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Color-octet scalars at the CERN LHC
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Color-octet scalars, if present at the TeV scale, will be produced in abundance at the LHC. We discuss
in some detail the phenomenology of scalars in the (8, 2), /, representation, recently identified by Manohar
and Wise as an addition to the standard model Higgs sector consistent with the principle of minimal flavor
violation. Couplings of this multiplet to the Higgs lift the mass degeneracy among its states, possibly
allowing for two-body decays of a heavier colored scalar to a lighter one and a gauge boson. We perform a
renormalization group analysis of these couplings and find that limits from Tevatron searches leave little
room for these decays. This fact, and the assumption of minimal flavor violation, lead us to study the case
where the octets decay to the heaviest kinematically accessible fermion pairs. Focusing on pair-production
events leading to #7t7, bbbb, and bbtf final states, we find that discovery at the LHC should be possible up

to masses exceeding 1 TeV.
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I. INTRODUCTION

In the coming year, the Large Hadron Collider (LHC)
will begin its exploration of the high-energy frontier, and
may very well uncover evidence for physics beyond the
standard model. Even if LHC data indicate dramatic de-
partures from standard model predictions, determining the
correct interpretation for these deviations will likely be a
complex and challenging process. It is therefore worth-
while to consider a range of possibilities for what new
physics might emerge, and to understand how these differ-
ent possibilities would reveal themselves experimentally.

Exotic scalars are one possibility. If they are to couple to
standard model fermions via renormalizable Yukawa cou-
plings, the candidate representations for these scalars are
actually rather limited. Under SU(3)¢ X SU(2);, the al-
lowed representations include (8,2), (1,3), (1,2), (3.3),
(3.2), (3,1), (6,3), (6,1), (3,2), and (1,1). Of these, some
are well-known possibilities with well-developed phe-
nomenology, e.g. leptoquarks [1]. Here, we will focus on
scalars, S, in the (8,2) representation, which are not as well
studied. Colored representations are of perhaps the most
immediate interest, because they are the ones that will be
copiously produced in the pp collisions at the LHC, as-
suming their masses lie near the TeV scale.

What happens once S particles are produced? This de-
pends in detail on their couplings to matter. If the S fields
couple to fermions very weakly or not at all, they are stable
for collider purposes, and the details of how they can be
detected depend on how they hadronize. In the most pes-
simistic case, where S particles hadronize completely into
neutral states, they are detectable through initial and final-
state radiation in a monojet search, as discussed for long-
lived gluinos in Ref. [2]. Here we will focus on the case
where the octets do decay promptly, so that their existence
must be inferred from their decay products.
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In thinking about these decay products we are guided by
one of our main motivations for considering color-octet
scalars in the first place: if the octets are in the (8,2);/,
representation under SU(3)c X SU2);, X U(1)y, ie. if
they have the same electroweak properties as the Higgs
doublet, they can couple directly to quarks through renor-
malizable operators. In fact, these states were singled out in
[3] as the colored scalars that can couple to quarks in a way
consistent with minimal flavor violation (MFV) [4,5]. If we
insist on MFV to suppress dangerous flavor-changing pro-
cesses, then the couplings of S to fermions take the form

L D nyQryyugS + npQrypdeS + He, (1

where 7y p are complex numbers and y, p are the Yukawa
matrices. Under the assumption of MFV, § thus couples
more strongly to the heavier quarks, just like the Higgs.
One expects 7 to be the dominant fermionic decay mode
for the neutral components of S, or perhaps bb, depending
on the relative sizes of the flavor-independent couplings
ny and 71p, and on kinematic accessibility. If kinemati-
cally allowed, the dominant fermionic decays for the
charged octets would be to tb and 7b. It is possible that
electroweak symmetry breaking may sufficiently split the
masses of the various components of S so that these decays
to quarks compete with decays of a heavier S component to
a lighter one and a gauge boson. In Sec. III, we discuss the
likelihood of different decay modes. In general, we find
that decays to fermions are likely to dominate for all
members of the S multiplet.

Although we will focus on scalars in a (8, 2),/, repre-
sentation, some of our analyses will apply equally well to
electroweak-singlet color octets that couple through
higher-dimension operators to quarks. If we impose MFV
here as we did above, we have
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1 ~ _
LD K(nUQLyUuRhS + npQrypdrhS + Hec). (2)

Provided that the scale A for these effective operators is
not too large, S could still decay promptly to quarks,
preferentially to ¢7 or bb. The phenomenology of particles
in the (8, 1), representation was explored in a supersym-
metric context in [6].

The outline for the rest of the paper is as follows. In the
next section, we discuss contexts in which octet scalars
might arise. In Sec. III we study the most general renor-
malizable scalar potential involving the Higgs doublet and
an S multiplet in the (8, 2), , representation. We show that
two-body decays of the octets involving gauge bosons are
somewhat disfavored by an analysis of the renormalization
group equations for these couplings, combined with limits
from Tevatron searches. Motivated by this result, we focus
in Secs. IV, V, and VI on S decays to quarks, f7, bb, and tb
in particular. In Sec. IV we discuss the challenges of
reconstructing top quarks in S decays and present our
strategy, which is to identify fat composite jets with invari-
ant masses near the top mass as top candidates. In Sec. V
we apply this method to S pair production, in which case
the cross section depends on the mass alone, as the relevant
coupling is the SU(3)- gauge coupling. We also briefly
consider the more parameter-dependent case of single S
production, which appears to be more experimentally chal-
lenging. Finally, in Sec. VI we consider how one might
hope to probe the couplings of S to the Higgs.

II. MOTIVATION

As we are chiefly interested in the collider phenomenol-
ogy of color-octet scalars, we will for the most part set
aside questions about where they come from and why they
should exist. Here we simply mention two possibilities for
how they could fit into a larger theory.

In theories of compositeness, it is possible that color-
octet states could emerge if some or all of the fermions
transforming under the confining gauge group are colored.
If some fermions transform as fundamentals of SU(3). and
others as antifundamentals, it is perfectly reasonable to
imagine that color-singlet bound states, appropriate to
serve as the Higgs doublet, could be accompanied by
color-octet bound states, given the decomposition 3 ® 3=
8 + 1. Assuming that (anti)fundamental representations
are likely to emerge from a high-scale theory, this simple
group theory relation is already motivation for octets.

To make this point slightly more explicit, consider the
following cartoon of a composite Higgs model. Assume
left-handed fermions in the following representations
under SU(N) X SU(3)¢ X SU(2), X U(1)y, where SU(N)
is the confining gauge group:

g~(N32n P~ (N3 2 3
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These femions are in vectorlike representations, but we
will imagine that their masses lie well below the SU(N)
scale.

Setting the gauge couplings of the standard model to
zero, this theory exhibits an SU(9) X SU(9) flavor symme-
try. If the strong SU(N) dynamics break this flavor sym-
metry to its diagonal subgroup with the equal condensates

W)y = (xx*), (5)

then in the limit where the standard model gauge couplings
are turned off, there are 80 Goldstone bosons, including
real scalars transforming as (8, 1), @ (8, 1), @ (8,3), ®
(1,3)p @ (1, 1)y under the standard model gauge group,
and complex scalars transforming as (8,2), & (1, 2);s.
All of these particles receive quadratically divergent
masses from gauge loops except for the singlet, but if
and y have different masses, that symmetry breaking
would presumably induce a mass for the singlet.

The (1, 2), , state can be identified as the Higgs doublet
of the standard model, although we have not specified here
an origin for its quartic coupling, and have made no
attempt to provide a mechanism to achieve natural elec-
troweak symmetry breaking. Among the many additional
states are those in the (8, 2), , multiplet. In what follows,
we will focus on the phenomenology of this representation,
although, as this example makes clear, if that multiplet
exists it is plausible that others will be present as well.

A color-octet scalar can also emerge as an extra compo-
nent of the gluon field in an extra dimensional model with
bulk gauge fields (or, more precisely, as one of the low-
lying Kaluza-Klein excitations of that field) [7]. Of course,
in this case the scalar octet will not have electroweak
charge, but decays to quarks could still be induced by
brane-localized couplings involving the Higgs. If these
brane-localized couplings have hierarchies that are similar
to the Yukawa hierarchies, the octet will decay preferen-
tially to third-generation quarks.

III. COLOR-OCTET DOUBLETS AND THEIR
DECAYS

We now consider the phenomenology of a color-octet
scalar S in the (8,2),,/, representation under SU(3)c X
SU(2);, X U(1)y. The couplings of S to fermions shown in
Eq. (1) preserve MFV. The standard model U(3)> flavor
symmetry is broken only by the Yukawa couplings and by
the S couplings, which are themselves proportional to the
Yukawa couplings. Thus, the Yukawa couplings are the
only spurions giving rise to flavor violation in this model.

Following the notation of [3], the most general renor-
malizable scalar potential for this model is
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where i, j are SU(2); indices and the traces are over the
SU(3)c indices. Note that A, and A5 may be forbidden by
an § — —S§ symmetry. This symmetry is, however, broken
by the couplings of S to fermions, and so even if A4 and A5
vanish at tree level, they will be generated radiatively by
ny and np. If 9y p and Ays all vanish, then the S field
becomes exactly stable. In this case, very stringent limits
from heavy elements searches apply. For the remainder of
this note, we will assume that the S — —S§ symmetry is
broken strongly enough to avoid all cosmological prob-
lems, including those that might arise from late-time de-
cays [8].

Cross couplings between the S and H fields can signifi-
cantly modify the properties of the Higgs boson. Previous
work has noted that these couplings can lead to a substan-
tial effect on, e.g., the gg — A production rate [3]. We will
revisit related issues in Sec. VI, but first we discuss obser-
vation of § fields at hadron colliders.

A. Decay modes

As a prelude to our discussion, we consider which decay
modes of S are likely to dominate. Working under the
assumption of minimal flavor violation, the lightest § state
will decay to the heaviest fermion states that are kinemati-
cally accessible. How the other states in the S multiplet
decay is slightly more subtle. The answer depends on the
couplings of S to fermions, as well as the splittings within
the S multiplet. The S doublet will be split by electroweak
symmetry breaking:

2
mi. = m} + 7N
v? v?
mi, = m3 + T()" + A +20) =mg. + Z(Az +2A3)

‘U2 U2
mé, = m% + I(/\l + )\2 - 2)\3) == m§+ + Z()\2 - 2A3)
= m — VA, (7)

where ST, SR, and S’ are the charged, neutral scalar, and
neutral pseudoscalar components of S. If the splittings are
sufficiently large, then two-body decays of the type S* —
S'W and S; — Z°Sg are allowed, and production of the
heavier states in the multiplet leads to cascade events.
However, as we now discuss, this scenario does not appear
to be likely.
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FIG. 1 (color online). The minimum value of |A, = 23] that
allows for two-body decays involving W™. The positive sign
corresponds to SR — W*S~ or S — W~ SR, and negative
corresponds to S/ — W*S~ or §7 — WS/,

To determine the size of the mass splittings induced by
the above couplings, we need to known what to expect for
both m?% and the A;. We can get an estimate of the current
bound on m? by considering searches at the Tevatron for
final states with multiple heavy jets. Such a search was
recently conducted by CDF, and was used to place limits
on the process gg — A°bb, where A° is the pseudoscalar
Higgs of the minimal supersymmetric standard model
(MSSM) [9]. Roughly, this result indicates that fields that
decay to 4b with o X Br(— 4b) = 1 pb are likely to be
excluded. We generated events of the type gg — SS — 4b
using the UsrMod functionality of MADGRAPH v.4.1.30
[10], using the CTEQSL parton distribution function. We
applied a K factor of 1.5, in analogy to gluino production at
the Tevatron [11]. Events were subsequently showered
using PYTHIA 6.4.11 [12], and then run through the
“Pregty Good Simulator” (PGS) detector simulation (v4)
[13].

Placing cuts similar to those in [9] on the signal, we find
that current limits require mg = 200 GeV if S decays
dominantly to b quarks. We should note that, even if S is
too light to decay to #7, there is no guarantee that bb will be
the dominant decay mode. If n,/ny is sufficiently small,

'"We modified the default b-tagging parametrization of PGS.
The standard PGS distribution determines whether a b-jet is
tagging by looking at the Monte Carlo “truth” information for
tracks within 20 degrees of a reconstructed jet center, and then
applies a (py, ) dependent efficiency. This approach is only
reasonable if the jet size is close to 20 degrees. Since we look at a
variety of cone sizes, we modify the PGS code to look for “true”
b quarks within a cone whose size depends on the cone size used
in jet reconstruction.
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Two Body Z Boson Decay Limits
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FIG. 2 (color online). The minimum value of |A;| that allows
for ST — ZSR or SR — ZS!.

then S may dominantly decay to charm quarks with a
resulting decrease in the efficiency of the quoted search.
In this case, the bound could be substantially degraded.
In what follows we will assume that the decays to b
quarks dominate, and take the bound to be 200 GeV. With
this bound in place, Figs. 1 and 2 indicate that on-shell
gauge boson decays are only possible for large A;. With
such large couplings, the Higgs quartic coupling tends to
quickly go nonperturbative [see the Appendix for renor-
malization group equations (RGEs)], indicating the need
for new physics at a relatively low scale. First, suppose we
impose the very modest requirement that the Higgs quartic
coupling remains perturbative up to the 10 TeV scale. In
this case, for a Higgs boson mass of 120 GeV, one can

accommodate A; < 1.3 or ‘/)\% + A3 =< 2.2, in both cases

assuming all the other A; are negligible. For a larger Higgs
boson mass, of say 200 GeV, the bounds are even stronger,

A= 1.2, and‘/)\% + A3 < 1.8. From Figs. 1 and 2, we can

conclude that even the modest requirement of having no
Landau pole below 10 TeV significantly limits the space
where gauge boson cascades are allowed. If we instead
impose the absence of a Landau pole all the way up to
10'° GeV, the limits tighten considerably, forcing

JA3 + A% = 0.9 for a 120 GeV Higgs boson.
Finally, we note that large A, 5 together with small mg

can lead to large contributions to precision electroweak
observables [3]. For somewhat light octets, mg =
300 GeV, the constraints on 8p require (A3 — 4A3) < 1,
again disfavoring two-body decays to gauge bosons.

The above considerations indicate that all members of
the S multiplet are likely to decay to the heaviest available
fermions. It should be noted, however, that the width to
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quarks does depend on the unknown parameters 7, and
np. If these parameters are sufficiently small, then three-
body gauge boson mediated decays can still compete. As
an example, for mg+ = 830 GeV and mg = 800 GeV, the
three-body decay mediated by W bosons can compete if
Ny = 1073 and 7, =< 1073, Finally, if the %; are very
small, and the splittings between the charged and neutral
states are very small ( = GeV), then there is a possibility
of long-lived charged tracks with displaced vertices (or
even highly ionizing tracks that range through the detec-
tor). For a review of some of the relevant phenomenology
in this case, see [14]. An exotic in the (8, 1), representation
couples to the standard model fermions only through
higher-dimension operators, suppressed by a high scale,
M. For sufficiently high M, this provides a natural expla-
nation for a long-lived exotic. In the remainder of the
paper, we will assume that the 7); are sufficiently large
that the decay to heavy fermions will dominate.

IV. RECONSTRUCTION OF TOP QUARKS IN S
DECAYS

Since S is charged under SU(3)c, one would expect
the LHC discovery reach to be impressive, a TeV or greater.
If S is very heavy and decays to f7, reconstructing these
top quarks may present challenges due to the kinematics of
the events. Because the top quarks are boosted in the lab
frame, the angle between their decay products—the W
boson and b-quark—tends to be small. Thus, there are
two potentially useful methods to reconstruct the top
quark: one can attempt to reconstruct a W boson from its
decay products and then combine it with a b-jet as usual, or
one can look directly for jets with invariant mass near the
top quark mass [15-18]. If the W boson decays hadroni-
cally, then there are three jets very close and possibly
overlapping in the detector. It is possible that a jet algo-
rithm might reconstruct this as a single jet, in which case its
mass should correspond to that of the top.

In the case where the jets are resolved by the jet finding
algorithm, a conventional two step reconstruction may be
attempted. If one is tagged as a b-quark, then the other two
jets (or one if the W boson jets are overlapping) can be used
reconstruct the W. This W can then be subsequently com-
bined with the b-jet to reconstruct a top. Particularly in the
highly populated final states that we consider here, this
method can potentially suffer from large combinatoric
backgrounds and high fake rates. Light jets from initial
and final-state radiation can fake W’s, leading to a pollu-
tion of the signal. Alternately, in events with exactly one
lepton, the W boson may be reconstructed by combining
the lepton with the missing energy. Degeneracies in 7 for
the p; reconstruction are broken by looking for what best
will reconstruct the top quark. This method was recently
used in reconstructing single heavy resonances decaying to
top quarks [19].
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A. A top quark finding strategy

We find that an efficient way of searching for top quarks
is to look for fat “top jets.” One might be tempted simply
to analyze events with a large cone size, hoping that all top
decay products would fall into the cone. However, these
events are so highly populated (including the decay prod-
ucts of up to four top quarks, ISR and FSR) that a large
cone size is apt to suck up extra soft things from far away
into a top jet, thus moving the jet mass out of the window
for top quarks. To combat this, a two step process is used.
First, when reconstructing jets in the event a small k; cone
size of AR = 0.3 is initially used. Second, after the jet
reconstruction is completed, there is a jet combination
phase. The distance AR;; between all pairs of jets is
calculated. If AR;; < ARcombine, then those two jets are
merged. This process is repeated until all jets are at least
ARcombine apart.2

This AR ombine 1S chosen based on the expected boost of
the top quark, so that all decay products will be captured. It
will be somewhat larger than simple kinematic calculations
would expect, since the kr-jet algorithm can spread out
nearby jets dependent on how nearby soft tracks are clus-
tered. Composite jets with an invariant mass between 125
and 225 GeV are called top jets.

We may optionally augment this procedure to account
for leptonically decaying W bosons. In this case, we re-
construct W bosons leptonically, then merge these with
b-jets to find tops. After this, we use the jet merging
method described above to reconstruct any remaining tops
that decay entirely to jets. Whether including these leptoni-
cally decaying top candidates is advantageous depends on
the particular search in question. In the discussion below
we will indicate which analyses include them and which do
not.

In passing we note that the determination of the invariant
mass of the jet will be potentially sensitive to complica-
tions such as the underlying event and multiple interac-
tions. We will assume that a subtraction of these
superfluous energy depositions can be done efficiently.
This procedure should be able to be calibrated on other
samples (e.g., #f production).

With this procedure for finding top jets in hand, we now

move to analyze the prospects for finding S pair production
at the LHC.

V. FINDING THE S FIELDS AT COLLIDERS

Pairs of S fields may be produced copiously, leading to
final states with up to four top quarks. We can attempt to
reconstruct top jets as above, and then take pairings to look
for resonances. Though there will be a combinatoric back-
ground from incorrect pairings of the top jets, we will show
that it is still possible to find the S resonance.

*Note that by using the k7 algorithm initially, this approach
preserves nice theoretical properties such infrared safety.
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A. Neutral scalar pairs

As a benchmark, we will consider the production of a
pair of neutral S states with mass of 1 TeV. We take the
pseudoscalar and scalar pieces to be degenerate, for it is
unlikely that the electroweak splitting will be appreciable
(i.e. larger than our reconstruction resolution) at these
masses. We will first assume that 7y is not much less
than 7, so that decays to top quarks dominate, and then
discuss the case where decays to bottom quarks dominate.

At the LHC, the production cross section for pair pro-
duction of the scalar and pseudoscalar for a mass of 1 TeV
is calculated to be 176 fb, where we have included a K
factor of 2 in analogy with that found for a gluino of similar
mass at the LHC [11]. At this mass, the top quark boost in
the rest frame of the S particle will be ~3. To eliminate
backgrounds from W + jets and pure QCD, we perform a
preselection. After these cuts, the largest backgrounds are
expected to come from 7 + jets production. We generate a
tf + jets sample using ALPGEN 2.12 [20], with showering
and hadronization performed by PYTHIA. We use the jet-
parton matching procedure built into ALPGEN to obtain ¢f +
0, 1 jets exclusive samples and a ¢7 + 2 jet inclusive
sample. To avoid having to generate an enormous event
sample, we impose a 1-TeV generator-level cut on the
scalar sum of the p;’s of the final-state partons (so, the
six decay products of the tops, and any additional jets).
Given the much more stringent cuts applied at the analysis
level, this generator-level cut is not problematic. To esti-
mate the luminosities of our background samples we multi-
ply the cross sections given by ALPGEN and PYTHIA by a K
factor determined by comparing the ALPGEN ff cross sec-
tion in the absence of cuts to the next-to-leading order
result, 830 pb [21]. We generated roughly 100 fb~! of
integrated luminosity, and have rescaled the background
levels appropriately in the results presented below.

As before, signal events are generated using the
UserMod interface to MADGRAPH [10], and subsequently
showered in PYTHIA. Finally, the events are run through the
PGS detector simulation package. Events are generated
with a renormalization scale u? = (Mpg + ¥ ; p>), where
Jj runs over all particles, and Mg is the maximum mass in
the final state.

The following preselection cuts were imposed:

(1) Two b-jets with py > 50 GeV.

(i) At least one electron or muon with py > 20 GeV.
(iii) Transverse sphericity >0.15.

(iv) Four jets with py > 100 GeV.

(V) My > 1500 GeV.
Here M. is defined as the scalar sum of all objects
(including missing pr) reconstructed in the event. Jets
are reconstructed using the k; algorithm with a cone size
of AR = 0.3, and tops are reconstructed with AR pine =
1.1 as described in the previous section. In events where
two or more top jets are successfully reconstructed, all top
quarks are taken pairwise, and the invariant mass of each
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pair is plotted. The resulting invariant-mass peak is shown
in Fig. 3. A signal peak is clearly visible above the back-
ground. More sophisticated tools could likely improve the
signal to background ratio and sharpen the mass peak. For
smaller masses, the production cross section will increase,
but it may be necessary to adapt the cuts. In particular, it
may be advantageous to loosen the M cut.

Note that this plot was generated without attempting to
reconstruct top quarks leptonically. While this decreases
the number of signal events, we found that this strategy
maximizes the significance VSE’ as it also decreases the

number of spurious pairings from the ## background.

We now turn our attention to the scenario in which the
neutral S states decay dominantly to bb instead of t7. We
will continue to take the mass of the neutral S states to be
1 TeV. If decays to bb dominate, no leptons appear in the
final state, but we nevertheless find that an efficient sup-
pression of standard model backgrounds can still be
achieved using the following cuts:

(i) Exactly four jets with pr > 200 GeV, all of them

b-tagged.
(i) M. > 1800 GeV.
For events passing these cuts, the four b-tagged jets are
paired up so that the difference between the two dijet
invariant masses is minimized. If these two invariant
masses are within 200 GeV of each other, both values are
kept, and otherwise the event is discarded.

To analyze the octet signal, we generate ~31 k events,
corresponding to ~175 fb~!. Of these, 141 pass the b-jet
multiplicity and M cuts, and 127 satisfy the dijet
invariant-mass criterion. In Fig. 4 we show the invariant-
mass distribution for these signal events after rescaling the
counts to correspond to an integrated luminosity of
100 fb~ 1.

Invariant Mass of Top Pairs for 100 fb" of data

70
mg=1TeV

60
— tt+n jets
50

—— Signal
40 9

30

Number of Events

20

10

1000 1200 1400 1600 1800 2000
m,; (GeV)

200 400 600 800

FIG. 3 (color online). Invariant-mass distributions from recon-
structed top quark pairs, for signal and ¢ background. The signal
is stacked on the background. Looking in the mass window 1 =*
0.1 TeV gives a signal significance of over 5o.
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Invariant Mass of b-jet Pairs for 100 fb~! of Data
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FIG. 4 (color online). Invariant-mass distribution for pairs of
b-tagged jets, for the case where the neutral S states decay
dominantly to bb.

Using ALPGEN, we have considered backgrounds to
this signal from multijet production, bb + jets, bbbb,
and 7 + jets. To estimate the multijet background we
first determine the rate for events passing the jet-
multiplicity cut—without a b-tag requirement—and the
M. cut. We obtain 1358 events passing these cuts from
a sample corresponding to an integrated luminosity of
148 pb~! (after including a K factor of 2), and find
that 2.5% of the energetic jets are identified as b-tagged
by PGS. Estimating that the fraction of events that pass
the b-jet multiplicity cut will then be ~(0.025)*, we get
~0.4 for the expected number of events after 100 fb™!,
before the invariant-mass cut.

For the bb + jets background we obtain 841 events
passing the jet-multiplicity cut from a 2-fb~! sample
(again taking K = 2), 99 of which have two b-tagged
jets. Taking the 2.5% fake rate from the multijet sample,
we estimate the probability for the events passing the jet-
multiplicity cut to have four b-jets to be ~(99/481) X
(0.025)?, leading to an estimate of ~3 events per
100 fb~! before the invariant-mass cut. By studying the
sample obtained without imposing the b-tag requirement,
we estimate that the invariant-mass cut reduces the back-
ground by a further factor of 2 or so. We find that the
backgrounds from bbbb and tf + jets are considerably
smaller, with a combined expected rate of ~0.6 events
per 100 fb~! before the invariant-mass cut.

These background estimates suffer from large QCD
uncertainties and are furthermore sensitive to b-tag effi-
ciencies and fake rates, approximated here using the de-
fault settings in PGS. Nevertheless, given that our
estimates lead to a signal to background ratio well over
10, it is at least plausible that an octet signal associated
with decays to bb would be observable using an analysis
along the lines of the one presented here.
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B. Charged scalar pairs

Next, we consider whether decays of the type S*§~ —
ttbb can be reconstructed. The production rate for gg —
S8~ pair production of the charged scalars for a mass of
1 TeV will be identical to the combined rate for the scalar
plus pseudoscalar, so we again take 176 fb for the cross
section. After preselection, the largest backgrounds are
again expected to come from ¢7 + jets production, which
we simulate with ALPGEN 2.12. In this case, the following
preselection cuts were imposed:

(i) One b-jet with py > 200 GeV, two b-jets with py >

100.
(i1) At least one electron or muon with pr > 20 GeV.
(iii) Transverse sphericity >0.15.
(iv) Four jets with py > 100 GeV.
(V) M > 1800 GeV.

Jets are reconstructed using the same procedure used in
the neutral scalars, using the kr algorithm with a cone size
of AR = 0.3, and tops are reconstructed with AR pine =
1.1. Charged S resonances are then sought by combining
any top quarks with any bottom quarks, and then plotting
their invariant masses. This results in the peak shown in
Fig. 5.

Again, the signal is clearly visible above the back-
ground. In this case, the width of the peak is greater, due
in part to incorrect pairings of top candidates with b-jets.
For this analysis we find that it is beneficial to include the
leptonically reconstructed top candidates.

C. Single scalar production

Although parameter dependent, it is possible S reso-
nances will be produced singly via gluon-guon fusion

Invariant Mass of Top and Bottom Pairs for 100 fb™! of data

70 mg: = 1000 GeV

60 — tt+njets

50
—— Signal

40

30

Number of Events

20

10

400 600 800 1000 1200
m (GeV)

1400 1600 1800 2000

FIG. 5 (color online). Invariant-mass distributions from
b-jet—reconstructed top quark pairs, for charged-octet signal
and 17 background. The signal is stacked on the background.
Looking in the mass window 1= 0.1 TeV gives a signal
significance of over So.
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[22]. This process proceeds via a loop diagram, and de-
pends on precisely the couplings that break the S — —S§
symmetry. In particular, if 1y p and A4 5 are all zero, then
the cross section vanishes. For low values of mg, a large 7,
is in tension with the constraint from Z — bb derived in
[22], but iy = 1 is allowed at the two-sigma level for
mg = 500 GeV. If A5 is zero, then the production in
this channel is identical to gluon-gluon fusion to a Higgs
boson, modulo a simple rescaling by 77, and a modified
color factor. In the following, we assume 7m; = 1 and
Ays = 0. In the narrow width approximation, we then
find o(gg — Sg) = S 0(gg — h).

Large ny means that BR(S; — #7) ~ 1 as long as this
state is kinematically accessible. For masses below 2m,,
decays to b quarks are likely, with a staggering QCD
background.

The ATLAS collaboration has done a study on searching
for resonances in the 77 channel in the context of searches
for the A? of the MSSM at low tanB. We can use this
related study to determine the prospects for searching for
the S in this channel. For mg = 370 GeV, we find o(gg —
Sg) = 1.7 pb. In Table 19-39 of the ATLAS TDR [15], the
ATLAS study used a benchmark point with a cross section
0 gea0 = 8.3 pb at this mass. Rescaling the signal, we find
that even with ; = 1, 30 fb~! of data will only provide
approximately a 1.70 excess in this channel.

VI. PROBING COUPLINGS OF THE S TO THE
HIGGS BOSON

Once discovery of an exotic S is established, it is natural
to ask wether it couples to the Higgs boson. After all, the
coupling |h|?|X|? is allowed, regardless of the quantum
numbers of the X field. Our § field is no exception.

There are several ways in which one might gain indirect
access to couplings between S and the Higgs boson. The
rate for gg — h production may be modified if the §
couples to the Higgs boson [3]. Also, the presence of
splittings between the members of the S multiplet is due
to the S couplings to the Higgs bosons. So, if finite split-
tings could be observed (perhaps through cascade decays
via gauge decays to the lightest S field), then one might be
convinced that there is an interaction between S and the
Higgs. There are two smoking guns for establishing such a
coupling. First, one might look for exotic Higgs decays of
the form & — SS. Second, one could look directly for an
SSh final state, where the Higgs is radiated from an S field.

The current bound on the S mass, mg = 200, tells us that
Higgs boson decays to the S field will require a heavy
Higgs boson. Given the indications from precision electro-
weak physics for a light Higgs boson this possibility is
somewhat disfavored. However, one should note that the S
field itself can contribute to precision electroweak observ-
ables, possibly allowing for a heavier Higgs boson, along
the lines of [23]. A heavy Higgs boson already has a
substantial branching fraction to on-shell W bosons, ren-
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dering S pairs an unlikely dominant decay channel.
However, if the S — S — & coupling is large enough, then
it is possible that this decay mode could at least compete
with the WW decay mode. For example, for my =
200 GeV, and Agg, = v, the branching ratio can reach
25% for a 500 GeV Higgs boson. Discovery of such
Higgs boson decays would be challenging, as the final state
will again be four heavy fermions, but in this case a large
M ¢ cut will not be possible. If the § — —S§ approximate
symmetry is very good (including very small 7;), then
observation should be much easier. In this case, the S fields
can be quasistable, and depending on the details of hadro-
nization, they might appear in the detector as highly ioniz-
ing, long-lived charged tracks. Then the distinctive decay
h — SS might be simple to see above standard model
backgrounds. However, current searches for such highly
ionizing particles at the DO experiment constrain particles
with an S-like production cross section to have masses
above 310 GeV [24]. Then, even a 700 GeV Higgs would
only have a 5% branching fraction to such states, even with
Assp, = v. Whether or not the Higgs boson mass peak
could be reconstructed in the final state above the pair
produced S continuum is an interesting question. The
answer depends in detail upon how well the mass of the
S particles could be measured, from a combination of
dE/dx measurements and time of flight considerations.
We now turn to the possibility of observing the process
pp — SSh. In Fig. 6 we show contours of the production

o(pp—~SSh)
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FIG. 6 (color online). Production cross section at the LHC
(/s = 14 TeV) for the process o(pp — SSh) as a function of
the Higgs boson mass, m;,, and the scalar mass mg. We assume
a single real scalar, S. For the S — S — & coupling we take a
value Ajgy = 0.75v, with v = 246 GeV. From left to right
contours appear at 500, 250, 150, 100, 50, 20, and 10 fb.
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cross section for this process. We assume a single real
scalar, S. For the S — S — h coupling we take a value
Apss = 0.75v, with v = 246 GeV. Over the range shown,
the cross section ranges from nearly half a picobarn down
to less than 10 femtobarns. Because of phase space sup-
pression, the cross section is a very rapidly falling function
of the S mass. Assuming no signal is found for the S field at
the Tevatron, any color octets will be heavy enough that
cross sections for this process will not be likely to exceed
10’tens of fb. Thus, searches in channels SSh — 6b (for
lighter Higgs masses) and SSh — 4bW* W™ are likely to
be challenging due to large backgrounds from QCD and #7
production. If some of the S fields hadronize into long-
lived charged particles, then a final state including two
highly ionizing tracks along with a Higgs boson might be
sufficiently distinctive to observe above any backgrounds,
independent of the final state of the Higgs boson. However,
as discussed above, current bounds on such an S field
would require it to be heavy, implying a small production
cross section.

VII. CONCLUSIONS

Exotic colored scalars, if present at the TeV scale, will
be produced at the LHC in large numbers. Prospects for
their discovery obviously depend on the details of their
decay modes. Here we have examined the phenomenology
of particles in the (8, 2),/, representation. Mass splittings
within this multiplet arising from its couplings to the Higgs
may allow for two-body decays of a heavier scalar to a
lighter one and a W or Z gauge boson. We find that these
couplings must be rather large for these two-body decays
to be kinematically accessible, given the lower bound on
their masses implied by Tevatron results. A renormaliza-
tion group analysis then shows that these large couplings
tend to hit Landau poles at fairly low scales.

Although it is certainly possible that whatever additional
new physics comes along with the octets significantly
changes these RGEs, we have chosen to study the case
where the octets’ decays are dominated by third-generation
quarks. Our study of pair-production events leading to ¢7¢7,
bbbb, and bbif final states suggests that the octets should
be accessible at the LHC up to masses exceeding a TeV.
For these heavy octets, the top quarks produced are quite
boosted and so their decay products are not easily resolved,
but a method designed to identify top candidates by look-
ing for composite jets with appropriate invariant masses
leads to efficient top reconstruction. We find that observa-
tion in the single-production channel is much more diffi-
cult, once precision electroweak constraints are taken into
account.
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APPENDIX: RENORMALIZATION OF A;

New scalar couplings will affect the running of the
Higgs boson quartic couplings, possibly causing a
Landau pole at very low energies. In principle, they might
also become nonperturbative themselves. The RGE for the
Higgs boson quartic coupling is modified as

d\
167 7 = 24A% + 48)} + 1643 + 1643 — (3" + 9g?

3 3 9
_122/\+_ /4+_ /22+_4_64
yi) g8 T 88 tgs Vi
(A1)

where t = InQ.

PHYSICAL REVIEW D 77, 095003 (2008)
The new scalar couplings are modified as:

d\ 3 ,.9
1672~ E = 16} + 844, - (ng2 +38° - 6y,2>)\1

3 9 3
- <58/2 + 582 + 1883))\1 +6myyiA +§g’4

3,3
+2g'+ 7828 —ompy!

A2
dA 8 4 3 9 "
1677261—12 = 8A3 + 16AA, — (ngz t58 - 6y%>A2
3 2 9 2 2)
—(5g” + 2%+ 18g%)A
(28 28 85 |2
+6m7 YAy — 6m7yt (A3)

dA 3 ,.9
16772d—: =82 + 16A); — (Eg/2 +58" - 6y,2)/\3

3 9
- (— g?+ 582 + 18g%)/\3 +6myyiAs — 6m7 7.

2
(A4)
We have ignored the RGEs and contributions of A4 and
higher. Inclusion of these couplings would only strengthen
the bounds coming from perturbativity considerations.
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