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Abstract

A search for resonances with masses from 50 to 300 GeV decaying into a quark-
antiquark pair is presented. The search uses proton-proton collision data at /s =
13 TeV collected by the CMS experiment at the CERN LHC in 2016-2018, correspond-
ing to an integrated luminosity of 138 fb~!. Two coupling scenarios are considered,
with the resonances coupled either equally to all flavors of quarks or preferentially
to bottom quarks. The search targets resonances produced in association with hard
initial-state radiation, resulting in a large-radius jet with a two-pronged substructure.
The PARTICLENET algorithm is used to distinguish resonance decays to bottom quark
pairs from lighter quark pairs and to suppress background processes. The invariant
jet mass spectrum is scrutinized for peaking excesses over a falling background. No
evidence for such resonances is observed. Limits are set on the couplings of new
scalar and vector resonances to quarks, representing the most stringent limits to date
in the mass range of 50-250 GeV.
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New resonances coupled to a pair of quarks are a common signature of theories of beyond
the standard model (SM) physics. Additional W’ or Z’ bosons are proposed in models with
an extended electroweak (EW) gauge sector, such as left-right symmetric SM extensions [1, 2].
Randall-Sundrum models with a warped extra dimension predict Kaluza-Klein excitations of
gravitons that couple to quark-antiquark pairs [3]. Simplified models of weakly interacting
dark matter propose new mediator particles that connect the SM to a dark sector, which could
couple preferentially to quarks [4, 5]. Such particles could be resonantly produced with large
cross sections at hadron colliders. Consequently, searches for new dijet resonances have been
pursued extensively [6-8].

This Letter presents a search for new, narrow dijet resonances with masses in the range 50—
300 GeV, using proton-proton (pp) collision data at v/s = 13 TeV collected by the CMS exper-
iment at the CERN LHC in 2016-2018. The data set corresponds to an integrated luminosity
of 138 fb~!. Two simplified benchmark scenarios are considered: a spin-1 boson, Z’, coupled
equally to all quark flavors with a coupling constant g., and a spin-0 boson—either scalar, ¢,
or pseudoscalar, A—with quark couplings equal to the SM Yukawa couplings times a flavor-
universal scaling factor, g4, Or gqa, respectively [4]. In the spin-0 scenario, which is motivated
by minimal flavor violation [9], the resonance is produced via gluon fusion and decays domi-
nantly to bottom quark-antiquark pairs (bb).

The primary background consists of SM events containing two or more jets produced through
the strong interaction, referred to as quantum chromodynamics (QCD) multijet events. To cir-
cumvent experimental readout bandwidth limitations imposed by the large QCD background
rate, this analysis searches for resonances produced with transverse momentum (pt) greater
than 500 GeV as a result of hard initial-state radiation (ISR). The ISR consists dominantly of
quark or gluon radiation, but no specific ISR requirements are imposed. Because of the large
pr, the resonance decay products are collimated in the detector, and are reconstructed as a
single large-radius jet with a two-pronged substructure. The signature of the resonance is a
peaking excess in the large-radius jet invariant mass spectrum. For the coupling values con-
sidered in this analysis, the resonance width is negligible compared to the experimental reso-
lution. The PARTICLENET (PN) algorithm [10] is used to distinguish the resonances from the
background of jets initiated by light quarks or gluons, and significantly enhances the sensitivity
compared to analytic variables, such as the energy correlation functions [11] used in previous
searches [12]. The PN algorithm is also used to define separate signal regions (SRs) targeting
resonances decaying to bb pairs and to charm or light (i.e., up, down, and strange) quark pairs
(99)-

The CMS apparatus [13, 14] is a multipurpose, nearly hermetic detector, designed to trigger
on [15-17] and identify electrons, muons, photons, and hadrons [18-20]. The “particle-flow”
algorithm [21] aims to reconstruct all individual particles in an event, combining informa-
tion 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 particles are used to build T leptons, jets, and missing transverse momentum
(pmiss) [22-24]. The data are analyzed in four separate data-taking periods corresponding to

significant changes in the detector and LHC configurations. Tabulated results are provided in
the HEPData record for this analysis [25].

The signal and background processes are simulated at the matrix element level using sev-
eral Monte Carlo (MC) event generators. Matrix-element level events are showered using
PYTHIA 8.230 [26] with the CP5 tune [27]. For events generated at leading order (LO), jets



from the matrix element calculations are matched to the parton shower using the MLM pre-
scription [28], while events generated at next-to-LO (NLO) in QCD use the FXFX merging pro-
cedure [29]. All samples use the NNPDF3.1 parton distribution function (PDF) set at next-to-
NLO accuracy. Additional pp interactions within the same or adjacent bunch crossings (pileup)
are simulated using PYTHIA, with the multiplicity distribution matching that in data. The re-
sponse of the CMS detector is modeled using GEANT4 [30]. Separate simulation samples are
produced for each data-taking period.

The W (qq)+ets (Z(qq)+jets) process is modeled at LO using MADGRAPH5_aMC@NLO 2.6.5,
with up to three (four) extra partons in the matrix element. The cross sections are corrected to
higher order in the perturbative expansion as a function of the generator-level boson pt: the
QCD NLO corrections are derived using MADGRAPH5_aMC@NLO, with up to two extra par-
tons in the matrix element calculations, and the EW NLO corrections are taken from theoretical
calculations in Refs. [31-34]. The top quark-antiquark (tt) and single top quark processes are
modeled at NLO in QCD using POWHEG 2.0 [35-39]. The QCD multijet process is modeled at
LO using MADGRAPH5_aMC@NLO with up to four partons at the matrix element level. The
diboson processes are simulated using PYTHIA, with cross sections corrected to NLO accu-
racy in QCD using MCFM 7.0 [40]. The contribution from SM Higgs boson (H) production
via gluon-gluon fusion is modeled using the H]-MINLO generator, including finite top quark
mass effects and with my; = 125GeV [41-44]. The vector boson fusion and ttH production
modes are simulated with POWHEG [45-47] at NLO in QCD. Small contributions from W (lv,)
and the Drell-Yan process are simulated at LO using MADGRAPH5_aMC@NLO. Finally, the sig-
nal processes are modeled at LO using MADGRAPH5_aMC@NLO. Vector Z’ boson production
via quark-antiquark annihilation is simulated with up to two extra partons at the matrix ele-
ment level, while the scalar and pseudoscalar production via gluon fusion is simulated with
up to one extra parton. The Z’ boson cross sections are multiplied by a factor of 1.2 to account
for NLO contributions, calculated using MADGRAPH5_aMC@NLO.

Small- and large-radius hadronic jets are clustered from reconstructed particles using the anti-
kt algorithm [48, 49] with distance parameters of 0.4 (AK4 jets) and 0.8 (AKS jets), respectively.
The signal candidates correspond to AKS jets. 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. The effects
of pileup are mitigated using the charged hadron subtraction and pileup-per-particle identifi-
cation algorithms for the AK4 and AKS jets, respectively [50, 51]. Corrections are applied to the
jet energy to account for the detector response [23].

The soft-drop jet mass [52], mgp, and the mass-decorrelated PN jet tagging algorithm [10] are
used to identify the signal resonances and distinguish them from the dominant QCD back-
ground. The soft-drop mass algorithm, with parameters z.; = 0.1 and B = 0, reduces the mass
of quark and gluon jets while preserving the mass of jets due to heavy resonances decaying to
quark-antiquark pairs, and provides a mass resolution of approximately 9-14%. The PN algo-
rithm is used to distinguish signal jets from the multijet background and identify their flavor.
The algorithm is based on a graph convolutional neural network with the jet constituents and
secondary vertices as inputs. The network is trained on simulation, with the training samples
tailored to reduce the correlation between the tagger performance and the jet mass in QCD
events. The outputs comprise four nodes, P;, where i corresponds to the four processes consid-
ered: the QCD background, and a boosted resonance, X, decaying to bottom, charm, and light
quark-antiquark pairs, which are denoted X — bb, X — cc, and X — q;q, respectively. The



outputs are combined to form two discriminants:
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The pj_prong discriminant distinguishes two-pronged resonances of any flavor from the QCD

background, while the p,; discriminant distinguishes bb resonances from c¢ and q;q; reso-
nances.

Events are selected online using a set of triggers imposing minimum thresholds on jet activity
in the event. The primary trigger requires an AKS jet with a trimmed mass [53] greater than
30GeV and pt > 400 GeV. The trigger requirements are fully efficient with respect to the offline
selection for AKS jets with py > 500 GeV. The offline selection requires at least one AKS8 jet with
pr > 500GeV, mgp > 30GeV, and || < 2.5. If an event contains more than one such jet, the jet
with the highest p;_,on, 1S chosen as the signal candidate.

Additional selection criteria are used to suppress the tt background. The background due to tt
events where a W boson decays leptonically is reduced by vetoing events containing a charged
lepton passing one of the following criteria. Electrons (muons) must have pp > 10GeV, || <
2.5 (2.1), and pass the loose identification criteria described in Ref. [18] ([19]). The electrons
and muons are also required to be isolated from other particles in the events: the isolation
variable, defined for electrons (muons) as the pileup-corrected pr sum of charged hadrons and
neutral particles within a cone in the 77-¢ plane of AR = 0.3 (0.4) around the lepton divided by
the lepton pr, must be less than 0.15 (0.25). Hadronically decaying tau leptons, reconstructed
using the hadron-plus-strips algorithm [22], must pass the tight working point of the DEEPTAU
algorithm [54] and have pp > 20GeV and |y| < 2.3. Events are also vetoed if they contain six or
more AK4 jets with pp > 30GeV and |5| < 5. Finally, events must not contain an AK4 jet with
pr > 30GeV and || < 2.5 that passes the medium working point of the DEEPJET b tagging
algorithm [55, 56] and satisfies |A¢| > 271/3 with respect to the selected AKS jet.

The events are categorized into three regions based on the PN discriminants. First, events are
divided based on their p; ,ong Score, with a working point corresponding to a mistagging rate
of 1% for QCD events. Events failing the p; ,rong requirement are used for the QCD multi-
jet background estimation, and constitute the QCD control region (CR). The events that pass
the pj.prong requirement are further divided using the p,g score. The high-p,y SR targets the

¢/A — bb and Z' — bb signatures, while the low-p,; SR targets Z' boson decays to light

and charm quarks. For Z' — bb, Z’ — cc, and Z' — q;q; events with masses between 50 and
300 GeV, the efficiencies of the p;_,rong requirement are in the ranges 72-38%, 52-19%, and 24—
5%, respectively. For signal events passing the p;_,;ong requirement, more than 95% of events
are assigned to the correct high- or low-p,  SR.

Finally, the events are divided into 62 bins in mgp from 40 to 350 GeV, and five pt bins with
boundaries of 500, 550, 600, 700, 800, and 1200 GeV. Only bins with the barycenter satisfying
—5.5 > p > —2.1 are considered, where p = 2In(mgp/pr), yielding 203 total bins. The lower
p threshold avoids regions where generator predictions become less reliable because of non-
perturbative effects [57], while the upper threshold avoid regions where the resonance decay
products are close to the jet boundary.

The dominant background in all SRs is QCD multijet production. The W /Z(qq)+jets processes



contribute significant resonant backgrounds. The tt process contributes a small nonresonant
background primarily in the high-p, - SR. Additional minor backgrounds arise from H, single
top quark, diboson, and Drell-Yan processes. The QCD background is estimated using control
samples in data, while all other backgrounds are estimated using MC simulation.

The cross sections of the SM backgrounds from the W, Z, and H boson processes are corrected
to higher orders, as described above. The simulated efficiency of the 2-pronged selection crite-
rion, mgp, scale, and mgp resolution are corrected to match data using a CR targeting boosted,
hadronically decaying W bosons in tt events where one W boson decays hadronically and the
other leptonically. Events are required to have one muon with pr > 53 GeV passing the tight
identification requirements described in Ref. [19] and a b-tagged jet in the opposite hemisphere
from the selected AK8 jet, as well as | pi| > 40 GeV. Additionally, the vector sum of the muon
pr and PSS must have a magnitude of at least 200 GeV. The corrections are extracted from a
template fit to the mgp distributions in events passing and failing the 2-pronged requirement.
The templates corresponding to the mgp scale and resolution variations are constructed using
linear morphing [58]. The measured efficiency correction ranges from 0.72 to 0.91, depending
on the data-taking period, with the uncertainties of 0.07-0.14. The mgp, scale ranges —0.5-0.5%,
with the uncertainties of 0.5-0.9%. The mgp resolution scale factor, defined as a multiplicative
correction to the reconstructed width of the resonances, ranges from 1.04 to 1.22, with the un-
certainties of 5-10%. Additional corrections are applied to the modeling of the efficiency of the
Ppp Tequirement for bb resonances, including the signal processes, Z — bb, and H — bb, as
well as the mistagging rate for resonances decaying to a light quark-antiquark pair. Based on a
CR targeting gluon splitting to bb [59], a conservative 30% uncertainty is assigned. These un-
certainties are constrained in data during the signal extraction by the SM W and Z resonances.

The SM background from tt production is taken from simulation. The overall normalization
and the efficiencies of the p, o;one and p requirements are corrected using a tt CR targeting
events where one W boson decays leptonically and the other hadronically, and the decay prod-
ucts of the hadronically decaying t quark are contained within the selected AKS jet. The events
are categorized into the same three PN categories as the SR, which are fitted simultaneously
with the SRs and the QCD CR during the signal extraction. The corrections are implemented
as two nuisance parameters, one modifying the mistagging rate of t quark jets and the other
scaling the overall normalization of the tt and single top quark backgrounds; both are consis-
tent with unity in the fit.

The QCD multijet background is estimated from data using the QCD CR, similarly to the
method described in Ref. [60]. For each SR, the shape of the QCD background in pr and p
is taken from the QCD CR, modified by two polynomial transfer functions to account for small
shape differences between the regions. For a given bin i with the barycenter (p%, p'), the QCD
background prediction is given by:

NéR = Ngla{ta,i Rg/I[{C/CR TMC(pZFf pi> Tres(psz pi)’ (3)

where Ng%ta’i is a free fit parameter corresponding to the expected QCD background in bin i
of the QCD CR and Rg/I[SCR is the overall ratio of SR to QCD CR events in simulation. The
first transfer function, Ty (p, p'), accounts for residual dependence of the tagging efficiency
on pr and p in simulation, and is derived from QCD simulation. The coefficients are con-
strained by their fitted uncertainties during the signal extraction. The second transfer function,
Tyes (P, p'), accounts for residual differences in the tagging efficiency between data and simu-
lation, with coefficients treated as unconstrained parameters during the signal extraction. Both
transfer functions are parameterized as Bernstein polynomials, with the orders determined us-



ing a Fisher F-test [61], separately for each SR and data-taking period. For T, (Tyic), the orders
range from 0 to 2 for pt and 0 to 3 (0 to 4) for p.

Systematic uncertainties account for possible mismodeling of the background and signal pro-
cesses and are included as nuisance parameters in the signal extraction procedure. The dom-
inant systematic uncertainty arises from the modeling of the QCD multijet background. The
uncertainty arises primarily from the unconstrained coefficients of T,.; and, to a lesser extent,
from Tyyc.

A set of systematic uncertainties relate to the modeling of resonant processes, including the
signal processes and SM W, Z, and H production. The uncertainty in the 2-pronged tagging
efficiency is incorporated in the fit as a constrained nuisance parameter with a nominal value of
unity and an uncertainty equal to the deviation of the measured correction from unity, ranging
from 10 to 28% depending on the data-taking period. Similarly, the efficiency and mistagging
rate of the p,; requirements are modified by nuisance parameters with a nominal value of
unity and a conservative uncertainty of 30%. The uncertainties in the mgp scale and resolution
range up to 0.9% and 12%, respectively. Uncertainties are also assigned to the theoretical cross
sections of the W and Z processes to account for missing higher-order corrections and mixed
QCD-EW effects, according to the prescription described in Ref. [34]. These uncertainties are
constrained in data by the SM W and Z resonances.

Additional small experimental systematic uncertainties are included, amounting to less than
a few percent. The uncertainty in the integrated luminosity is partially correlated across the
data-taking periods, with individual uncertainties of 1.2-2.5% and an overall uncertainty of
1.6% [62-64]. The jet energy scale and resolution uncertainties, which affect the jet pr, range
from 0.5 to 4.0% and are treated as independent from the mgp uncertainties. Uncertainties due
to the modeling of lepton identification and isolation criteria, pileup, and the b tagging of AK4
jets, as well as the limited number of simulated events, are included, but have a negligible
impact on the signal extraction.

For each signal hypothesis, a binned maximum likelihood fit of the signal and background tem-
plates is performed to the mgp distributions, simultaneously in the five pr bins of the high-p,
SR, the low-p, i SR, and the QCD CR, plus the three categories of the tt CR. The statistical anal-
ysis uses the CMS COMBINE tool [65]. In total, there are 72 mgp, distributions, 18 per data-taking
period, that are simultaneously fit. The signal templates are constructed from MC simulation.
The background-only fit is shown in Fig. 1, which displays the mgp distributions in the low-
and high-p, SRs, summing the four data-taking periods and the five py bins. The SM W and
Z bosons are clearly observed in the SRs. The high-p, - SR also has a contribution from the tt
background, which is negligible in the low-p, - SR. The goodness of fit is determined by fit-
ting pseudoexperiment data sets drawn with posterior nuisance parameters. Using a saturated
goodness of fit test statistic [66], the p-value of the background-only model hypothesis is 0.194.

No significant excess is observed above the background predictions. For the Z' model with
decays to all quark flavors, the most significant deviations from the background expectations
correspond to local (global) significances of 2.8¢ (1.7¢) at m, = 75GeV and 2.8¢ (1.60) at

my = 225GeV. For the spin-0 model with decays only to bb pairs, the most significant de-
viation corresponds to a local (global) significance of 2.6¢" (1.40) at m, = 70GeV. The global
significance values are determined using a mgp resolution of 10%.

Upper limits on the couplings of the resonances to quarks are set at 95% confidence level (CL)
using a modified frequentist approach based on the CL, criterion [67, 68] with an asymptotic
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Figure 1: The jet mgp, distributions in the low-p, i (left) and high-p, ;- (right) SRs, fitted with
the background-only hypothesis. The distributions are summed across all five pt bins and the
four data-taking periods. The steplike features are due to the p requirement, which results in
a different mgp range for each pr bin. The hatched area shows the expected Z’ signal yields
for g, = 0.25. The lower panel shows the residual difference between the data and the overall
background, divided by the statistical uncertainty of the data; the gray band represents the
systematic uncertainty in the background estimation.

approximation for the test statistic [69]. For the spin-1 model, the limits on the coupling g, are
shown in Fig. 2 (left), ranging from 0.03 to 0.13. Each signal category provides approximately
the same sensitivity to Z’ resonances. The limits on g4, (g4a) for the spin-0 model are shown in
Fig. 2 (right), and range from 1.5 to 5.8 (1.0 to 3.8), depending on the resonance mass. For both
the spin-1 and the spin-0 models, the limits are the most stringent to date on dijet resonances
with masses between 50 and 250 GeV, improving upon the previous best limits by about a
factor of two [12, 70]. At higher resonance masses, the sensitivity decreases because the decay
products are not fully contained by the AK8 jet algorithm; for resonance masses above 250 GeV,
the most stringent limits are set by an ATLAS search targeting boosted signatures with two
resolved jets [71]. Additional interpretations in the context of dark matter models are presented
in Appendix A.

In summary, a search for new dijet resonances with masses from 50 to 300 GeV has been pre-
sented, using proton-proton collision data at /s = 13 TeV, collected in 2016-2018 and corre-
sponding to an integrated luminosity of 138 fb~'. The search targets spin-1 resonances decay-
ing to quark-antiquark pairs of all flavors, and spin-0 resonances decaying to bottom quark-
antiquark pairs. The resonances are distinguished from the backgrounds using the PARTI-
CLENET algorithm and would result in narrow peaks in the jet soft-drop mass spectra. No
significant excesses beyond the standard model expectations are observed. Limits are set on
the couplings of the resonances to quarks, assuming that the resonances decay only to quarks.
For spin-1 resonances coupled equally to all quark flavors, the upper limits on g, range from
0.03 to 0.13. For spin-0 resonances coupled dominantly to bottom quarks, the upper limits on
8q¢ (§qa) Tange from 1.5 to 5.8 (1.0 to 3.8). These limits improve significantly on the existing
ones in the mass range of 50-250 GeV.
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Figure 2: Upper limits at 95% CL on the universal coupling g, between the Z’ boson and
quarks (left) and the coupling parameters g, (left vertical axis) and g, (right vertical axis)
of the spin-0 model (right). The Z’ boson is assumed to decay to quark-antiquark pairs with a
100% branching fraction. The ¢ and A bosons couple to quarks with a coupling given by g4,
or gqa times the SM Yukawa couplings, respectively, and decay dominantly to bottom quark-
antiquark pairs. The solid line represents the observed limits. The dashed line and the inner
(yellow) and outer (blue) bands represent the median and the regions containing 68% and 95%,
respectively, of the distribution of expected limits under the background-only hypothesis.
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A Dark matter interpretations

A complementary approach to collider-based dark matter (DM) searches, especially in cases
where the DM is too heavy to be produced directly, is to search for a mediator (i.e., a portal), M,
which connects the dark sector to the SM [8]. In a minimal scenario consisting of the mediator
and the DM candidate, constraints from the observed relic density are driven directly by the
DM-SM interactions [72]. If mpy; < my, /2, relic density constraints impose a strong bound on
the maximum value of the ratio of the mediator-DM coupling to m,;, above which the DM is
overproduced. If mpy; > my;, a lower bound on the coupling cannot be easily computed, and
the thermalization dynamics are more complicated. If my; /2 < mpy; < my;, the relic density
constraints impose a minimum value for the ratio of the DM-mediator coupling to mpy,, which
serves as an illustrative bound for the sensitivity of this analysis. The dijet bounds from this
analysis are recast in terms of two DM benchmark models: a spin-1 dark photon (A’) and a
pseudoscalar, axion-like particle (ALP) [73].

For the simplest dark-photon model, the mixing parameter, €, can be approximated in terms of
8q to ~20% accuracy as:

1 1
~ 2 2
8q =€ oy - (\/(Q ) cos” By + Az /(Y >>,

where 0,y is the weak mixing angle, A, = (m,//my)?, and (Q?) ~ 1/3 and (Y?) ~ 0.7 are the
average squared charge and hypercharge of incident partons in pp collisions, respectively [8].
Figure 3 (left) shows the bounds on €2. For m,: < 170GeV, the bounds exclude the minimal

coupling compatible with the relic density for scenarios where 3m,/ < mpy < 11,/
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Figure 3: Recast of the 95% CL exclusion limits into the kinetic mixing parameter, €2, of a
dark-photon model (A, left) and the effective gluon coupling, ¢g /A, of an axion-like particle
model (ALP, right). The solid (dashed) red lines represent the observed (expected) upper limits
from this analysis. The orange and blue (left), and magenta and gray (right) lines represent the
minimum allowed coupling compatible with the observed DM relic density for representative
values of mpy;/my;. The hatched lines show the direction of the excluded regions.

For the ALP model, the coupling to SM fermions is proportional to the fermion mass, and,
hence, the ALP predominantly decays to bottom quarks. The limits on the pseudoscalar-quark
coupling parameter, 8qa, are recast in terms of an effective gluon coupling, Cq /A, assuming
production via a top quark loop. The limits are shown in Fig. 3 (right), and couplings greater
than ¢, /A 2 (1-5) x 10~° are excluded, depending on n1,;p. For models with DM and an
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ALP mediator satisfying (5/6)marp S mpy < Mapp, a viable DM model is possible with the
allowed coupling values and 200 < m,1p S 300 GeV, but is otherwise excluded.

To facilitate reinterpretation of the results, signal efficiencies and model-independent limits on
the visible cross section, o;s, defined as the number of signal events divided by the integrated
luminosity, are presented for each SR. The efficiencies, shown in Fig. 4, are computed using
the simulated Z’ sample, requiring that the event contain an AKS jet reconstructed from sta-
ble generator-level particles, excluding neutrinos, satisfying pp > 500GeV and || < 2.5. To
illustrate the performance of the jet tagging algorithm, the efficiencies for the selection crite-
ria excluding the PARTICLENET requirements are also shown. The model-independent limits
are derived using a modified version of the binned maximum likelihood fit, incorporating the
same CRs but only one SR (either low-p, or high-p, ;). The signal templates are taken from

the Z’ model, including decays to all flavors of quarks. The limits are shown in Fig. 5.
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Figure 4: Efficiencies of the selection criteria in the low-p,; (left) and high-p, - (right) signal re-
gions, derived from simulated Z’ events where the Z’ satisfies pr > 500 GeV and |y| < 2.5. The
efficiencies are shown separately for different quark flavors (denoted “total”). The efficiencies
for all selection criteria, except for the PARTICLENET requirements (denoted “kinematic only”),
are also shown to illustrate the performance of the jet tagging algorithm.
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Figure 5: Upper limits at 95% CL on the visible cross section, o, defined as the number of
signal events divided by the integrated luminosity, for the low-p,; (left) and high-p, - (right)
signal regions. The solid line represents the observed limits, and the dashed line and the inner
(green) and outer (yellow) bands represent the median and the regions containing 68% and
95%, respectively, of the distribution of expected limits under the background-only hypothesis.
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