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1. Introduction and motivation 1

1 Introduction and motivation1

Measurements of pairs of dijet resonances with the same invariant mass are powerful probes of2

new physics beyond the standard model (BSM). The pairs of dijet resonances can be produced3

resonantly via a massive s-channel mediator which can be wide.4

Generic searches for resonant production of pairs of dijet resonances have recently been per-5

formed by the CMS [1] and ATLAS [2] collaborations. The data in both searches were used to6

constrain narrow mediators, with a natural width less than 0.5% of their mass, that is lower7

than the experimental resolution. Two events were observed in the CMS search with a four-jet8

mass of 8 TeV, and were interpreted as potential candidates for a narrow mediator, with a local9

significance of 3.9 standard deviations (s.d.) and a global significance of 1.6 s.d. The CMS and10

ATLAS searches did not conduct a wide resonance interpretation of their data. However, there11

were additional events observed by both CMS and ATLAS at high four-jet mass, and those12

events do compel us to search here for wide resonances decaying to pairs of dijet resonances.13

We present a reinterpretation analysis of Ref. [1], searching now for resonant production of14

pairs of dijet resonances through broad mediators with data corresponding to an integrated lu-15

minosity of 138 fb−1 collected in 2016–2018 with the CMS detector at the LHC. Pairs of resolved16

dijet resonances, X, are considered, where both jets within each dijet resonance are individually17

reconstructed, allowing the search to be sensitive to high mediator masses: Y masses greater18

than 2.0 TeV.19
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Figure 1: Resonant production via a particle, Y, of pairs of dijet resonances, X.

We consider resonant production of pairs of dijet resonances,20

pp → Y → XX → (jj)(jj) (1)

where the intermediate state is a massive new particle, Y, decaying to identical dijet resonances,21

X, as shown in Fig. 1. The natural width of particle Y is considered to be larger than the22

experimental resolution, thus forming a broad resonance, whereas particle X is characterized23

by a narrow intrinsic width. As a benchmark, we consider a diquark model [3], where the24
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intermediate state is a diquark, Suu , produced from the annihilation of two up quarks, and the25

dijet resonance is a vector-like quark, χ, that decays to an up quark (u) and a gluon (g).26

uu → Suu → χχ → (ug)(ug) (2)

This scalar diquark is a good benchmark because it is produced with a large cross section, due27

to the high probability of finding up quarks at high fractional momentum within the proton.28

Representatively, for an Suu diquark with a mass of 8.4 (3.6) TeV and a width of 0.43% (10%),29

decaying to a vector-like quark with a mass of 2.1 (1.0) TeV, the cross section is 3.6× 10−5 (2.3)30

pb.31

Additionally, we consider and set mass exclusion limits on an extension of the aforementioned32

model, where a diquark Sdd is produced from the annihilation of two down quarks, and sub-33

sequently decays to a pair of vector-like quarks, ω , which in turn each decay to a down quark34

(d) and a gluon (g).35

dd → Sdd → ωω → (dg)(dg) (3)

The Feynman diagrams of these models are shown in Fig. 2. The Suu and Sdd are color sextet36

diquarks of charge 4/3 and -2/3, respectively. The branching fractions B(Suu → χχ) and37

B(Sdd → ωω) are 0.63 when the vector-like quark mass to diquark mass ratio is 0.25. More38

generally, the branching fraction varies from 0.68 to 0.44 as the mass ratio increases from 0.1139

to 0.42. We set B(χ → ug) = 1 and B(ω → dg) = 1, as is done in Ref. [3]. Throughout this40

paper the mass of both Suu and Sdd is denoted by MS .41

The phenomenology of the diquark model and its implications for CMS searches with dijets42

has been explored in Refs. [3–5].43
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Figure 2: Diquark production followed by decay into a pair of vector-like quarks, each of them
then decaying at one loop into a gluon and a quark.

This reinterpretation analysis is highly motivated by the data recorded from the CMS and AT-44

LAS detectors, presented in Figs. 2 and 3a of Ref. [1] and [2] respectively. Besides the two45

events with a four-jet mass of 8 TeV, and average dijet mass of the two dijet pairs of 2 TeV, that46

were recorded in 2016–2018 by the CMS collaboration, an additional event with a four-jet mass47

of 5.8 TeV and average dijet mass of 2.0 TeV is found to be lying on top of the 90% probability48

contour of a narrow resonance with diquark mass of 8.4 TeV and χ mass of 2.1 TeV. Following49

this publication, the ATLAS experiment did not show an event with a four-jet mass of 8 TeV,50
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but presented an equally interesting event with a four-jet mass of 6.6 TeV and average mass of51

the two dijet pairs equal to 2.2 TeV, that also lies on top of the same contour. Hence, a broad52

resonance that would encompass these four candidate events in its 68% probability contour,53

may be a good fit to the combination of CMS and ATLAS datasets, which provides a strong54

physics motivation to extend the paired dijet search by exploring scenarios where the mediator55

Y is a broad resonance.56

2 The CMS detector57

A detailed description of the CMS detector and its coordinate system, including definitions of58

the azimuthal angle φ and pseudorapidity η, is given in Ref. [6]. The central feature of the CMS59

apparatus is a superconducting solenoid of 6 m internal diameter providing an axial magnetic60

field of 3.8 T. Within the solenoid volume are located the silicon pixel and strip tracker, and61

the barrel and endcap calorimeters (|η| < 3.0), where these latter detectors consist of a lead62

tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter.63

An iron and quartz-fiber hadron calorimeter is located in the forward region (3.0 < |η| < 5.0),64

outside the solenoid volume. The muon detection system covers |η| < 2.4 with up to four65

layers of gas-ionization detectors installed outside the solenoid and embedded in the layers of66

the steel flux-return yoke.67

3 Simulated data samples68

A background sample of quantum chromodynamics (QCD) multijet events is produced, for the69

optimization of the search and qualitative comparisons with the observed data and the simu-70

lated signal datasets. The generation starts from the leading order (LO) QCD 2 → 2 processes71

of jet production, and includes additional jets from QCD initial- and final-state radiation within72

the parton shower. These background predictions are produced with the PYTHIA 8.205 Monte73

Carlo event generator, with the CUETP8M1 tune [7, 8], using the parton distribution function74

(PDF) set NNPDF2.3LO [9].75

The benchmark model for the search is based on the aforementioned model of a diquark decay-76

ing to pairs of vector-like quarks, defined in Eq. (2). Specifically, we consider a scalar diquark77

resonance Suu which decays to two vector-like quarks χ, which each then decay to a quark and78

gluon pair: Suu → χχ → (ug)(ug). The MADGRAPH5 aMC@NLO 2.6.5 [10] generator, with79

additional code specifying the model [3], is used to generate these events and MADSPIN is used80

for the vector-like quark decay to a quark and a gluon. Events for diquark masses between 281

and 10 TeV, for vector-like quark masses between 0.22 and 4.2 TeV and for diquark widths be-82

tween 1.5% and 10% are generated. The same settings are utilized for the generation of events83

where an Sdd diquark decays to pairs of vector-like quarks, as defined in Eq. (3).84

For the Suu benchmark signal simulations, PYTHIA 8.205 [11] is used to produce the parton85

shower and the resulting final-state particles. The CP5 underlying event tune [7] is used with86

the NNPDF3.1NNLO PDF set [12], a next-to next-to leading order PDF.87

The simulation of the CMS detector for all samples is handled by GEANT4 [13]. All samples88

include the effects of pileup and additional pp interactions in the same or adjacent bunch cross-89

ings. This pileup distribution in simulation is weighted to match the one observed in data.90
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4 Event reconstruction and selection91

The event reconstruction and selection is identical to Ref. [1], given that the same data events92

are utilized, but for completeness they will be briefly described in this section.93

A particle-flow (PF) event algorithm aims to reconstruct and identify each individual particle in94

an event, with an optimized combination of information from the various elements of the CMS95

detector [14]. Particles are classified as muons, electrons, photons, charged or neutral hadrons.96

To reconstruct jets from the input particles, the anti-kT algorithm [15, 16] is used with a distance97

parameter of 0.4 as implemented in the FASTJET package [17]. The primary vertex (PV) is98

taken to be the vertex corresponding to the hardest scattering in the event, evaluated using99

tracking information alone, as described in Section 9.4.1 of Ref. [18]. Charged PF candidates100

not originating from the primary vertex are removed prior to the jet finding, as described in101

Ref. [19].102

Events are selected using a two-tier trigger system [20, 21]. Events satisfying loose jet require-103

ments at the first-level (L1) trigger are examined by the high-level trigger (HLT) system. At104

L1, single-jet triggers that require at least one jet in the event to exceed a predefined transverse105

momentum (pT) threshold are used. Triggers that require HT to exceed a threshold, where HT106

is the scalar sum of jet pT for all jets in the event with pT > 30 GeV and |η| < 3.0, are also used.107

The HLT requires HT > 1050 GeV or at least one jet reconstructed with an anti-kT distance108

parameter of 0.8 and pT > 550 GeV.109

The jet momenta and energies are corrected using calibration factors obtained from simulation,110

test beam results, and pp collision data at
√

s = 13 TeV. The methods described in Ref. [22] are111

used and all in-situ calibrations are obtained from the current data. Jets are required to have112

pT > 80 GeV and |η| < 2.5. The four jets with the largest pT are defined as the four leading jets.113

Jet identification criteria are applied to remove spurious jets associated with calorimeter noise,114

as well as those associated with muon and electron candidates that are either misreconstructed115

or isolated [23]. An event is rejected if any of the four leading jets fails these jet identification116

criteria.117

As described in Ref. [1], the dijet pairs are constructed from the four leading jets utilizing a118

pairing algorithm that minimizes the quantity119

∆R = |(∆R1 − 0.8)|+ |(∆R2 − 0.8)| (4)

where ∆R1,2 are the η-φ space separations between the jets in each dijet. This pairing algorithm120

was first used in the search for nonresonant production of pairs of dijet resonances [24]. It is121

motivated by the expectation that the jets from a dijet resonance will be closer together than122

uncorrelated jets, minimizing the separation of the jets, while the offsets of 0.8 reduce pairings123

where the jets overlap in η-φ space.124

Once the jet pairing is complete, the same events as in Ref. [1] are selected that satisfy125

∆R1,2 < 2.0 (5)

These requirements reject background from hard multijet processes produced by QCD, which126

does not naturally give small separations in η-φ space between the jets in each dijet in a four-jet127

event. In addition, we require the η separation of the two dijets to satisfy128
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∆η = |η1 − η2| < 1.1 (6)

which further suppresses background from QCD t-channel production compared to the signal129

from s-channel production. Finally, the asymmetry in dijet mass between the two dijets is130

required to be small,131

asymmetry =
|m1 −m2|
m1 + m2

< 0.1 (7)

selecting dijet pairs of approximately equal mass, a property of pairs of identical resonances,132

but not of the QCD background. Here, m1 and m2 denote the reconstructed mass of each dijet133

pair.134

Throughout this paper, the small letter m denotes reconstructed dijet and four-jet masses, and135

the capital letter M denotes true resonance masses. Also, throughout this paper we will quote136

the resonance width as a percentage of the resonance mass, and denote it as the ratio of natural137

width (Γ) to resonance mass (M).138

5 Analysis strategy139

The resonant pair production, Y → XX, produces a localized excess in both the four-jet invari-140

ant mass, m4j, and the average dijet invariant mass, m2j, therefore these are the most natural141

variables to use for the search.142

The plot on the left in Fig. 3 shows the 2D distribution of the observed data for m4j vs. m2j.143

At m4j = 8 TeV and m2j = 2 TeV we observe two events, candidates for a narrow and broad144

resonant signal, as well as an additional event at m4j = 5.8 TeV and m2j = 2.0 TeV that is more145

compatible with broad resonances. This is clearly illustrated in Fig. 3 from the colored solid146

lines that depict the 68% probability contours of the signal, from a simulation of our benchmark147

model of resonant pair production, for a diquark of mass 8.4 TeV and a vector-like quark mass148

of 2.1 TeV, with various widths ranging from 0.43% to 10%. Broad resonances of 5% and 10%149

width are better able to encapsulate all these three events than narrow resonances. The ATLAS150

event, with m4j = 6.6 and m2j = 2.2 TeV, falls within the CMS 68% probability contour for a151

5% or a 10% wide resonance with a mass of 8.4 TeV, and hence is compatible with those two152

hypotheses.153

The challenge in evaluating the significance of this signal is to understand the background.154

Perturbative QCD predictions of multijet production have too many theoretical uncertainties to155

reliably model this background. We instead use an approach that does not rely on simulation,156

by fitting a smooth background parameterization function to the observed data. We do this157

with a set of 1D distributions that span the 2D space.158

The background modelling has already been presented in Ref. [1]. Due to correlations between159

m4j and m2j, apparent in the left plot of Fig. 3, that would introduce sculpting of their distribu-160

tions, we define a new variable α = m2j/m4j, which is the ratio of the two defined variables and161

a measure of the boost of the two dijet systems, and bin the 2D data in slices of this variable,162

constructing unbiased 1D m4j distributions, as can be seen on the right in Fig. 3. The lowest α163

value we consider is 0.1 with a bin width of 0.02, which is comparable to the reconstructed α164

resolution, up to an α of 0.34, and then we utilize an overflow bin for all higher α values. The165

optimization of this binning has been performed in Ref. [1].166
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Figure 3: Numbers of events observed (color scale) within bins of the four-jet mass and the
average mass of the two dijets (left) and within bins of the four-jet mass and the ratio α (right),
which is the average dijet mass divided by the four-jet mass. The solid curves show the 68%
probability contours from a signal simulation of a diquark with a mass of 8.4 TeV, decaying
to a pair of vector-like quarks, each with a mass of 2.1 TeV. The violet, red, blue and green
probability contours correspond to 0.43%, 1.5%, 5% and 10% diquark widths, respectively. The
right plot also shows the thirteen α bins used to define the four-jet mass distributions (dashed
lines).

Figure 4 shows the 2D distribution of the number of events predicted from a QCD simulated167

dataset, as a function of m2j and m4j (left), and α and m4j (right). Events originating from QCD168

processes are distributed with an approximately uniform density in α, and for each value of α169

there is a wide unbiased range of m4j to facilitate estimation of the background in data. Reso-170

nant signals, on the other hand, are observed as localized excesses in this 2D plane, as can be171

seen from the 68% probability contours of narrow and broad resonances with a diquark mass172

of 8.4 TeV, depicted in Fig. 4.173

As in Ref. [1], the search is performed for four-jet masses m4j > 1.6 TeV for all α values, for174

which the trigger is found to be fully efficient.175

6 Signal simulations176

The natural width, Γ/MS , of a diquark Suu is calculated from the sum of the partial width of177

its decay into a pair of up quarks,178

Γ(Suu → uu)
MS

=
y2

uu

32π
(8)

and the partial width of its decay into a pair of vector-like quarks,179

Γ(Suu → χχ)

MS
=

y2
χ

32π
(1− 2α2

true)(1− 4α2
true)

1/2 (9)

where αtrue = Mχ /MS , yuu (yχ ) is the coupling between the diquark and up quarks (vector-180

like quarks), as defined in Ref. [3], and the benchmark value of β = yuu/yχ is set to 2/3 as in181

Ref. [1]. For each αtrue signal scenario the couplings yuu and yχ are chosen accordingly so as182
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Figure 4: Numbers of events (color scale) within bins of the four-jet mass and the average
mass of the two dijets (left) and within bins of the four-jet mass and the ratio α (right), which
is the average dijet mass divided by the four-jet mass, predicted by a LO QCD simulation,
normalized to the luminosity of data. Superimposed with solid lines are the 68% probability
contours of narrow and broad diquark resonances with mass of 8.4 TeV, Mχ/MS = 0.25 and
widths ranging from 0.43% to 10%. The right plot also shows the thirteen α bins used to define
the four-jet mass distributions (dashed lines). The number of SM events, predicted by the LO
QCD simulation, enclosed within the 68% probability contours of signals with 0.43% and 10%
widths are 0.2 and 33 respectively.

to generate resonances with a total natural width of 1.5%, 5% and 10%, while keeping β at its183

benchmark value β = 2/3. Diquark signals with a width larger than 10% are too broad, they do184

not exhibit a peak at the resonance mass, and hence they are outside the scope of this analysis.185

Figure 5 shows the shapes of signals with αtrue = 0.25 and various Suu masses, across all α186

bins. Broad resonances with a natural width of 1.5%, 5% and 10% are furthermore compared187

with narrow resonances, presented in Ref. [1], where yuu = 0.4 and yχ = 0.6 were set, yielding188

a width of 0.43%. Low-mass resonances exhibit a shift toward higher four-jet masses as their189

natural width increases, whereas intermediate-mass resonances display a broader distribution190

extending to both lower and higher four-jet masses. Conversely, high-mass resonances present191

a long, low-mass tail that becomes increasingly prominent with greater natural width, resulting192

in an improved description of both the two events observed near 8 TeV, and the CMS and193

ATLAS events with a four-jet mass of 5.8 and 6.6 TeV respectively.194

The products of acceptance and efficiency are shown in Fig. 6 for all widths considered, as195

a function of diquark mass. The acceptance is defined as the fraction of events passing the196

kinematic selection criteria. The efficiency is the fraction of signal events satisfying the four-197

jet mass threshold previously discussed. Figure 6 also shows the signal acceptance alone, the198

curves where the efficiency is equal to 1. Cross section upper limits in this paper are quoted199

within this acceptance and corrected for efficiency. A decrease in the acceptance at the very200

highest values of signal mass, that is enhanced as the diquark width increases, is observed, and201

is found to originate from the mass asymmetry and ∆R requirements.202

7 Background estimation203

The background in this search is derived exclusively from data, and the procedure to estimate204

it is identical to that used in the narrow resonance search, presented in Ref. [1]. As in pre-205
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Figure 5: Signal differential distributions as a function of four-jet mass for αtrue = 0.25, diquark
masses of 2, 5, 8.6 TeV and various widths, for all α bins inclusively. The integral of each distri-
bution has been normalized to unity.

vious resonance searches [25–40], we fit empirical functional forms to the observed multijet206

mass distributions. Our primary background function, which gives the best fit to the differen-207

tial cross section data without including any signal component, is the modified dijet function208

(ModDijet-3p) given by209

dσ

dm4j
=

p0(1− x1/3)p1

xp2
(10)

where p0, p1, p2 are free parameters and x = m4j/
√

s. We use two alternate background func-210

tions to estimate the systematic uncertainty in the background from variations in the functional211

form: the dijet function (Dijet-3p) given by212

dσ

dm4j
=

p0(1− x)p1

xp2
(11)

and the power-law times exponential function (PowExp-3p) given by213

dσ

dm4j
=

p0e−p2x

xp1
(12)
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0.25 vs. the diquark mass for various diquark widths, and for all α bins inclusively. The case
when the efficiency of the mass selection is unity is also shown as solid lines.

Figure 7 shows the three functional forms, fitted to examples of the observed differential cross214

section, as functions of four-jet mass, and the simulation of the QCD background, for six out215

of the thirteen α bins that contain 90% (80%) of a narrow (broad) signal with MS = 8.6 TeV and216

αtrue = 0.25. Figure 8 demonstrates similar distributions for three α bins that contain 80% (70%)217

of a narrow (broad) signal with MS = 3.6 TeV and αtrue = 0.29. In Section 8 we will present more218

information on both these signals.219

The candidate event for a broad resonance, with a four-jet mass of 5.8 TeV and average dijet220

mass of 2.0 TeV, is the highest mass event in the 0.32 < α < 0.34 bin in Fig. 7. This event221

is described in more detail in Section 9. For the highest mass signal of interest, with αtrue =222

0.25 and MS = 8.6 TeV, if the width is 10% then the 0.32 < α < 0.34 bin contains roughly 10%223

of the signal, compared to only 2% for a narrow resonance of the same mass. Consequently,224

such a broad resonance is potentially able to provide a suitable fit for the three highest m4j225

and m2j events observed. A broad resonance includes the tail event at four-jet mass of 5.8 TeV226

in the 0.32 < α < 0.34 bin and additionally preserves the main peak at roughly 8 TeV in the227

0.22 < α < 0.24 and 0.26 < α < 0.28 bins.228

To better visualize how the broadest resonance considered more effectively encapsulates the229

three candidate events simultaneously, the inclusive four-jet mass distribution corresponding230

to the sum of all thirteen α bins is shown in Fig. 9, alongside the inclusive signal shapes. Super-231

imposed in Fig. 9, are also the background-only fits that are performed using the same func-232
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Figure 7: The four-jet mass distributions of the data (points), within six of the thirteen α bins,
compared with the simulated LO QCD background distribution (green histogram) and fitted
with three functions: a power-law times an exponential (red dotted), the dijet function (red
dashed), and the modified dijet function (red solid), each function with three free parameters.
Examples of predicted narrow (0.43%) and broad (10%) diquark resonances with αtrue = 0.25
and MS = 8.6 TeV are shown, with cross sections equal to the observed upper limits at 95%
confidence level. The percentage of signal across the depicted α bins is 90% (80%) for the
narrow (broad) resonance. The lower panels show the pulls from the fit of the modified dijet
function to the data, calculated using the statistical uncertainty of the data.
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Figure 8: The four-jet mass distributions of the data (points), within three of the thirteen α bins,
compared with the simulated LO QCD background distribution (green histogram) and fitted
with three functions: a power-law times an exponential (red dotted), the dijet function (red
dashed), and the modified dijet function (red solid), each function with three free parameters.
Examples of predicted narrow (0.4%) and broad (10%) diquark resonances with αtrue = 0.29
and MS = 3.6 TeV are shown, with cross sections equal to the observed upper limits at 95%
confidence level. The percentage of signal across the depicted α bins is 80% (70%) for the
narrow (broad) resonance. The lower panels show the pulls from the fit of the modified dijet
function to the data, calculated using the statistical uncertainty of the data.
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tional forms, but with five parameters due to the larger event samples. These are the modified233

dijet function (ModDijet-5p) given by234

dσ

dm4j
=

p0(1− x1/3)p1

xp2+p3 log x+p4 log2 x
(13)

the dijet function (Dijet-5p) given by235

dσ

dm4j
=

p0(1− x)p1

xp2+p3 log x+p4 log2 x
(14)

and the power-law times exponential function (PowExp-5p) given by236

dσ

dm4j
=

p0e−p2x−p3x2−p4x3

xp1
(15)

where x = m4j/
√

s.237

As demonstrated in Ref. [1], all the fits in each α bin adequately describe the data, with individ-238

ual p-value ranging from 0.14 to 0.91. The combined p-value is 0.18 for a simultaneous fit of the239

data with the background function, including all thirteen α bins. This came from conducting240

a goodness-of-fit test on pseudo-experiments, utilizing a binned likelihood ratio with respect241

to the saturated model as the test statistic. This probability, and the pulls of the individual fits,242

indicate that the background model gives a good description of the data overall.243

8 Results244

The search uses a fit of the background function plus the simulated signal shape to the data,245

taking into account statistical and systematic uncertainties. As discussed, the data are the four-246

jet mass distributions in thirteen bins of α, and the fit is done simultaneously for all these bins.247

The results of the search are the expected and observed upper limits on the product of the248

signal cross section, branching fraction, and acceptance for all experimentally accessible values249

of resonance mass and width.250

The dominant sources of systematic uncertainty in the signal modeling are the jet energy scale,251

the jet energy resolution, and the integrated luminosity. This analysis, as all previously pub-252

lished dijet or paired dijet ones, does not consider theoretical uncertainties on the signal shape253

or cross section, such as uncertainties in PDFs, parton showering, higher orders of calcula-254

tion, or interference effects with the QCD background. They are model dependent and signif-255

icantly complicate the analysis. Such uncertainties are deemed inappropriate for this model-256

independent search, and are not needed for mass limits on recently introduced benchmark257

models with arbitrary coupling values. The uncertainties with the largest impact on the ex-258

tracted signal yield are the ones relating to background, with the signal modeling related ones259

being negligible. The uncertainty in the jet energy scale is below 2% for all values of the four-260

jet mass and is propagated to the limits by shifting the four-jet mass shapes for the signals by261

±2%. The uncertainty in the jet energy resolution translates into an uncertainty of 10% in the262

resolution of the four-jet mass [22], and is propagated to the limits by observing the effect of263

increasing the reconstructed width of the four-jet mass shapes for the signals by 10%. The to-264

tal integrated luminosity has an uncertainty of 1.6%, the improvement in precision relative to265
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Figure 9: The four-jet mass distribution of the data (points), for all α bins combined, compared
with the simulated LO QCD background distribution (green histogram) and fitted with three
functions: a power-law times an exponential (red dotted), the dijet function (red dashed), and
the modified dijet function (red solid), each function with five free parameters. Examples of
predicted narrow (0.4%) and broad (10%) diquark resonances with αtrue = 0.25, MS = 8.6 TeV
and αtrue = 0.29, MS = 3.6 TeV are shown, with cross sections equal to the observed upper limits
at 95% confidence level. The lower panel shows the pulls from the fit of the modified dijet
function to the data, calculated using the statistical uncertainty of the data.
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Refs. [41–43] reflects the uncorrelated time evolution of some systematic effects, and is prop-266

agated to the normalization of the signal. Changes in the background function used, and the267

values of the background function parameters as estimated from the fit, can introduce changes268

in the signal yield. All these systematic uncertainties are included in the extracted cross section,269

limits and significance, as discussed in the next paragraph.270

For the signal extraction, we use a multibin counting-experiment likelihood, which is a product271

of Poisson distributions corresponding to different bins. We evaluate the likelihood indepen-272

dently at each value of Y resonance mass from 2 to 10 TeV in 0.1 TeV steps and at each value273

of Y width: 1.5%, 5% and 10%. The step sizes in resonance mass are comparable to the ex-274

perimental mass resolution at the lower edge of each resonance mass interval. The sources of275

systematic uncertainty are implemented as nuisance parameters in the likelihood model, with276

Gaussian constraints for the jet energy scale and resolution, and log-normal constraints for the277

integrated luminosity. The main source of the uncertainty in the background modeling comes278

from the choice of the background function, and the range of possible values of the parameters279

of the background function. The parameters of the empirical functional form used to describe280

the background are considered as freely floating nuisances, and are evaluated via profiling.281

The discrete profiling method [44] is used for considering the choice of the functional form as282

a discrete nuisance parameter, which is profiled in an analogous way to continuous nuisance283

parameters.284

Next, we proceed in setting limits, and estimating significances, utilizing the COMBINE statis-285

tical package [45]. The modified frequentist criterion [46, 47] is used to set upper limits on the286

signal cross sections, following the prescription described in Refs. [48, 49], using the asymp-287

totic approximation of the test statistic. In cases where the small number of events would288

make this approximation less accurate, the limit and significance estimation with respect to289

the background-only hypothesis is performed using test-statistic distributions derived from290

pseudo-experiments.291

Limits from this procedure are presented in Figs. 10–12. First we show in Fig. 10 limits for292

the four widths considered, for signals with αtrue = 0.25, the value of αtrue where maximum293

significance is achieved in the 8− 10 TeV resonance mass range. Figure 10 presents the model-294

independent observed and expected upper limits at 95% confidence level (CL) on σBA, repre-295

senting the product of the cross section (σ), the branching fraction (B), and the acceptance (A)296

for the kinematic requirements. In Fig. 10 the observed limit is greater than the expected limit297

at resonance masses of around 2, 4 and 8 TeV, and less than the expected limit near a resonance298

mass of 3 TeV, due to similar effects in the pulls near these values of four-jet mass in Fig. 9.299

Furthermore, for the largest width considered in the analysis, Fig. 11 shows the observed and300

expected limits on resonant production for twelve values of αtrue, chosen at the center of each301

bin of α. In Fig. 12 the observed limits are shown for all all αtrue values and are superimposed302

for each width considered.303

All upper limits presented can be compared to the predictions of σBA to determine mass limits304

on new particles. In Figs. 10–12 we compare these limits to the predicted cross section times305

branching fraction for the scalar Suu and Sdd diquark models, multiplied by the acceptance in306

Fig. 6. For the prediction we use a leading order (LO), MADGRAPH5 aMC@NLO calculation307

with NNPDF NNLO 3.1 PDFs. The cross section from this prediction is found to scale more308

rapidly than width at large resonance masses, due to the dominance of the long, low-mass309

tails. Since these do not contribute to the signal search, as they lie in a region that is dominated310

by background, we adjust the cross section from the theoretical prediction using an efficiency311

factor that isolates the four-jet mass range where the expected significance exceeds 99% of that312
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Figure 10: The observed 95% CL upper limits (points) on the product of the cross section,
branching fraction, and acceptance for resonant production of paired dijet resonances, X, with
αtrue = MX/MY = 0.25 and width of initial resonance Y equal to 0.43% (top left), 1.5% (top
right), 5% (bottom left) and 10% (bottom right). The corresponding expected limits (dashed)
and their variations at the 1 and 2 standard deviation levels (shaded bands) are also shown.
Limits are compared to predictions for scalar Suu and Sdd diquarks [3] (dot-dashed lines) with
couplings to pairs of up and down quarks, yuu and ydd , and to pairs of vector-like quarks, yχ

and yω , set appropriately in order to generate the corresponding widths.
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Figure 11: The observed 95% CL upper limits (points) on the product of the cross section,
branching fraction, and acceptance for resonant production of paired dijet resonances, X, with
width of initial resonance Y equal to 10%, and values of αtrue = MX/MY shown in each panel.
The corresponding expected limits (dashed) and their variations at the 1 and 2 standard devi-
ation levels (shaded bands) are also shown. Limits are compared to predictions for scalar Suu
and Sdd diquarks [3] (dot-dashed lines) with couplings to pairs of up and down quarks, yuu
and ydd , and to pairs of vector-like quarks, yχ and yω , set appropriately in order to generate a
10% width.
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Figure 12: The observed 95% CL upper limits (points) on the product of the cross section,
branching fraction, and acceptance for resonant production of paired dijet resonances, X, with
the values of αtrue = MX/MY shown in each panel. Different colors correspond to the vari-
ous widths of the Y resonance. Limits are compared to predictions for scalar Suu (solid lines)
and Sdd (dashed lines) diquarks [3] with couplings to pairs of up and down quarks, yuu and
ydd , and to pairs of vector-like quarks, yχ and yω , set appropriately in order to generate the
corresponding widths.
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Table 1: Observed and expected mass limits at 95% CL for Suu and Sdd diquark models with
αtrue = 0.25.

Suu scalar diquark Sdd scalar diquark

Width
Observed (expected)

mass limit [ TeV ]
Observed (expected)

mass limit [ TeV ]

Γ/MS = 0.43% 7.6 (7.8) 5.2 (5.5)

Γ/MS = 1.5% 7.8 (8.1) 6.5 (6.3)

Γ/MS = 5% 8.3 (8.6) 7.0 (6.9)

Γ/MS = 10% 8.8 (9.1) 7.3 (7.4)

obtained without the correction. For a given model, new particles are excluded at 95% CL in313

mass regions where the theoretical prediction lies at or above the observed upper limit for the314

appropriate final state in Figs. 10–12. The exclusion mass limits, derived from Fig. 10, for Suu315

and Sdd signals with αtrue = 0.25 are presented in Table 1. Note in Table 1 that for the 8.6 TeV316

resonance with a width of 10%, while the benchmark Suu diquark model is excluded, the Sdd317

diquark model is not excluded and remains a viable hypothesis for our three candidate events.318

In the upper plot of Fig. 13 we present the local p-value as a function of four-jet resonance319

mass and width, assuming αtrue = 0.25. The most significant signal hypothesis for a narrow320

resonance, as was demonstrated in Ref. [1], occurs at a four-jet resonance mass of 8.6 TeV and321

a dijet resonance mass of 2.15 TeV, for which the local significance is 3.9 s.d. As the four-jet322

resonance becomes broader, Fig. 13 demonstrates that the local significance remains high, ex-323

ceeding or being equal to 3.6 s.d., even for the largest width of 10%. Hence, the significance of324

an 8.6 TeV diquark is found to be relatively insensitive to the choice of width, making a broad325

resonance an equally valid interpretation of the excess. For the look-elsewhere-effect (LEE), a326

large number of possible signals in the 2D plane of four-jet resonance mass and αtrue is con-327

sidered, resulting in a global significance of 1.6 s.d. for narrow and 1.4 s.d. for the broadest328

resonance considered.329

For the previously mentioned four-jet resonance mass of 8.6 TeV with αtrue = 0.25 the best fit330

values of σBA, as well as the local and global significance results, are listed in Table 2 for each331

considered width, and confirm that broader resonances with widths of 5% and 10% provide a332

better fit for all three observed candidate events.333

The entire 2D plane of four-jet resonance mass and αtrue is furthermore scanned and a second334

excess is observed at four-jet resonance mass of 3.6 TeV, αtrue = 0.29 and 10% width with a335

local and global significance of 3.9 s.d. and 2.2 s.d. respectively, as shown in the lower plot of336

Fig. 13. This excess points to a structure in data, apparent in the three α bins of Fig. 8, that was337

also reported by the search for nonresonant production of pairs of dijet resonances in Ref. [1],338

and further discussed in Ref. [50]. Its corresponding best fit values of σBA and significance339

results are presented in Table 3.340
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Figure 13: Observed local p-value for a four-jet resonance, Y, decaying to a pair of dijet reso-
nances, X, with αtrue = MX/MY = 0.25 (top) and 0.29 (bottom), and various widths of Y su-
perimposed. Also shown are corresponding levels of local significance (dashed lines) in units
of standard deviation (σ).
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Table 2: Best fit values of σBA and their corresponding values in terms of number of signal
events, as well as local and global significance values, for a Y resonance mass of 8.6 TeV, X
resonance mass of 2.15 TeV and different Y width scenarios.

Width Best fit value [pb] Best fit value [events] Local (global) significance [s.d.]

Γ/MY = 0.43% 1.56+1.42
−0.87 × 10−5 2.1+2.0

−1.2 3.9 (1.6)

Γ/MY = 1.5% 1.68+1.50
−0.94 × 10−5 2.3+2.1

−1.3 3.9 (1.6)

Γ/MY = 5% 2.04+1.83
−1.15 × 10−5 2.8+2.5

−1.6 3.8 (1.5)

Γ/MY = 10% 2.22+1.99
−1.26 × 10−5 3.1+2.7

−1.7 3.6 (1.4)

Table 3: Best fit values of σBA and their corresponding values in terms of number of signal
events, as well as local and global significance values, for a Y resonance mass of 3.6 TeV, X
resonance mass of 1.0 TeV and different Y width scenarios.

Width Best fit value [pb] Best fit value [events] Local (global) significance [s.d.]

Γ/MY = 0.43% 0.76+0.41
−0.29 × 10−3 105+57

−40 2.9 (0.1)

Γ/MY = 1.5% 0.83+0.30
−0.32 × 10−3 114+42

−44 3.0 (0.5)

Γ/MY = 5% 1.18+0.36
−0.33 × 10−3 162+50

−46 3.6 (1.6)

Γ/MY = 10% 1.53+0.42
−0.40 × 10−3 210+58

−54 3.9 (2.2)
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9 Candidate event341

The high significance of narrow resonances at 8.6 TeV is predominantly caused by the two342

events with a four-jet mass of 8 TeV and an average dijet mass of 2 TeV, shown in Fig. 3. Al-343

though similarly isolated from the bulk of the two dimensional mass distribution, the third344

event, with a four-jet mass of 5.8 TeV and an average dijet mass of 2.0 TeV, has minimal contri-345

bution in the fit with narrow resonances. However, as Fig. 3 and Table 2 indicate, it is notably346

more compatible with broad resonances.347

The three-dimensional display of this event is shown in Fig. 14. It exhibits a very similar topol-348

ogy and characteristics as the two events with a four-jet mass of 8 TeV, that were shown in349

Ref. [1]. It was collected during 2018, and has a four-jet mass of 5.8 TeV, while the invariant350

mass of the first dijet pair that includes jets 1 and 4 is 2.0 TeV, and the mass of the second pair351

from jets 2 and 3 is 1.9 TeV. The two dijet pairs are back-to-back in azimuthal angle (|∆φ| = 3.1),352

nearby in pseudorapidity (|∆η| = 0.7), and have a mass asymmetry of 0.03. Both ∆R1 and ∆R2353

values between the two jets in the two dijet pairs are 1.8. The pT, η, and φ of each jet can be354

seen in Fig. 14.355

Dijet pair 1:
pt = 2.27 TeV

mass = 2.02 TeV

Dijet pair 2:
pt = 1.78 TeV

mass = 1.90 TeV

Figure 14: Three-dimensional display of the candidate event for broad resonances with a four-
jet mass of 5.8 TeV. The display shows the energy deposited in the electromagnetic (red) and
hadronic (blue) calorimeters and the reconstructed tracks of charged particles (green). The
grouping of the four observed jets into two dijet pairs (purple boxes) is discussed in the text.

10 Summary356

A reinterpretation of a narrow resonance analysis, described in Ref. [1], has been conducted357

and presented, searching here for resonant production of pairs of dijet resonances with the358

same mass through broad mediators, in final states with at least four jets. Data from proton-359

proton collisions at
√

s = 13 TeV were used in this search, collected by the CMS experiment at360

the LHC, corresponding to an integrated luminosity of 138 fb−1.361

The pairs of dijet resonances are produced via a massive broad mediator, leading to a four-jet362
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resonance in the final state. Empirical functions that model the background, and simulated363

shapes of resonance signals with widths of 1.5%, 5% and 10%, are fit to the observed four-jet364

mass distributions in bins of the ratio of the dijet to the four-jet distributions. There are three365

events in the tails of the distributions, two with a four-jet mass of 8 TeV and one with a four-jet366

mass of 5.8 TeV, all of which have an average dijet mass of approximately 2 TeV, that result in367

an excess. Although the event with a four-jet mass of 5.8 TeV contributes minimally to a fit368

with narrow resonances, it is far more compatible with broad resonances of the same mass.369

Hence, the local significance for a diquark remains above 3.6 s.d. even for the largest width370

considered, leading to the conclusion that broad resonances are an equally valid interpretation371

of the excess. The ATLAS event, with a four-jet resonance mass of 6.6 TeV and an average dijet372

resonance mass of 2.2 TeV, falls within the CMS 68% probability contour for a 5% or a 10% wide373

resonance with a mass of 8.4 TeV, and hence is likely compatible with those two hypotheses.374

A second excess with a local significance of 3.9 s.d. is observed at four-jet resonance mass of375

3.6 TeV and average dijet resonance mass of 1.0 TeV, for a mediator width of 10%. This excess376

was previously reported with a local significance of 3.6 s.d. in Ref. [1], originating from the dijet377

data near a mass of 1 TeV, in the search for nonresonant production of pairs of dijet resonances.378

Model-independent upper limits at 95% CL are presented on the product of the cross section,379

branching fraction and acceptance as a function of the four-jet resonance mass between 2 and380

10 TeV, for all accessible values of the ratio of the dijet to four-jet resonance masses and for381

widths ranging from 1.5% to 10%. Limits are compared to models [3] of diquarks, which decay382

to pairs of vector-like quarks, which in-turn decay to a quark and a gluon. Mass limits for all383

accessible values of the ratio of the vector-like quark to diquark masses, and diquark widths384

are presented.385



References 23

References386

[1] CMS Collaboration, “Search for resonant and nonresonant production of pairs of dijet387

resonances in proton-proton collisions at
√

s = 13 TeV”, JHEP 07 (2023) 161,388

doi:10.1007/JHEP07(2023)161, arXiv:2206.09997.389

[2] ATLAS Collaboration, “Pursuit of paired dijet resonances in the Run 2 dataset with390

ATLAS”, Phys. Rev. D 108 (2023) 112005, doi:10.1103/PhysRevD.108.112005,391

arXiv:2307.14944.392

[3] B. A. Dobrescu, R. M. Harris, and J. Isaacson, “Ultraheavy resonances at the LHC:393

beyond the QCD background”, 2018. arXiv:1810.09429.394

[4] B. A. Dobrescu, “TeV-scale particles and LHC events with dijet pairs”,395

arXiv:2411.04121.396

[5] B. A. Dobrescu, “LHC probes of the 10 TeV scale”, arXiv:1912.13155.397

[6] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,398

doi:10.1088/1748-0221/3/08/S08004.399

[7] CMS Collaboration, “Event generator tunes obtained from underlying event and400

multiparton scattering measurements”, Eur. Phys. J. C 76 (2016) 155,401

doi:10.1140/epjc/s10052-016-3988-x, arXiv:1512.00815.402

[8] P. Skands, S. Carrazza, and J. Rojo, “Tuning PYTHIA 8.1: the Monash 2013 tune”, Eur.403

Phys. J. C 74 (2014) 3024, doi:10.1140/epjc/s10052-014-3024-y,404

arXiv:1404.5630.405

[9] NNPDF Collaboration, “Parton distributions with LHC data”, Nucl. Phys. B 867 (2013)406

244, doi:10.1016/j.nuclphysb.2012.10.003, arXiv:1207.1303.407

[10] J. Alwall et al., “The automated computation of tree-level and next-to-leading order408

differential cross sections, and their matching to parton shower simulations”, JHEP 07409

(2014) 079, doi:10.1007/JHEP07(2014)079, arXiv:1405.0301.410
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