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The first search for singly produced narrow resonances decaying to three well-separated hadronic jets is

presented. The search uses proton-proton collision data corresponding to an integrated luminosity of

138 fb−1 at
ffiffiffi

s
p

¼ 13 TeV, collected at the CERN LHC. No significant deviations from the background

predictions are observed between 1.75 and 9.00 TeV. The results provide the first mass limits on a right-

handed boson ZR decaying to three gluons and on an excited quark decaying via a vector boson to three

quarks, as well as updated limits on a Kaluza-Klein gluon decaying via a radion to three gluons.
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The standard model (SM) of particle physics has several

well-established shortcomings, notably lacking explana-

tions for the nonzero neutrino masses, the issue of dark

matter, the matter-antimatter asymmetry of the universe, the

hierarchy problem, and the proliferation of quarks and

leptons. These shortcomings have motivated a comprehen-

sive program of searches for beyond-the-SM physics at

high-energy colliders. Searches for new particles coupled

to quarks and/or gluons are especially compelling at

hadron colliders, such as the CERN LHC, since these

particles could potentially be produced with significant

cross sections. Searches for new particles decaying to

two hadronic jets (dijets) have been performed numerous

times at past and current colliders [1–11]. Hadronic

resonances with more complicated signatures have also

been explored, including searches for the pair production of

resonances decaying to two or more jets [12–19] and a

search for resonances decaying to a jet and a boosted dijet

resonance [20].

In this Letter, we present the first generic search for

singly produced resolved three-jet (trijet) resonances (X)
using proton-proton (pp) collision data recorded by the

CMS experiment from 2016 to 2018 at a center-of-mass

energy of 13 TeV, corresponding to an integrated lumi-

nosity of 138 fb−1. Following techniques established by

dijet resonance searches, the trijet invariant mass (mjjj)

spectrum is scrutinized for narrow excesses compatible

with new resonances decaying to three hadronic jets. No

assumptions are made on the structure of the decay, except

for the requirement that the final state contain three

resolved jets with large transverse momentum (pT). The

SM background consists of events containing three or more

jets produced exclusively through quantum chromodynam-

ics (QCD), and is estimated from data by fitting the mjjj

spectrum with smoothly falling empirical functions. The

search for singly produced trijet resonances provides

unique sensitivity for certain scenarios such as a spin-1

resonance dominantly produced via two off-shell gluons

and decaying to three on-shell gluons. It also possesses

complementary sensitivity to previous searches in scenarios

such as a resonance decaying to another resonance (Y) in
association with a gluon or quark. Sensitivity to these

representative scenarios is probed using three specific

signal benchmark models that could potentially address

the aforementioned SM shortcomings: a right-handed Z
boson, ZR, decaying directly to three gluons (g) [21]; a

Kaluza-Klein excitation of a gluon, gKK , decaying via an

intermediate radion to three gluons [22,23]; and an excited

quark, q�, decaying via an intermediate beyond-the-SM

vector boson to three quarks (q) [24]. The latter two

scenarios, which involve an initial resonance X and an

intermediate resonance Y, are referred to as cascade decays
and are characterized by the mass ratio ρm ¼ mY=mX.

Values of ρm between 0.2 and 0.8 that could lead to the

resolved trijet signature are considered. At values of ρm
lower than 0.2, the Y is produced with significant transverse

momentum, and its decay products are reconstructed

as a single jet; this scenario was explored in Ref. [20].

Supplemental information about the analysis is available

in the Supplemental Material [25]. Tabulated results are

provided as a HEPData record for this analysis [26].

The CMS apparatus [27] is a multipurpose, nearly

hermetic detector, designed to trigger on [28,29] and

identify electrons, muons, photons, and charged and neutral

hadrons [30–32]. The “particle-flow” algorithm [33] aims

to reconstruct all individual particles in an event, combin-

ing information provided by the all-silicon inner tracker,

the crystal electromagnetic calorimeters (ECAL), and the
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brass-scintillator hadron calorimeters (HCAL), all operat-

ing inside a 3.8 T superconducting solenoid, with data

from the gas-ionization muon detectors embedded in the

flux-return yoke outside the solenoid. The reconstructed

particles are used to build τ leptons, jets, and missing

transverse momentum [34–36].

Events of interest are selected using a two-tiered trigger

system. The first level, composed of custom hardware

processors, uses information from the calorimeters and

muon detectors to select events at a rate of around 100 kHz

with a fixed latency of about 4 μs [28]. The second level,

known as the high-level trigger, consists of a farm of

processors running a version of the full event reconstruction

software optimized for fast processing, and reduces the

event rate to around 1 kHz before data storage [29].

The primary vertex is taken to be the vertex correspond-

ing to the hardest scattering in the event, evaluated using

tracking information alone [37]. The energy of photons is

obtained from the ECAL measurement. The energy of

electrons is determined from a combination of the electron

momentum at the primary interaction vertex as determined

by the tracker, the energy of the corresponding ECAL

cluster, and the energy sum of all bremsstrahlung photons

spatially compatible with originating from the electron

track. The energy of muons is obtained from the curvature

of the corresponding track. The energy of charged hadrons

is determined from a combination of their momentum

measured in the tracker and the matching ECAL and HCAL

energy deposits, corrected for the response function of the

calorimeters to hadronic showers. Finally, the energy of

neutral hadrons is obtained from the corresponding cor-

rected ECAL and HCAL energies.

For each event, hadronic jets are clustered from these

reconstructed particles using the infrared- and collinear-

safe anti-kT algorithm [38,39] with a distance parameter of

0.4 (AK4). Jet momentum is determined as the vectorial

sum of all particle momenta in the jet, and is found from

simulation to be, on average, within 5% to 10% of the true

momentum over the entire pT spectrum and detector

acceptance. Additional pp interactions within the same

or nearby bunch crossings (pileup) can contribute addi-

tional tracks and calorimetric energy depositions to the jet

momentum. To mitigate this effect, charged particles

identified to be originating from pileup vertices are dis-

carded, and an offset correction is applied to correct for

remaining contributions. Jet energy corrections are derived

from simulation to bring the measured response of jets to

that of particle level jets on average. In situ measurements

of the momentum balance in dijet, photonþ jet, Z þ jet,

and multijet events are used to account for any residual

differences in the jet energy scale between data and

simulation [35]. The jet energy resolution amounts typi-

cally to 15%–20% at 30 GeV, 10% at 100 GeV, and 5% at

1 TeV [35]. Additional selection criteria are applied to each

jet to remove jets potentially dominated by anomalous

contributions from various subdetector components or

reconstruction failures [40]. Jets with pT < 50 GeV are

further required to pass a multivariate pileup jet rejection

algorithm, which has 99% efficiency for jets originating

from the primary vertex of interest [41].

To mitigate the loss of resolution from QCD radiation

outside the jet boundaries, a “wide-jet” algorithm intro-

duced for previous CMS dijet searches [42] is used. Using

the three leading jets with pT > 100 GeV as seeds, the

four-vectors of additional jets in the event with pT >
30 GeV are added to the nearest seed jet within an

optimized distance of ΔR≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

< 1.1,

where η is the pseudorapidity and ϕ is the azimuthal angle

in radians. The wide jet algorithm improves the sensitivity

of the search to the signal cross section by ∼10%–15%

(50%–70%) compared to the use of AK8 (AK4) jets. The

trijet invariant mass,mjjj, is defined as the invariant mass of

the three wide jets obtained with this algorithm.

Monte Carlo (MC) simulation is used to model the

contributions from the production of new resonances

that assume the Breit-Wigner line shape. The ZR → ggg
process is simulated at leading order (LO) in QCD with

PYTHIA8.242 [43]. Two width scenarios are simulated: the

nominal left-right symmetric scenario from Ref. [21] assu-

ming SM-like couplings with a width of ΓZR
=mZR

∼ 3%,

and a narrow-width scenario with ΓZR
=mZR

∼ 0.01% that

represents the cases where the width is negligible with

respect to the jet energy resolution. The gKK process is

modeled at LO with MadGraph5_aMC@NLO2.7.3 [44], inter-

faced with PYTHIA for the parton shower. The excited quark

process is also modeled at LO in QCD with PYTHIA.

Simulated samples are also produced for the background

QCD process, using MadGraph5_aMC@NLO2.6.5 at LO with up

to four partons at the matrix element level. These back-

ground samples are used only for the development of the

analysis strategy; the background estimation is performed

using collision data. The NNPDF3.1 [45] parton distribution

function (PDF) set at next-to-next-to-LO accuracy is used

for all processes, along with the parton shower tune

CP5 [46]. The interaction of particles with the detector

is simulated using the GEANT4 toolkit [47]. The effects of

pileup are incorporated by overlaying minimum bias

events, simulated with PYTHIA, on the hard scattering

interactions, with the multiplicity distribution matching

that observed in data.

In the MC simulations, only signal events with a

generated resonance mass greater than 85% of the mass

point under consideration are used. This requirement is

found to have negligible impact on the search while helping

to avoid uncertainties that are associated with the exact

description of the far-off-shell low-mass tails. The accep-

tance of this requirement, which depends on the width of

the resonance, is denoted by A.

Events are selected using a set of triggers requiring large

hadronic activity, based on either the pT of a single jet or
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the event HT, defined as the scalar sum of jet pT for all

jets with pT > 30 GeV and jηj < 3.0. The typical thresh-

olds deployed for HT triggers were 900 (1050) GeV and

360 (500) GeV for the pT triggers in 2016 (2017–2018). To

avoid the phase space where the trigger is inefficient, we

apply a selection of mjjj > 1.50 TeV (2016) or mjjj >

1.76 TeV (2017–2018). The trigger and mjjj thresholds

for 2016 data are lower because of the lower instantaneous

luminosity. The fully reconstructed events are required to

have at least three reconstructed jets with pT > 100 GeV

and jηj < 2.5, prior to the application of the wide-jet

algorithm. The aforementioned jet identification criteria,

which have an efficiency of more than 98%–99%, are

applied to each jet used to construct the wide jet. Since the

QCD background tends to have jets with higher values of

jηj than the signal processes, the sensitivity of the analysis

is improved by requiring that the maximum difference in η

between any two of the three wide jets, Δηmax, be less than

1.6. Similarly, the maximum difference in ΔR between any

two wide jets must be less than 3.0. The efficiencies of the

above selection requirements are calculated in simulation

to be ∼30% for the ZR process and between 23%–35%

(26%–37%) for the gKK (q�) process for mass values

between 2.0 and 9.0 TeV. For resonance masses below

∼2 TeV, the efficiencies decrease because the signal peaks

are truncated by the lower mjjj threshold, reaching ∼20%

for the ZR process, ∼15% for the gKK process, and ∼25%

for the q� process at a mass of 1.75 TeV.

The background, dominantly arising from the QCD

multijet process, is modeled by fitting the mjjj distribution

with smoothly falling, empirical functions that have been

used in previous searches [19,20]. Three families of

functions are considered:

fAðx;NÞ ¼ p0

ð1 − xÞp1

x
P

N

i¼2
pilog

i−2ðxÞ
;

fBðx;NÞ ¼ p0

e−p1x

x
P

N

i¼2
pilog

i−2ðxÞ
;

fCðx;NÞ ¼ p0x
P

N

i¼1
pilog

i−1ðxÞ; ð1Þ

where x ¼ mjjj=
ffiffiffi

s
p

, piði ¼ 0; 1;…; NÞ are free parameters,

and N is the order of the fit function, which is determined

using a Fisher F test [48]. It is found that the third-order

yields the best fits to the data for all three families of

functions. The p values obtained from a generalized χ
2

goodness-of-fit test [49] yield 0.62, 0.53, and 0.34 for

the fA, fB, and fC functions, respectively. The signal is

extracted using a binned maximum-likelihood fit based on

a profile likelihood ratio test statistic [50], with variable bin

size approximating the mjjj resolution. The signal compo-

nent of the fit is taken from binned templates derived from

simulation, while the background component corresponds

to the integral of the fit function across each bin. The three

fit functions are incorporated into a single likelihood using

a discrete nuisance parameter [51]. This parameter is

profiled in an analogous way to continuous nuisance

parameters to consider the extra uncertainty brought by

the various possible choices of the background functional

form. The background parameters are included as freely

floating nuisance parameters. The three data-taking years

are treated separately in the fit, in particular, with inde-

pendent background parametrizations for each year, and are

combined statistically into a single likelihood. The com-

bined result of the background-only fits with the function

fAðx; 3Þ is shown in Fig. 1 as an example.

To gauge the systematic biases in the signal extraction,

bias tests are performed using pseudodata produced from

the background-only fits with injected signal events.

The bias is found to be negligible. Systematic uncertainties

in the signal are incorporated in the likelihood as con-

strained nuisance parameters. The jet energy resolution

and scale uncertainties translate to ≈10% and ≈1%

uncertainties in the width and the position of the trijet

mass shape for the signal, respectively. The integrated

luminosities for the 2016, 2017, and 2018 data-taking years

have 1.2%–2.5% individual uncertainties [52–54], while
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FIG. 1. The observed mjjj distribution and the background-only

fit to the data using the fA fit function. Uncertainties in the fit that

correspond to the 68% confidence level are depicted with the red

band. The expected mjjj distributions for ZR signal masses of

2.0, 4.0, 6.0, and 8.0 TeV, with nominal width of ∼3%, are also

shown. For illustration purposes, the normalizations correspond

to σB values of 200, 50, 20, and 20 fb, respectively. Only 2016

data are shown for mjjj < 1.76 TeV because of the higher trigger

thresholds in 2017 and 2018. In the bottom panel, the blue

hatched bars show the difference between the observed data and

the background prediction divided by the statistical uncertainty,

along with expectations for the example ZR signal points.
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the overall uncertainty for the 2016–2018 period is 1.6%.

Finally, the uncertainty in the predicted signal yield that

stems from the pileup reweighting procedure is ≈3% for the

three years, and is uncorrelated between years. The most

significant uncertainties are those associated with back-

ground fit parameters in the background prediction, which

are evaluated to have an impact on the fitted signal strength

of ≈10% over the entire search range.

No significant excesses compatible with the signal

hypotheses are observed. For the X → ggg signal scenario,

the largest deviation is observed at mX ¼ 4.1 TeV, corre-

sponding to local significance values of 2.1 and 2.2

standard deviations for the nominal and narrow width

hypotheses, respectively. Taking into account the look-

elsewhere effect [55], the global significance values are

0.2 and 0.3 standard deviations, respectively. For the

X → YðggÞg cascade decay scenario, the largest deviation

is observed for ρm ¼ 0.3 and mX ¼ 4.1 TeV, with a local

(global) significance of 2.2 (0.4) standard deviations.

For the X → YðqqÞq cascade decay scenario, the largest

deviation is observed at ρm ¼ 0.7 and mX ¼ 3.9 TeV, and

corresponds to a local (global) significance of 2.1 (0.3)

standard deviations.

Limits are set for the first time at 95% confidence level

(CL) on the product of the signal process production cross

section, branching fraction, and acceptance (σBA) to three

resolved jets using the asymptotic CLs procedure [56–58]

in the mass range between 1.75 and 9.00 TeV. Only 2016

data are used to derive limits below 2.0 TeV because of the

higher trigger thresholds deployed in 2017 and 2018.

Limits are shown in Fig. 2 for the three-body decay of
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FIG. 2. Limits at 95% CL on σBðX → gggÞA for the nominal

(upper) and narrow-width (lower) scenarios. Only 2016 data are

used to derive limits below 2.0 TeV because of the higher trigger

thresholds in 2017 and 2018. Theoretical predictions assuming

SM-like couplings are depicted with red curves.

FIG. 3. Observed limits at 95% CL as a function of mX and ρm

on σB½X → YðggÞg�A (upper) and σB½X → YðqqÞq�A (lower).

Only 2016 data are used to derive limits below 2.0 TeV because

of the higher trigger thresholds in 2017 and 2018. The legend

shows the model parameters that are defined in [23,24] for the

chosen benchmark, and their corresponding mass exclusion

ranges are depicted with areas inside the black hatched contours.
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new resonances, ranging from 0.073 (0.067) fb to 0.86

(0.62) pb for the nominal (narrow) width hypotheses.

Theoretical predictions of σBA assuming SM-like cou-

plings are depicted with red curves. The current dataset

does not provide sufficient sensitivity to constrain the ZR

model. Limits on the cascade decay of new resonances into

ggg (qqq) are presented in Fig. 3, which range from 0.061

(0.047) fb to 1.2 (0.49) pb. Benchmark model coupling

parameters [23,24] are shown in the legend, and their

corresponding mass exclusion ranges are depicted with

areas inside the black hatched contours. At ρm ¼ 0.2, this

search achieves a similar level of sensitivity to that of the

previous search [20] for the ggg decay mode.

In summary, the first generic search for singly produced

new particles decaying to three hadronic jets has been

presented. The search uses proton-proton collision data

at
ffiffiffi

s
p

¼ 13 TeV recorded by the CMS experiment in

2016–2018, corresponding to an integrated luminosity of

138 fb−1. The three-jet invariant mass spectrum is scanned

for narrow peaks corresponding to new particles. No

significant excesses above the standard model background

expectations are observed. Limits are set on the product

of the production cross section, branching fraction, and

acceptance to three resolved jets. The results are interpreted

in the context of a new right-handed boson ZR decaying to

three gluons, a Kaluza-Klein gluon gKK decaying via an

intermediate radion to three gluons (ggg), and an excited

quark decaying via a vector boson to three quarks (qqq).
This is the first search for the three-body decay of singly

produced high-mass resonances X into three resolved jets at

the LHC, and also the first search for X that decays into

three resolved jets through an intermediate resonance Y
with a mass ratio mY=mX within 0.3–0.8 for the ggg decay
mode and 0.2–0.8 for the qqq decay mode, significantly

extending the model parameter space explored by a

previous search [20].
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Università di Genova, Genova, Italy
74a
INFN Sezione di Milano-Bicocca, Milano, Italy
74b
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