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Effects from new colored states and the Higgs portal on gluon fusion and Higgs boson decays
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We study effects from new colored states and the Higgs portal on gluon fusion production. We
isolate possible loop contributions from new colored scalars, fermions, and vectors, incorporating
effects from Higgs portal-induced scalar mixing, thus leading to dramatic effects on gluon fusion and
branching fractions. Higgs identification must generally allow for these effects, and using our results,
possible tensions from fits to the Standard Model expectation can be relieved by inclusion of New

Physics effects.
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I. INTRODUCTION

The ATLAS [1] and CMS [2] experiments at the Large
Hadron Collider have recently presented results that indi-
cate the observation (also supported by evidence coming
from the 1.96 TeV run of the Tevatron [3]) of a new
resonance. When interpreted as a Standard Model (SM)
Higgs, the combined channels are consistent with the SM
expectation at 1o, yet individual channels show deviations
from the SM expectation in the 1-2¢ range. The discovery
of the Higgs boson would certainly be one of the most
exciting developments in particle physics to date, and it is
tempting to assume this new resonance is indeed the Higgs,
but establishing the true nature of this excess as the SM
Higgs must still proceed with due diligence.

The two main theoretical inputs in performing such a
Higgs identification are the Standard Model branching
fractions for each of the decay channels used in the combi-
nation and the overall Higgs production cross section. We
highlight that Higgs production from gluon fusion, the
dominant production mode at hadron colliders, occurs
via loops of SM quarks and is hence uniquely sensitive
to New Physics (NP) effects arising from new colored
states [4-26] or more general Higgs portal [27-39] and
scalar mixing effects [40—44]. The vy branching fraction,
which arises at loop level in the Standard Model [45], is
similarly sensitive to NP effects [46-50]. For example, in
the well-studied four-generation Standard Model (SM4),
gluon fusion rates are enhanced while the branching ratio
to diphotons is suppressed [46,51-61].

Moreover, the landmark discovery of a Standard Model
Higgs crucially relies on affirming the hypothesis of the
Higgs mechanism for spontaneous breaking of SU(2); X
U(1)y gauge symmetry, which predicts the existence of the
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Higgs boson. This fundamental test can only come after
directly measuring the Higgs couplings to the SU(2)
gauge bosons. The fact that the Higgs is responsible for
chiral symmetry breaking in the Standard Model and hence
gives fermion masses is only a byproduct of the Higgs
mechanism, and thus, in particular, the gluon fusion Higgs
production mode does not directly probe the Higgs mecha-
nism. This implies that NP could still be hiding in the gluon
fusion process without effecting electroweak symmetry
breaking (EWSB).

This crucial point, which has also been emphasized in
several recent papers [19,20,32,35,38], means that the
LHC Higgs searches can be skewed by the presence of
new colored particles which positively or negatively con-
tribute to gluon fusion. Moreover, the excess in the data
should be interpreted not only in the context of a SM Higgs
but also in the more exciting scenario of a possible new
scalar state which arises from a Higgs portal-induced mix-
ing between the SM Higgs and a new scalar. We demon-
strate that extended color sectors involving new colored
particles will generally give rise to both effects. In particu-
lar, if the new colored particles do not get their mass from
the vacuum expectation value (VEV) of the Higgs boson,
then a generic Higgs portal term can give rise to Higgs
mixing. We can see that direct Higgs coupling and Higgs
portal-induced scalar mixing are two important categories
of NP contributions that can have marked effects on Higgs
collider signals, and thus we consider them simultaneously.

Motivated by the possibility of probing new colored
states via gluon fusion, we adopt a building block approach
for an arbitrary NP model. Namely, we isolate and calcu-
late the gluon fusion amplitude for new colored scalars,
fermions, and vectors. In the case of the colored vector, we
present the calculation in the context of the renormalizable
coloron model (ReCoM) [62-64] such that the concomi-
tant effects from maintaining UV consistency can be read-
ily included. We also allow for Higgs mixing, where the
SM Higgs is mixed with a new scalar. In addition, for a
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mild and well-motivated set of assumptions, we give ge-
neric expressions for branching ratios of the scalar mass
eigenstates into the most sensitive SM Higgs decay modes.

Since our work has some overlap with many studies in
the literature, we survey several representative papers and
elaborate on the differences. A few recent papers have
focused on our first category of NP effects for gg — & in
which the NP states couple directly to the SM Higgs. In
particular, the authors of Ref. [32] focused solely on the
situation where new particle masses arise from the Higgs
VEV, which simultaneously sharpens their discussion of
resulting gluon fusion and diphoton decay phenomenology
and limits the breadth of their conclusions. Separately, the
authors of Ref. [20] focused on Higgs portal phenomenology
with new colored scalars, while the work in Refs. [33,35]
also included new scalars transforming under the full SM
gauge symmetry. A similar study, emphasizing the con-
straints from electroweak precision fits, was performed in
Refs. [18,19]. We go beyond these direct coupling studies
by also including the effects of a colored vector.

There have also been a number of recent studies [65,66]
where fits are performed in order to determine how consis-
tent the data is with a SM Higgs hypothesis. These studies
find that generally the excess is largely consistent with a SM
Higgs with a tantalizing but small enhancement in the yy
channel. However, these fits still have large uncertainties,
and the next data set can change the picture drastically. Also,
the Higgs couplings to bosons rely heavily on the vector
boson fusion channel, which has large fluctuations between
7 and 8 TeV. These uncertainties leave room for modifica-
tions to the coupling of the SM Higgs to gluons, which can
be either enhanced or suppressed given the sign of the Higgs
portal term. We will examine this in detail below.

Regarding our second category of NP effects, when the
SM Higgs mixes with a new scalar via a Higgs portal term,
a majority of the literature has focused on the case where
the New Physics sector is completely invisible to the SM
[27-30,34,36,39], providing a possible connection to the
dark matter. In this situation, as we will see in Sec. II, only
a simple mixing angle is needed to parametrize the effects
on Higgs phenomenology if no new decays are kinemati-
cally allowed. Our work considers the more complicated
scenario where the new scalar couples to new colored
particles, similar to Ref. [35], as mentioned above.

In addition to these renormalizable scenarios of NP
effects on loop-induced SM Higgs phenomenology, a few
papers have followed an effective field theory approach by
constructing and constraining the size of dimension-six
operators. In Ref. [7] the authors focused on the coeffi-
cients and constraints of operators for 4 — yvy, yZ, and
gg, while Ref. [12] extending the discussion to include
h — ff as well. Importantly, both of these studies assume
any New Physics contributions are heavy enough to be
integrated out, thus there are no new particles in the low
energy spectrum.
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In contrast to the previous literature, therefore, we
discuss the general case using renormalizable interactions
when both categories of NP effects are present. We isolate
contributions with new colored scalars, new colored
fermions, including Standard Model quark mixing, and
new colored vectors, and we allow such effects to be
modified by Higgs mixing.

The paper is organized as follows. In Sec. II, we discuss
general aspects of the Higgs portal relevant for our analysis
of Standard Model Higgs production from gluon fusion. In
Sec. III, we briefly review the leading-order gg — h cal-
culation for the Standard Model, as well as the trivial
extension of adding a fourth generation. In Sec. IV, we
discuss gluon fusion in the presence of a new colored
scalar. In Sec. V, we present the analogous calculation
for a general new colored fermion. Lastly, in Sec. VI, we
discuss the interesting case of a new colored vector and its
effects on gluon fusion in the context of a UV-complete,
renormalizable model. Details of this calculation are pre-
sented in the Appendix. We summarize and conclude in
Sec. VIL

II. THE HIGGS PORTAL AND HIGGS MIXING

In this section, we review the Higgs portal as a general
framework for studying the connection between arbitrary
New Physics models and Higgs physics, with a special
emphasis on the resulting effect on gluon fusion.

In the SM, the Higgs field is responsible for breaking
SU((2); X U(1)y gauge symmetry, resulting in masses for
the W* and Z bosons as well as the chiral SM fermions. By
virtue of being the only scalar field present in the SM, the
Higgs also generates H'H, which is the lowest mass
dimension operator possible in the SM that is both gauge
and Lorentz invariant. Hence, arbitrary NP operators can
then be tacked on to H'H to give

L, D A, OnpHYH. (D)

Although Oyp can be an arbitrarily high-dimension opera-
tor, with an appropriate power suppression from a high
scale Ayp, a generic Higgs portal term is only typically
unsuppressed when Oyp itself is dimension two and gauge
and Lorentz invariant: hence, we take Oxp ~ ®T®. One
exception is the case when a new scalar field is a pure SM
and NP gauge singlet, but since we are focused on NP
effects on gluon fusion, we will not discuss the gauge
singlet case further.

One class of NP effects on gluon fusion arises from new
colored states that directly enter the gg — h loop diagram.
The direct coupling of colored states to the Higgs via
Eq. (1) implies the mass of the new state is shifted after
EWSB, and as this direct coupling is turned off, the NP
effect vanishes. This class of effects is typified by models
with new colored scalars, but a new fermion with Yukawa-
like couplings to the SM Higgs boson also follows this
scheme, albeit not via the Higgs portal. Although the case
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where the mass of the NP state arises primarily from the
Higgs VEV was discussed in Ref. [32], in our more general
framework the NP mass scale and the new couplings to the
SM Higgs are independent.

Since new particle masses do not have to arise from the
SM Higgs VEV, a second broad class of NP effects on
gluon fusion emerges. Namely, if a new scalar field obtains
a VEV to spontaneously break a new gauge symmetry and
if a Higgs portal term is present, this new scalar field will
mix with the SM Higgs. In this class, NP effects coming
from new colored states can infiltrate gluon fusion through
the mixing induced from the Higgs portal even if these
states do not directly couple to the SM Higgs. These effects
will also exhibit the familiar nondecoupling features in SM
gg — h loop calculations by chiral fermions or 7 — yvy
loop calculations by W bosons if the analogous NP states
are present [45,67,68]; however, this nondecoupling fea-
ture only applies to the new scalar field component of the
scalar mass eigenstates.

As mentioned in the introduction, we allow for both
direct and Higgs mixing mediated categories of NP effects
to be present simultaneously. These effects arise in many
extended color sector models, and we consider isolated
new colored scalars, fermions, and vectors in turn. For
colored scalars, we couple them to the Higgs via the
Higgs portal in Eq. (1), and hence they will exhibit an
example of the direct category of NP effects with A, as the
direct coupling. For colored fermions, we consider two
subcategories distinguished by the possibility of SM
fermion mixing. If new fermions are introduced that mix
with SM fermions, the usual SM calculation is modified to
accommodate fermion mass eigenstates that do not typi-
cally couple with the SM Higgs with the usual Yukawa
strength. Without such fermion mixing, the SM calculation
is unchanged, and the new contribution arises from direct
Yukawa couplings to the Higgs, the new scalar, or both.
The decoupling behavior of new colored fermions are
parametrized by fermion mixing angles and the possible
scalar mixing angle.

Perhaps the most interesting case is that of a massive
colored vector boson. Here, in order to have a theory which
is tree level unitary [69], it is natural to consider an
extended color symmetry which is then spontaneously
broken to SU(3), gauge symmetry. Then the massive vec-
tors corresponding to the broken generators form represen-
tations of the unbroken color symmetry. We are thus left
with a renormalizable, unitary, spontaneously broken
gauge theory [70].

We remark that another class of New Physics effects via
the Higgs portal operator is possible. Broadly speaking, at
the renormalizable level, where Oxp ~ ®T® in Eq. (1),
one class of Higgs portal effects is characterized by new
colored scalars that do not obtain VEVs. The second class
is driven by new uncolored scalars that do obtain VEVs
from their scalar potential. Another possibility is colored
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scalars that do obtain VEVs, but such color-breaking vacua
are not viable phenomenologically. The last possibility
consists of new uncolored scalars that do not obtain
VEVs from their scalar potential. Such a scalar does not
enter the gg — h loop, but if A, is large and positive, the
resulting Higgs portal-induced shift in mass squared
—Ay pv% (v, is the Higgs VEV) could drive the new scalar
to acquire a VEV. Hence, this last category of portal
symmetry breaking models is unique because the Higgs
portal coupling is a necessary ingredient for driving the
new scalar to obtain a nonzero VEV. Obviously, the roles of
the new scalar and the Higgs scalar can be reversed,
whereby the Higgs portal term allows a new scalar VEV
to drive the Higgs field to obtain a negative mass squared
and hence trigger EWSB. We reserve a study of portal
symmetry breaking phenomenology for future work. Also,
in the discussion above, we have delineated cases accord-
ing to specific constraints on the Lagrangian parameters.
A precise determination of these bounds would require
an analysis of renormalization group evolution, which is
beyond the scope of this work.

A. New physics scalar—standard model Higgs mixing

We briefly discuss the second class of NP effects from
the Higgs portal described above, i.e., a new scalar and the
SM Higgs both obtain VEVs in Eq. (1) and mix. For
simplicity, we only consider one new scalar, but our dis-
cussion is readily generalized to multiple scalars. We also
assume P transforms as a singlet under SU(2); X U(1)y,
but that it is charged under a new local or global symmetry
in order to prevent “tadpole” terms. We let Oyp ~ ®1d
for a new scalar field ®, giving

.E D) /\thTHq)T(D -~ )th,,vhvd,hd), (2)

where we have suppressed representation indices and ex-
panded the fields H ~ %(h +v,) and ® ~ 715((]5 + vy).
We assume the scalar potentials V(®) and V(H) are also
present and Eq. (2) is the only Lagrangian term involving
both @ and H fields. The usual stability, triviality, and
renormalizability constraints on the full scalar potential
V(H) + V(®) — A, |H|*|®|* are assumed to be satisfied
and will be imposed when we consider explicit models in
Secs. Vand VI. Here, since ® obtains a VEV, Eq. (2) leads
to mixing via the mass matrix

2 —
5 . my /\hpvhvd,
Mecalar = Y 2 ’
hpvhv(b m¢

3)
where v;, and v, are calculated from minimizing the full
potential V(H) + V(®) — A;,,|®|*|H|* and hence deter-
mine m;, and my. The functional dependence of m;, and
m,, on their respective potential parameters can be fixed by
solving the potentials V(H) and V(®) separately, and in the
limit that A;,, — 0, the exact VEVs v;, and v 4 recover their
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original, unperturbed values. This observation has impor-
tant ramifications when calculating the exact Goldstone-
Goldstone scalar couplings needed for vector loop
amplitudes in Feynman gauge, which are discussed in
Sec. A 3.

We can readily diagonalize the symmetric mass matrix
Eq. (3) to obtain the mass eigenstates

s1 = hcosf — ¢ sinb, s, = hsinf + ¢ cosb, (4)

with a Jacobi rotation mixing angle € defined by

=20,V
tan26 = — 212 5)
m¢ - my

We will also need the inverse operations,

h = s, cosf + s, sind, ¢ = —s;sinf + s, cosb.

(6)
The eigenvalues of Eq. (3) are

1 1
mi = E(m%‘ +my) - E\/(—m% +m3)? + 447 vivy
(7
and
1 1
m3 = E(m% +my) + 5\/(_’"%1 +my)* + 4x; vy,
(8)

where we have taken m;, < m,, without loss of generality.
As mentioned before and demonstrated in Refs. [27,30,35],
the mixing of the scalar states from the Higgs portal can
significantly affect scalar production via gluon fusion.
Moreover, the mixing is driven purely by the strength of
Ap Pr which must be real but whose sign is not fixed.

B. New Physics effects on production of s, ,

We can now readily disentangle the two categories of
New Physics effects on gluon fusion. Now, because of
h — ¢ mixing via the Higgs portal in Eq. (2), we must
calculate cross sections for gg — s; and gg — s, produc-
tion instead of the gauge eigenstates /# and ¢. Since both &
and ¢ can couple to new colored particles, contributions to
g8 — S, can manifest themselves through both the / and
¢ components of s ,, leading to suppression or enhance-
ment of the production rate relative to the SM. This also
implies that partial decay widths are affected, whereas in
hidden sector models, such widths are unaltered apart from
a universal cos?f suppression coming from Higgs mixing.

From the discussion above, we can decompose the pro-
duction amplitude of s; via gluon fusion in terms of the
gauge eigenstate 7 and ¢ production amplitudes as
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M(gg — s51) = col M(gg = M)]ly,—m,
— 5[ M(gg = &)y,
M(gg — s2) = sg[ M(gg = W)l =m,,
+col M(gg = &)lny=m, ©)

where ¢y = cosf, sy = sinf are defined by Eq. (5). In the
discussion below, we presume the matrix elements are
evaluated at the appropriate scalar mass and will drop
the notation above. Hence, given the linear combination
dictated by Eq. (9), we are now free to isolate the contri-
butions to gg — h and gg — ¢.

We are particularly interested in identifying, at the am-
plitude level, the mechanisms responsible for modifying
gluon fusion and whether and how they can decouple.
A completely general expression for all possible NP effects
along these lines is cumbersome, so instead we write

M(gg — s1) = Ce[M(gg—>h) + M(gg——h)

fermions

+ M(gg vectors h)] B S()[jvl(gg scalars ¢)

¢) + Mlgg—> @)l
(10)

+ M(gg

fermions

and treat each category of loop particles separately.' Each
of these categories can be further subdivided into particles
that couple solely to 4, solely to ¢, or simultaneously to
both. In the scalar case, for example, we can write

M(gg—s1)

scalars

= X Mg + ;M(gg;jfh)]

- s S Mlgg—) + T Mige—d) | (11
I nj X Nk

where the scalars 7;, 1;, 17, couple only to 4, both to 4 and
¢, and only to ¢, respectively. We can now make definitive
statements about the decoupling behavior of the scalars 7;,
M;, and n;. If the masses of n; () arise solely from the
VEV v, (v,), then these scalars will exhibit nondecou-
pling from s (¢) as their masses are taken very large; if
instead their masses include sources besides v, or v, then
decoupling will occur as the mass scale of these new
sources is taken large. The behavior of the 7; states are a
straightforward combination of the previous arguments.

"For the vector loop calculation, we implicitly assume a
unitary gauge calculation where only vectors appear in the
loop. If working in Feynman gauge, the associated Goldstone
and ghosts would also be part of the vector category.
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For fermions, we write

M(gg — s1)

fermions

= Ce[zﬂ\’l(ggzh) + ;Wl(gg;;h)]
- sﬂ[gﬂ\’l(gg;;tﬁ) + %Wl(ggﬂdﬂ]. (12)

To be more illustrative, we can take some familiar ex-
amples to demonstrate the flexibility of Eq. (12). In the
case with Higgs mixing but without new fermions ¢ ; or
i, then ¢, consists of the SM quarks and we get a
universal cy suppression of the matrix element. If instead
we only add a new vectorlike top partner to the SM, then
cg = 1, 5§ =0, and ¢; includes the first five SM quarks
and the two fermion mass eigenstates resulting from top
mixing while the ¢; and ¢ sums are absent. Finally, if
Higgs mixing is present and new colored fermions are
added that couple both to & and ¢ but do not mix with
the SM fermions, then ¢; will run over the SM quarks and
i ; will run over the NP colored fermions.

Lastly, we can introduce massive colored vectors. We
will only consider the case where these vectors couple to
¢, giving the relatively simple expression

M(gg — s) = —Se[zﬂ\’l(ggﬁqb)], (13)
vectors T Vi

emphasizing that this contribution to the gluon fusion rate

for s, production relies on the Higgs portal, since the SM

Higgs is assumed to play no role in breaking the extended

color gauge symmetry.

After the above discussion, we present a parametric
understanding of how production and decays of s, are
affected by direct coupling and 4 — ¢ mixing. As we have
seen, performing a completely general analysis would be
overly cumbersome, and so we will make a few mild
assumptions to make the analysis more intuitive and trac-
table. Throughout the discussion, we assume a narrow
width approximation, allowing us to factorize production
and decay processes.

We define the overall leading order enhancement or
suppression factor of s; production relative to SM Higgs
production via gluon fusion as

_olgg—s) _ | M(gg— s))
o olggh) IﬂVl(gg;Ah)l2

_legM(gg — h) — 5y M(gg — ¢)I°
| M(gghI?

= C%)lzggh - ZOZggaﬁlz’ (14)

using Eq. (9) and with ¢, = tanf. The complex amplitude
ratios are given by
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M(gg — h) > M(gg — ¢)

ggh = o — s8¢ = o ——v  (15)
JVl(ggSMh) M(ggSMh)

Zz

and will simplify significantly for any given NP model
under consideration, as we will demonstrate in Secs. 1V,
V, and VI. We see that both €,, > 1 (signaling enhance-
ment) and €,, < 1 (signaling suppression) are possible with
New Physics and changing the sign of A;,,. In the limit that
8 = 0, the only effect on gluon fusion arises from the
inclusion of new colored states that directly couple to the
SM Higgs, which was a main focus of Refs. [19,20,32]. In
the case where Higgs mixing is the only new effect, then
Zgen = 1 and Zg,4 = 0, and we have the simple expres-
sion €,, = ¢, as noted in Ref. [27].

We remark that complete suppression of gluon fusion
does not correspond to vanishing LHC production for the
s; state. This is because the subdominant modes of vector
boson fusion, vector boson association, and ¢tk production
comprise 12.5% of the total cross section for a SM Higgs
mass at 125 GeV [71]. Moreover, even if the leading order
cancellation in Eq. (14) is exact, we expect NLO correc-
tions, which can be as large as 20% in the case of colored
stops [8], to make the cancellation imperfect.

C. New Physics effects on decays of s, ,

We now extend our discussion to include NP effects on
decay widths for our scalar state s;, which we take to be
dominantly SM Higgs-like. We will not detail all of the
(practically infinite!) possible final states for s; but will
instead focus on the WW, ZZ, vy, bb and 7T 7 decay
channels. For the WW final state, we write

M(Sl - WW) = Cg.’]\/l(h - WW) - Sg.’]\/l(gb - WW)
~ cyM(h— WW), (16)

and thus

B(Sl — WW) e Fh
BioWW) ~ T, a7

51

where we have assumed the tree-level coupling of hWW
dominates the (typically loop-induced) coupling of pWW,
and I';, and I';, are the total width of the purely SM Higgs
and the mass eigenstate s, respectively. Under the same
assumption that hZZ dominates the ¢ZZ coupling, the
same result in Eq. (17) also applies to the ZZ final state,
and so branching ratios of s; to WW or ZZ diboson states
are typically suppressed in Higgs mixing models.

For the diphoton final state, we can adapt our gluon
fusion discussion, replacing colored particles with electro-
magnetically charged particles. Following the guide of
Eq. (9), this gives
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Misi = v7) = el M= YY)y,
— 5o lM(d = Yy, . (18)

Unlike the WW or ZZ decay modes, the h — y+y decay is
induced at loop level in the SM and new contributions can
easily cancel against or add to the SM contributions. Using
Eq. (18), we can write the relative branching ratio as
B(si—vy) _ Ly

Ry Sy (19)
B(hSMW) Iy,

where €, is analogous to €
Z 4 are defined similarly.

The relative rate for gg — s; — y7y versus gg — h —
vy is now given by

in Eq. (14) and Z,,,, and

88

Uy

Yy T, :

R = €,,€ (20)

88

In many models, though, the various inputs for Eq. (20)
reduce to simple expressions. For example, in Higgs
mixing scenarios where ¢ only couples to hidden sector
particles, we obtain Z;,, = 1, Z4,, = 0, and so

Ly

2_4 21
Cy Fs, (21

B(s; — vy) _
B(hgdw)

which agrees with the universal ¢2 suppression noted in
Ref. [27]. Another simple limiting case arises if we take
6 = 0 and introduce new charged particles in the y7y loop
coupling to the Higgs. In this case, & = s; and we can write

Bisi—vyy) _ T,

=Ll VW 22)
Bliyy) T, - (
so that only the direct NP effects contribute.

Finally, we can calculate the s, branching ratio to bb or
777 . If Higgs mixing is present, if ¢» does not appreciably
couple to the SM fermions, and if the SM fermions are not
mixed with NP fermions, then the same results from
Eq. (17) apply, substituting ff for WW. A completely
general expression, however, because of the possible pres-
ence of all of these effects, is unwieldy. As an explicit case,
for the bb final state, if we allow for & — ¢ mixing and
introduce a coupling between ¢ and bb, we obtain

B(Sl—’bl;)_ ZFh 12
W— CGF—Slll [02¢bb| , (23)

where Z,; = M(¢p — bb)/ M(hg3bb). We can see that
interference effects from Z »bi» although diluted by 7,, can
lead to an overall increase in the branching fraction of
s; — bb.

1In summary, we have disentangled the effects from
Higgs portal-induced mixing of 4 and ¢ from NP effects
caused by direct coupling to k&, ¢, or both. For gluon
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fusion, we have explicitly identified the decoupling
behavior of New Physics states in Eqs. (11)—(13). If we
assume NP couplings to be small or negligible, then the
resulting 5, branching ratio has a universal c2 suppression
and a universal total width ratio suppression. On the other
hand, interference effects resulting from couplings to A
and/or ¢ lead to a myriad of effects and possibilities for
both suppression and enhancement of relative rates can be
achieved.

We note that all of these expressions can readily be
adapted for s, decay with an appropriate cg—sg, —Sg—
cg exchange and mg — m,, . In addition, if my, > 2m ,
there is the additional decay mode s, — s;5;, as empha-
sized in Ref. [30]. Also, if any of the new states are lighter
than my, /2 or my, /2, then additional nonstandard decay
modes open up. This effect is manifest in the above
expressions through the ratio of total widths I'; /T’ .

III. THE gg — h PROCESS IN SM

Here we briefly review the leading-order Standard
Model calculation for Higgs production via gluon fusion.
As shown in Fig. 1, gluon fusion arises in the SM via quark
loops, with the dominant contribution coming from the top
quark with its large Yukawa coupling. We again highlight
the fact that since neither the W or Z boson couplings are
probed in this production mode, large effects can be
present in this loop process that strongly change Higgs
production but does not affect EWSB.

The total Standard Model amplitude is

. . a5\ Clry)
iM, = sz\/l;id = Zl(_>v—hf§ad€1#62v
f

7 v
2
X (pyph = Sherr)Fu(ry),  (4)
P1P2 > 8 F\T¢),

where f runs over the SM quarks, C(rf) is the Casimir
invariant (C(r;) = 1/2 for SM quarks), a and d are color
2

indices, p;:p, = for an on-shell Higgs, 7=
mj,/(4m3) and F(7) is the well-known loop function

Fin) = 50+ G-z, 09)

FIG. 1. The Standard Model contribution to gg — h.
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arcsin®\/7 T=1
Z(r) =1 _ g . P (26)
o R —ir | >

Because the SM quarks obtain their mass purely from
EWSB, they do not decouple even as we take the limit
7 — 0 (equivalent to m; — o0). In the case of the SM4, this
sum would include # and b’ contributions. In the limit that
the SM Higgs is well below the threshold for z, ¢, and b’ to
propagate on-shell in Fig. 1, we obtain the usual factor of 3
enhancement in the SM4 matrix element for gg — h,
which gives, at leading order, a factor of 9 enhancement
for gluon fusion production in SM4 relative to SM3 [56].
Recent literature that has attempted to resolve the quandary
of a sequential fourth generation of fermions with the lack
of enhancement in gluon fusion include Refs. [52,57-60].

We can anticipate, in the presence of new additions to
gluon fusion coming from New Physics, that the main
structure of Eq. (24) will not change apart from possible
differences in the scalar vertex, C(r), and the loop function
F(7). In particular, the p!p5 — p, - p,g"¥ structure of
the matrix element is assured by SU(3).. gauge invariance
(or equivalently, the Ward identity). This is analogous to
the situation in the & — 7y7y calculation, where electro-
magnetic gauge invariance requires the same momentum
structure [68].

IV. NEW COLORED SCALAR

In this section, we isolate and calculate the effect of a
colored complex scalar § propagating in the gg — h loop.
We use the Higgs portal in Eq. (2) to couple S to the SM
Higgs, and we write a (positive) tree-level mass squared for
S such that SU(3), remains unbroken and Higgs mixing is
absent. Depending on the sign and strength of A;,,, we can
achieve significant suppression or enhancement of gluon
fusion as a result of the interference between the SM
fermions and the colored scalar.

The Lagrangian involving S is

L =|D,SI* — m3StS — k|STS|> + A, STSHTH, (27)

where color indices have been suppressed and we assume
m} >0 and k>0 to ensure stability. As discussed in
Sec. II, A;, must be real: for positive (negative) A;,, we

I TETTOTOO .
5!
,

(a)
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will get destructive (constructive) interference with the SM
loop calculation, in agreement with Refs. [20,35] (note we
have a different sign convention for A;,,). After EWSB, the
physical scalar mass is

m3 = md — Ap,v7, (28)

which imposes the constraint that m§ > A,,v} to avoid
portal symmetry breaking of SU(3),.

The two diagrams to calculate are shown in Fig. 2.
Since S is complex, the matrix element for Fig. 2(a) needs
to be multiplied by 2 to account for the charge conjugate
diagram: if S were real, no factor of 2 is used and instead
the matrix element for Fig. 2(b) must include a symmetry
factor of (1/2).

The total amplitude corresponding to the diagrams in
Fig. 2 for a complex scalar field propagating in the loop is

a\(C(rs)A,,v,
gt = () e

m2
X (Pl”pé‘ - Thgw>Fs(Ts), (29)

where C(rg) is the SU(3). Casimir invariant for S,
75 = m3 /(4m?%), and the loop function Fy is defined to be

Fg(r) =711 —7172Z(7), (30)

with Z(7) defined in Eq. (26). Note that for fixed A, the

amplitude decouples as mg — oo because of the tree-level

mass squared m3.

Now, the summed amplitude for M(ggg+sh) is

iMYE = i(ZM;d) +iMed
7

2
[ X m
=i e pis =5 o)

(S k) + I )

7 h 4]’1’%

(31

If mg, m, > m,;,/2, then Fj is strictly real and negative and
Fp is strictly real and positive, which implies that for

FIG. 2. Feynman diagrams for scalar loop contributions to gg — h. For a complex scalar one must also include the charge conjugate

equivalent of diagram (a).
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App >0 (A, <0) the interference between the colored
scalar amplitude and the SM is destructive (constructive).

Since the phase-space integration needed to calculate the
s cross section is identical to the SM Higgs case, we can
write the ratio €,, from Eq. (14) as

2

5 (S (rp)) + S ()

€gglsM+s = (32)

5 it |

We consider the addition of a real color octet scalar
(C(ry) = 3, symmetry factor of 1/2) and a complex color
triplet scalar (C(r;) = 1/2) and plot €,, in Fig. 3 as a
function of m ¢ for some representative choices of parameters
my, and A, ,. For the SM calculation, we sum over bottom
and top quark contributions, using m; = 4.20 GeV and
m, = 172.5 GeV. We adopt the results of Altmannshofer
et al. [72] to draw vertical exclusion bands on light color
octet scalars from ATLAS [73] and CMS [74] in dijet pair
resonance searches. The gap in sensitivity from 200 to
320 GeV between the 34 pb~! ATLAS search and the
2.2 fb~! CMS search is a result of the increased multijet

SM + Color Octet Scalar (m, = 125 GeV)

14

1.2

0.8

0.6

150 200 250 300 350 400
mg (GeV )

SM + Color Triplet Scalar (m, = 125 GeV)

14

1.2

0.8

0.6

150 200 250 300 350 400
mg(GeV)

FIG. 3 (color online). Relative rate €,,
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trigger threshold to handle more difficult run conditions. In
particular, for the CMS study, turn-on effects of the QCD
multijet trigger made the background modeling unreliable
below 320 GeV.

We see that both enhancement and suppression are
possible, typically delineated by the choice of the sign of
Ajp- This is manifest in the region where mg > my/2
where Aj, > 0 corresponds to a suppression and A, <0
corresponds to an enhancement. In the region where
mg <m,/2, we see enhancement and suppression for
both signs of A, since the scalars can go on-shell in the
loop, leading to an additional imaginary contribution to the
scalar amplitude. The resulting interference is complicated
by our inclusion of the bottom quark and its imaginary
contribution, so the overall magnitude has competing can-
cellations among real and imaginary amplitude pieces. We
note that Fig. 3 shows the expected decoupling of S as myg
grows. We also remark that for negative values of A;,, our
results are consistent with Ref. [20], where the finite dif-
ference in our results is a result of our inclusion of the
bottom quark. Lastly, with regards to the ATLAS dijet pair
search, we note that the complex triplet scalar is 1/9 the
production cross section of the real octet scalar, if their

SM + Color Octet Scalar (m,, = 500 GeV)

14

1.2

0.8

0.6

150 200 250 300 350 400
mg (GeV )

SM + Color Triplet Scalar (m;, = 500 GeV)

14

1.2

1.0—@—

0.8

€gg

0.6

150 200 250 300 350 400
mg(GeV)

in Eq. (32), showing the effect of the inclusion of a real color octet scalar (top row) or

complex color triplet scalar (bottom row), for m;, = 125 GeV (left panels) or m;, = 500 GeV (right panels). At the center of each plot,

from top to bottom, the solid lines correspond to A, =

—0.2, —0.05, 0.05, 0.2. The left (right) gray bands in the octet scalar plots

come from the ATLAS (CMS) search for pair produced dijet resonances. For the triplet case, the CMS bound still applies but the

ATLAS bound is unconstraining after rescaling cross sections.
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masses are equal, rendering the search insensitive to com-
plex triplet scalars.

V. NEW COLORED FERMION

Adding new colored fermions to the Standard Model can
greatly affect gluon fusion SM Higgs production in a
number of unique ways. On one hand, new sequential
generations of chiral fermions will add constructively
with the SM fermion loops and, at leading order, scale
the top quark loop by a multiplicative factor, as discussed
in Sec. III. On the other hand, a new vectorlike colored
fermion that does not mix with SM fermions has no effect
on gluon fusion. In general, a new colored fermion mass
eigenstate comprised of chiral and vectorlike components
will enhance the SM Higgs gluon fusion rate according to
the chiral projection of the mass eigenstate.

Because we also allow for Higgs portal-induced scalar
mixing, though, the general situation can lead to either an
overall suppression or enhancement of the gluon fusion
rate. A model demonstrating the myriad of competing
effects is straightforward to construct but only illuminating
in its limiting cases. Hence, we will initially consider only
mixing between a NP fermion and a SM fermion, neglect-
ing the Higgs portal and Higgs mixing.

We add new vectorlike top partners [75,76], given by

XLr~ (3, 1)y (33)

This leads to the following mass terms,
LD —yHQ tg —y HO xg — Mxrxg + He,  (34)

where M is a free parameter and y; induces mixing
between the SM top quark and y. In the (7, y) gauge basis,
we have mass M and interaction N, matrices given by

M _ (Mt §L )’ ]\7}, _ (Mt fL >’ (35)
0 M 0 O

with &; = ’7”2i and M, = )7’"2-’1 Note the 0 entry in M can
always be ensured since it corresponds to the M’y tg
operator, which can be trivially rotated away since xp
and 7z have the same quantum numbers. The mass basis
rotation matrices are defined in the usual way from
RMTM)RT = |Mp|> and L(MMN)LT = |Mpl?.  After
rotating M and N, on the left (right) by a left-handed
(right-handed) rotation matrix, we obtain

[ ~ h
LD —t(MD + —Vh)PRt + H.c, (36)
Up

where t = (t,,1,) and M, =LMR' = diag(m,,, m,,),
V,=LN,R". The coupling matrix Vv, dictates the cou-
plings of the top sector to the SM Higgs and, in principle,
can have off-diagonal entries; however, only the diagonal
entries contribute to gg — h, because the L and R rotations
leave the gauge interactions diagonal in the mass basis.

PHYSICAL REVIEW D 86, 113002 (2012)

FIG. 4. Exotic fermion contribution in the mass eigenbasis.

In this top partner scenario, each mass eigenstate gives
its own contribution to the diagrams in Fig. 4. Since SU(3).
gauge invariance guarantees these two contributions differ
only in their coupling to the Higgs via the element of V,
we can take the SM result for gg — h through a top quark
and insert the appropriate element of V, in place of the
usual Yukawa coupling. This approach also encompasses
more complicated mixing scenarios whereby the matrix
element will exhibit different combinations of mixing
angles and couplings for the various V), entries as a
replacement for the 4 ff vertex in the gg — h amplitude.
Since we are focused on exotic fermion effects on gg — h,
we take the (V,,); ; entry to be a free parameter, which can
be readily calculated in any complete model.

The amplitudes involving exotic fermions in the loop are

= (YL

—\7T/)\ mp, vy,
m,
X (pfpé‘ - Tg'uV)FF(TF,-)’ (37)

where the repeated indices on (V},);; are not summed,
Fp(7) is given by Eq. (25), 75, = mj/(4mf), and F; €
{t1, 1,}. We see that the amplitude decouples as my — oo,
unless mp. and (V) are generated by a common scale
such as the Higgs VEV. These direct New Physics contri-
butions will alter gg — h even in the absence of Higgs
mixing. Generally, these contributions will add construc-
tively if (V},);; > 0.

Now, we augment the previous discussion to include
Higgs mixing between h and a new scalar ¢. We replace
the vectorlike mass M in Eq. (34) by a Yukawa term which
generates the desired mass term and a new interaction term
involving ¢ after ¢ obtains a VEV, giving

_ o\
Yo DXLXR = M(l + E)XLXR’ (38)

e . . .
where M = %5‘3 . We now have a second interaction matrix

\7¢,, which is added to Eq. (36) and defined analogously to
Vh, where

- 0 o
As discussed in Sec. IIB, the t;, ¢, loops will give an
enhancement factor for gluon fusion production given by
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FIG. 5 (color online).
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SM + top partners
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Contours of the relative rate of s; production as a function of m,, and the left-handed mixing angle in the top

partner scenario for m,; = 800 GeV, vy = 500 GeV, and A, = —1 (left) and 0.75 (right). We adapt the analysis and results of
Ref. [19] to show shaded contours which are consistent with the oblique parameters S and 7 at the 68 and 95% C. L.

2
Co

2 fno t(%r]f) FF(Tf)) + Zl(% (%)FF(TF,-) — 1y ) (%)FF(TF,-)) | ’

Vo

€eglSM+x 2 =

Note that as m, , — oo, f; will decouple from the ¢
component of s; but not the 4 component, and vice versa
for t,.

We recognize that these new top partners will induce
shifts in the electroweak oblique parameters S and 7, but a
full analysis of the allowed top partner parameter space is
beyond the scope of this study. Therefore, we adapt the
results from Ref. [19], which studied top partner effects on
Higgs production and included the constraints from the S
and T oblique corrections. We set mé > m%l and for the
VEVs we are considering, —A,,,v,v4 is a small perturba-
tion to the diagonal mass terms in Eq. (3), allowing us to
approximate the s; contribution to S and 7 by the Higgs
contribution considered in Ref. [19] for equal masses. We
can thus illustrate our main point, suppression of gluon

SM + New Dirac Fermion (8,1),
1.04 k
1.02 /\
0.98 N

0.96 W

200 400

W% 1.00

600
my(GeV)

800 1000

FIG. 6 (color online).

| =G )

2 (40)

fusion, in this phenomenologically viable top partner sce-
nario. In Fig. 5 we plot contours of €,, as a function of the
left-handed fermion mixing angle and the heavy fermion
mass eigenstate, m,, for representative values of Aj,. The
shaded bands correspond to regions consistent with the
oblique parameters at the 68 and 95% C. L., taken from
Ref. [19].

Separately, we can also consider new colored fermions
which do not mix with the SM quarks. As a final example,
we consider new electroweak singlet fermions ¢ in the
adjoint and fundamental representations of SU(3). which
obtain mass from the new Yukawa term of Eq. (38) (with
X — ). In particular, these fermions do not couple to #,
and hence their effects will be suppressed by the scalar
mixing angle in Eq. (5). The relative rate is now

SM + New Dirac Fermion (3,1)¢

1.04
1.02
e N ——
B 1.00 =
N ——
0.98
0.96
200 400 600 800 1000
my(GeV)

Relative rate of s; production with Higgs mixing and a new color octet fermion (left) and a new color triplet

fermion (right). We choose vy = 500, m, = 500, and m,, = 700 GeV. From top to bottom, the solid lines in each plot correspond to

App = 0.015, 0.005, —0.005, —0.015.
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|zf(C(’f>Fp< D)= to(ELFr(r ))l
| = (2o | |

Egg|SM+l,[/ C(rf)

(41)

We can see that ¢ does not decouple from the gg — s
amplitude as its mass is taken very large because
Fp(7y) asymptotes to a finite value. We show €,, in
Fig. 6 for two choices of color representations. We see
from Fig. 6 that the octet fermion (which includes a
1/2 to account for lack of conjugate diagram for a real
fermion) produces larger suppression or enhancement
than the triplet fermion for identical A,, values, as
expected from the difference in their respective C(r,).
Collider constraints on these new fermions will require
model-dependent assumptions about their decay chan-
nels, and since our focus is on the model independent
effects on gluon fusion, we do not consider such con-
straints here.

VI. NEW COLORED VECTOR

The last type of New Physics contribution to gluon
fusion we will consider is the addtion of a new massive
colored vector. In a renormalizable theory, the massive
vector must arise from a spontaneously broken gauge
theory, which necessarily entails the addition of a new
scalar that acquires a VEV and can mix with the SM
Higgs via Eq. (2). Correspondingly, we will consider an
extended gauge symmetry SU(3); X SU(3),, known as
the ReCoM [63,64]. In this model, the complex scalar
field ® transforms as (3, 3) and obtains a diagonal VEV
(when written as a matrix-valued field), which breaks
SU(3), X SU(3), to the diagonal subgroup, which is
identified with the SM SU(3), symmetry. The & field
has 18 degrees of freedom: eight are ‘“‘eaten” by the
broken gauge generators to make the massive color vector
G’ known as the coloron, eight become a real scalar
SU(3). octet Gy, and the remaining two are the real
scalar ¢ and pseudoscalar ¢; color singlet fields.
Hence, in this construction and a consequence of the
Higgs portal, the addition of a massive color vector G’
concomitantly includes a new scalar octet and two new
scalar singlets, of which Gy necessarily affects gluon
fusion and ¢ mixes with the SM Higgs.

A. The renormalizable coloron model

We analyze the total scalar potential including the
SM, the ReCoM, and the Higgs portal. Our analysis
mirrors that found in Ref. [64], except our addition of
the Higgs portal operator creates a link between the two
scalar potentials V(H) and V(®) and hence the two
VEVs must be solved for simultaneously. The full
scalar potential is

PHYSICAL REVIEW D 86, 113002 (2012)
Vi = V(®) + V(H) + V),
= —m2Tr(PT D) — ug(detd + h.c.)

+ %I’[Tr(qDCI)T)]Z + "7‘1’ TH( DT DD

— my|HP? + AglHI* — X |HPTH(DT D),  (42)
where we assume ug >0 without loss of generality.
We require m% >0 and m% >0, such that ® and H
will acquire VEVs. We also require 3Ag + x¢ > 0 and
Ay >0, so each individual potential is bounded from
below: we neglect renormalization group effects when
discussing bounds on potential parameters.

It is straightforward to find the VEVs for ® and H by
decoupling the two-equation system. We find, in analogy
with [64],

d)y=-21,
<>\/—

Mqﬂr\/ﬂé

+ (2(3/\@ + KCD) -

o+,

(26320 + ko) — 1) i

(43)

If A, is too large, then it can generate a new ground state
at large field values of 4 and ¢. The resulting upper bound
on Ay, is A;, <3A4(3A¢ + kg), which we satisfy by
requiring vy4 > 0. Given Eq. (43), the Higgs VEV is most
easily written as

0

1 (0 1
H)=— =— , 44
=) it |

and v, is fixed to be 246 GeV.

Expanding ® around its VEV, we get
1

O =-——=(vy + ¢g + i)l + (Gl +iGEHT,  (45)

V6

where ¢ and ¢, are SU(3),. singlets and Gy and G; are
SU(3), octets [64]. The G comprise the Goldstone bosons
which give mass to the coloron, G’. The Higgs is decom-
posed in the usual way,

H= (46)

1 G~
V2\v, + h +iG, )
where G, and G are the Goldstone bosons eaten by the
electroweak gauge bosons.

After the spontaneous symmetry breaking SU(3); X
SU(3), — SU(3), and EWSB, mixing is induced between
the singlets ¢ and h. This leads to the mass squared
matrix in the (h, ¢p) interaction basis given in Eq. (3)

but with mé — méR and
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(b)

FIG. 7. Feynman diagrams for vector loop contributions to gg — ¢y in the unitary gauge.

2

v MpV
m% = 2)[].[1}%1, m(zﬁR = %(3/\(1) + Kq)) - ¢

\/6 s
where v, and vy depend on Aj,. The assumption of
vy >0 and the conditions 0 = mj =< mj, imply

(47)

P
po < ‘E(u@ + Ko)Ug. (48)

By our assumptions, the right-hand side of Eq. (48) is
positive definite and thus bounds ug from above. Our
analysis follows exactly the same steps as Sec. I A, giving
the following results:

—2A
tan260 = M’ s; = hcosf — ¢p sinb,
my o~ m,
§, = hsinf + ¢y siné. (49)

For the physical masses of s; and s,, we obtain

1
m2 = =(mj + mgf)R) - 5\/(—mﬁ + m(sz)2 + 422 vhv(zb,

2
mg,

| = N =

1
(m% + m%ﬁR) + E‘/(—m% + m(zl’,)R)2 + 4A2 vhv¢
(50)

For the physical masses of the remaining scalars in the
spectrum we find,

3 1
my, = \gu¢v¢, mg, = 5(2’”3;5, + Koy),  (51)

which agrees with Ref. [64] in the limit A;,, — 0.

The constraint mé, >0 1is satisfied since we as-

2

sumed pg >0 and vy > 0. Requiring mg > 0 implies

1 C(’GH)

mj > —Kgvy/2, which augments the previous condition
Eq. (48) to give

KpUop 2
- < <4[=(BAp + Ka)V . 52
NG Mo \/;( ot Ka)vy (52)

In order for a valid range of w4 to exist, we thus require
2/\4) + Ko > 0. (53)

Our subsequent analysis ensures these constraints are
satisfied.

B. Phenomenology

The diagrams for the colored vector loop in unitary
gauge are shown in Fig. 7. Although the ReCoM model
includes the G scalar octet contribution, we have isolated
colored scalar amplitudes in Sec. IV, and so we focus here
on the colored vector contribution.

The full amplitude for a real vector field propagating in
the loop is

i‘l]vlt\l/d = l‘,]vll\l/d(gg - (;ZSR)lm(,,RZmS1

[ C(rG/) a
=~ ()G e

2

< (plpt - Jrvzo) 64
where
Fy(r) = —(r7'3 +27) + 377 2(—1 + 21)Z(7)). (55)

A full derivation of this amplitude in both unitary and
Feynman gauge is presented in the Appendix. The result-
ing enhancement factor is

C(ry)
3| Z AL ) +

2 4u,

A pUh -1 C(rg 2
Al OXGH>FS(7'GH) _ fa( (rG)FV(TG/)> |

m'GH

€g0lSM+ReCoM =

where x; /v¢ (— m2 +2m? 2mG )/v, evaluated
atmy, = my in Eq. (56) is the Gy couphng to ¢, and we
have included both G (with an explicit symmetry factor
of 1/2) and G’ contributions. We note that the real colored

zf(c(rf) FF(Tf)) | 2

, (56)

|
vector loop function F is numerically about a factor of 5
larger and of the opposite sign than the usual SM loop
function Fg. The scalar loop function F¢(7) is also of the
opposite sign and roughly a third of F: the loop functions
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Loop Functions
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FIG. 8 (color online). Loop functions F; = F (top), F;, = F
(middle), and F; = Fy (bottom) for fermion, scalar, and vector
particles of mass M, respectively. The loop functions develop an
imaginary part for 7 > 1, which corresponds to the particles in
the loop going on-shell.

are plotted in Fig. 8. We comment that as a result of the
large loop function for the colored vector, moderate values
of A;, can have large effects on gluon fusion production.
This provides a straightforward construction, for example,

SM + Coloron only (v, = 200 GeV)

1.10
1.05
w% 1.00
0.95
0.90
200 250 300 350
mg(GeV)
SM + ReCoM (v, = 200 GeV)
1.10
1.05
B 1.00
0.95
0.90
200 250 300 350
mG-(GeV)

FIG. 9 (color online).
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to counteract the enhancement from a fourth generation of
chiral fermions in the Standard Model. If such a large
cancellation of gg — h amplitudes was present, however,
we expect di-Higgs production via gg — hh to be corre-
spondingly enhanced if the gg — hh triangle and bubble
amplitudes are negligible: this is because the individual
signs of direct Higgs couplings that lead to suppression
become squared in the gg — hh box amplitude. In this
case, the di-Higgs gluon fusion production channel may be
a promising discovery mode, and a more careful study is
certainly warranted.

We first present results in Fig. 9 for €,, with the sole
addition of the colored vector for v, = 200 GeV and
3 TeV. The vy = 200 GeV choice is interesting because
bounds on colorons in the low mass region coming from
pairs of dijet resonances from ATLAS [73] and CMS [74]
are not currently sensitive in the 200-320 GeV range, as
discussed in Sec. IV. There are numerous recent studies
that have done fits of the Higgs couplings to the data,
including the Higgs-gluon effective coupling [77-80].
For v, = 200 GeV, a coloron mass of 250 GeV and mix-
ing angle of s, ~ —0.08, one can reproduce the best fit
point (¢, ~0.5) for the scalar-gluon effective coupling

SM + Coloron only (v, = 3000 GeV)

1.10
1.05
3 1.00
W
0.95
0.90
2800 3000 3200 3400 3600 3800 4000 4200
mg(GeV)
SM + ReCoM (v, = 3000 GeV)
1.10
1.05
B 1.00
0.95
0.90
2800 3000 3200 3400 3600 3800 4000 4200
mG-(GeV)

Relative rate of s; production showing the effect of adding only the coloron (top row) and the effect of adding

the coloron and Gy, with mg, = 140 GeV (bottom row). From top to bottom, the solid lines correspond to A;, = —0.0015, —0.001,
0.001, 0.0015. In the left panels, the gray bands correspond to the pair-produced dijet bounds from ATLAS (left) and CMS (right). In
the right panels, the left gray band corresponds to the CMS exclusion on coloron production in dijet resonance searches. The left
vertical dotted line corresponds to the minimum m¢ mass allowed given the specified choice of v, and the right vertical dotted line

corresponds to the perturbativity constraint.
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found in Ref. [78], and as can be seen from Fig. 9, one
can also easily reproduce values which give rates close to
the SM value should the effective coupling migrate
towards the SM prediction with more data. We also con-
sider vy = 3 TeV, which is the scale probed in dijet
resonance searches using 4 fb~! of 8 TeV LHC data at
CMS [81]. The observed limit from this search on the
coloron mass, mg, is 3.28 TeV. The bounds are indicated
by gray vertical bands as described in the caption. The
latest dijet resonance search done by the ATLAS
Collaboration [82] with 5.8 fb~! of 8 TeV LHC data
does not report an observed limit on the coloron mass but
we expect the limit to be just a little higher because of
the increased luminosity. An additional constraint on the
coloron mass arises from the constraints imposed by
ReCoM, whereby perturbativity restrictions on the original
SU(3); X SU(3), gauge couplings give an upper limit and
requirements on generating the correct SU(3), coupling
give a lower limit. In deriving these bounds, which are
given by dashed vertical lines in Fig. 9, we have neglected
renormalization group running of «;.

In general, the ReCoM model includes contributions
from the color vector G’ and the scalar octet Gy. We
can see from Eq. (56) that the contribution from Gy
coming through the /4 component of s; always adds
constructively with the G’ contribution. Whether the
contribution from Gy entering through ¢z also adds
constructively with the G’ contribution depends on the
sign of x¢,,, which in turn depends on the mass hierarchy
between the various scalars. We present the effect arising
from only the color vector in the top row and from both
new colored states in the bottom row of Fig. 9. For these
plots, we have set mg = 125, m, = 225, my, = 160,
and mg, = 140 GeV.?

We remark that the flat behavior of €,, in each plot
arises because for mg > my , the loop function depen-
dence of mg asymptotes quickly. This reflects the fact
that as m is taken large, its effects (which enter only
through the ¢z component of ;) do not decouple from the
s1 production amplitude, which is reminiscent of the non-
decoupling of W bosons from the SM Higgs in 2 — yvy. In
addition, for the scalar octet Gy, which couples to both &
and ¢, components, we find that as m,, is taken large, its
effects do not decouple from the ¢ component but do
decouple from h, see Sec. IV. Finally, we note the small
reduction of €,, in ReCoM is a result of the G contribu-
tion slightly cancelling the G’ contribution, given our
chosen parameter point for which x;, <0, and we see
that the overall effect is dominated by the coloron contri-
bution, as expected from the magnitudes of the loop func-
tions shown in Fig. 8.

>The ATLAS search for dijet pairs has an upward fluctuation
above their expected limit in the 140 GeV range, which leaves
the window of a scalar octet open for this mass point.
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VII. DISCUSSION AND CONCLUSION

We have seen that new colored particles can have
significant effects on gluon fusion production. Also, the
inclusion of Higgs portal-induced scalar mixing readily
leads to new possibilities for suppressing or enhancing
the gluon fusion rate. We have isolated contributions aris-
ing from new colored scalars, new colored fermions,
including quark mixing, and new colored vectors. With
the amplitudes in Egs. (29), (37), and (54), we can imme-
diately calculate the interference effects present in general
New Physics models. We have demonstrated these effects
can easily run from O(1%) to O(10%), and both suppres-
sion and enhancement of gluon fusion can occur.
Moreover, such large deviations are possible by colored
states at mass scales that can be directly probed at the LHC.
In particular, when the effects on gluon fusion scale with
the Higgs portal coupling A;,,, the dearth of restrictions on
Ajp from the underlying theory can lead to very large
modifications. If many competing effects are present in
the gg — h amplitude, we expect that di-Higgs production
will be correspondingly altered and a promising discovery
mode, but we leave a more careful study for future work.

Since gluon fusion production does not directly probe
the Higgs mechanism or the phenomenon of electroweak
symmetry breaking, Higgs identification studies should
generally allow for mixing with a separate scalar state as
well as competing effects from multiple new colored states
running in the loop. Our general framework and analysis
can be easily mapped onto the various recent studies which
attempt to fit the data with non-SM Higgs couplings to two
gluons. In particular we have shown that the various New
Physics effects can conspire to give rates very close to the
SM expectation as well as easily accounting for any slight
deviations as suggested by recent fits of the scalar effective
couplings [77-80].
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APPENDIX: VECTOR LOOP CALCULATION

In this appendix, we present the explicit calculation of
the vector loop contribution to gluon fusion. As the loop
calculation involves a particular choice of R, gauge, we
perform the calculation in both unitary (R; — o0) and
Feynman (R; = 1) gauges. This calculation generalizes
the well-known Standard Model calculation for 7 — yvy
[45,68,83] to situations where a new “Higgs™ field
acquires a VEV and leaves a non-Abelian gauge symmetry
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unbroken. In the SM, the Higgs field is responsible
for spontaneously breaking SU(2); X U(1)y, leaving the
photon as the gauge field of the remaining Abelian U(1),,,
gauge symmetry. In contrast, in the ReCoM, ® is respon-
sible for spontaneously breaking SU(3); X SU(3),,
leaving the gluon as the gauge field of the remaining
non-Abelian SU(3),. gauge symmetry. Then, gg — ¢y is
the non-Abelian mirror version of 4 — . We intuit that
M(gg — ¢r) is enhanced by a color factor over the mirror
process M(h — yy), which is borne out from our
calculation.

1. Vector loop amplitude: Unitary gauge

We present the unitary gauge calculation of a colored
vector contribution to gluon fusion. As mentioned above,

2m2,

ddk V#Vp(gau
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we assume an extended color gauge symmetry that is
partially broken by the VEV of a new scalar field ®.
After Higgs portal-induced mixing of / and ¢, the matrix
elements M(gg — s;) and M(gg — s,) are simply re-
lated to M(gg — h) and M(gg — ) by

M(gg — s1) = co[ M(gg = MWlm,—m,

— 5ol M(gg = br)lm,,—m,
M(gg — 52) = sg[M(gg = M)l —m,,

+ e[ M(gg = dr)ln, ~m,-

There are two diagrams that contribute to M(gg — ¢r)
in the unitary gauge, shown in Fig. 7 of the main text. The
triangle diagram in Fig. 7(a) for the coloron insertion gives

(AD)

)VYBa(g s PhB:ha)g (ggp—p",;p”)

G/

; d — _ G be pdch
IMX - gv( v )fa Cf ¢ el/LeZy

¢ (27T)d

where p, =k + py, p, =k — p,, and the three-point
vector vertex is

Vure = (k + pa)Mng + (_pa -
V7B =(p, + k)7 g*P + (p2—

1) g+ (py — k)P gh”
Pp) 8" + (—k— py)Pg.

(A3)
The amplitude for the bubble loop in Fig. 7(b) is
1\ ,(2mg, d'k
o= QEe [ 5
LMp 7 )8 vy €1 €2y 2m)
T a a kpk(r
Vit (8o = )¢ — )
—, (A4

(pa - mG/)(k2 - mG/)

where p, = p; + p, — k, a symmetry factor of % has been
included, and the four-point vector vertex is

SVl = —ighabe(face fihe(ghy g — ghPgr?)
+fadefcbe(gﬂpg73 — guﬁgw)
+ fabefede(ghr g7F — ghvgPP))
= _ig%fabefdbe(zgwgpﬁ — g#ﬁgﬂ)’ — g/mgyﬁ)'
(AS)

After expanding both Egs. (A2) and (A4) using Feynman
parameters, performing the loop momentum integration
using dimensional regularization [84], and some simpifi-
cation, we arrive at the summed amplitude

cAfa [ C(r ’) a
o L

2

< (p10t - Jrutze) a0

(A2)

(kz G/)(pa - mG/)(pb - m%;/) '

where C(rg/) =3 for the coloron, 75 = m? /(4mZ),
and the loop function Fy is given in the main text in
Eq. (55). We remark that this result also agrees with the
analogous SM calculation for /7> yy with the appropriate
substitutions a; — @, C(r) = 1, vy — vy, and a factor of
2 included for the charge conjugate process [45,68,83].

2. Calculation: Feynman gauge

As a cross-check of our result in Sec. A 1, we perform the
same calculation in Feynman gauge, setting R, = 1. Again,
we adopt the ReCoM with the Higgs portal, as discussed in
Sec. VI A. In contrast to the calculation done in the unitary
gauge, here we perform the calculation in the scalar mass
basis, explicitly deriving the corresponding Goldstone cou-
plings to s; after taking into account the /-¢p mixing. This
motivates an interesting discussion of the coupling of
Goldstone bosons to their partner Higgs field when the
partner Higgs field is mixed with spectator scalars and
provides a further check that Higgs mixing and NP contri-
butions to s, production can be factored as in Eq. (Al).

3. Goldstone couplings

Beginning with the full scalar potential in Eq. (42) and
the exact vacuum expectation values given in Egs. (43) and
(44), we examine the Goldstone couplings to the scalars &
and ¢. After expanding the potential, we have

1
V(®) D= GaGGgaad

(¢R<_ NG + = QS (BAg + ch)) + h(= /\th))

GZ
+ 70(—)lh,,v¢¢R + 2 4v,h). (A7)
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. mzd d .
iMg = (%)(‘Se Tf,’,)fmfzy 8 (=g g™ Vil

(@) (h . ) ZAHU%Z —/\hpvhv(ﬁ :
V(®)D A B 2 % Al3
7 ~ApUpvy £y T 5B + ko) (pz — mZ)(k* — mZ,)’ A

This can be written in matrix form as

G\g/_ G\g/_ )
vy/2 I </’R) ~ vyV2 m
== EL\M . A . ad — _ ,2 rabc pdeb| 51
Go.GL.8 (ﬁ V2 G4.G4 54 (A8) IME &S s Se—v €1.€2y
U(,,:;Z ud,:;Z é

: d’k (p& + k*)(p) + k7)

Note if we set A,, =0, then v, and v, become the 1732 RYTR) RV 7

b . Qm)? (pz — mGr)(k - mGr)(Pb - m(;/)
unperturbed VEVs and the Goldstone couplings become
m? /v, and m%/:,/”d) for the original mék, mj, vy, and vy, (A14)
From Eq. (A8) and (47) we see that the Goldstone-
Goldstone scalar interaction matrix M is the same as the tad 2 rbde rhae ms, oy
scalar mass matrix. Thus when we diagonalize the mass IME = —gif"f <_s0 %>61M627g
matrix, we will simultaneously diagonalize the Goldstone

2

d
interaction matrix in Eq. (A8). Explicitly, we write the d’k ! (A15)
scalar mass and Goldstone interaction terms as Qm)? (k* = mg,)(pz — mg,)
h G )
(e e\ 2 (e ge\iy| v agad — o200 (o s\ cabe pdeb
LD (% E)M((/)R) (% %)M Gagisa | ZM% = &My S@v—d)l fabe pde gMVGMEy
75 vyV2 d
(A9) d’k 1
(27T)d (k2 - sz/)(P%; - m%;/)(Pi - m%},)’
After diagonalization we obtain, for the interaction term, (A16)
G
Lo-(% BWp0| gl (A10) 2,
.GLoM ) ':]\/ladzz 2 2/<_ _G) abc rdch oy
%_ 1 F gSmG So U(p f f 8 6;4, 67
where M, = U 'M U is the diagonalized mass matrix d'k 1
with eigenvalues given in Eq. (50), and U is the unitary @m)* (kK — m%)(ps — m%)(p: — m%)’
rotation matrix with its mixing angle defined in Eq. (49). (A17)
We see that the Goldstone-Goldsone s; interaction is
I m%l a ;4 sad : d 2 m%?’ be gdcb
D —sy vy 51GEGEo%Y, (Al1) IME = ng(_sﬁ %)fa cficbe ey,
and so the Goldstone-Goldstone coupling to the scalar d%k k* kY
mass eigenstate is proportional to the scalar mass squared Q) (p2 — m2G/)( pr— mé,)(kz — mé/)’
and a mixing angle. This justifies our ability to factor out
the Higgs mixing angle when considering s; , production. (Al8)
. . . 2
4. Continuation of the Feynman gauge calculation iMd = 2g2 fabe fdeb guy (_Sa m(;/)eme2y
Returning to the calculation, there are ten diagrams in ¢
the Feynman gauge that must be calculated, as shown in dk 1
Fig. 10. Using p, = k + p, and p, = k — py, p. = p1 + ] om e = ) — mL)’ (A19)
P> — k, Egs. (A3) and (A5), we obtain the amplitudes
m, m2,
iMG = —2<—Se E)g?f“bcfdc”emeh iMad = —2g2fabe f""b(—se U—Z)emezy
dk gavg,Béga'pg&TVMVpV%Ba d'k gavgapgayVMVp(k — P11~ 2172)0-
2m)? (p% - m%;/)(P;Q; - m%;/)(kz - mé/)’ Qm)? (pg - mé,)(pi - mZG/)(kZ - mZG/)’
(A12) (A20)
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2. Calculation: Feynman Gauge

g g

(d) (e) ®

9 TTTOTTO p—  pa

(@

FIG. 10. Feynman diagrams for vector loop contributions to gg — s; in the Feynman gauge.

o rad 5 rabe cdeb mZ, simplification, the divergences cancel and we obtain for the
IMGE = =2g5fecfee <_50 vy )61M627 production of s,
d'k gﬁﬁgﬁy(k — )’k + py)* A rad - (a\(Cre)\ cua
2 )d ( 2 _ 2 ) 2 _ 2 )(kz — 2 ) lj\/l“l/ = —189<—‘)<—)5“ €162y
o pa mGr pb mG/ mG/ a 4U¢
(A21) m2
x(p1pt =D Fyirad (A22)

After converting to Feynman parameters, calculating the
loop integrals, summing all of the amplitudes, and some  in agreement with Eqs. (A6) and (A1).
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