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Prospects are investigated for the discovery of massive hyper-gluons using data from the early
runs of the Large Hadron Collider. A center of mass energy of 7 TeV and an integrated luminosity
of 1 fb~! or 5 fb~! are assumed. A phenomenological Lagrangian is adopted to evaluate the cross
section of a pair of colored vector bosons (colorons, p) decaying into four colored scalar resonances
(hyper-pions, 7), which then decay into eight gluons. The dominant eight-jet background from the
production of 8¢, 7g1q, 6g2q, and 5g3q is included. We find an abundance of signal events and that
realistic cuts reduce the background enough to establish a 5o signal for the coloron mass of up to

733 GeV with 1 fb™! or 833 GeV with 5 fb~ 1.

Introduction.— With the LHC collecting data at a cen-
ter of mass energy of 7 TeV, and with the promise of
an accumulation of 1 to 5 fb~! of luminosity at this en-
ergy, it is sensible to ask what can be learned from this
data beyond looking for the Higgs or signs of supersym-
metry. Some scenarios have been proposed where the
new physics manifests itself solely through the strong
force. In particular, if new colored particles exist at
TeV scales, they will be discovered through decays into
jets. Ome such possibility is a massive vector boson in
the color-octet representation [1-3]. Such a particle has
been dubbed a coloron. According to this definition, sev-
eral theories of physics beyond the Standard Model (SM)
give rise to colorons. Examples are topcolor models [1]
and Kaluza-Klein excitations of the gluon in the universal
extra-dimensional models [4, 5]. In Ref. [6], Kilic, Sun-
drum and Okui showed how a coloron, as well as a scalar
octet, can emerge as the low energy states of an effective
theory which arises from a simple model of new, strongly
interacting fermions, charged under a new strong inter-
action as well as QCD color. In this paper we consider
that model, following the analysis of Ref. [6] and the sub-
sequent treatment found in Ref. [7].

Briefly the model supposes there exists a new strong
force (hypercolor) which becomes confining at a higher
energy than the strong QCD force. Fermions (hyper-
quarks) which carry hypercolor will form bound states
which are hypercolor singlets but carry QCD color quan-
tum numbers. The hyperquarks are electroweak singlets
so they are allowed by electroweak precision constraints.
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In addition, these hyperquarks are triplets of QCD and
their lightest bound states are color octets. These re-
call the p meson flavor octet of ordinary QCD, but are
hypercolor singlets in a color octet. These hyper-gluons
are the colorons. Analogous to the breaking of chiral
symmetry in the Standard Model, this model will also
produce, in a color-octet representation, relatively light
scalars (hyper-pions) as pseudo-Goldstone bosons.

These vector and scalar octets have an interesting phe-
nomenology. Naively one might think that light octets
are severely constrained by dijet searches at the Teva-
tron [8]. However, in this model the hyper-pions couple
sufficiently weakly to gluons to leave unrestricted an in-
teresting parameter range, and the colorons have only
a small branching fraction to decay into two quarks or
two gluons. Rather, the colorons decay predominantly
to hyper-pions, each of which then decays to a gluon
pair. Thus the dominant signal for resonant production
of a coloron is a 4-jet decay chain. The hyper-pions are
the lightest bound state formed by hyperquarks. We as-
sume the branching ratio B(T — gg) to be one, similar
to B(m® — ~v), since all other decay channels are greatly
suppressed.

On the other hand, there are several processes which
pair produce hyper-pions without a resonant coloron.
Combined with the loss of jet resolution during show-
ering, hadronization, and reconstruction, this may make
the initial coloron resonance difficult to establish. Instead
we consider the pair production of colorons, leading to an
eight-jet signal and use this signal as a potential discov-
ery mechanism. The LHC is currently running at a center
of mass energy of 7 TeV; we present results for possible
detection at this energy for two cases of the integrated
luminosity, 1 fb=* or 5 fb=1.

A Model with Colored Vector Bosons and Scalars.—
The effective Lagrangian for the massive color octets can



be derived by analogy with the spontaneous breaking of
chiral symmetry in the Standard Model. The interactions
of the hyper-pions (7) and the colorons (p) are given by
[7]:
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The number of hypercolors has been set to be Nyc = 3
for simplicity. G, and g are SM gluon and quark fields,
while a is a color index. D), is the SM covariant derivative
and g3 the coupling constant of QCD. T% and f%° are,
respectively, the generators and structure constants of
SU(3). Kilic et al. have derived the remaining constants,
by analogy with the phenomenology of SM mesons, in
terms of Mj;. They set the p — quark coupling € ~ 0.2,
the strongly induced p — 7 — 7 coupling gzzz ~ 6, the 7
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decay constant fz ~ fr X %ﬁ, where fr and M, are the

ordinary pion decay constant (92 MeV) and p mass, and
the mass relation Mz ~ 0.3 x Mj;. Thus a value of M3
determines the value of Mj;. Note that the last term of
the Lagrangian contains a free parameter x which cannot
be extrapolated from the Standard Model.

Production Cross Section.— We have evaluated the
cross section for pp — pp — 47 — 8g + X from gluon
fusion and quark-antiquark fusion in two ways, (a) with
a complete matrix element involving Breit-Wigner reso-
nances for both p and 7, and (b) with matrix elements in-
volving Breit-Wigner resonances for the p in pp — pp —
47+ X and the narrow width approximation for 7 — gg.
We calculate the decay widths as I'; ~ 0.19 x Mj, and
'z ~ 0.12a2 x Mz. Thus, the 7 width s narrow and,
in the narrow width approximation, the cross section for
pp — pp — 47 — 8g + X can be thought of as the
production cross section o(pp — pp — 47 + X) multi-
plied by the branching fraction of hyper-pions decay into
gluon pairs B(7 — gg) = 1. In addition, we have checked
|M|?(g9 — pp — 47) analytically. We have added the
model of Eq.(1) to MadGraph [10, 11] to generate the ma-
trix element squared for the processes (a) and (b). The
numerical output from MadGraph gives excellent agree-
ment with that from our analytic expressions.

With energy-momentum smearing, the cross section
in the narrow width approximation agrees very well
with that evaluated with Breit-Wigner resonances for the
hyper-pion. The ATLAS detector specifications [12] have
been adopted to Gaussian smear the momenta of the jets

by A2 = —060__ 30,03 , with individual terms added
E E(GeV)

in quadrature.
We use the parton distribution functions of CTEQ6L1

[9]. The factorization scale as well as the renormalization
scale is chosen to be (a) the coloron mass (Mj) for the
coloron signal, and (b) the root mean square transverse
momentum (/(p7.)) of all eight jets for the background,
with leading order evolution of the strong coupling. For
simplicity, the K factor is taken to be one for both the
signal and the background.

To demonstrate that colorons can be produced copi-
ously at the early LHC, we derived an analytic expres-
sion for the square of the matrix element, summed over
polarizations, for gg — pp. In Fig. 1 we show the cross
section for pp — pp + X for a few values of x. For
this figure we did not make any cuts. The theory is only
unitary for x = 1 where the terms in the square of the
matrix element which grow with energy are absent; in the
remainder of the paper that is the only value we will use.
For x = 1 we have checked that our results for gg — pp
are consistent with those of Refs. [2, 3, 7] for /s = 14
TeV.
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FIG. 1: The cross section of pp — pp+ X as a function of Mz
for x = 1,0, and 3.

Physics Background.— We compute the cross section
of the dominant eight jet physics background with the
matrix-element generator COMIX [13], interfaced with
the event generator SHERPA [14]. COMIX adopts color-
dressed Berends-Giele recursion relations [15, 16] to con-
struct QCD amplitudes. The backgrounds included are,
in the order of importance, g¢ — 7glq,99 — 8¢, gq —
5g3q, qq — 6g2q, and gg — 6g2q, where ¢ may be a
quark or anti-quark). For Mz 2 230 GeV, the 6g2q pro-
cess becomes larger than the 8¢g process. These domi-
nant processes involve the largest number of diagrams
and biggest color factors, with initial valence quarks be-
coming important at higher energies.

To reduce the large QCD physics background, we re-
quire that in each event, signal or background, there



should be eight jets (j = g¢,¢,q) with lower lim-
its on their transverse momenta of pr(ji,---,js) >
250, 200, 160, 120, 80, 60,40,20 GeV , a pseudo-rapidity
for each jet of |n(j)| < 2.5, and angular separation for
each pair of jets of AR = /A¢? + An? > 0.5. A hi-
erarchical set of pr cuts is chosen because the leading
jet has a broad peak near M;/2 in the pp distribution
for pp — 47 — 8¢, which is from the Jacobian peak of
p — 7w, while the 8th jet typically peaks around 40 GeV.

Discovery Potential at the Early LHC.— To study the
discovery potential of pp — pp — 47 — 8g + X, we
evaluate the cross sections for the signal and background
as described in the previous section with, in addition, two
types of mass cuts: (i) relative mass cuts and (ii) fized
mass cuts.

The relative mass cut requires that within each event
the eight jets can be arranged into four pairs of jets that
have invariant mass within AMs; of each other, and there
must be distinct pairs of four jets that have invariant
mass within AMy; of each other. We have chosen (a)
AMQJ' S 30 GeV and AM4J' S 60 GeV or (b) AMQJ‘ S 50
GeV and AMy; <100 GeV.

The fized mass cut requires that within each event,
there must be eight jets with four pairs of jets that have
invariant mass within a bin of width +AMs; centered
at Mz, and there must be two groups of four jets that
have invariant mass within a bin of width £AMy; cen-
tered at Mj;. We have chosen (a) |Ma; — Mz| < 0.10Mx
and |My; — M;| < 0.15M; or (b) |My; — Mz| < 0.15Mx
and |[My; — Mp| < 0.20M;. Our choice of mass window
is consistent with the CMS [17] and the ATLAS [18] di-
jet mass resolution, which is between 16% to 10% for
masses from 0.5 TeV to 2.5 TeV. This fixed mass cut
has more power to discriminate against the background.
However, in practice M; and Mz are unknown and can-
didate masses must be scanned over to determine mass
peaks, which makes it harder to implement.

We define the signal to be observable if the lower limit
on the signal plus background is larger than the corre-
sponding upper limit on the background [19] which cor-
responds to

as>%[N+2\/L_ab] . 2)

Here L is the integrated luminosity, assumed to be 1 fb—*
or 5 tb~!, o, is the value of the cross section that the sig-
nal cross section must exceed, and oy, is the background
cross section. The parameter N specifies the level or
probability of discovery. We take N = 2.5, which cor-
responds to a 5o threshold in the limit o, << 03, a
condition that will be true for the relative mass cuts.
If the background has fewer than 16 events, assuming 1
fb~! of luminosity, as will often be the case for the fixed
mass cuts, we employ a Poisson distribution and require
that the Poisson probability for the SM background to
fluctuate to this level is less than 2.85 x 1077,

To assess the discovery potential we present in Fig. 2
the cross sections of the coloron signal, and the eight jet
background, after acceptance cuts and relative mass cuts,
versus Mz. In addition, we present the minimal signal
cross section that is required to establish a 50 effect.

Fig. 2 shows that the narrower relative mass cut (a)
has the potential to discover the hyper-pions and colorons
up to Mz =195 GeV (M; = 650 GeV) for 1 fb~!. The
wider relative mass cut (b) will allow more background
events, and thus has a slightly reduced discovery reach
of Mz = 185 GeV (Mj; = 617 GeV). Fig. 2 shows the
5 sigma limit for 1 fb=! only. The 5 sigma limit for 5
o=t is Mz = 220 GeV (M; = 733 GeV for cuts (a) or
M; =210 GeV (M; = 700 GeV) for cuts (b). Thus using
Eq.(2) does not show much difference between the results
with cuts (a) or (b). However, if instead of (2) we use
the signal to background ratio as a measure of merit, we
see that the relative mass cut (a) is significantly better.
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FIG. 2: The cross section for pp — pp — 47 — 8g + X as
a function of M. We have applied kinematic cuts on pr, 7,
AR and two sets of relative mass cuts: (a) AMs; < 30 GeV
and AMy; < 60 GeV [red, dot-dash], or (b) AMz; < 50 GeV
and AMy; < 100 GeV [blue, dot-dot-dash]. Also shown are
the background cross section for the SM processes from the
production of 8¢g, 7glq, 6g2q, and 5g3¢q with relative mass cut
(a) [magenta, dash] and relative mass cut (b) [green, dot].
In addition, we present the minimal signal cross section that
is required by a 5 sigma criterion with relative mass cut (a)
[dash] and relative mass cut (b) [dot] assuming an integrated
luminosity of 1 fb=!.

Figure 3 shows cross sections of the coloron signal
and the background from the production of 8¢, 7glg,
6g2q, and 5¢g3q, with acceptance cuts and fized mass
cuts versus M. We have replaced the relative mass
cuts of Fig. 2 with the two sets of fixed mass cuts
given above. Also shown is the minimal signal cross



section that is required by the 5 sigma criterion. For
Mz = 100 GeV it is very time consuming to get a
convergent cross section for the background. So to im-
prove the stability we have applied somewhat less strin-
gent pr cuts than those given in above, pr(j1,--- ,Jjs) >
200, 150, 120, 100, 80, 60, 40, 20 GeV respectively. There-
fore, the background cross section (red, cross) and the
corresponding 5o signal cross section (green, diamond)
for Mz = 100 GeV are presented with symbols. We note
that even with lower pr cuts, the background is negligi-
ble. Using Eq. (2) we see that the narrower fixed mass
cut (a), has the potential to discover the hyper-pions and
colorons up to Mz = 220 GeV (M; = 733 GeV)for 1 fb~!
of luminosity or Mz = 250 GeV (M; = 833 GeV) for 5
fb~1. The wider fixed mass cut (b) will allow more back-
ground events, which results in a slightly reduced discov-
ery reach of Mz = 210 GeV (M; = 700 GeV) (1 fb™1)
or Mz = 235 GeV (M; = 783 GeV) (5 fb™!) Again the
different sets of cuts do not give a significantly different
reach in M3 as calculated from (2) but they do give a
significantly different ratio of signal to background.
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FIG. 3: The cross section for pp — pp — 47 — 89 + X (blue,
dot-dash) as a function of Mz with acceptance cuts on pr,
1, and AR and the two sets of fixed mass cuts shown on the
top axis. Also shown are the SM background cross section
(BG) (red, solid) with the same cuts and the minimal signal
cross section that is required by the 5 sigma criterion (green,
dash) or (red, dash). For Mz = 100 GeV, the 50 signal
cross section and background (green diamond, red cross) are
calculated with lower pr cuts.

Conclusions.— We have demonstrated that colorons
and hyper-pions can be produced abundantly at the early
stage of the LHC with a center of mass energy /s = 7
TeV and an integrated luminosity of 1 fb~! or 5 fb=!. We
give two types of mass cuts which, when used in addition
to standard acceptance cuts, reduce the background suf-
ficiently to establish a 50 signal as large as Mz < 220
GeV (M; < 733 GeV) for 1 b~ or Mz < 250 GeV
(M5 < 833 GeV) for 5 b1

Naturally, our estimates are subject to higher-order
corrections which may be substantial in the case of the
background. However Fig. 3 shows that a factor of two
increase in the background would only degrade our dis-
covery limit by ~ 20 GeV. In the same spirit we used
definite relations between the parameters (as listed be-
low Eq.(1)) but reasonable changes in these relations will
not have much effect on our results as long as the hyper-
pion width remains narrow.
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