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Searches for pair-produced multijet signatures using data corresponding to an integrated luminosity of
128 fb~! of proton-proton collisions at /s = 13 TeV are presented. A data scouting technique is employed
to record events with low jet scalar transverse momentum sum values. The electroweak production of
particles predicted in R-parity violating supersymmetric models is probed for the first time with fully
hadronic final states. This is the first search for prompt hadronically decaying mass-degenerate higgsinos,
and extends current exclusions on R-parity violating top squarks and gluinos.
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Discovery of the Higgs boson [1-3] completed the
standard model (SM), but many phenomena in particle
physics remain unexplained [4-7]. Diverse theories of
physics beyond the SM (BSM) have been proposed.
Many posit the existence of new resonances that would
be produced in high-energy proton-proton (pp) collisions
and subsequently decay to multiquark final states [7,8]. This
Letter presents searches for pair-produced BSM particles
promptly decaying to two or three quarks. Pair-produced
R-parity violating (RPV) supersymmetric (SUSY) particles,
which each decay to pairs or triplets of quarks (¢), namely
higgsinos (h — gqq), top squarks (7 — gg), and gluinos
(§ — gqq) are used as benchmark models [7]. The searches
are based on data from pp collisions at the CERN LHC,
collected with the CMS detector in 2016-2018, correspond-
ing to an integrated luminosity of 128 fb=!' [9-11].

The high center-of-mass energy of 13 TeV of these pp
collisions at the LHC can result in low-mass resonances
produced with significant Lorentz boosts, such that the
hadronization products of the individual final-state quarks
overlap in the detector. The resulting signatures are large-
radius jets with identifiable substructure. The searches
presented in this Letter consider three experimental sig-
natures: pairs of large-radius jets with substructure con-
sistent with three underlying quarks (henceforth called
“merged trijets”), pairs of large-radius jets with two-quark
substructure (henceforth called merged dijets), and pairs of
well-resolved triplets of jets (henceforth called “resolved
trijets”). Simplified diagrams of the production of each
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signature are shown in Fig. 1. The first two signatures are
sensitive to both & and 7 pair production, while the third is
sensitive to g pair production.

While the three signatures are analyzed independently,
the three analyses use similar techniques for signal
selection and share a single method for estimating the
dominant background from quantum chromodynamic
(QCD) multijet processes. In particular, the analyses use
the CMS “scouting dataset” [12,13], in which only the
event data reconstructed by the high-level trigger (HLT,
described below) is retained. The resulting reduced event
size allows for higher event rates at lower energy thresh-
olds, thus increasing the sensitivity of searches for lower
resonance masses. Jet substructure variables developed
explicitly for data scouting are used to reduce the QCD
background. The fully hadronic decay of the SM produc-
tion of top quark-antiquark pairs (f7) is an irreducible
background to the paired trijet search. Similarly, events
containing hadronically decaying Z or W bosons are a
background to the paired dijet search. These three resonant
backgrounds are estimated from simulations.

Searches for pairs of BSM particles, each decaying to
three resolved jets, have been performed by the CDF [14],
ATLAS [15,16], and CMS [17-19] collaborations. Searches
for pairs of particles, which each decay to two quarks, have
also been reported by the ATLAS [20-22] and CMS [23,24]
collaborations. While this Letter does not present a search
for resolved paired dijet resonances, such searches have
been performed with the same dataset [23-26]. However, no
searches have previously been conducted for the production
of prompt mass-degenerate RPV higgsinos with a fully
hadronic decay or at /s = 13 TeV for the production of
RPV gluinos with masses below 200 GeV. The searches
presented in this Letter are the first to probe these regimes.
Tabulated results for this analysis are provided in the
HEPData record [27].

© 2024 CERN, for the CMS Collaboration
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FIG. 1.

Benchmark RPV SUSY models for merged trijets (left), merged dijets (middle), and resolved trijets (right). The red circles

group the final state quarks (or antiquarks) according to the expected jet clustering of their hadronization products.

The CMS apparatus [28] is a multipurpose, nearly
hermetic detector, designed to trigger on [29,30] and
identify electrons, muons, photons, and hadrons [31-33].
A global “particle-flow” (PF) algorithm [34] aims to
reconstruct all individual particles in an event, combining
information provided by the all-silicon inner tracker and by
the crystal electromagnetic and brass-scintillator hadron
calorimeters, operating 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 particle candidates are used to build 7 leptons,
jets, and missing transverse momentum [35-37].

While the LHC provides collisions every 25 ns, the CMS
detector and data acquisition systems do not have the
bandwidth to record every event. Instead, events of interest
are selected using a two-tiered trigger system. The first level
(L1), composed of custom hardware processors, uses
information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed
latency of about 4 ps [29]. The second level, known as the
HLT, consists of a farm of processors running a version of
the PF algorithm optimized for fast processing, and reduces
the event rate to around 1 kHz before data storage [30].
If the partial reconstruction by the HLT indicates that the
event has passed some specific requirements, such as
the scalar sum of the transverse momenta (pr) of jets in
the event (Ht) being above some threshold, the event is
fully reconstructed and stored for offline analysis.

To handle the high multijet production rates of the LHC,
the threshold for standard trigger selection based purely on
Hy was setto 800 GeV in 2016 and 1.05 TeV in 2017-2018.
For the range of new particle masses considered in this
Letter, the resonances rarely decay to jets with sufficient pr
for the events to meet these thresholds. To allow analyses
targeting low-mass final states to overcome these limita-
tions, CMS implemented data scouting, in which only the
objects reconstructed at the HLT are saved for further
analysis [13]. In particular, the analyses use a dataset of
scouting events with Ht > 410 GeV [12,34]. Data scouting
allows CMS to collect data at a rate much higher than that
possible with standard triggers. During one of the highest
instantaneous luminosity data collection periods, the
scouting triggers used in these searches were able to collect
data at 1.8 kHz, while the rate for comparable standard
triggers was 400 Hz. The data size of scouting events is
approximately 60 times smaller than that of standard events.

Pair production of RPV SUSY particles is used as the
benchmark model for these analyses, where gluinos and
higgsinos decay to the three-jet final state and top squarks
decay to the dijet final state. Signal events are generated
using MadGraph5_aMC@NLO02.6.5 [38] with up to one addi-
tional jet using the MLM matching procedure [39]. The
masses of virtual squarks in gluino decays are set to
sufficiently high values that the gluinos decay without
an internal resonance. The natural width of the RPV
higgsinos, RPV gluinos, and RPV top squarks is assumed
to be much smaller than the experimental resolution. QCD
and 77 events, as well as events with W and Z bosons
produced in association with extra jets (W/Z + jets) are
simulated, with MadGraph5_aMC@NL02.6.5. QCD and W/Z +
jets events are simulated at leading order with up to four
extra partons in the matrix element calculations, while #¢
events are simulated at next-to-leading order.

All samples were interfaced with PYTHIA8.212 [40] with
CPS5 as the underlying event tune [41] using the parton
distribution function set NNPDF3.1NNLO [42]. The inter-
action of particles with the detector is simulated using the
GEANT4 toolkit [43]. The effects of particles from additional
pp interactions in the same or adjacent bunch crossings
(pileup) are incorporated by overlaying minimum bias
events, simulated with PYTHIA, on the hard scattering
interactions, with the multiplicity distribution of these
additional interactions matching that observed in data.
The QCD simulation is only used to optimize the event
selection procedure for each analysis. The QCD back-
ground for each search is estimated using Gaussian process
(GP) regression as described below [44].

All the PF candidates in an event are clustered into jets
using Fastet [45,46] with the anti-kp algorithm [47] and
distance parameters of 0.4 and 0.8 (AK4 and AKS jets) for
the resolved and merged categories, respectively. The jet
energies are corrected to compensate for the combined
response functions of the CMS calorimeters and the effects
of pileup [36,48]. Jets in data are further corrected to
account for the residual difference between simulation and
data. The corrections are derived from data that has
undergone full offline reconstruction, with small residual
corrections appropriate for the HLT reconstruction used in
scouting dataset. The tight jet identification criteria [49] are
applied to remove poorly reconstructed jets and calorimeter
noise misidentified as jets.
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TABLE I. Selection requirements for the resolved trijet resonance search listed for the three regions of three-jet
resonance mass.

Region Trijet mass (GeV) 6th jet pp (GeV) D[2(6.3)+(3.2)] A, A (GeV) D[23,2]
1 200-500 >40 <1.25 <0.25 >250 <0.05
2 500-900 >50 <1.00 <0.175 >180 <0.175
3 900-2000 >100 <0.9 <0.15 >150 <0.2

The trimming algorithm described in Ref. [50] is applied
to the AKS jets. This algorithm clusters the constituents of
the jet into smaller jets with radius of 0.2 using the kt
algorithm. Clusters with pt smaller than 3% of the original
jet pp are removed. This trimming procedure reduces
contributions from soft QCD radiation, pileup, and particles
from the underlying event to the jet mass m. After trimming
m is further corrected so that the top quark mass distribu-
tion observed in data matches that from #7 simulation.

In the merged analyses, jet substructure variables [51] are
used to separate signal jets (AKS8 jets containing the
hadronization of multiple quarks) from the QCD back-
ground. In particular, the variables 73, [51] and N; [52] are
used to identify resonances decaying to three or two quarks
with merged final states, respectively. These variables have
lower values when evaluated on jets resulting from over-
lapping quark decays, and higher values for jets initiated by
a single quark or gluon. These substructure variables are
correlated with the kinematic properties of the jet, such that
imposing a selection based on them can preferentially
enhance regions of the background mass distributions. To
avoid these correlations, the “designed decorrelated tagger”
(DDT) [53] procedure is used to reduce the dependence of
the variables on the pp and p = In(m?/p3) of the jets.
The decorrelation is achieved by varying the substructure
variables in each pt and p bin such that 5% of simulated
QCD events are allowed in each bin. The resulting variables
are called Ny, and 73, ppr. This methodology has been
used in several searches performed by the CMS
Collaboration [54-56]. Both the leading and subleading
jets are required to have 73, ppr < 0 or N}y < 0, for
selecting pair-produced resonances decaying to three or
two quarks, respectively.

For the merged resonance searches, only the leading
two AKS jets in the events are considered. To ensure that
the analyses only consider events for which the trigger is
fully efficient, each jet is required to have pr > 300 GeV
and || < 2.4. The mass asymmetry between the leading
jet (j;) and subleading jet (j,) sorted by jet pr, A, =
m(jy) = m(ja)|/(m(j1) + m(j>)) is required to be less
than 0.15.

For the resolved analysis, a neural network (NN) based
quark-gluon discriminator (QGD) is used to distinguish
gluon-initiated AK4 jets from the quark-initiated AK4 jets
expected for trijet resonances. The network’s architecture

i3]

is based on the “particle-flow network™ as described in
Ref. [57]. The NN inputs are the normalized four-momenta
information (pr,n, ¢, m) along with the particle type of
each jet constituent. Each constituent’s p is divided by the
pr of the entire jet. The NN is trained on an equal number
of quark and gluon jets, sampled from the QCD simulation
using truth-level information, for a total of 900 000 jets.
The NN outputs a QGD score between 0 and 1, with 1
corresponding to more quarklike jets. The analysis uses
loose, medium, and tight QGD selections corresponding to
the quark jet acceptance and gluon jet rejection rates of
98% and 31%, 83% and 70%, and 61% and 87%,
respectively. The tight and loose selections are optimized
for best quark jet acceptance and gluon jet rejections
efficiencies, respectively.

The analyses must contend with immense background
from QCD multijet processes. In the case of the merged
signatures, jet substructure is used to suppress this back-
ground. The sensitivity of the resolved trijet search is
improved by using the QGD with the jet-ensemble
technique, which examines all possible combinations of
three jets as described in Ref. [19]. The remaining QCD
background in the analyses is estimated using GP regres-
sion [58], a technique for fitting data without assuming a
prior for functional form, utilized for these kinds of
searches for the first time. Backgrounds from f7 are
estimated using Monte Carlo (MC) simulation.

Events in the resolved trijets search are divided into three
regions, based on the targeted gluino mass. The three mass
ranges are given in Table I. For all three search regions, in
the event reconstruction all AK4 jets that pass the thresh-
olds of pr > 30 GeV and || < 2.4 are initially considered.
The events are required to have a total Hr > 600 GeV, to
ensure a fully efficient trigger. Jets that fail the loose quark
threshold of the QGD are rejected, and every event is
required to have at least six jets passing this selection
criteria. In events with more than six jets, it was found that
restricting the set of considered jets to the six with the
highest pr maximized the sensitivity of the analysis. These
six jets are grouped into combinations of three, making
twenty triplets, and ten triplet pairs.

The final selection for each of the three gluino mass
regions is based on six variables, as described in Ref. [19].
The lowest ptp of the six jets must be above a given

. . 2
threshold. The event-level Dalitz variable D[(“) +32))

201803-3



PHYSICAL REVIEW LETTERS 133, 201803 (2024)

128 fb' (13 TeV)
18000 [ T T T

CMS { Data
16000 --= QCD multijets -
| — QCD multijets+tt
X2/ndof = 47.3/40 ]
—— RPV Gluino m=70 GeV
RPV Gluino m=125 GeV ]

14000 |-

12000 |-

— RPV Gluino m=200 GeV

10000

8000

Events /5 GeV

6000

4000

2000

data - bkg
Odata
» o w

Il Il Il Il
50 100 150 200 250
M [GeV]
128 fb~! (13 TeV)
T T

T
20000 CMS { Data E

--= QCD multijets
1 — QCD multijets+W/Z fit
17500 | |\ -
X2/ndof = 24.2/40
— RPV Squark m=70 GeV 1
RPV Squark m=125 GeV

— RPV Squark m=200 GeV

15000 -

12500 -

10000

Events /5 GeV

7500

5000

2500

b o w o

Odata

data - bkg

FIG. 2. The distribution of average jet mass in the data (points),
for the search for pair-produced merged resonances decaying to
trijets (upper) and dijets (lower), compared to a background-only
prediction from GP regression (blue), and the full background fit
including simulations (red) of SM resonances from ¢ (upper) and
W/Z + jets (lower). Also shown are the expected shapes of
signals from R-parity violating gluinos or squarks with resonance
masses 70 (green), 125 (yellow), and 200 GeV (purple), with
arbitrary normalizations. The bottom panel shows the difference
between the data and the final background estimate, divided by
the statistical uncertainty of the data in each bin, with fit
uncertainty shown in blue.

which measures the geometric spread in the six-jet top-
ology, cannot exceed a given threshold. The A,, value
between the constituent triplet objects cannot exceed a
predefined threshold. A variable A = pr,, = Mjjj, is
defined for triplets from the remaining pairs. Trijets from
QCD multijets have a low value of A, as Pr,, and m j;; scale
with each other. A triplet-level requirement on the Dalitz

variable D[Z3 2] is imposed to enforce a symmetry of decay in

the triplets. Finally, all jets within the triplets passing the

above criteria are required to pass the medium QGD
selection and at least one jet must pass the tight QGD
selection. The selection variables were optimized individu-
ally for each of the three gluino mass ranges. The values of
the relevant thresholds are shown in Table I. Events must
have at least one such triplet, and if multiple jet triplets in an
event fulfill these requirements, all such trijet combinations
are considered in the final distribution of reconstructed
gluino masses.

The GP regression technique is used to estimate the
dominant background from QCD [44]. Unlike the rigid
constraints imposed by conventional curve fitting
approaches, GP is a flexible alternative that does not specify
a parametric functional form, instead providing a probability
distribution over possible functions that fit the data [58]. The
GP regression is defined using a kernel that directly encodes
an understanding of the underlying physics, manifesting as
controlled covariance among the bin counts [59]. In these
analyses the radial bias function kernel is used to model the
QCD multijet invariant mass distributions, as described in
Ref. [44]. This kernel describes the correlation between bins
in the mass spectra by assigning an exponential weight that
falls with the square of their separation. Use of the GP
regression technique was previously observed to give
accurately modeled multijet mass distributions [59]. The
signal shapes are modeled by Gaussian distributions. A bias
test was performed at various masses by injecting signal
shapes to validate the fitting procedure, and yielded no
indication of significant bias in the signal extraction process.
The background contributions from processes with SM
multijet resonances (17, W/Z + jets) are taken from simu-
lation, with their cross sections constrained by the GP
regression in data. All other SM background contributions
are found to be negligible.

For the merged trijet and merged dijet searches, this
background estimation procedure is applied to the average
jet mass [m = (m; + m,)/2] distribution of events passing
the selection criteria for pair-produced merged resonances
decaying to three or two quarks, respectively, as illustrated
in Fig. 2. Similarly, in the resolved trijet search, this
background estimation procedure is applied to the individ-
ual trijet invariant mass (m;;;) distributions for jet triplets
passing the selection criteria, as illustrated in Fig. 3. The
GP regression and added /7 and W/Z simulations describe
the data well, with p values using a 2 metric of 0.75, 0.12,
and 0.97 for the three regions of the resolved trijet search,
and 0.21 and 0.96 for the merged trijet and merged dijet
searches, respectively.

The strength of the selection criteria is indicated by the
clear observation of the 7 and W/Z signals in the merged
trijet and dijet resonance search (Fig. 2) and of the 7 signal
in the resolved trijet search (Fig. 3). The rates of 7 and
W /Z production observed in the trijet and dijet searches are
within 7% and 6% of SM expectations, respectively.
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FIG. 3. The distribution of trijet mass in the data (points), for the three search regions (left, middle, and right) for pair-produced

resolved resonances decaying to trijets, compared to a background-only fit from GP regression (blue), and (left) the full background fit
including simulation of a SM resonance from #7 production (red). Also shown are the expected shapes of signals from R-parity violating
gluinos at various masses (green, yellow, and purple), with arbitrary normalizations. The search range is indicated by the vertical dashed
lines. The bottom panel shows the difference in each bin between the data and the final background estimate, divided by the statistical

uncertainty of the data, with fit uncertainty shown in blue.

The widths of the Gaussian distributions used to model
the signal are extracted from the mass spectra of the
simulated higgsinos, top squarks, and gluinos. We observed
an effectively linear relation between the width of the
Gaussian and the resonance mass for our search ranges.
The widths are found to be 9.1% and 7.5% of resonance
mass in the merged and resolved searches, respectively. The
search is performed by fitting these signal templates and the
backgrounds simultaneously to the data using a Bayesian
approach described in detail below. No significant deviation
from the SM is found; the largest excess occurs at a
reconstructed trijet mass of approximately 720 GeV as
shown in Fig. 3 (middle) and has a local significance of 2.6
standard deviations. This corresponds to a gluino mass of
770 GeV.

This analysis uses a Bayesian procedure with a uniform
prior signal strength to evaluate significance and determine
the 95% confidence level (CL) upper limit [60,61]. The
Markov chain MC method is used to marginalize the
nuisance parameters [44,62]. The Markov chain MC
sampling procedure is applied to 1000 pseudo datasets.
The posterior distributions from these are used to obtain the
estimated limits.

The uncertainty in the selection efficiency of the sub-
structure variables is measured using semileptonic decays
of #f. This is the dominant systematic uncertainty. The
uncertainty in the integrated luminosity measurement also
contributes to the uncertainty in the signal rate. The
contribution from the choice of parton distribution func-
tions for the signal simulations was found to have a
negligible effect. All the signal rate uncertainties are
modeled with log-normal probability density functions.

The uncertainties arising from the jet energy corrections
and the uncertainty in the jet energy resolution both affect
the shape of the signal. These are modeled as nuisance
parameters affecting the mean and width of the signal,
respectively. The nuisance parameters corresponding to the
signal and background shape uncertainties are modeled
with Gaussian probability density functions. The shape and
rate uncertainties that affect the signal also affect the 7 and
W /Z backgrounds. The standard deviations for all nuisance
parameters are shown in Table II.

Upper limits on the product of production cross section,
branching fraction, and acceptance for each signature are
shown in Fig. 4. The results were compared to asymptotic
CL, [63—65] limits for a subset of signal masses and were
found to be in close agreement. The acceptance after
all selection criteria varies between 107> and 6 x 107,
4x 102 and 1.7 x 10™*, and 2 x 1073 and 6 x 1072 for the

TABLE II. Summary of the systematic uncertainties in the
signal yield and shape, for the searches for merged three- and
two-quark and resolved trijet resonances.

Merged Merged Resolved

Source of uncertainty — Effect trijets dijets trijets
Trigger efficiency Yield 2.5% 2.5% 2.5%
Acceptance Yield 5% 5% 5%

Jet energy corrections Mean 3.5% 3.5% 3.5%
Jet energy resolution ~ Width 12% 12% 12%
QGD efficiency Yield 5%

73, ppr efficiency Yield 4%

N} ppr efficiency Yield 20%
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FIG. 4. Observed limits (points) and expected limits (dashed curves) on the product of the production cross section (o), branching
fraction (B), and acceptance (A) for pair-produced merged trijets (left), merged dijets (middle), and pair-produced resolved trijets (right).
The vertical lines on the resolved three-quark resonance limits (right) indicate the different search regions. The limits are compared to
theoretical predictions for the pair production of R-parity violating gluinos (red in left and right), mass degenerate higgsinos (blue in

left), and top squarks (red in middle).

merged three-quark, merged two-quark, and resolved three-
quark resonance searches, respectively. The substructure
requirements in merged resonance searches, and the A
selection in the resolved trijet search are the principal
causes of the diminished acceptance rates. The upper limits
are compared to predictions for RPV gluinos, RPV top
squarks, and mass-degenerate RPV higgsinos [66], assum-
ing a 100% branching fraction to quarks. The merged trijet
resonance search sets the first limits on mass degenerate
RPV higgsinos, excluding masses between 70 and 75 GeV
and between 95 and 112 GeV at 95% C.L. The merged dijet
resonance search excludes RPV top squarks with masses
between 70 and 200 GeV at 95% C.L., extending the
exclusion to lower mass and yielding higher sensitivity than
previous results [24]. Finally, the trijet searches exclude
RPV gluinos with masses between 70 GeV and 1.7 TeV,
and supersede earlier results [19].

In summary, a search has been performed for pair-
produced multijet resonances using data scouting, where
the jets in the final state can be either merged or resolved
individually. This search accurately reconstructs the had-
ronic decays of the top quark and W, Z bosons, in
agreement with SM expectations. New, additional resonan-
ces were not observed, with the largest excess consistent
with a three-jet resonance mass of 770 GeV, but with a local
significance of only 2.6 standard deviations. This search
extends the previous limits on R-parity violating models of
top squarks and gluinos, and sets the first exclusion limits on
R-parity violating mass-degenerate, prompt, and hadroni-
cally decaying higgsinos.
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