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Abstract

We study properties of a hypothetical scalar particle, ©, which is a color octet
and an electroweak singlet. At hadron colliders, © is pair produced through its
QCD coupling to gluons, so that its mass determines the cross section. It decays
at tree level into ¢¢ through dimension-5 operators, and at one loop into gluons.
Thus, the main LHC signature of © is a pair of dijets of equal invariant mass. The
CMS search in this channel shows a 3.60 excess over the QCD background for a
dijet mass M;; ~ 0.95 TeV, which can be due to ©: its production cross section
(65 fb for a real scalar) and the acceptance of the CMS event selection applied to
pp — ©0 —(qq)(qq) yield a rate consistent with the excess. Furthermore, the shape
of the do/dM;; signal is in agreement with the CMS result. Given the data-driven
background fit performed by CMS, we find that a complex scalar (whose production
rate is twice as large) fits better the data than a real scalar. Besides the pair of
dijets, testable LHC signals include a trijet-dijet topology, a tf pair plus a dijet
resonance, as well as final states involving a Higgs, W or Z boson plus jets.

*bdob@fnal.gov, mfieg@Qfnal.gov
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1 Introduction

The LHC experiments searching for new phenomena at high transverse momenta, AT-
LAS and CMS, have made remarkable progresses within the last few years, making them
more likely to discover physics beyond the Standard Model (SM). Examples of such pro-
gresses include better methods of leveraging jet substructure [Il 2], the extensive use of
deep-learning neural networks to identify objects [3, 4], substantial improvements of the

detectors [0 [6], and a widening of the types of signals searched for [7].

If new particles carry QCD color and have mass near the TeV scale, then they can be
copiously produced at the LHC. Even so, their discovery is not guaranteed, because the
backgrounds may be large, and difficult to compute. An intriguing type of hypothetical
particle with such properties is a color-octet scalar that is an electroweak singlet. This
particle, with the same SM charges under the SU(3). x SU(2)w x U(1)y gauge group as
the gluon, namely (8,1, 0), is predicted in various models for physics beyond the Standard
Model (SM). A color-octet real scalar, labelled here ©, is included in the scalar sector

associated with the spontaneous breaking of an extended QCD gauge group [8, 9] [10], and



is sometimes referred to as an ‘octo-singlet’; the same real scalar arises as a Kaluza-Klein
mode of the gluon polarization along two extra dimensions [I1], [12] (referred to in that
context as ‘spinless adjoint’). A color-octet complex scalar (which is just a set of two ©
real scalars), labelled here O, is part of the N' = 2 supersymmetric multiplet of the gluon

[13]-[17], and is sometimes called ‘sgluon’.

In this article we study the properties of color-octet real or complex scalars in simple
renormalizable extensions of the SM. The main production of © at hadron colliders is in
pairs through its coupling to gluons [I8], [19], which has a cross section entirely determined
by the particle mass, Mg. If no particles other than © exist beyond the SM, then ©
decays at one loop into two gluons with a highly suppressed width [§] and a branching

fraction close to 100%.

If, however, new particles couple to ©, then other decay modes become the predom-
inant ones even when those particles are substantially heavier than ©. Couplings of ©
to quark-antiquark pairs are induced by dimension-5 operators, which can be generated
(at tree level or through loops) by heavier fermions and bosons with various SM gauge
charges. In the case of light quarks, ¢, this leads to a © — ¢ decay with the most

common final state being, as in the case of © — gg, two hadronic jets of high momenta.

Thus, LHC signals where a © pair is produced through QCD, followed by each scalar
decaying to two jets, represent a natural signal of color-octet scalars [19, 8, 20, 21]. Al-
though there are many similarities between the gluon and quark final states, we will show
that the processes pp — 00 — (¢q)(qq) — 4j and pp — 00 — (gg)(g9g9) — 4j produce
substantially different shapes of the dijet invariant mass distributions due to the higher

QCD radiation from gluons than from quarks.

Similar phenomena occur in the case of the complex scalar O, with the main difference
that the cross section for pp — 6,0, is twice as large as the one for © pair production.
Another difference is that ©, can be charged under a global U(1) symmetry that would
keep ©, stable in the absence of other particles beyond the SM.

A CMS search in the dijet pair channel [22] has reported a 3.60 excess of events
compared to the QCD background, at an average dijet mass of 950 GeV. We will show
that © pair production has a cross section at that mass consistent with the size of the
CMS excess, and furthermore the shape of the average dijet invariant mass distribution

provides a good fit to the data in the case of quark final states. Given that the signal



has the right size without any tunable parameter, it is imperative to investigate, both

theoretically and experimentally, the hypothesis of a © particle of mass near 1 TeV.
The QCD background is estimated by CMS using a data-driven method based on

a smooth parametrization fitted to the average dijet invariant mass. When extracting
the probability of an excess, CMS fitted that background plus a signal obtained from
simulating stop pair production. We will demonstrate that the pp — ©0 — (¢q)(¢q) — 45
signal produces a different shape than stop pair production, such that doubling its rate
provides a slightly better fit to the CMS data. This implies that ©,0, production is
favored compared to the SM prediction with a significance above 3.60. Alternative new-

physics explanations for this excess have been proposed in [23], 24].

The phenomenology of the color-octet scalars studied here, of mass in the TeV range,
would continue to be interesting even if the current CMS excess were just a fluctuation
of the QCD background. Studies at the LHC of simple SM extensions with one or two
new particles may provide a first glimpse into new physics. Furthermore, the larger data
sets expected at the high-luminosity runs of the LHC, combined with much improved
detectors and novel experimental methods will allow improved sensitivity to color-octet

scalars over a wider range of masses.

In Section [2| we discuss the renormalizable Lagrangian that describes ©, first in the
absence of new particles, and then in the presence of some heavier particles that generate
the © coupling to quarks. In Section [3| we show that the CMS excess at 950 GeV can be
explained by a real scalar ©. We then consider the case (Section [4]) where the color octet
is a complex scalar, which also turns out to provide a better fit to the CMS data. Our

conclusions can be found in Section Bl

2 Interactions of a color-octet real scalar

Consider a color-octet scalar field ©%, where a = 1, ...,8 is the index associate with the
color degrees of freedom in the adjoint representation of the QCD gauge group SU(3)..

We take ©% to be a real (not complex) scalar field and an electroweak singlet.

In this Section we analyze the renormalizable Lagrangian that describes the properties
of the © particle, first in the presence of just the SM, and later (Section including

effects of new heavier particles.



2.1 ©O scalar and the SM

Assuming for now that there are no additional fields beyond the SM, the most general

renormalizable Lagrangian terms that contain © are

1 A
Lo = (D"O") (DO — V(O) - THHTH S (2.1)
All couplings to gluons are contained in the kinetic term, which is the first term in Leg,

with the covariant derivative given by
D, 0% = 0,0 + gs fabe GZ e° . (2.2)

Here b,c = 1,...,8 are color indices, GZ is the gluon field, and g, is the QCD gauge
coupling. The structure constants of SU(3), fupe, are totally antisymmetric in the color
indices, and are related to the generators T of the fundamental SU(3) representation by
fave = =20 Tx ([T, T*)T°).

The second term in is the scalar potential for ©, which includes SU(3) -invariant

mass, trilinear and quartic terms:

1~
V(6) = M3 00" + o dup 0" 0" 6° +

A

S eeree’ . (2.3)
The squared-mass and dimensionless quartic coupling satisfy Mg > 0 and Ag > 0, which
are necessary conditions to avoid a color-breaking VEV for ©. Through a sign redefinition
of ©, the trilinear coupling (a parameter of mass dimension one) is taken to satisfy ug > 0.
The SU(3) tensor dop. = 2Tr({T° T°}T°) is totally symmetric, and its only nonzero

elements up to permutations are

S
V3

daa8:_2dbb8:_d888: > for a:172737 b:4757677 )

(2.4)
1

d146 = d157 = _d247 = d256 = d344 = d355 = _d366 = _d377 = 5 .

In the last term of , H is the SM Higgs doublet, and Ay is a real dimensionless
coupling. As H has a VEV fixed by the electroweak scale (vyg ~ 174 GeV), it also
contributes to the total squared-mass of ©, which must be positive so that © does not
acquire a VEV:

—, A
M2 = Mg+7Hv§, >0 . (2.5)



Even when Agy is negative, the above condition is easily satisfied for 1\75 > v%, which
is the region of parameter space preferred by phenomenology (see Section . Note that
© is a physical field, so its mass satisfies Mg > 0. The last term in implies an
interaction of one SM Higgs boson (h°) with two ©’s, which contributes to h® production
at hadron colliders through gluon fusion [25, 26 27], as well as an h°h° ©O interaction

that enhances di-Higgs production [28§].

There is one last condition that ensures the global minimum of V' (©) is at (%) =0
for each a =1, ..., 8, namely that the ratio of the trilinear coupling to Mg is smaller than

a certain function of A\g and Mg:
He
— < f(Xe,Mg) . 2.6
19 < fhan Mo) (2.6

This function increases with both Mg and Ag because a larger positive squared-mass or a
larger quartic term disfavors a deeper V(0) minimum away from the origin. Our numerical
minimization of V() gives the following values for this upper limit on peg/Meg: for \g =
0.1, f(0.1,0.9TeV) ~ 0.704 and f(0.1,2TeV) ~ 1.43, while for \g = 1, f(1,0.9TeV) ~
1.25 and f(1,2TeV) &~ 1.74. Values of \g substantially above 1 are problematic as Ag
increases with the energy scale such that the theory described by Lg becomes ill-defined
at a scale not much larger than Mg, so that some new physics (e.g., © compositeness)

would already have important effects.

The only term in that is not invariant under the © — —O transformation is the
trilinear term from V' (©). Consequently, any decay of © must have a width proportional
to an even power of pg. By far the dominant decay mode arises at one loop and is into
two gluons. Its decay width was computed in [§], and is given by

2 2 2
(0 - 00) = iy (T~ 1) 0:(Me)! 42 27
The QCD gauge coupling g, (related to the strong coupling constant by g, = /4mway ) is
evaluated here at the Mg scale. Using the SM renormalization group evolution for g5 up
to a scale Mg = 0.9 TeV gives gs(Mg) ~ 1.06. At larger scales g, decreases slowly, e.g.,
Mg = 2 TeV gives gs(Mg) ~ 1.02.

Besides the loop suppression, there is an unexpectedly small factor (arising from a

loop integral explicitly analyzed in [29]) that reduces the width (2.7):

7T2 2
(3 — 1) ~9.34x107° . (2.8)
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This extra suppression could be interpreted as a “geometric fine-tuning”, arising from m
being within ~ 5% of 3. Naive dimensional analysis would not anticipate a width that
small. This is a case where mathematics, rather than physics, appears to be finely tuned.
The same suppression factor arises in the decay width of a color-octet scalar that is a
weak-doublet [30] or a weak-triplet [29]; incidentally, a 7%/9 —1 factor (not squared)

appears in the width of ortho-positronium [32].

The width-to-mass ratio of © is given by

1 2
—T(0 = gg) ~ 223 x 10" g(Mg)* (“—9) < 47x1077 . (2.9)
Me Me

where the last inequality is obtained for A\g < 1 in (2.6]), and for the value of g, evaluated
at Mg ~ 1 TeV. Although the above © width is unexpectedly small, even for a value of
the trilinear coupling as small as pe = 1073Mg, the rest-frame decay length of © remains

microscopic (4 x 107"m), so © decays are prompt on current collider detector time scales.

Single-© production at hadron colliders occurs through gluon fusion, due to the same
extra-suppressed © loop. Its parton-level production cross section is given at leading

order by
2

~ ™ N
7(gg — ©) = 7= T(6 — gg) 6(s — M3) . (2.10)

where 5 is the center-of-mass energy of the partonic collision. The single-© production

cross section in proton-proton collisions with center-of-mass energy +/s is then

t©=g0) [ o o(VE/G) - e

2

™
(99 = ©) = 31—

Here g(z) is the parton distribution function (PDF) of the gluon, with  being the ratio
of the gluon and proton momenta. For Mg = 0.9 TeV, (g9 — ©) ~ 6 fb. For larger
Mpg the cross section drops fast: e.g., Mg = 1.2 TeV gives o(gg — O) ~ 2 fb. These
values for the single-© production cross section are three orders of magnitude smaller
than the sensitivity of the dijet resonance searches at masses above 0.9 TeV [33] [34]. It
is noteworthy, though, that interference between the QCD background and the single-©
signal results in complicated shapes of the dijet invariant mass distribution [35]. Also,
bound states of two ©’s, produced by gluon exchanges, have a mass slightly below 2Mg

and may have phenomenological consequences [8|, 36].

A larger and more model-independent production mechanism at hadron colliders, is

pp — OO via the couplings to gluons. The leading order (LO) pair production process

7



Figure 1: Diagrams responsible for the leading-order pp — © © process with initial state
gluons. At /s = 13 TeV, these account for 91% of the LO production cross section when
the mass of the color-octet scalar © is Mg = 1 TeV (the remaining 9% is due to ¢q initial
states from a diagram similar with the last one shown here).

occurs from gg initial state, through the diagrams shown in Figure [T, or from ¢q initial
states, through the last diagram of Figure (1| with the initial gluons replaced by ¢ and ¢.
The pp — ©0O cross section at LO (010) at the LHC is dominated by the gg initial state:
for Mg = 1 TeV, 91.5% (91.8%) of o0 is due to gluons at /s = 13 TeV (13.6 TeV),
while for Mg = 2 TeV the gluon contribution decreases to 83.6% (84.3%).

Figure [2 shows the cross section for pp — O computed at NLO with Madgraph [37]
(which involves various tools, including MadLoop [38], MadFKS [39], CutTools [40], Ninja
[41]), using model files generated with FeynRules [42] (with loop computations involving
NLOCT [43] and FeynArts [44]). The PDF set used here is the default one employed
by Madgraph: NNPDF23 nlo_as 0119_qged [45]. The center-of-mass energies considered
in Figure |2 are 13 TeV (Run 2 of the LHC), 13.6 TeV (Run 3 of the LHC), and 20 TeV
(some possible future upgraded LHC or new hadron collider). Some details about the NLO
corrections to pp — OO, including the 1-loop diagrams and the diagrams responsible for
real emission, are analyzed in [46], where the case of the octet complex scalar (i.e., two

©’s of same mass, or equivalently a sgluon) is considered.

Pair production of © at hadron colliders, followed by each © decaying into two gluons,
would lead to a pair of gg resonances mass near Mg. A dedicated search of this type has
not yet been performed. In Section [ we will show that the related search for a pair of
stops in the final state with four antiquark-initiated jets [22] leads to different invariant
mass distributions, and thus it is not straightforward to translate the limits set there to

the four gluon-jet final state.
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Figure 2: Cross section for pp — © © computed with Madgraph [37] at NLO, at center-
of-mass energies of 13 TeV (dashed red line), 13.6 TeV (solid blue line) and 20 TeV (gray
dotted line). As the process relies on the QCD couplings of the gluons, the cross section
depends only on the mass of the color-octet real scalar ©.

2.2 Renormalizable origins of © couplings to quarks

Effective couplings of © to the SM quarks (d* and u’, where i,j = 1,2, 3 are generation
indices), of the type

y2,0d T*d + y7 0w T*w, + H.c. (2.12)
with T the generators of the fundamental representation of the color SU(3). group, are
invariant under the SU(3), X U(1)em gauge group, where U(1)ey, is the electromagnetic
group. However, the chiral structure of the above couplings, which is enforced by Lorentz
symmetry, implies that those Lagrangian terms are not invariant under the electroweak
Symmetry.

Thus, to preserve the SM gauge symmetry, the couplings ([2.12)) must arise from higher-
dimensional interactions involving Higgs fields. At dimension 5, only the following oper-
ators are possible:

i Cij

o 2ol T+ §a " H 0 ¢ Ty, + H.c. (2.13)



Field name and label | spin | SM charges Interactions

octo-doublet O, 0 8,2, =1/2) | (4o H O + y5,,q, Tu, + yp,d T, ) O

up-type Vquark x | 1/2 | (3,1,42/3 Y H' T, Xp T Yox©*u, T,

( )

Vquark doublet Y | 1/2 | (3,2,41/6) | (Yuy HUy+ yar Hd) Y, 495, 0°q, T°7,
( )
( )

down-type Vquark w | 1/2 | (3,1,-1/3 Yo @ Wy + YO ERT%)L

Table 1: The four types of fields, ©,,T,x, w, that can mediate at tree level some (or
all) of the dimension-5 operators , which couple the © scalar to SM quarks. Their
interactions (see last column) with the SM Higgs doublet involve either a mass parameter
fy, or a generation-dependent Yukawa coupling, Yy, Ydy » Ygx» Ygw (generation and SU(2)w
indices are not shown here). The couplings of the vectorlike quarks to © are labelled y, .,
Yoy Yows While the couplings of the SM quarks to © are y,., y,.-

Here H is the SM Higgs doublet, ¢¢ = (u%,d%)" is the quark doublet of generation
i, a,3 = 1,2 are SU(2)y indices, and €’ are the SU(2)y structure functions. The
coefficients of the above dimension-5 operators involve complex dimensionless parameters
C,., Cy, (3 x 3 matrices in flavor space), and are suppressed by the mass M, of the heavy
new particle integrated out to generate those operators. The parameters of and
are related by y9 = C% v, /M, and y” = C¥ v, /M,, where v, ~ 174 GeV is the
electroweak scale. Operators similar to but involving additional H'H fields arise

at dimension 7 or higher, and we will not discuss them further.

Dimension-5 operators may arise from various renormalizable theories, both at
tree level and through loops. There are four types of particles, listed with their SU(3).x
SU(2)w xU(1)y gauge charges in Table[l] that can generate the operators when
they are integrated out at tree level. This follows from the four possible attachments of
a SM Higgs doublet to a diagram that involves ©® and a SM quark-antiquark pair, as
shown in Figure 3] Thick purple lines in those diagrams represent propagators of the
heavy fields that are integrated out. The first diagram is mediated by a color-octet weak-
doublet scalar (referred to here as ‘octo-doublet’), while the other three are mediated by
vectorlike quarks (referred to here as ‘Vquarks’) with different electroweak charges. These
new particles may have masses above the 10 TeV scale, in which case they will not be

directly discovered at the LHC, but lower masses (still above Mg) are also possible.
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Figure 3: Tree-level diagrams that generate the dimension-5 operators (2.13) when the

O, scalar or any of the y, w, T Vquarks are integrated out.

Note that the SU(2)y-singlet Vquarks, w or y, mediate only the first or second term in
, respectively. In contrast, the SU(2)y-doublet mediators, namely the O, scalar and
the T Vquark, may each mediate all operators in . Thus, four simple renormalizable
theories, each involving a single heavy new field beyond © plus the SM, generate at tree
level at least some of the effective © couplings to the SM quarks .

Lagrangian terms containing interactions present in the diagrams of Figure|3|are given
in the last column of Table [I] Each of the Yukawa coupling shown there is either a 3-
vector or a 3 X 3 matrix in flavor space. To avoid a lengthy discussion of constraints
from flavor-changing processes, we assume that the Yukawa couplings from Table [1| are
negligible in the case of SM quarks of second and third generations. This assumption may

be a consequence of an approximate symmetry, as we show next.

Within the theory that includes just the SM, © and ©,, consider for example a
Z; symmetry under which © and ©, have charges +2, ul has charge +1, and ¢, has
charge +3, while the other SM fields are singlets. If the up and down quark masses are

11



generated by the SM Higgs doublet, then the Hu g and H Tc_i;qi Yukawa terms explicitly
break the Z, symmetry. Nevertheless, the very small © and d masses make this breaking
inconsequential: the ©, couplings to second- or third-generation quarks are induced by
loops, and are suppressed at least by y,,m,vy /M(%D (or the similar expression for the
down quark) where Me_ > 1 TeV is the octo-doublet mass. Thus, the effective coupling
of ©, to the up quark can be several orders of magnitude larger than the ones to any
other SM quarks. This is in stark contrast to the color-octet weak-doublet field considered
in [31], B0, 20, 2], which has largest couplings to the third generation quarks based on a

minimal-flavor violation hypothesis.

Similar mechanisms are present in the case of the theories that include just the SM, ©
and one of the Vquarks. For example, within the theory that includes x, a Z; symmetry
under which © has charge +2, y and qi have charge +1, and u}% has charge +3 allows
the second diagram of Figure [3| only for the first generation quarks. As in the above
discussion of the octo-doublet, the Z; symmetry is explicitly broken by the very small
Higgs couplings to the SM quarks of the first generation. Although we focus here on light
quarks in the final state, decays of © to tf or bb are also interesting. The production of a
pair of bb resonances was studied in [§] based on the © — bb process mediated by an w

Vquark.

The Z, symmetries invoked here allow all the Lagrangian terms that involve © in (2.1))
and except for the trilinear © term. As a result, the four types of renormalizable
theories discussed here allow © decays to light quarks while preventing the © decay to
gluons through a © loop. Thus, the ©® — ¢g decay is by far the dominant one in these
theories, and the main LHC signal is pp — ©0 — (¢q¢)(¢q). The width-to-mass ratio of

O is given in this case by
Lpo g ~ L2
M@ 127 ’

where y,, is the effective Yukawa coupling for the quark ¢ in (2.12)). Notice that y, < 1,

(2.14)

as it arises from integrating out one of the heavy fields from Table [I}

Although we focus in this paper on final states with light quarks, we emphasize that
the couplings of © to the top quarks are free parameters. If the © — tf or © — tu
branching fractions are larger than a few percent, then the processes pp — 00 — (tt)(qq)
or pp — OO — (tu)(qq) provide interesting signals: a dijet resonance plus a tt or tu

resonance of equal mass. If the top quark is sufficiently boosted and decays through a

12



hadronic W channel, then the (tu)(qq) system could be reconstructed as a trijet resonance
(if the two jets from the W decay are not resolved) plus a dijet resonance of equal mass. A
similar trijet-dijet final state could arise from (¢t)(¢g) when one top is highly boosted and
the other one is partially resolved. Related possible signals (with much smaller branching
fractions in the models studied here) include (tt)(tt) [47, 48], 149], (t¢)(te) [50, [47], (t€)(gg)
[51], and even more exotic ones [52, 53]. Also interesting are final states involving b
quarks, such as (bb)(bb) [8] or (bb)(gg) [54].

There are additional decays modes of © that could be searched for in experiments
despite their small branching fractions. In particular, 3-body decays involving a SM
Higgs boson, a W or a Z (such as © — h¢q) are present in each of these theories. To see
that, recall that the Higgs doublet that shows up in each of the diagrams of Figure |3|is a
collection of a longitudinal W, a Higgs boson, and a longitudinal Z. Leptonic decays of
any of these heavy SM bosons would provide a good handle for reducing the backgrounds
to processes of the type pp — 00 — (h°/W/Z + qq)(qq).

As the h°/W/Z boson is typically boosted, its hadronic decays may not be resolved
without a dedicated search, so © may again appear to decay into a 3-jet final state. Pair
production of ©, with one of them decaying to ¢g and the other to a h°/W/Z boson plus
a ¢q pair, may appear as a H-jet final state, with both a dijet mass and a trijet mass near
Mpg. This is again a trijet-dijet signature (as occurred above in the cases of signals with
top quarks). Searches for this type of 5-jet final states have not been yet performed (a
search for a pair of trijets was performed by CMS [55]).

3 LHC signals of an octet real scalar

The most sensitive search relevant for the electroweak-singlet color-octet scalar, ©, has
been performed by CMS (the nonresonant search for a pair of dijet resonances of approx-
imately equal mass in [22]) with an integrated luminosity of 138 fb™' in pp collisions at
Vs = 13 TeV. A related ATLAS search [56] used a data set that is four times smaller,
and thus is less sensitive to possible new physics (the same applies to the earlier CMS
search [57]). The current CMS result shows an excess of 4-jet events that has an average
dijet mass M ;; ~ 0.95 TeV, with a local significance of 3.60. The observed 95% CL upper

limit on the cross section times the total branching fraction (i.e., the product By, of all
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branching fractions) times acceptance of the 4-jet final state (Ay4;) is
UBtOt A4j < 8.51b s (31)

at ij = 0.95 TeV, while the expected limit was approximately 3.3 fb.

This reported excess of dijet pairs is primarily observed for 0.94 TeV < ij <1TeV
in the 0.25 < M ;/My; < 0.35 bin at a significance of about 30, with neighboring M ;; bins
exhibiting smaller excesses of about 1o. This excess may be consistent with a signal from ©
pair production. To test this hypothesis, we fix the color-octet scalar mass in this Section
at Mg = 0.95 TeV. For that mass, the cross section computed with Madgraph [37] at NLO
(see Figure [ and Section [2.1]for more details about the computation) is o(pp — ©0) ~ 65

fb, with scale uncertainties of about 17%.

We need to compute the Ay; acceptance for the signal using the event selection em-
ployed by CMS in the nonresonant search [22]. We consider two possibilities for the decays
of the color-octet scalar: either it decays to gluons through a loop (see Section and
left diagram of Figure {4f) with a branching fraction B(© — gg) =~ 1, or it decays to light
quarks with a branching fraction B(© — ¢q) ~ 1 through a higher dimensional operator
generated as discussed in Section [2.2] and shown in right diagram of Figure

While the possibility of comparable branching fractions into gluons and quarks cannot
be dismissed, it appears unlikely given that the two widths depend on different parameters
and may vary over many orders of magnitude, as follows from and . By
contrast, B(© — g¢gg) ~ 1 is motivated by the case where there is no additional new
physics contributing to © — ¢g at tree level or even at one loop, while B(© — ¢q) ~ 1 is
motivated by new heavy fields that can mediate tree-level © decays in conjunction with
the assumption that the branching fraction into heavy quarks is suppressed by some small

couplings of the new fields.

Next we present the details of our simulation and follow the event selection of the
CMS analysis from [22]. Then, in Section [3.2] we discuss our results that include the dijet
and 4-jet invariant mass distributions for the pp — ©© — (j7)(jj) processes, as well as
their comparison with the CMS data.
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Figure 4: Diagrams for the parton-level 4-jet processes due to production of a © pair.
The production part of each diagram represents only one of the four tree-level processes
responsible for pp — O © (see Figure . Left diagram involves only the © decay into
gluons through a © loop discussed in Section [2.1] while the right diagram involves only
the © decay into quark-antiquark pairs through a higher-dimensional operator (the dark
blob contains any of the diagrams in Figure [3)), as explained in Section .

3.1 Event generation and overall rate

Using the FeynRules package [42], we produced a Universal FeynRules Output (UFO)
[58] model for the interactions of the color-octet real scalar © with the Lagrangian terms
shown in and (2.12]), supplanted with an effective interaction that accounts for
the © loop that generates the coupling of two gluons to one O: Me_ﬂf1 dape O G‘“’bew,
where wa is the gluon field strength, and M.g is an effective mass parameter chosen to
match the value of the width obtained in . With that UFO model, we simulated
events at LO using the generator Madgraph5_aMC@NLO version 3.6.3 [37] for the process
pp — OO0 — (j7)(j7), with all j’s being first gluon jets, and then quark/antiquark jets.
The Madgraph default jet precuts where imposed on each of the four jets: pr > 20 GeV
and |n| < 5. The PDF set used in this simulation is the default one in Madgraph for LO

computations: NNPDF23_lo [45].

Then, the parton-level events were showered and hadronized in Pythia8.313 [59], and
a detector simulation was performed with Delphes 3 [60] using the standard CMS card.
Jets are clustered according to the anti-kt algorithm [61] with cone size R = 0.4, using

FastJet [62]. The result of these steps is a sample of 10° events, each event including four
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or more jets that must be paired. A small set of events, with fewer than four reconstructed

jets, is not included in the analysis.

We use the CMS event selection from Ref. [22]. Either a cut on the scalar sum of pr’s
for all jets in the event is imposed, Ht > 1.05 TeV, or at least one jet with pr > 550 GeV
is required. Jets (output by Delphes and FastJet in our simulation) are required to have
pr > 80 GeV and |n| < 2.5. For each event, the four jets with the largest pr are paired
such that the function

|AR; — 0.8] + |ARy — 0.8| (3.2)

is minimized, where ARy, = \/(A¢12)? + (A 2)? is the jet separation between jet can-
didates in pair 1 and 2, respectively. Following this pairing, events are selected according
to three requirements, each being an upper bound on one of the following kinematic vari-
ables: 7) the jet separation within each dijet, AR, » < 2; i) the pseudorapidity separation
between the two dijets, |7, — 12| < 1.1; i) the asymmetry between the invariant masses
of the two dijets, | My — Ms|/(M; + Ms) < 0.1.

For Mg = 0.95 TeV and /s = 13 TeV, we found that each of these three requirements
independently removes 58%, 32%, and 80% of the events, respectively. The combined
effect of the event selection described above is that Ay; ~ 6.9% of the events are accepted.
The acceptance is approximately the same for gluon or quark final states, and it is mostly

insensitive to Mg in the 0.9 — 1.1 TeV range.

We are now in a position to compare the size of the CMS excess (roughly 5.2 b, which
is the difference between the observed upper limit (3.1)) and the expected limit) with the
size of our signal:

a(pp — ©0) B(O© — jj)? Ay ~ 45 . (3.3)

Note that the central value for the signal rate, which has no adjustable parameter once

the dijet resonance mass is fixed, is only about 15% below the observed excess.

3.2 Invariant mass distributions

We now turn to more fine-grain details concerning the shapes of the pp — ©0 — (55)(jj)
signal distributions for Mg & 0.95 TeV. First, we use the event sample where all four jets

are gluon-initiated.
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In the left-hand (right-hand) panel of Figure , we show the resulting average dijet
(4-jet) invariant mass distributions after jet pairing and event selection for an integrated
luminosity of 138 fb~! at /s = 13 TeV. The solid blue lines represent the distribu-
tions after showering and detector simulation, while the dashed red lines represent the
parton-level distributions. The latter are useful for comparison and insight; note that the
population of events sharply peaked at an average dijet mass ij = 0.95 TeV corresponds
to jets that are paired correctly, i.e. they each came from the same parent ©, while the
population of events at lower energies corresponds to mismatched jets. The 4-jet invari-
ant mass distribution arising from this nonresonant ©-pair production exhibits a peak at
about My; ~ 2Meg, which could be misinterpreted as originating from a broad s-channel
resonance (see the recent CMS search [63]). The normalization of the distributions in
Figure [5]is based on the central value of the NLO cross section, i.e., 65 fb.

Second, using the event sample where all four jets are initiated by light quarks or

1 3__ T T T T T ] T T T T T
0 £ pp— 00 — (99)(99) ] 1035‘ pp — 00 = (99)(99)
[V/s=13TeV, 138fh" . ] ‘ Vs =13TeV, 138 fh"
£ 102_ Shower+ Parton E E = 102 E Shower+ -:'l 3
§ F detectop level b § F detector, 5 k
2 L g Parton
o 1 o r L level
g 100 T g 10 i 3
= 3 = 3
g g
Z o7 Z 1
10° ] E 10% 3
1071 L L L L L : 1071 L L L L rl'
200 400 600 800 1000 1200 1 2 3 4 ) 6
M]‘]‘ [GG‘V] M4j [TPV}

Figure 5: Average dijet (left panel) and 4-jet (right panel) invariant mass distributions
for pp - O — (gg)(g9), for a color-octet scalar mass Mg = 950 GeV. Distribution
shapes correspond to /s = 13 TeV, while distribution normalizations are based on 138
fb~! of simulated data and B(© — gg) = 1. Solid blue histogram in each panel shows the
signal distribution generated by Madgraph [37] at LO, with showering and detector effects
simulated with Pythia [59] and Delphes [60], respectively, using the CMS event selection
[22]. For comparison, the dashed red histograms represent the distributions after pairing
jets at parton level. The broad left-hand peak in ij is due to mispaired dijets, and
includes mainly events with M,; near 2 TeV.
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Figure 6: Same as in Figure [, but for the pp — 00 — (¢q)(¢q) process with B(© —
qq) = 1, where ¢ is a light quark. Compared to the gluon final state in Figure , these
peaks are sharper and narrower near ij ~ Mg and My; ~ 2Mg due to less radiation
emitted outside the jet cone by quarks.

antiquarks, we obtain the ij and M,; distributions displayed in Figure @ Quarks radiate
less than gluons, leading to harder jet distributions for quarks due to more radiation
captured in the R = 0.4 jet cone. This impacts the shape of the dijet distribution
after showering and detector effects (solid blue line in the left panel), in particular near
ij ~ Mg, which has a less suppressed, and narrower peak in comparison to gluon final
states. A similar effect is seen in the 4-jet distribution for quark final states, shown as
a solid blue line in the right panel of Figure [f] As we will discuss in more detail, the
more pronounced peak of the dijet distribution for quark final states makes an important
difference when comparing the prediction to the data. For gluons, we find that the peak
is too small and broad to explain the excess, and for this reason we will focus on quark

jets for the remainder of this Section.

In the CMS nonresonant analysis [22], events are further divided into three bins of
M j;/Myj: (0.15,0.25), (0.25,0.35) and (0.35,0.50). The excess at M ;; ~ 0.95 TeV appears
mostly in the second bin, 0.25 < M,;/My; < 0.35. While the fiducial cross section for
© pair production could explain the excess, we further assess the compatibility of the ©
hypothesis with the data by taking into account the shape of the signal. Thus, we perform

a O signal + background fit, with the average dijet invariant mass distribution due to the
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4-jet QCD background modeled (following CMS in [22]) by the three-parameter function
“ModDijet-3p”, defined by

d (Y 1
o(pp = (7)) —po (L= o (3.4)
dM;;
where z = ij /\/s, and pg,p1,p2 are parameters fitted to the data (py has units of
pb/TeV, while p; and p, are dimensionless).

Using the CMS M ; data points from [64] (the HEPData [65] entry for the CMS 4;
searches [22]), we perform a x? fit for each bin of M,;/M,; separately. We find that
the fit of the ©® — ¢ signal 4+ background hypothesis is better than the background-
only hypothesis, with most of the improvement in the 0.25 < ij /My; < 0.35 bin.
In the three bins of M,;/M,;, the values of x? for the background-only hypothesis are
X% = (25.3,35.6,8.4), while for the signal + background fit in the ® — ¢g case they are
smaller: x3,5 = (24.1,30.5,7.7). The numbers of degrees of freedom in the three bins
are (18, 19, 14).

We note that for gluon jets, the fit does not improve as much over background, with
a fit of x3,5 = (24.9,34.6,8.1). Nevertheless, gluon final states remain important to
pursue independently of the current excess near 1 TeV, as they provide a distinct signal
shape that might otherwise be overlooked in an analysis. Moreover, the gluon final state
is particularly interesting because the model analyzed in Section [2.1] involves no free

parameters or additional particles beyond ©.

In Figure[7] we show the results of our fit. The red bars represent the residuals between
the observed data and the background obtained in our fit to the signal + background,
divided by the uncertainty in the measurement. Due to the presence of the signal in the
modeled distribution, the fitted background is forced to be lower in comparison to the fit
from a background-only hypothesis. The result is that the difference between the data
and the background is pushed upwards compared to the background-only residuals shown
by CMS in Figure 9 of [22].

If the CMS nonresonant excess is due to ©, then the signal should match the residuals;
the solid blue line in Figure [7|shows our signal divided by the uncertainty [64] in the CMS
measurement. Given the uncertainties in the data as well as in our simulation and in our
fit, the excess may be roughly described by ©, but a larger signal would be preferable.
We will explore this possibility in Section [4]
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Figure 7: Result of our fit for the average dijet invariant mass distribution (M ;) arising
from the pp — ©0 — (qq)(¢q) — 4j signal + background hypothesis, for Mg = 0.95 TeV
and 0.25 < Mj;/My; < 0.35. The red bars show the residuals between the CMS data
[22] and the ModDijet-3p background obtained from our signal + background fit, in
units of the CMS experimental uncertainty [64]; the M,; € [0.94 — 1] TeV bin exhibits a
~3.40 excess. The blue curve shows the signal in the same units.

The residual plot in Figure|(7]is cut off at ij < 1.7 TeV. There are only two events at
larger M ;; in the CMS data [22], and both are at M,; ~ 2 TeV (in the 0.15 < M ;/My; <
0.25 range there is a third event, also near ij ~ 2 TeV). Their origin may itself be some
physics beyond the SM: a particle of mass around 8 TeV that decays into two particles of
mass near 2 TeV [66] 67, 23], [68]. We checked that the fit of the background-plus-signal
near M ,; ~ 0.95 TeV does not significantly change whether or not a new-physics signal
is included at ij ~ 2 TeV.

While the excess observed in the average dijet invariant mass distribution provides
valuable information for determining its origin, additional information lies in the invariant
mass distribution of the four leading jets. In Figure |§| we show the My; distribution
for M;;/M,; € [0.26,0.28], one of the bins in the broad resonance search performed by
CMS [63]. Here, two peak-like structures are visible that may be misinterpreted as coming
from two resonances that each decay to four jets. The lower-mass peak at My; ~ 2Mg
is produced near threshold, and is dominated by events that correspond to mispaired

jets, while the peak at larger mass, My; ~ 3.5 TeV, is mostly due to events where ©

20



102 5-13Tev, 138 pp— 00 — (¢7)(qq) 1
) 0.26 < ‘\_fT <0.28 Mo = 0.95 TeV
E
= 10' ;
B
)
&
= 10% E
z

_1 1 1 1 1

10 i 7 3 A

Figure 8: Invariant mass distribution for the four quark-jet system in the bin 0.26 <
M ;;/My; < 0.28. The mass and collider parameters are chosen here as in Figure @
Mg = 0.95 TeV, /s = 13 TeV, 138 b~ 1.

was more boosted, and thus were paired correctly more often. For smaller (larger) values
of M,;/M,;, the lower-mass peak stays in the same position near M,; ~ 2Mg, but the
higher-mass peak moves towards larger (smaller) values of My; because it mostly contains

events that are correctly paired, so ij is fixed by Mg.

It is possible that this information could be leveraged to increase the significance of
the dijet excess in case it is due to new physics. If the dijet excess at ij ~ 0.95 TeV is
due to a new heavy particle, then the kinematic threshold for pair production would be
at My; =~ 2Me ~ 1.9 TeV. We find that that majority of signal events with My; < 2 TeV
have mispaired dijets; this is because the four jets emerge more isotropically for events
produced near threshold and the pairing algorithm based on Eq. is only sensitive to
jet separations. Therefore, a preliminary signal at ij ~ 0.95 TeV could become more
significant by considering the other two possible jet pairings for events produced near
threshold. Moreover, background events are less likely than signal events to reconstruct

near ij ~ (.95 TeV upon subsequent pairings.

To do this jet re-pairing, the events that qualify as near-threshold events must be
defined. The selection should be specific enough (as it should not affect the dijets that

are already correctly paired) but also sufficiently generic (as to allow signal enhancement).
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In our simulation, we find that about 28% of all signal events lie in the M,; € [1770, 2037]
GeV bin used by CMS in the resonant search from Ref. [22], and that 98% of them are
mispaired. This bin is therefore well-suited for secondary pairing. For this subset of
events, the choice between the remaining two pairings could be determined by the one
that minimizes A o = |M; — Ms|/(M; + M,) and still remove events that do not satisfy

the invariant mass asymmetry requirement A; 5 < 0.1.

Following this procedure, we find that for Mg = 0.95 TeV the number of events
with M;; € [0.94,1] TeV increases by a factor of 2.0. To limit background events
from migrating to this bin, the mass asymmetry requirement on the re-pairing can be
tightened at relatively little cost to the signal. For smaller values of the asymmetry,
A2 < {0.07,0.05,0.03}, the increase in signal rate for the same M ; bin is {1.9,1.8,1.6}.
Given this encouraging result, a more detailed study of the background should be pursued

in order to determine how much of it is affected by this procedure.

4 Color octets beyond the real scalar

Let us now turn to renormalizable extensions of the SM that include a collection of two
or more color-octet real scalars that are nearly degenerate in mass. The simplest model of
this type includes a complex scalar, O, that transforms as (8,1,0) under the SM gauge
group. The real and imaginary parts of that complex scalar ©, and ©,, transform as

octets under the color SU(3). gauge group:
e = e +ie" | (4.1)

where a = 1, ..., 8 is the color index. We assume that the Lagrangian terms involving only
02 (and gluons in the case of kinetic terms) is invariant under a global U(1), symmetry,
with ©F carrying charge +1, and its complex conjugate (@g*) carrying charge —1. This
global symmetry restricts the interactions of ©, and ©, compared to the case where the
Lagrangian includes two copies of the real-scalar Lagrangian plus all possible mixed
terms, such as trilinear terms of the type dabc@g@f’@f or dabc@l‘;@g@f. In particular, U(1),

forces the masses of ©, and ©, to be equal.

In the absence of other fields beyond the SM, the properties of ©F are described at
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the renormalizable level by the following Lagrangian invariant under U(1),.:

_ A N
a T a a a 6 a a @ a a
(Dr62) (D,05) — (M3 +ruH'H 00— ZCoriereliel - —Lesetemte) . (4.2)

In isolation, this Lagrangian would imply that ©F is a stable particle. We consider,
however, interactions of ©F with some new particles as described in Section , which at
energy scales smaller than their mass (M, > M@C) generate an effective coupling to SM
quarks of the first generation:

11

C — a
25 H LT, T, + Hee., (4.3)

where C!! < 1. This effective interaction is U(1), invariant only if the difference between
the global charges of d,, and ¢, equals —1, assuming that the Higgs doublet is a U (1),
singlet. In that case, a SM H @leR Yukawa coupling is not allowed by U(1),. Nevertheless,
the tiny down quark mass may be easily generated by higher-dimensional operators, which
in turn arise from integrating out some new heavy fields (e.g., a vectorlike quark, or a
doublet scalar). The operator (4.3)) may be replaced by a similar dimension-5 operator

involving the up quark.

Thus, ©, — dd is the main decay of the color octet, and its width can be large enough
for this decay to be prompt. The cross section for pp — @g@

. is twice as large as that

for real-scalar pair production shown in Figure 2] Given that the NLO cross section at
Mg, = 0.95 TeV is o(pp — @g@c) ~ 130 fb for /s = 13 TeV, and the acceptance is
Ay =~ 6.9%, the predicted signal rate is 0 Ay; ~ 9.0 fb. This seems to exceed the 95% CL
limit on 0 A set by the CMS in the nonresonant search [22]. However, that CMS limit
was derived for a stop (f) pair production signal of the type pp — t#! — (d5)(ds) with

an arbitrary normalization fitted to the data.

It turns out that the stop pair production process differs in some key aspects from our
pp — @j;@c — (dd)(dd) signal. First, ¢ decays into two antiquarks, which complicates
the hadronization. Typically, two g¢ pairs from the initial state would provide the quarks
needed to hadronize with the two antiquarks from ¢ decay, as well as the antiquarks that
hadronize with the two quarks from ! decay. It is also possible that a ¢g pair from the
vacuum hadronizes with an antiquark from ¢ and a quark from ¢', but this is less likely
in the case of boosted stops, as there is shorter time for the hadronization to occur when

the separation between the ¢ and ¢’ grows fast.
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Figure 9: Shapes of the M ; distributions for pair production of stops (thin green line)

and of color-octet scalars (thick black line), for a mass of 0.95 TeV and M ;;/M,; within
the (0.25,0.35) bin at the 13 TeV LHC.

Therefore, the stop pair production involves long QCD strings between the initial and
final states (or between # and #'), which means there is more QCD radiation. As a result,
the shape of average dijet invariant mass distribution is flatter and shifted to smaller
masses than in the case of color-octet pair production. This can be seen in Figure [0
where the shapes of the M; distributions generated in the pp — ¢ — (ds)(ds) — 4j
(thin green line) and pp — O16, — (¢q)(¢qq) — 4j (thick black line) processes are

compared. We mention that the M;; shape is the same for @g@ and ©O productions,

C
and that the total number of simulated events used there was 10° (before cuts) for the

stop-pair process, and the same for the O-pair process.

It is worth mentioning that the lifetime of the octet scalars (see Section [2) is typically
longer than the hadronization timescale. Thus, each ©, or © produced at the LHC
hadronizes with a gluon or a quark-antiquark pair before it decays (a similar phenomenon
occurs for any new colored particle that is sufficiently long lived). Subsequently, the
resulting color-singlet particle decays into two hadronic jets. A simulation of this effect is

beyond the scope of this paper, but can in principle be done in the future by including a
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heavy color-octet scalar in a parton-shower generator that can decay it after hadronization.

We have performed a © signal + ModDijet-3p background fit in the ij distribution,
and found X29c+B = (25.1,27.4,7.8) for the three M ;;/M,; bins (see Section used by
CMS in the search of nonresonant pairs of dijets [22]. The fit improves substantially
over the background only hypothesis, x4 = (25.3,35.6,8.4), especially in the central
bin, M;;/My; € (0.25,0.35), which contains most of the excess at M;; ~ 0.95 TeV.
Note that the fit also improves overall compared to the octet-real-scalar case, xg.,p =
(24.1,30.5,7.7), due to the smaller x? in the central bin, even though the fit is not as
good in the side M;/M,; bins.

In Figure [10| we show the result in the ij distribution of the ©, signal + background
fit for that ij/M4j bin. Since the signal is twice as large as the one for the octet real
scalar, the fitted background is now smaller. Consequently, the residuals, shown again as
red bars, between the CMS data [22] and the background are shifted up compared
to the O signal 4+ background fit shown in Figure m The largest excess, for M,; € [0.94, 1]

TeV, has now grown to 3.70.

The pp — G)C@CTj — (¢9)(qq) — 4j signal with Mg = 0.95 TeV is shown as a solid
blue line in Figure . Its peak is at a slightly smaller Hjj than the bin with the largest
observed excess, so one could consider Mg, values closer to 1 TeV. In that case, it turns
out that the fit within the largest M ,;/M,; bin worsens. An alternative would be to
consider a small breaking of the global U(1), symmetry, giving a mass splitting (from a
0.6, + 66} term in the potential) in the 50 — 100 GeV range between the ©, and 6,
components of ©,. We will not pursue this possibility here.

The O sector can be even further extended by considering a real scalar that transforms
as a triplet under the electroweak symmetry [29, 69] (an ‘octo-triplet’), labelled here ©...
In this case, the Vquark T or the octo-doublet O, (see Table|l|) can generate the effective
interaction that mediates the decay of ©, to quarks. The mass splitting between the
physical states of O, (@;t and @2), induced by loops involving electroweak interactions,
is negligible (of order 0.2 GeV [29]), so the triplet can be seen as a set of three octet real
scalars. The cross section is then a factor of 3 larger than that of a single octet real scalar:
o(pp — ©,0]) ~ 195 fb and o(pp — ©,0]) Ay; ~ 13.5 fb. The ©

. signal has the same

shapes in the invariant mass distributions as © or ©,. The fit improves slightly for the
central M ;;/My; bin, but it worsens for the third bin: X%TJrB = (25.1,26.5,8.5).
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Figure 10: Same as Figure |7| except for pp — @CG(Z — (qq)(qq) — 4j, where the octet O,

is a complex scalar of mass Mg, = 0.95 TeV. The residuals (red bars) between the CMS

data [22] and the ModDijet-3p background (3.4]) are shifted up compared to Figure

because the signal (solid blue line) is larger by a factor of 2, so our signal + background
fit yielded a smaller background.

5 Conclusions

We have investigated the interactions of a color-octet electroweak-singlet scalar, ©, of
mass at the TeV scale. At the LHC, O is pair produced through its gauge coupling to
the gluon, such that the total cross section only depends on its mass, Mg. If there are
no additional new particles, then © predominantly decays to two gluons at one-loop (see
Section. The decay width to gluons is highly suppressed, which makes dijet resonance
searches blind to single © production through gg — . If the model is extended with a
certain heavier, decoupled field (a color-octet weak-doublet scalar or a vectorlike quark,
as shown in Table , then © decay at tree level to a pair of light quarks may be the
dominant decay mode. Thus, the main signature of © at the LHC is a 4-jet final state,

where the jets originate from either quarks or gluons.

We consider © in the context of an excess seen in the nonresonant 4-jet analysis from
CMS [22]. Following an algorithm presented in Section 3| the CMS analysis selected pairs

of dijets and found a 3.60 excess for an average dijet invariant mass M,; = 0.95 TeV.
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Using color-triplet scalars (stops) as a hypothesis for the shape of the signal (with a
floating rate), CMS expected to set a limit on the rate to be 3.3 fb, but the observed limit
was set at 8.5 fb. In our work, © pair production was simulated, and the expected rate at
Vs = 13 TeV was found to be 4.5 fb for Mg = 0.95 TeV, which is close to the size of the
excess despite the fact that there are no free parameters. Our analysis of the shapes of
the ij and M,; distributions shows that the distributions predicted from © are roughly
in agreement with the shape of the excess, and that quark jets fit the excess better than
gluon jets. The jet pairing algorithm mispairs a majority of signal events, and we point
out that this may be misinterpreted as a broad 4-jet resonance near My; ~ 2Mg. We
also point out modest alterations to the pairing algorithm that would improve the signal

significance, but stress that these methods must also be tested on background events.

In our study of the real scalar ©, we find that the excess observed in the data suggests
that there should be more signal for M,;/M,; € [0.25,0.35]. If the color octet is a
complex scalar, or if it is charged under the electroweak symmetry, the additional degrees
of freedom result in a larger cross section. The rate for a color-octet complex scalar, O,
is 9.0 fb, which is a bit larger than the observed limit from stop pair production [22].
However, due to differences in hadronization between the final states, we find that the
ij distribution is distinctly different between stops and octet scalars, such that the limit
is not directly applicable. The fit of the ©, signal plus background, shown in Figure
is in better agreement with the data than for the real scalar. We have also considered
an octet scalar that is a weak triplet, and found that as in the case of ©, the fit within
the M;;/M,; € [0.25,0.35] bin is improved, at the expense of a worse fit in the other
two bins. For each of these scalars, the production cross section increases by 27% at the
larger center-of-mass energy of the current Run 3 (y/s = 13.6 TeV), so the next CMS or
ATLAS search of this type will have the potential of confirming or refuting the existing

4-jet excess.

Independently of whether the excess at M ; ~ 0.95 TeV will be confirmed, color-octet
scalars are compelling candidates for multi-jet searches at the LHC. In particular, they
provide a simple origin for a pair of dijet resonances at the TeV scale in both 4-gluon
and (qq)(qq) final states. These invariant mass distributions are different from each other
and also different from the ones in the (gg)(gg) final state analyzed in [23]. Moreover,
the additional new heavy fields that mediate ® — ¢q lead to signals that involve a W,

Z or Higgs boson plus four jets, which in the case of hadronic decays typically give a
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5-jet signature of the type trijet-plus-dijet. Related signatures may arise from decays of

© involving top quarks. Pursuing these novel signals could validate the © hypothesis, or

may reveal other new phenomena.
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