martin, Higgs underproduction at the LHC, Phys. Rev. D

85 (2012) 074031 [arXiv:1112.2208] [INSPIRE].

[42] G.D. Kribs and A. Martin, Enhanced di-Higgs production through light colored scalars,

arXiv:1207.4496 [INSPIRE].

[43] G. Marques Tavares and M. Schmaltz, Explaining the tt̄ asymmetry with a light axigluon,

Phys. Rev. D 84 (2011) 054008 [arXiv:1107.0978] [INSPIRE].

[44] J. Drobnak, J.F. Kamenik and J. Zupan, Flipping tt̄ asymmetries at the Tevatron and the

LHC, Phys. Rev. D 86 (2012) 054022 [arXiv:1205.4721] [INSPIRE].

[45] M. Reece, Vacuum instabilities with a wrong-sign Higgs-gluon-gluon amplitude,

arXiv:1208.1765 [INSPIRE].

[46] A.V. Manohar and M.B. Wise, Flavor changing neutral currents, an extended scalar sector

and the Higgs production rate at the CERN LHC, Phys. Rev. D 74 (2006) 035009

[hep-ph/0606172] [INSPIRE].

[47] M. Gerbush, T.J. Khoo, D.J. Phalen, A. Pierce and D. Tucker-Smith, Color-octet scalars at

the CERN LHC, Phys. Rev. D 77 (2008) 095003 [arXiv:0710.3133] [INSPIRE].

[48] M. Carena, I. Low and C.E. Wagner, Implications of a modified Higgs to diphoton decay

width, JHEP 08 (2012) 060 [arXiv:1206.1082] [INSPIRE].

[49] J.S. Gainer, W.-Y. Keung, I. Low and P. Schwaller, Looking for a light Higgs boson in the

Zγ → ``γ channel, Phys. Rev. D 86 (2012) 033010 [arXiv:1112.1405] [INSPIRE].

[50] E.N. Glover and J. van der Bij, Higgs boson pair production via gluon fusion, Nucl. Phys. B

309 (1988) 282 [INSPIRE].

[51] A. Martin, W. Stirling, R. Thorne and G. Watt, Parton distributions for the LHC, Eur.

Phys. J. C 63 (2009) 189 [arXiv:0901.0002] [INSPIRE].

[52] M.I. Gresham and M.B. Wise, Color octet scalar production at the LHC, Phys. Rev. D 76

(2007) 075003 [arXiv:0706.0909] [INSPIRE].

[53] J.M. Arnold and B. Fornal, Color octet scalars and high pT four-jet events at LHC, Phys.

Rev. D 85 (2012) 055020 [arXiv:1112.0003] [INSPIRE].

[54] Y. Bai, J. Fan and J.L. Hewett, Hiding a heavy Higgs boson at the 7 TeV LHC, JHEP 08

(2012) 014 [arXiv:1112.1964] [INSPIRE].

[55] K. Kumar, R. Vega-Morales and F. Yu, Effects from new colored states and the Higgs portal

on gluon fusion and Higgs decays, arXiv:1205.4244 [INSPIRE].

[56] P. Fileviez Perez, Renormalizable adjoint SU(5), Phys. Lett. B 654 (2007) 189

[hep-ph/0702287] [INSPIRE].

[57] H. Georgi and C. Jarlskog, A new lepton - Quark mass relation in a unified theory, Phys.

Lett. B 86 (1979) 297 [INSPIRE].
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