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a b s t r a c t
A dedicated search is presented for new phenomena in inclusive 8- and 10-jet ﬁnal states with low
missing transverse momentum, with and without identiﬁcation of jets originating from b quarks. The
analysis is based on data from proton–proton collisions √corresponding to an integrated luminosity of
19.7 fb−1 collected with the CMS detector at the LHC at s = 8 TeV. The dominant multijet background
expectations are obtained from low jet multiplicity control samples. Data agree well with the standard
model background predictions, and limits are set in several benchmark models. Colorons (axigluons) with
masses between 0.6 and 0.75 (up to 1.15) TeV are excluded at 95% conﬁdence level. Similar exclusion
limits for gluinos in R-parity violating supersymmetric scenarios are from 0.6 up to 1.1 TeV. These results
comprise the ﬁrst experimental probe of the coloron and axigluon models in multijet ﬁnal states.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

1. Introduction
Searching for new phenomena in ﬁnal states with jets has been
a tradition at hadron colliders that has continued at every new
energy frontier. New particles decaying into jets are likely to be
strongly produced; therefore, one expects these phenomena to
have relatively large cross sections and be detectable at the CERN
LHC. The challenge of searching in high-multiplicity all-hadronic
ﬁnal states without signiﬁcant missing transverse momentum is
the handling of the overwhelming multijet background. To remedy
this situation, the focus of these searches has been on resonances
having either narrow widths or large masses, in order to enhance
the signal-to-background ratio and, consequently, the sensitivity.
The presence of new phenomena in the simplest of multijet ﬁnal
states,
√ the dijets, has been sought in proton–antiproton collisions
at s = 0.63 TeV by the √
UA1 [1] and UA2 [2,3] Collaborations at
the CERN SppS, and at s = 1.8 and 1.96 TeV by the CDF [4–9]
and D0 [10–12] Collaborations at√the Fermilab Tevatron, as well
as in proton–proton collisions at s = 7, 8, and 13 TeV by the ATLAS [13–21] and CMS [22–32] Collaborations at the LHC.
The complexity of these searches increases dramatically with
the increase in jet multiplicity, even when several resonances are

 E-mail address: cms-publication-committee-chair@cern.ch.

present in the production and decay chain. The reason is an exponentially increasing combinatorial background, which makes it
virtually impossible to take advantage of either two-jet or multijet
resonances in multijet ﬁnal states. For example, consider the production of a pair of new particles X, each of which decays to a pair
of particles Y that further decay into a dijet ﬁnal state each. One
would then expect invariant masses of four dijet combinations in
the 8-jet ﬁnal state to peak at the mass of the Y particle, and, likewise, the invariant masses of two 4-jet combinations would peak
at the mass of the X particle. These measurements would make it
seemingly easy to discern the signal from the multijet background,
which lacks such features. Nevertheless, the total number of ways
to arrange 8 jets into four pairs is 7!! ≡ 7 × 5 × 3 × 1 = 105, and, on
top of this, there are C 42 /2 = 3 possible arrangements of four pairs
into two quadruplets, yielding 315 possible combinations. In practice the correct jet assignment is thus overwhelmed by the wrong
combinations. Moreover, the number of ways to partition 8 jets
into two quadruplets is C 84 /2 = 35, so even trying to ﬁnd the correct 4-jet combinations is a daunting task. Initial- and ﬁnal-state
radiation (FSR), as well as jet merging, makes the identiﬁcation of
correct pairing even more challenging.
Consequently, searches in exclusive multijet ﬁnal states have
thus far only been performed in the 4-jet (by ATLAS [33,34],
CMS [35,36], and CDF [37]) and 6-jet (by CDF [38], CMS [39–41],
and ATLAS [42]) ﬁnal states. In most of these analyses no attempt
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was made to ﬁnd the correct jet combination. Some of these analyses tag jets originating from b quarks (b-tagged jets), which allows
them to improve sensitivity to new particles decaying to b quarks,
thanks to a signiﬁcant reduction in the multijet background.
In addition to these searches, a separate class of searches has
been conducted in high-multiplicity inclusive jet ﬁnal states. This
includes searches for semiclassical black holes [43,44] pioneered by
CMS [45–47] and recently also conducted by ATLAS [48,49], as well
as an ATLAS search [50] for pair-produced gluinos, each decaying
into either three or ﬁve jets, which appear in certain R-parity [51]
violating (RPV) supersymmetric (SUSY) models. In these analyses,
no attempt is made to reconstruct the invariant mass of jet combinations, and the analyses either use global variables, such as the
total scalar sum of transverse momenta of all jets in the event, H T
[45–49], or the sum of reconstructed jet masses [50]; or simple counts of the total number of jets, as well as the number of
b-tagged jets [50].
2. Analysis strategy
The ﬁrst CMS black hole search in multijet ﬁnal states [45] introduced a novel technique that relies entirely on data to predict
the dominant multijet background. The technique is based on the
observation that in multijet events the additional energetic jets
(beyond the 2 → 2 hard scattering) are produced mainly via ﬁnalstate radiation. This process approximately conserves the H T in the
event, while increasing the jet multiplicity. Therefore, one could
use the H T spectrum at lower multiplicities, not contaminated by
potential signal, to predict its shape at higher multiplicities. This
technique, subsequently used in other CMS publications [46,47,52],
forms the basis of the present analysis.
This Letter presents the results of the ﬁrst search for new
physics in high-multiplicity all-hadronic ﬁnal states with low missing transverse momentum that utilizes a simple kinematic analysis
of the multijet ﬁnal state, both in a ﬂavor-blind analysis and in
an analysis that requires at least one of the ﬁnal-state jets to be
b tagged. This approach makes the analysis sensitive to a large
class of models of new physics. We illustrate this by considering
three speciﬁc models resulting in such ﬁnal states: pair production
of colorons [53–56]; axigluons [57]; or gluinos decaying via RPV
interactions [58].
For colorons C, which are vector color-octet particles, we consider a speciﬁc model [59,60]. In this model, strongly produced
,
coloron pairs each decay into a pair of color-octet hyperpions π
the lightest narrow bound states predicted in models with new
strong dynamics. Each hyperpion further decays into gluon pairs,
thus resulting in an 8-jet ﬁnal state, as shown in Fig. 1 (top). This
is the most important production diagram, accessible either from
a gg or a qq̄ initial state. However, other diagrams (not shown in
the ﬁgure) also contribute, including t-channel diagrams, virtual
coloron contributions in the s-channel, and a 4-point ggCC interaction.
The second class of models leading to the same ﬁnal state involves axigluons A that arise from chiral color symmetry breaking
SU(3) L ⊗ SU(3) R → SU(3) L + R . In the benchmark model for axigluon pair production, two decay modes are considered. In the
ﬁrst mode (A1), the axigluon decays to scalar σ and pseudoscalar
π̃ color-octet states, each subsequently decaying to two gluons.
Phenomenologically, this case is similar to coloron pair production, see Fig. 1 (top). In the second mode (A2), the axigluon decays to a heavy color-triplet fermion Q in association with a light
quark, and subsequently the heavy fermion decays to a standard
model (SM) quark and a pseudogoldstone boson η , which is a
light scalar particle with Higgs-like couplings, remaining from the
left–right symmetry breaking via the Nambu–Goldstone mecha-

Fig. 1. Top: the dominant Feynman diagram representing the s-channel pair production of color-octet vector bosons, subsequently decaying into spin-0 particles
and ﬁnally to gluons. The vector bosons can be colorons C or axigluons A, while
the spin-0 particles can be pseudoscalar hyperpions π̃ or scalar particles σ . This
process corresponds to models C and A1. Bottom: the second decay mode of an
axigluon considered in this analysis (A2), involving a heavy quark Q and a pseudogoldstone boson η with Higgs-like couplings.

nism [61,62]. The η boson then decays to a pair of fermions, where
the fermions are the heaviest that are kinematically accessible,
usually b quarks [63], as shown in Fig. 1 (bottom). In this case
there is an additional qq-induced axigluon pair production mode
involving the t-channel exchange of Q.
The third class of models [58] involves an RPV SUSY scenario
resulting in baryon number violation via the λ couplings (i.e.,
couplings that involve only quark superﬁelds). We consider gluino
(
g) pair production assuming that the second-generation squarks
(
q) are light, while the top squarks (
t) are suﬃciently heavy to
prevent gluino decays involving top quarks. The decay chain is

g → q
q, followed by 
q → q
H and 
H → qqq, where 
H is the lightest
supersymmetric particle (LSP) taken to be a higgsino. This process
results in a 10-jet ﬁnal state. Depending on the RPV coupling (λ212
or λ213 ) and on whether bottom squarks participate in the decay
chain, either zero, one, two, or three of the quarks in this decay
are b quarks, as shown in Fig. 2. We refer to these gluino decay
modes as G1, G2, G3, and G4, respectively.
3. The CMS detector
The central feature of the CMS apparatus is a superconducting
solenoid of 6 m internal diameter, providing a magnetic ﬁeld of
3.8 T. Within the solenoid volume are a silicon pixel and silicon
strip tracker, a lead tungstate crystal electromagnetic calorimeter
(ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections. Forward
calorimeters extend the coverage in pseudorapidity η provided
by the barrel and endcap detectors. Muons are measured in gasionization detectors embedded in the steel ﬂux-return yoke outside the solenoid.
The silicon tracker measures charged particles in the range
|η| < 2.5. For nonisolated particles with transverse momentum
1 < p T < 10 GeV and |η| < 1.4, the track resolutions are typically
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Fig. 2. Gluino decay modes in the RPV SUSY scenario considered. Depending on the RPV coupling and the nature of the squark, zero (G1, top left), one (G2, top right), two
(G3, bottom left), or three (G4, bottom right) b quarks can be present in each decay.

1.5% in p T and 25–90 (45–150) μm in the transverse (longitudinal)
impact parameter [64].
In the region |η| < 1.74, the HCAL cells have widths of 0.087 in
pseudorapidity and azimuthal angle φ . In the η –φ plane, and for
|η| < 1.48, the HCAL cells map on to 5 × 5 arrays of ECAL crystals
to form calorimeter towers projecting radially outwards from close
to the nominal interaction point. At larger values of |η|, the size
of the towers increases. Within each tower, the energy deposits
in ECAL and HCAL cells are summed to deﬁne the calorimeter
tower energies, subsequently used to provide the energies and directions of hadronic jets. When combining information from the
entire detector, the jet energy resolution amounts typically to 15%
at 10 GeV, 8% at 100 GeV, and 4% at 1 TeV, to be compared to about
40, 12, and 5%, respectively, obtained when the ECAL and HCAL
alone are used.
The ﬁrst level of the CMS trigger system, composed of custom
hardware processors, uses information from the calorimeters and
muon detectors to select the most interesting events in a ﬁxed
time interval of less than 4 μs. A high-level trigger (HLT) processor
farm further decreases the event rate from around 100 kHz to less
than 1 kHz, before data storage.
A more detailed description of the CMS detector, together with
a deﬁnition of the coordinate system used and the relevant kinematic variables, can be found in Ref. [65].
4. The Monte Carlo simulation
While the dominant background in this analysis, stemming
from QCD multijet production, is estimated using control samples
in data, as detailed in Section 6, simulated background samples are
used to qualify the background estimation methods and to ensure
that other backgrounds are negligible.
The QCD multijet background is simulated with the MadGraph 5 v5.1.3.30 [66–68] leading order (LO) Monte Carlo (MC)
generator, interfaced with pythia 6.422 [69] for description of
fragmentation and hadronization. Events are generated with the
CTEQ6L [70] parton distribution function (PDF) set. The underlying
event is described using the pythia tune Z2∗ [71,72]. The generated events are processed through the full CMS detector simulation
based on Geant4 [73]. In addition, for an alternative description
of the dominant background at high multiplicities, QCD multijet
events are simulated using the alpgen [74] LO MC generator, with
up to four additional outgoing partons in the matrix element calculations, also interfaced with pythia and Geant4.
Three classes of signal models are simulated: pair-produced
colorons; axigluons; and gluinos in an RPV SUSY scenario. Coloron production [75] is generated using MadGraph 4 v4.4.44 [66]
followed by pythia for a speciﬁc production and decay mode
(pair production of colorons, subsequently decaying to hyperpions
and ﬁnally to gluons). The signal simulation is done for coloron

masses M C in the range from 0.4 to 1.5 TeV (in steps of 0.1 TeV),
with a width C equal to 20% of M C , and for a hyperpion mass
equal to M C /3 (i.e. in the speciﬁc model of Ref. [60], where the
coloron decay to a pair of hyperpions is predicted to dominate).
The detector simulation is performed using the CMS fast parametric simulation [76]. The results of the fast simulation have
been cross-checked with results from the full simulation, for a few
benchmark points, and the corresponding acceptances are found to
agree within a few percent.
Axigluon pair production from gg and qq̄ initial states through
the gluon s-channel (Fig. 1 top), axigluon s- and t-channel, heavy
color-triplet fermion Q or SM quark t-channel exchange, and a
4-point interaction are simulated with MadGraph 5, followed by
pythia and Geant4. Two distinct decay topologies of pair-produced
axigluons are considered in this analysis. The ﬁrst topology is the
decay of each axigluon to a pair of mass-degenerate color-octet
scalar and pseudoscalar particles, each of which further decays to
two gluons. The scalar particle mass M σ and the pseudoscalar particle mass M π̃ are both chosen to be 1/4 or 1/3 of the axigluon
mass M A , with M A ranging from 0.1 to 1.5 TeV in steps of 0.1 TeV.
The values of the mass ratio are chosen so that the decays of
the axigluon to scalar and pseudoscalar particles dominate [63],
and constraints imposed by 4-jet resonance searches [33–36] are
avoided. Those searches would be sensitive to this model in the
case of a light (pseudo)scalar when two gluon jets from its decay overlap and are reconstructed as a single jet. The width A of
the axigluon is taken to be either 10 or 15% of M A [63]. The second topology is the decay of the axigluon to a heavy color-triplet
fermion in association with a light quark (Fig. 1 bottom). The heavy
quark subsequently decays to a quark and a light scalar η that
decays to a bottom quark–antiquark pair. This signal topology is
simulated for M A ranging from 0.4 to 1.5 TeV, in 0.1 TeV steps.
The ratios are M Q / M A = 2/3, mη / M A = 1/15, and A / M A = 3.5 or
10%, as recommended in Ref. [63]. While for this choice of particle
masses some merging of jets from a cascade decay of an axigluon
does occur, the acceptance in the ≥ 8 jet ﬁnal state remains high
(around 70% for an axigluon mass of 0.7 TeV for the H T > 1.4 TeV
preselection used in the analysis).
The RPV SUSY gluino pair production and the decay chains [58]
are simulated with MadGraph 5, interfaced with pythia and
Geant4. Gluino masses M
g from 0.5 to 1.5 TeV and squark masses
(M
)
from
0.1
to
0.9
TeV, in 0.1 TeV steps, are used. The higq or M
b
gsino mass is ﬁxed to 3/4 of the relevant squark mass. The gluino
pair production cross section is calculated with nll-fast [77] at
next-to-leading order accuracy in α S and with the resummation
of soft-gluon emission at next-to-leading logarithmic accuracy. The
cross sections of pair-produced gluinos are identical in the four different decay scenarios considered. The values of the RPV couplings
used in simulation are chosen to ensure prompt gluino decays.
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Table 1
Deﬁnition of signal regions used in the analysis, and models probed by each signal region.
Signal region

Selection

Models probed

SR1
SR2
SR3
SR4

≥8 jets (p T > 30 GeV, |η| < 2.4), S > 0.1
≥8 jets (p T > 30 GeV, |η| < 2.4), ≥1 b-tagged
≥10 jets (p T > 30 GeV, |η| < 2.4), S > 0.1
≥10 jets (p T > 30 GeV, |η| < 2.4), ≥1 b-tagged

colorons, A1, low-mass G1
A2, low-mass G2, G3, G4
high-mass G1
high-mass G2, G3, G4

All simulated samples include the effect of multiple proton–
proton (pp) collisions per bunch crossing by superimposing minimum bias interactions with a multiplicity distribution matching
that observed in data.
5. Event selection and reconstruction
The search described
in this Letter utilizes a data sample of
√
pp collisions at
s = 8 TeV, collected with the CMS detector at
the LHC in 2012 and corresponding to an integrated luminosity
of 19.7 fb−1 . The data were collected with a trigger based on jets
reconstructed with the calorimeter-only information. At the HLT,
the jets are clustered from the ECAL and HCAL energy deposits,
using the anti-kT clustering algorithm [78] with a distance parameter of R = 0.5. Jet energies are corrected for the calorimeter
response [79]. The trigger requires the scalar sum of p T of all the
HLT jets to exceed a threshold that was increased progressively
from 550 to 750 GeV to maintain a constant trigger rate despite
the increase in the instantaneous luminosity delivered by the LHC.
Oﬄine, events are reconstructed using a particle-ﬂow algorithm [80,81] that identiﬁes each single particle (photon, electron,
muon, charged hadron, and neutral hadron) with an optimized
combination of all subdetector information. The energy of photons is directly obtained from the ECAL measurement corrected
for zero-suppression effects. The energy of electrons is determined
from a combination of the track momentum at the main interaction vertex, the corresponding ECAL cluster energy and the energy
sum of all bremsstrahlung photons attached to the track. The energy of muons is obtained from the corresponding track momentum. The energy of charged hadrons is determined from a combination of the track momentum and the corresponding ECAL and
HCAL energy, corrected for zero-suppression effects, and for the
response function of the calorimeters to hadronic showers. Finally,
the energy of neutral hadrons is obtained from the corresponding
corrected ECAL and HCAL energy.
For each event, hadronic jets are clustered from the particle–
ﬂow candidates, using the anti-kT algorithm with a distance parameter of 0.5. The momentum of each jet is determined as the
vectorial sum of all particle momenta in the jet and its magnitude is found in the simulation to be within 5 to 10% of the true
momentum at the particle level over the whole p T spectrum and
detector acceptance. Jet energy corrections are derived from simulation and are conﬁrmed with in situ measurements using the
energy balance of dijet and γ + jet events [79].
Events are further required to have at least one well-reconstructed [64] pp interaction vertex. In order to suppress jets due to
rare, anomalous calorimeter signals, jet candidates are required to
satisfy the following identiﬁcation criteria: each jet should contain
at least two particles, at least one of which is a charged hadron,
and the jet energy fraction carried by neutral hadrons and photons
should be less than 90%. These criteria have an eﬃciency greater
than 99% per jet. Only events with at least 8 or 10 identiﬁed jets,
depending on the search category, with p T > 30 GeV and |η| < 2.4
are considered. Finally, the oﬄine H T variable, deﬁned as a scalar
sum of transverse momenta of all the jets passing the above requirements, must exceed 900 GeV, in order to avoid any trigger
bias.

For the signal channels with b quark jets in the ﬁnal state, we
require at least one jet to be b tagged using the combined secondary vertex (CSV) algorithm [82,83], which exploits information
from tracks and secondary vertices to build a likelihood-based discriminator. This discriminator is then used to distinguish between
jets originating from b quarks and those from c quarks, light-ﬂavor
quarks, and gluons. The operating point of the CSV algorithm [83]
used to tag b quark jets is deﬁned by the minimum threshold
on the discriminator at which the misidentiﬁcation probability of
light-parton jets is approximately 1%; this working point corresponds to approximately 70% tagging eﬃciency per b jet. The effect
of requiring more than one b-tagged jet has been investigated, particularly for the decay channels containing four or six b quark jets
in the ﬁnal state. It is found that this does not improve the search
sensitivity, since the uncertainty in the estimation of background
from data (as described in Section 6) becomes large. Therefore we
stay with the requirement of a minimum of only one b-tagged jet
for all signal channels with b quark jets, independent of their multiplicity.
In addition to these selection criteria, for the channels without b quark jets in the ﬁnal state we employ a global event shape
variable, sphericity (S) [84]. This variable is based on the three
eigenvalues Q 1 ≥ Q 2 ≥ Q 3 of the tensor S α β in the momentum

β 
space: S α β = i p α
p / i p 2i , where indices α and β run over
i i
the three spatial coordinates and p i is the momentum of jet i.
The sphericity is deﬁned as S = 32 ( Q 2 + Q 3 ). Events with S ≈ 1
are more spherically symmetric, whereas events with S ≈ 0 are
more linear, looking like a pair of back-to-back jets. The signal
events are more spherical than the background events, which are
largely characterized by the back-to-back topology of the jets from
the hard-scattering 2→2 parton processes. This shape variable was
previously used in the search for light- and heavy-ﬂavor three-jet
resonances [41], to separate the signal from the QCD background.
The optimum selection on the sphericity value was determined
by maximizing the expected signal signiﬁcance, while keeping the
selection soft enough to maintain the invariance of the H T distribution with respect to the jet multiplicity (explained in detail in
Section 6), and corresponds to S > 0.1. Using the sphericity variable increases the expected signal signiﬁcance by 10%.
Table 1 summarizes the four signal regions (SR1–SR4) used in
the analysis and the models probed by each signal region, as discussed in more detail in Section 8.
6. Background estimation
Because of the large combinatorial background in the multijet
ﬁnal states, we do not employ any mass variables in the analysis.
The results are based on simultaneous counting experiments in the
low-H T control region, dominated by the background, and in the
signal region above a certain H T cutoff, optimized for each signal
point, as discussed below. The main background in this analysis is
QCD multijet production, which is estimated directly from the observed data using the H T multiplicity invariance method [45–47],
extensively used for black hole searches in CMS. The method is
based on an empirical observation that the shape of the H T spectrum is independent of the jet multiplicity, which was thoroughly
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Fig. 3. The H T distributions in data (points), background estimated from data (blue thick solid line in the upper panels) with its uncertainty (gray shaded band), and
representative signal model predictions (histograms). Top left: 8 or more jets, no b tagging requirement, with the coloron (C / M C = 20%, M π̃ = M C /3) and axigluon A1
(A / M A = 15%, M σ /π̃ = M A /3) signals overlaid. Top right: 8 or more jets, including one or more b-tagged jets, with the A2 (A / M A = 15%, M σ /π̃ = M A /3) axigluon signal
points overlaid. Bottom left (right): 10 or more jets without b tagging requirement (with one or more b-tagged jets), with RPV SUSY gluino G1 (G2) signals with a squark
mass of 400 GeV overlaid. The lower panels show the distribution of the quantity (Data − Fit)/Fit. The error bars on the plotted values indicate the statistical uncertainty
associated with the data, and the shaded band indicates the systematic uncertainty. Dashed vertical lines indicate the upper boundary of the control bins. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

checked by using various MC samples (pythia, alpgen, and MadGraph 5), as well as collision data. The invariance stems from the
fact that, in a generic QCD event, the H T distribution is approximately determined by the 2 → 2 hard-scattering processes. Any
further splitting of jets as a result of FSR conserves the H T , as long
as both the hard-scattering and FSR jets still pass the p T selection.
The initial-state radiation, which is predominantly a forward process, does potentially change the H T value, but this turns out to be
a subdominant effect and does not spoil the observed invariance.
For the purpose of this analysis, we have also conﬁrmed that the
H T invariance is preserved with the relatively soft sphericity selection we use in the non-b-tagged analysis; it is also preserved when
at least one b-tagged jet is required. The H T invariance method
consists in ﬁtting the shape of the H T distribution at lower jet
multiplicities and then using this shape to describe the background
for the high-multiplicity signal selection.

For the searches in inclusive 8- and 10-jet ﬁnal states, ﬁts to
ﬁve analytic functions are performed for H T distributions in data
control samples with an exclusive jet multiplicity requirement between 4 and 7, with and without the requirement of at least one
b-tagged jet. The potential signal contamination is shown to be
small in these lower-multiplicity samples. The ﬁt functions are
similar to the one used in the searches for dijet resonances [22–32]
or to those used in searches for microscopic black holes [45–47] in
CMS:

• f1 =
• f2 =
• f3 =
• f4 =
• f5 =

P 0 (1+x) P 1
,
x P 2 + P 3 ln(x)
P0
( P 1 + P 2 x+x2 ) P 3
P0
,
( P 1 +x) P 2
P1
P 0 (1+x)
,
x P 2 ln(x)
P 0 (1−x) P 1
,
x P 2 + P 3 ln(x)

,
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where x = H T / s, and P i are the free parameters of the ﬁt.
All ﬁve ﬁts are consistent with each other and have good ﬁt
probability. We pick the function that ﬁts best a particular control
sample used to predict the background in one of the four search
regions. The other ﬁt functions and control samples are used to
determine the background uncertainties, as described in Section 7.
The f 3 function is used to ﬁt to the 4-jet H T spectrum without any
sphericity requirement as the background template for SR1 (coloron and axigluon A1 searches). The same function ﬁt to the 4-jet
H T spectrum with at least one b-tagged jet requirement is used to
predict the background in the SR2 (A2 and low-mass G2, G3, and
G4 searches). The f 4 function ﬁt to the 4-jet H T spectrum without any sphericity requirement is used as the background template
for the RPV gluino G1 search at high masses (SR3), while for the
high-mass G2, G3, and G4 scenarios (SR4) the f 2 function ﬁt to
the 4-jet H T spectrum with at least one b-tagged jet is used as
the background template. The ﬁt range is chosen to be 1.5–2.0 TeV
to predict the background shape for the ≥8 jet search regions SR1
and SR2, and 2.0–3.0 TeV for the ≥10 jet search regions SR3 and
SR4. The ﬁt ranges were chosen to be above the turn-on of the
multiplicity invariance in the corresponding search regions and to
allow for an adequate statistical precision of the ﬁts. The effect of
the ﬁt range variation was shown to be small compared with the
other uncertainties in the background prediction, detailed in Section 7.
For low-mass resonances the signal contamination can be signiﬁcant, even in the low-H T range of the spectrum; therefore, the
signal extraction (or limit setting) procedure has been generalized to take potential contamination into account. For each signal
region, we deﬁne the control bin and the signal bin in the H T
distribution to be used in the simultaneous counting experiment
to extract the background normalization and the potential signal.
The control bin is chosen to be 1.4–1.7 TeV for SR1 and SR2, and
1.9–2.1 TeV for SR3 and SR4, where the lower boundary is chosen to avoid the multiplicity-related turn-on effects, and the upper
boundary is chosen low enough to minimize signal contamination.
In the limit of no signal contamination, the control bin essentially
becomes the background normalization region. The signal bin is
deﬁned by the requirement of H T to exceed a certain threshold,
which is determined for each resonance mass in each model to
maximize the signal signiﬁcance. For the case where the background
expectation exceeds 20 events, the Gaussian signiﬁcance
√
S / B is used, where S and B are signal and background expectations. For high-mass resonances, where the optimal H T thresholds
are suﬃciently high to have a small number of expected background events, the Z Bi criterion [85] is used instead. The Z Bi
statistic is a measure of equivalent Gaussian signal signiﬁcance
obtained by considering the binomial probability of the events in
data being distributed at least as signal-like as observed, under the
assumption of the background-only hypothesis.
The H T distributions in data, with background estimated from
control samples in data, and relevant signal model predictions are
shown in Fig. 3 for the four signal regions. In all four cases good
agreement between the data and the background predictions is observed.
7. Systematic uncertainties
Several sources of systematic uncertainties in signal acceptance
and background prediction have been considered in the analysis.
Two main sources of the background uncertainty are the choice
of the ﬁt function (shape uncertainty) and the normalization uncertainty. In order to estimate the shape uncertainty, we use the
envelope of the ﬁts with ﬁve template functions to the H T spectrum in the 4- to 7-jet control samples in data. This uncertainty

Table 2
Summary of systematic uncertainties in the signal yields and background yields.
Uncertainty source

Signal uncertainty

Background uncertainty

Jet energy scale
PDF
b tagging scale factor
Integrated luminosity
Background shape
Background normalization

5%
3%
2–5%
2.6%
–
–

–
–
–
–
3–140%
2–10%

ranges from approximately 3% for H T = 1.4 TeV to 140% for H T =
4 TeV. The background normalization uncertainty is statistical in
nature, because of the limited number of data events in the normalization region. It varies between 2 and 10%, depending on the
signal region. The uncertainty related to the assumption of H T invariance is included in the shape uncertainty, as the ﬁt function
envelope contains ﬁts to several exclusive low-multiplicity distributions, which allows one to gauge the degree to which the H T
invariance may be violated.
Systematic uncertainties in the signal acceptance are related to
the choice of PDFs and the uncertainty in the jet energy scale. The
PDF uncertainty is estimated using the PDF4LHC prescription [86,
87], based on the CT10 [88], MSTW2008 [89], and NNPDF2.1 [90]
sets and found to be 3%. The uncertainty due to the jet energy
scale is estimated by varying the latter up and down by one standard deviation and estimating the effect on the signal acceptance
after all the selections. This procedure gives a 5% uncertainty in
the acceptance due to the uncertainty in the jet energy scale. In
the case of signal models with b quark jets in the ﬁnal state, there
is an additional systematic uncertainty due to the uncertainty in
the b tagging eﬃciency scale factors that account for the difference
between the b tagging performance in data and in simulation [83].
This uncertainty is taken into account by varying the scale factor
values up and down by one standard deviation and estimating the
effect on the signal acceptance. The resulting uncertainty ranges
between 2 and 5%, depending on H T . Finally, a 2.6% uncertainty in
the integrated luminosity [91] is also applied to the signal yield.
The systematic uncertainties in the signal and background
yields are summarized in Table 2.
8. Results
We construct the following likelihood to describe the results of
two simultaneous counting experiments with nC (nS ) events observed in the control (signal) bin:

L (μ, k, θ ) =

×

e−(μ S C (θ)+kB C (θ))

e−(μ S S (θ )+kB S (θ))

nC



μ S C (θ ) + kB C (θ )



nC !

n S

μ S S (θ) + kB S (θ )

nS !

.

(1)

In this expression, the parameter μ is the scale factor for the signal
(“signal strength”), k is the normalization factor of the background
template, S C and B C (S S and B S ) are the expected signal and background yields in the control (signal) bin, and θ is the vector of
nuisance parameters.
By maximizing the likelihood of Eq. (1) with θ proﬁled as lognormal nuisance parameters, we extract the best ﬁt value and 95%
conﬁdence level (CL) upper limit for the signal strength, which we
convert to a limit on the cross section times the branching fraction
for the multijet channel of the speciﬁc signal. For limit setting, we
use the asymptotic approximation [92] of the CLs method [93,94].
When comparing the result with theoretical cross sections to extract mass limits, we assume this branching fraction is equal to
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Fig. 4. Upper limits at 95% CL on the signal cross section times branching fraction, as
a function of coloron mass M C , assuming a width of 20% and a hyperpion mass M π̃
equal to M C /3. The observed cross section limits (points) are compared with the
expected limit (dashed line) and the one and two standard deviation uncertainty
bands. The cross section for coloron pair production (dashed red line) is also shown.
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

one, i.e. that the decay proceeds exclusively in the speciﬁc mode
we probe, with the exception of the coloron model, where the

263

branching fraction is calculated following Ref. [60], and typically
exceeds 95%.
Despite the potentially sizable signal contribution in the control
bins, the sensitivity to the low-mass signals is still suﬃciently high
because of the large production cross section and the fact that the
signal and background have different shapes; therefore, the fractional contributions of the signal in the control and signal bins
are different. For the low-mass gluino (M
g < 1.1 TeV), the sensitivity in the SR1/SR2 is actually higher than in the SR3/SR4, despite
the presence of 10 jets in the ﬁnal state resulting from the gluino
decays, because the control bins in higher-multiplicity search regions SR3/SR4 suffer from potentially large signal contamination.
The contamination is signiﬁcantly less pronounced in the control
bins of lower-multiplicity regions SR1/SR2, which also correspond
to lower values of H T and are thus better separated from the signal. Nevertheless, the minimum H T requirement and the position
of the control bins do not allow us to probe masses below 0.6 TeV,
so all the results are quoted for signals with the masses above this
threshold.
The upper limits on the signal cross section times branching
fraction at 95% CL for the coloron model are shown in Fig. 4. By
comparing the limits with the theoretical cross section times the
branching fraction for coloron pair production, we exclude colorons
with masses, M C , from 0.6 to 0.75 TeV for a hyperpion mass equal
to M C /3.
Fig. 5 shows similar results for axigluon pair production and decay according to the A1 model. We exclude axigluon masses from

Fig. 5. Upper limits at 95% CL on signal cross section times branching fraction, as a function of axigluon mass M A , assuming a width of 10% (top row) or 15% (bottom row)
and a decay according to the A1 model. Left: for equal scalar and pseudoscalar particle masses (M σ = M π̃ = M A /4); right: for M σ = M π̃ = M A /3. The observed cross section
limits (points) are compared with the expected limit (dashed line) and the one and two standard deviation uncertainty bands. The cross section for axigluon pair production
(dashed red line) is also shown. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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ments placed on event sphericity and b-tagged jet multiplicity. The
dominant QCD multijet background is estimated from control samples at lower multiplicity, without any reliance on simulation. No
signiﬁcant deviation from the standard model background predictions has been observed. Upper limits at 95% conﬁdence level on
the cross section times branching fraction have been set for several signal scenarios. The cross section limits have been compared
to speciﬁc coloron, axigluon, and gluino pair production cross sections. For the coloron and axigluon models, the lowest excluded
mass is 0.6 TeV, while the highest excluded mass ranges from 0.75
to 1.15 TeV. For the RPV SUSY model, the lowest excluded mass is
0.6 TeV, while the highest excluded mass is 1.1 TeV. Models with
colorons and axigluons decaying in multijet ﬁnal states are probed
experimentally for the ﬁrst time.
Acknowledgements

Fig. 6. Upper limits at 95% CL on signal cross section times branching fraction, as
a function of axigluon mass M A , assuming a width of 3.5% (top) and 10% (bottom)
of M A , and a decay according to the A2 model. The observed cross section limits
(points) are compared with the expected limit (dashed line) and the one and two
standard deviation uncertainty bands. The cross section for axigluon pair production
(dashed red line) is also shown. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

0.6 up to 1.15 TeV, depending on the model parameters. For axigluons decaying according to the A2 model, we exclude axigluon
masses from 0.6 up to 0.9 TeV, as shown in Fig. 6.
We exclude gluinos with RPV decay G1 with masses from 0.6
up to 0.65–1.03 TeV for squark masses from 0.1 to 0.9 TeV, as
shown in Fig. 7 (top left). For the G2 decay mode, we exclude
gluino masses from 0.6 up to 0.65–1.08 TeV for squark masses from
0.1 to 0.9 TeV, as shown in Fig. 7 (top right). For the G3 decay
mode we exclude gluino masses from 0.6 up to 0.68–1.08 TeV for
the bottom squark masses from 0.1 to 0.9 TeV, as shown in Fig. 7
(bottom left). Finally, for the G4 decay mode we exclude gluino
masses from 0.6 up to 0.65–1.1 TeV for the bottom squark masses
from 0.1 to 0.9 TeV, as shown in Fig. 7 (bottom right).
9. Summary
A search has been performed for pair production of color-octet
vector boson resonances and of gluinos in an RPV SUSY model, in
inclusive 8- and 10-jet ﬁnal states.
√ The search is based on data
from proton–proton collisions at s = 8 TeV corresponding to an
integrated luminosity of 19.7 fb−1 collected by the CMS experiment at the LHC. The scalar sum of the transverse momenta of the
jets is used as a discriminating variable, with additional require-
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Fig. 7. Upper limits at 95% CL on the signal cross section times branching fraction, as a function of the gluino mass M
g and squark mass M
q for the pair-produced gluino
model with RPV decays in the ﬁnal states qqqqq (G1, top left), qqqqb (G2, top right), qqqbb (G3, bottom left), and qqbbb (G4, bottom right). The observed limit (black
lines) is compared to the expected limit (red lines) with the one standard deviation theoretical uncertainty in the observed limit (black dashed lines) and the one standard
deviation statistical and systematic uncertainties combined in the expected limits (red dashed lines). The gluino pair production cross sections are shown with the color
scale. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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