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1 Introduction

The standard model (SM) of particle physics successfully describes the known fundamental
particles and the interactions between them. However, it fails to answer many open questions
in particle physics, such as the nature of dark matter, the matter-antimatter asymmetry
in the universe, the hierarchy problem, and the nonzero mass of neutrinos. To address the
incompleteness of the SM, many theories beyond the SM have been introduced that predict
the existence of new physics (NP) at the multi-TeV scale; a number of experiments at the
CERN LHC are actively engaged in searches for NP signatures.

Searches for the resonant or nonresonant production of new physics at high invariant
masses of dilepton events have played a central role in these programs. No significant sign
of NP has been observed in these searches so far, with the latest results from the CMS
and ATLAS Collaborations using proton-proton (pp) collision data at a center-of-mass
energy

√
s = 13 TeV collected during Run 2 of the LHC (2015–2018) [1–3]. Traditionally,

these searches have mostly focused on final states inclusive in the number of b-tagged jets.
Recently, the ATLAS Collaboration published a search for nonresonant dilepton production
in association with a b-tagged jet using the Run 2 data [4], and the CMS Collaboration
published a search for the resonant production of µµ pairs in association with b-tagged jets
with a similar data set, corresponding to an integrated luminosity of 138 fb−1 [5].
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Figure 1. Representative Feynman diagrams for the production of dileptons via the bbℓℓ operator at
the LHC, in association with 0 (left), 1 (center), and 2 (right) final state b quarks.

This paper presents the first search from CMS for new physics featuring the nonresonant
production of dileptons in association with b-tagged jets using the pp collision data, collected
from 2016 to 2018 and corresponding to an integrated luminosity of 138 fb−1. This search
specifically considers the interaction of the NP state with b quarks. The third-generation
quark doublet is expected to be the most sensitive to NP because of the high mass of the
quarks, and indeed hints of possible NP contributions have been given by experimental results
on lepton flavor universality violation in B meson decays, notably in R(D0) and R(D∗) [6].

The signal models considered in this analysis predict the nonresonant production of
opposite-sign, same-flavor lepton pairs (e+e−, µ+µ−) in association with heavy-flavor jets.
The nonresonant production of the NP can be modeled using effective field theory (EFT)
techniques by integrating out the new degrees of freedom. Since the masses of the NP states
associated with the signal are considered to be inaccessible at LHC energies, the models
are described as a contact interaction (CI) between two leptons and two quarks (bb̄ or bs̄),
resulting in a nonresonant excess of events at high mass. We target two such EFT models
with dimension-six operators. One of the models is based on a pair of b quarks and a pair of
charged leptons (bbℓℓ model), which can be generated by a tree-level exchange of a heavy
neutral gauge boson Z′ [7] or scalar leptoquarks (LQs) [8–11]. Depending on how many
of these b quarks are sea quarks from within the colliding protons, the dilepton system
is produced in association with 0 to 2 b quarks in the final state. The analysis therefore
targets different b-tagged jet multiplicities (0, 1, and ≥2 b-tagged jets). Figure 1 shows the
representative Feynman diagrams for the production of lepton pairs via the bbℓℓ operator at
the LHC, in association with 0 (left), 1 (center), and 2 (right) final state b quarks.

The other model probed in this analysis considers the flavor-changing neutral current
(FCNC) b → sℓ+ℓ− transition (bsℓℓ model), which is highly suppressed in the SM since it
can only occur at loop level owing to the Glashow-Iliopoulos-Maiani (GIM) mechanism [12].
The b → sℓ+ℓ− transition is expected to be mediated by a Z′ [13] or an LQ [14, 15], with
flavor-violating couplings to b and s quarks, as well as couplings to either electrons or muons,
as shown in figure 2. Any significant deviation from SM predictions in this channel would
be a strong indication of beyond the SM physics. To target this model, ee and µµ channels
with exactly 0 and 1 b-tagged jets are considered.

In addition to these two search strategies, lepton flavor universality is tested in these final
states by measuring the µµ-to-ee ratio for different b-tagged jet final states and comparing it
to the corresponding SM expectation, after correcting for the differences in detector response,
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Figure 2. Representative Feynman diagrams for the production of dileptons via the bsℓℓ operator at
the LHC, in association with 0 (left) and 1 (right) final state b quarks.

lepton acceptances, and lepton efficiencies. In contrast to the SM, the CI models predict a
deviation from lepton universality [16], which would manifest itself in the µµ-to-ee differential
cross section ratios.

Tabulated results are provided in the HEPData record for this analysis [17].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T parallel to the proton beam axis. Within the
solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter (ECAL), and a brass and scintillator hadron calorimeter, each composed of
a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity (η)
coverage provided by the barrel and endcap detectors. Muons are measured in gas-ionization
detectors embedded in the steel flux-return yoke outside the solenoid. 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 4 µs [18]. The second level, known
as the high-level trigger (HLT), consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate
to a few kHz before data storage [19]. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and the relevant kinematic variables,
can be found in refs. [20, 21].

3 Signal models

To probe new physics at the TeV scale, physics models based on EFT are considered that
involve a four-fermion CI between a pair of leptons and a pair of quarks. This EFT approach
involves dimension-six operators and limits the degrees of freedom related to heavy NP states
by integrating them out. The introduction of CIs yields a modified SM Lagrangian with a
series of higher-dimensional operators that are suppressed by inverse powers of the NP scale Λ:

Leff = LSM + 1
Λ2L2 + . . . , (3.1)

where LSM is the usual SM Lagrangian. The analysis focuses on two signal models based
on this EFT approach.
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In the bbℓℓ model, we consider the contribution of dimension-six operators to the
qq̄ → ℓ+ℓ− process via a four-fermion CI between b quarks and a pair of opposite-sign,
same flavor leptons (electrons and muons). The effective Lagrangian for the bb̄e+e− and
bb̄µ+µ− interaction can be written as:

Leff = LSM + g2

Λ2

∑
i,j=L,R

ηij(biγµbi)(ℓjγµℓj), (3.2)

where ℓ stands for e or µ and Λ is the scale of NP. The coupling strength g is assumed to
be

√
4π, following the convention in ref. [7]. The four-fermion CI consists of four possible

chirality structures described by the ηij = ±1 term (left-handed quarks going to left-handed
leptons (left-left, LL), left-handed quarks going to right-handed leptons (left-right, LR), etc.).
By convention, only one of these possibilities is assumed to be realized in Nature at a time,
setting the corresponding ηij to 1 and all others to zero. The sign of the ηij determines the
sign of the interference of the signal with the SM Drell-Yan (DY) process, which can be either
constructive (ηij = +1) or destructive (ηij = −1). This results in separate subclasses of this
signal model, and all of them are considered in this analysis. It should be noted that the
relative contribution from these CIs, compared to the SM DY process, grows with energy.
For values of Λ comparable to or smaller than the highest dilepton mass recorded at the
LHC, the EFT expansion would diverge and lose validity. In this analysis, the lower limits
on Λ are set well above the maximum dilepton mass considered (≈ 3.5 TeV), ensuring that
the expansion safely converges in the probed parameter space [22].

The bsℓℓ model considers the b → sℓ+ℓ− transition with flavor-violating coupling to
b and s quarks as well as couplings to either electrons or muons. The model is described
by the effective Lagrangian

Leff = LSM +
CUℓ

ij

v2 (ui
Lγµuj

L)(ℓLγµℓL) +
CDℓ

ij

v2 (di
Lγµdj

L)(ℓLγµℓL), (3.3)

where LSM denotes the SM Lagrangian, whose FCNC contributions are highly suppressed.
The additional terms describe the EFT operators mediating transitions of up-type and
down-type quarks to a lepton pair, respectively, with v being the vacuum expectation value
of the Higgs field. The flavor structure of the interaction is defined by the matrices CUℓ

ij

and CDℓ
ij , which are of the form:

CUℓ
ij =

Cuℓ 0 0
0 Ccℓ 0
0 0 Ctℓ

 , CDℓ
ij =

Cdℓ 0 0
0 Csℓ C∗

bsℓ
0 Cbsℓ Cbℓ

 . (3.4)

Here, the Cbsℓ term defines the new physics component and is given by the effective coupling
(g∗) and energy scale (Λ) via Cbsℓ = g2

∗v2/Λ2, so that the ratio Λ/g∗ is the free parameter
of the model.

4 Event simulation

Simulated Monte Carlo (MC) samples are generated for both the SM backgrounds and
the new physics signals. The SM DY+jets, WZ, ZZ, and VVV (V = W, Z) processes are
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simulated at next-to-leading order (NLO) in perturbative quantum chromodynamics using
MadGraph5_amc@nlo v2.6.5 [23]. The FxFx [24] scheme is used to match jets from
matrix element calculations and parton showers. The DY+jets samples are produced binned
in both the dilepton invariant mass (mℓℓ) and the number of additional jet emissions, with
a sample size large enough to ensure sufficient events at high mℓℓ in different b-tagged jets
final states. The tt̄, tW, WW, and SM Higgs boson processes are simulated at NLO using
the powheg 2.0 [25–31] event generator. The diboson processes, including WW, WZ, and
ZZ, are referred to as VV processes.

Event samples for both EFT models considered in the analysis are generated with different
values for Λ. Events are generated at leading order (LO) by interfacing the FeynRules
UFO [7, 13, 32] model for bbℓℓ (bsℓℓ) with MadGraph5_amc@nlo v2.6.5 (v2.9.9). The
MLM [33] scheme is used for jet matching. For the bbℓℓ signal with constructive interference,
samples are generated for Λ values between 6 and 26 TeV in steps of 4 TeV, split into four
exclusive bins in the dilepton invariant mass with lower bin edges at 300, 800, 1300, and
2000 GeV. For destructive interference, the samples are simulated with both NP and SM
DY contributions to ensure net positive cross sections in these samples. These samples are
generated with Λ values between 4 and 18 TeV in steps of 2 TeV, split into four exclusive bins
in the dilepton invariant mass with lower bin edges at 300, 800, 1300, and 2000 GeV. The
samples are generated for all possible chirality structures (LL, LR, RL, RR) with ηij = ±1,
where the sign implies constructive (+1) or destructive (−1) interference with the SM DY
process. For the bsℓℓ model, samples are generated with Λ/g∗ values ranging from 1 to
6 TeV in steps of 1 TeV, split into four exclusive bins in the dilepton invariant mass with
lower bin edges at 200, 500, 1000, and 2000 GeV.

The event generator outputs are interfaced with pythia 8.230 [34] for parton showering
and hadronization, using the CP5 (CP2) tune [35] for background (signal) samples. For all
samples, the parton distribution functions (PDFs) are described with the NNPDF3.1 PDF
set, computed at next-to-NLO [36] for background and LO for signal samples. The response
of the CMS detector is simulated using the Geant4 [37] package.

All samples are normalized to the integrated luminosity using the cross section calculated
by the respective event generator. The presence of multiple pp interactions in the same
or adjacent bunch crossings (pileup) is incorporated by simulating additional interactions
that are both in-time and out-of-time with the collision. The pileup in data is estimated
based on the instantaneous luminosity measurements and the assumed inelastic pp cross
section. The simulated samples are reweighted such that the pileup profile matches the
one observed in data, based on measurements of the luminosity and assuming that the pp
inelastic cross section is 69.2 mb [38].

Because of the limited time resolution of the different subdetectors, objects in the L1
trigger can be assigned to the wrong bunch crossing, which can lead to a loss of events
(“trigger prefiring”). While normally negligible, a slowly increasing shift of the reconstructed
cluster time in the ECAL occurred in the L1 trigger during the 2016 and 2017 data taking,
predominantly at high |η|. The resulting efficiency loss is not included in simulation, and
simulated events are reweighted to account for this inefficiency [39]. Similarly, a nonnegligible
amount of trigger prefiring affected the L1 muon trigger during 2016 and to a lesser degree
in 2017 and 2018, and this is taken into account in the analysis.
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5 Object reconstruction

The reconstruction and selection of leptons in this analysis are largely unchanged from
previous searches for new physics at large mℓℓ [1]. Compared to the previous results, the
current analysis considers the b-tagged jets in the final state to target different signal models,
and the data have been reprocessed to account for updated calibrations of the detector.

A full reconstruction of the events is performed using a particle-flow (PF) algorithm [40],
which is based on an optimized combination of information from all subdetectors. The
result is a list of PF candidates (electrons, muons, photons, as well as charged and neutral
hadrons). The primary vertex is taken to be the vertex corresponding to the highest
transverse momentum (pT) scattering in the event, evaluated using tracking information
alone, as described in section 9.4.1 of ref. [21].

To be selected in the L1 trigger, events in the ee channel must contain at least two
electron candidates passing certain pT thresholds. The thresholds evolved with time but
never exceeded 25 (17) GeV for the higher-(lower-)pT electron. To protect against possible
inefficiencies of the L1 trigger for electrons, events containing at least one electron, jet, or
tau candidate passing significantly higher pT thresholds at L1 are also included at the HLT
level. In the HLT, the presence of two electrons with pT > 33 (25) GeV was required in
2016 and 2017 (2018).

Electron candidates are reconstructed from energy clusters in the ECAL, which are
combined with matching tracks in the tracking system [41]. The ECAL clustering groups
together energy deposits that are compatible with having originated from the same particle,
thus recovering energy losses due to bremsstrahlung. The angular information of the electron
candidate is derived by combining information from the ECAL cluster and the associated track.

Electron candidates with pT > 35 GeV and |ηC | < 1.44 (ECAL barrel region) or 1.57 <

|ηC | < 2.50 (ECAL endcap region) are selected, where ηC is the pseudorapidity of the
electron’s ECAL cluster. As the quality of ECAL cluster reconstruction is lower in the
transition region 1.44 < |ηC | < 1.57, electrons falling in that range are rejected. The electron
candidates are required to pass selection and isolation criteria optimized for highly energetic
electrons [41], which include a transverse impact parameter requirement of |dxy| < 0.02 cm in
the barrel and |dxy| < 0.05 cm in the endcap, relative to the primary vertex. These criteria
suppress backgrounds from pions, photon conversions, and electrons in jets. The electron
efficiency scale factor (SF) is close to unity for both barrel and endcap, with an uncertainty
ranging from 1–3% across the pT range of 35–1000 GeV, and set to 3% above 1000 GeV.

The efficiency to trigger on, reconstruct, and identify high-pT electrons has been studied
in detail using Z → ee candidate events and has been validated in data up to pT values
of 1 TeV. In the analysis, simulated events are not required to pass the trigger selection,
instead are weighted by the trigger efficiency measured in data. The trigger efficiency is
observed to be >95% for all data-taking years.

In the L1 trigger, events containing a single muon with pT > 22 GeV are accepted. At
the HLT, this threshold is 50 GeV throughout the whole data-taking period, while additional
triggers using complementary reconstruction algorithms and a pT threshold of 100 GeV were
added in 2017 and 2018 to maximize efficiency for high-pT muons. Muons within |η| < 2.4
are accepted [42].
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Muons are reconstructed by combining the hits in the tracker and muon chambers. For
muons with pT > 200 GeV, the TuneP algorithm is used to take into account radiative energy
losses in the detector material [43]. Muons are required to have pT > 53 GeV and |η| < 2.4. A
set of selection criteria is applied that is optimized for high-pT muons [43]. Muons produced
inside jets are rejected by requiring that the scalar sum of the pT of all tracks not belonging
to the muon candidate in a cone of ∆R =

√
(∆η)2 + (∆ϕ)2 < 0.3 around the muon does not

exceed 5% of the muon’s pT. To further improve the selection purity of prompt muons, the
muon track is required to have longitudinal distance |dz| < 0.1 cm, and transverse distance
|dxy| < 0.02 cm with respect to the primary vertex.

The efficiency of muons to pass the trigger, identification, and isolation requirements has
been measured using Z → µµ candidate events and validated up to 1 TeV. The efficiencies
are stable as a function of pT, with the exception of a slight loss of trigger efficiency at high
pT, caused by muons showering in the detector material and failing the L1 trigger. The SFs
are observed to be close to unity, and are applied to the simulated events to account for small
differences in efficiencies observed between data and simulation.

Using high-pT muons originating from Lorentz-boosted Z bosons, the description of the
muon momentum resolution in simulation has been compared with the data. Although good
agreement is observed for central muons, the simulation underestimates the resolution effects
for forward muons with |η| > 1.2 by ≈ 15%. The pT values of these muons in simulated
events have been smeared to account for this difference.

Jets are reconstructed from all PF candidates using the anti-kT clustering algorithm [44, 45]
with a distance parameter of 0.4. Identification criteria are applied to jet candidates to remove
anomalous effects from the calorimeters [38]. For jets with pT > 20 GeV, the identification
efficiency is >90% depending on η. Jet energy scale (JES) corrections are applied to the
measured jet energy depositions to correct for any offset due to energy coming from pileup
interactions, miscalibration of the detector response to hadrons, and the residual differences
between data and simulation as a function of the jet pT and η. Jets are required to have
pT > 20 GeV and |η| < 2.4. Jets originating from the hadronization of b quarks are identified
using the DeepJet algorithm [46, 47]. The b quark jet with the highest pT is required to
satisfy the tight identification criteria, for which the identification efficiency is approximately
50% (depending on pT, η, and data-taking year), and the misidentification rate for light-flavor
quark or gluon jets is 0.1% and for c quark jets is 2.4%. The other b quark jets in the
event are required to satisfy relaxed requirements, for which the typical efficiency is 68%
(depending on pT, η, and data-taking year), and the misidentification rate for light-flavor
quark or gluon jets is 1.0% and for c quark jets is 12%. The choice of tight and relaxed
working points is made following the dedicated optimization studies within the CMS b tagging
framework, thus maximizing the overall signal significance across the different b-tagged jet
final states. The SFs are applied to correct for the difference in b tagging performance
between data and simulation [48].

The missing transverse momentum p⃗ miss
T is the negative vector pT sum of all PF can-

didates [49]. Its magnitude is pmiss
T . The JES corrections are propagated to pmiss

T , which
improves agreement in pmiss

T between simulation and data. Since the PF algorithm does not
consider the dedicated high-pT muon reconstruction using the TuneP algorithm, the p⃗ miss

T is
also corrected for the difference in muon pT between the PF and TuneP algorithms.
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6 Event selection

To search for a nonresonant excess of events in the dilepton mass spectra, electron or muon
pairs are selected, where the leptons pass the selection described in the previous section. Since
the charge misidentification probability increases significantly with electron pT, resulting in
a significant efficiency loss from an opposite-sign selection, no charge requirement is made
for electron pairs. The fraction of same-sign events in DY simulation increases from about
1% at the Z boson peak to ≈ 10% for ee masses of several TeV. In data, it is consistent with
this expectation [1, 41]. In the case of muon pairs, the charge misidentification probability
is of the order of 10−4 for high-pT (≈ 2 TeV) muons [43]. Therefore, the two muons are
required to have opposite electric charge. To suppress the contribution of muons resulting
from cosmic rays, the angle between the two muons is required to be less than π − 0.02.
In the µµ channel, any event with an electron passing loose selection requirements with
pT > 10 GeV and |η| < 2.5 is rejected, and in the electron channel events with a muon passing
loose selection requirements with pT > 10 GeV and |η| < 2.4 are rejected.

For events containing more than two electrons or two muons (<1%), originating mostly
from WZ and ZZ production, the pair with an invariant mass mℓℓ closest to the Z boson mass
is considered. If no pair is found within 20 GeV of the nominal Z boson mass, the pair with
the highest-pT leptons is retained [50]. Finally, the search for NP is performed in events with
mℓℓ > 200 (300) GeV for the bsℓℓ (bbℓℓ) signal and the events with 120 < mℓℓ < 200 GeV are
selected for a control region (CR) to estimate the DY+jets contribution.

In both the ee and µµ channels, the events are divided into two categories based on the
lepton |η| [1]. This increases the sensitivity of the analysis by including the differences in
lepton reconstruction performance and background levels between the central and forward
parts of the detector. The “barrel-barrel” (BB) category is defined as both leptons having
|η| < 1.44 (1.20) for electrons (muons). The “barrel-endcap” (BE) category contains events
where at least one electron (muon) has |η| > 1.56 (1.20). Events with both leptons in the
endcap (EE) are included in the BE category in the µµ channel, whereas such events in
the ee channel are rejected owing to a higher contribution of background in this channel.
The events are then sorted into final state categories for zero b-tagged jets (“0b”), exactly
one b-tagged jet (“1b”), and two or more b-tagged jets (“2b”). The mℓℓ distributions are
further divided into analysis bins according to the b-tagged jet final states. Since the signal
sensitivity depends on the binning, a dedicated study is performed to establish the optimal
choice. For the 0b and 1b final states, the lower bin edges are set at 200, 300, 400, 500,
700, 1100, and 1900 GeV, with an overflow bin above 1900 GeV. For the 2b final state, the
lower bin edges are set at 200, 400, 600, and 900 GeV, with an overflow bin above 900 GeV.
For the bbℓℓ signal, the binning is the same as for the bsℓℓ signal, except that the first bin
starts at 300 GeV instead of 200 GeV.

In the 1b and 2b final states, the dominant source of SM background arises from tt̄
production. To suppress this background, a deep neural network (DNN) based selection is used.
The network is implemented using the PyTorch framework and trained separately for the ee
and µµ channels, and for each data-taking year, using variables where signal and background
show significant differences, such as lepton and b-tagged jet kinematic distributions, pmiss

T , the
minimum invariant mass of a lepton and a b-tagged jet, and the minimum 3D angle between

– 8 –



J
H
E
P
0
2
(
2
0
2
6
)
1
4
1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

DNN score

0

0.5

1

1.5

D
a

ta
 /

 B
G

. 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1−10

1

10

210

3
10

410

510

6
10

710

8
10

E
v
e
n
ts

 /
 b

in

 (13 TeV)1−138 fb

CMS
ee, 1b+2b
Barrel-Barrel +

Barrel-Endcap

Data

ee)+jets→*(γZ/

, tWtt

VV, VVV, Higgs

 : 6 TeV, LLΛ ll, →bb

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

DNN score

0

0.5

1

1.5

D
a

ta
 /

 B
G

. 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1−10

1

10

210

3
10

410

510

6
10

710

8
10

E
v
e
n
ts

 /
  
b
in

 (13 TeV)1−138 fb

CMS
, 1b+2bµµ

Barrel-Barrel +

Barrel-Endcap

Data

)+jetsµµ→*(γZ/

, tWtt

VV, VVV, Higgs

 : 6 TeV, LLΛ ll, →bb

Figure 3. Observed data and various SM backgrounds in bins of DNN score evaluated from per-year
and per-pseudorapidity trained models in the ee (left) and µµ (right) channels. The solid cyan line
in the upper panels correspond to the bbℓℓ signal expectation for Λ = 6 TeV in the LL constructive
interference model. The lower panel of each plot shows the ratio of data to predicted background
yields.

the leading lepton and a b-tagged jet. The network is trained using one representative bbℓℓ

signal sample (Λ = 6 TeV), and it was verified that the discriminating power does not degrade
when it is applied to other signal models.

The network is trained using the binary cross entropy loss classifier function, which
measures the dissimilarity between true labels (yi = 1 for signal and yi = 0 for background)
and the predicted probabilities for signal classification, optimizing the network to classify
signal and background events effectively. For training the network, 80% of this representative
MC sample is selected, with the remaining 20% used for validating the trained network.
In addition, the final evaluation of the trained model is performed on independent data
sets, drawn from different MC samples that are not used in training or validation, ensuring
an unbiased performance assessment. The network is set to have four hidden layers with
128, 64, 32, and 16 nodes, respectively. The learning rate is varied at each epoch using
an exponential decay scheduler and gradually decreases. The training is performed in 20
epochs, where it reaches the minimum and flat validation loss. This helps the model converge
more effectively and provides a good balance between fast initial convergence and fine-tuning
as the training progresses. Training and validation losses are found to be consistent, and
the DNN score distributions for the training, validation, and testing data sets are in good
agreement, confirming that overfitting is negligible. Figure 3 shows the DNN score, after
combining models trained per-year, for data and SM backgrounds in the ee (left) and µµ

(right) channels. The plots are shown after applying the full signal region (SR) selections but
before applying any scale factor corrections to the simulated tt̄ and DY+jets events. The
contribution from nonprompt leptons is not shown, since it is negligible in the µµ channel
and below 1% in the ee channel. The DNN score is required to be greater than 0.6 as this
gives the best signal significance in simulation. Upon selecting events with this DNN score
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mℓℓ range Lepton flavor DNN score Nb
0b bsℓℓ (bbℓℓ) SR >200 (300) GeV ee, µµ — =0
1b bsℓℓ (bbℓℓ) SR >200 (300) GeV ee, µµ >0.6 =1
2b bsℓℓ (bbℓℓ) SR >200 (300) GeV ee, µµ >0.6 ≥2
DY CR 120–200 GeV ee, µµ — ≥0
tt̄ CR >200 GeV eµ — ≥0
tt̄ VR >200 GeV eµ >0.6 ≥1

Table 1. Definitions of the SRs, CRs and VRs.

in the 1b and 2b final states, 90% of tt̄ events are rejected; the DY+jets process becomes
the dominant background in all event categories in the SR.

7 Background estimation

Background processes producing electrons and muons are estimated from simulation. Dedi-
cated control regions (CRs) are used to derive SFs that correct for possible mismodeling in
simulation. The simulation of the dominant DY+jets background is corrected by comparing
the simulated mℓℓ spectra with those observed in data in the DY+jets CR, separately for
ee and µµ events. Before making this comparison, the tt̄ MC sample is corrected for any
mismodeling of the selection efficiencies in simulation with an SF derived in the tt̄ CR (SFtt̄)
as a function of the number of b jets, Nb, as described below. For the tt̄ process, additional
validation regions (VRs) are used to verify the accuracy of these SFs before applying them in
the SRs. The SR, CR and VR definitions are summarized in table 1.

The tt̄ CR is obtained by selecting an oppositely charged, different-flavor lepton pair
(eµ), where all the selection criteria for the e and µ are kept the same as to those in the
SR with mℓℓ > 200 GeV , except no DNN score selection is applied in this region. The
resulting SFtt̄ is given by:

SFtt̄ = (NData
eµ − Nnon-tt̄ MC

eµ )/N tt̄ MC
eµ . (7.1)

Here NData
eµ are the events observed in the tt̄ CR in data, and Nnon-tt̄ MC

eµ and N tt̄ MC
eµ are

the events observed in the tt̄ CR in non-tt̄ MC samples and tt̄ MC samples, respectively.
Because of the low event count in the Nb > 3 category, the SFtt̄ estimated from the Nb = 3
bin is used for the higher Nb bins. The validation of simulation with data in the tt̄ CR is
shown in figure 4 as a function of meµ for the 0b (upper) and ≥1b (lower) channels. The
purity of tt̄ events in the 0b channel is around 80%, whereas in the 1b and 2b channels,
the purity is greater than 99%.

The values of SFtt̄ measured in different bins of b jet multiplicity are listed in table 2 (3)
for the BB (BE) category. The associated systematic uncertainties in the SFtt̄ are determined
by propagating the statistical uncertainties in the data and simulation yields.

Once the tt̄ events are corrected with this SFtt̄, a validation of observed tt̄ events in
simulation is performed after the DNN score selection in the 1b and 2b channels. The tt̄
validation region (VR) is a subset of tt̄ CR with the additional requirements of DNN score to
be greater than 0.6 and ≥1 b-tagged jets. Figure 5 shows the comparison of data and various
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Figure 4. Comparison of data and various SM backgrounds in the tt̄ CR as a function of meµ for
the 0b (upper) and ≥ 1b (lower) channels in the BB (left) and BE (right) categories. The lower panel
of each plot shows the ratio of data to predicted background yields before correction with SFtt̄ values.
The hatched band in the lower panels indicates the statistical uncertainty in the simulated background
prediction.

Nb 2016 2017 2018
0 0.92 ± 0.02 0.83 ± 0.01 0.84 ± 0.01
1 0.83 ± 0.01 0.83 ± 0.01 0.85 ± 0.01
2 0.84 ± 0.01 0.81 ± 0.01 0.83 ± 0.01
3 1.37 ± 0.10 1.15 ± 0.08 1.38 ± 0.07

Table 2. Measured values of the SFtt̄ in the OS tt̄ CR (BB category).

SM processes in the tt̄ VR after correcting with SFtt̄ values. The deviations from unity are
taken to be the systematic uncertainty in the tt̄ estimation in the SR.

Additionally, the shapes of simulated tt̄ dilepton mass distributions as a function of
meµ in the tt̄ VR and mee (mµµ) in the SR are compared to ensure the robustness of the tt̄
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Nb 2016 2017 2018
0 1.10 ± 0.02 1.04 ± 0.01 1.00 ± 0.01
1 0.93 ± 0.01 0.93 ± 0.01 0.95 ± 0.01
2 0.94 ± 0.02 0.88 ± 0.01 0.91 ± 0.01
3 1.54 ± 0.11 1.26 ± 0.08 1.40 ± 0.07

Table 3. Measured values of the SFtt̄ in the OS tt̄ CR (BE category).
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Figure 5. Comparison of data and various SM backgrounds in the tt̄ VR as a function of meµ for the
BB (left) and BE (right) categories. The lower panel of each plot shows the ratio of data to predicted
background yields. The hatched band in the lower panels indicates the statistical uncertainty in the
simulated background prediction.

modeling in the SR after the SFtt̄s are applied. The bin-by-bin deviations from unity in the
ratio of the two distributions are considered as an additional systematic uncertainty, applied
as a function of mee (mµµ) bins, in the tt̄ background estimate in the SR. Figure 6 shows
the ratio (Reµ/ee) of meµ and mee distribution for the BB (left) and BE (right) categories.
Similarly, figure 7 shows the ratio (Reµ/µµ) of meµ and mµµ distribution for the BB (left)
and BE (right) categories.

After correcting the tt̄ MC sample, the residual differences observed in the DY+jets
CR represent the mismodeling of the DY+jets MC sample. Similar to the tt̄ CR, the SFDY
from the DY+jets CR are obtained as a function of Nb. These SFDYs are measured as
a difference between data and all SM processes in the DY+jets CR. Figure 8 shows the
comparison between data and all SM processes in the DY+jets CR as a function of Nb in the
ee (left) and µµ (right) channels. The data-to-simulation SFDYs are derived separately for
BB and BE categories for each data-taking year. In both the ee and µµ channels, the SFDYs
show a slight dependence on Nb, with values generally close to unity, indicating reasonable
agreement between data and simulation. The SFDYs in the 0b final state range from 0.92
to 0.96, while slightly higher variations are observed in the 1b and 2b final states, where
the SFDYs range from 0.92 to 1.10. The SFDYs in the ee and µµ channels are consistent,
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Figure 6. Ratio of simulated tt̄ → eµ events with SR selections and simulated tt̄ → ee events in the
SR for the BB (left) and BE (right) categories. The error bars represent the statistical uncertainty in
the simulated event yields.
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Figure 7. Ratio of simulated tt̄ → eµ events with SR selections and simulated tt̄ → µµ events in the
SR for the BB (left) and BE (right) categories. The error bars represent the statistical uncertainty in
the simulated event yields.

showing no significant discrepancies between the two CRs. All the simulated backgrounds
are corrected with the observed SFDY, and the associated statistical uncertainty in the SFDY
is taken to be the systematic uncertainty. An additional 10% uncertainty in the SFDY is
included in the systematic uncertainty for DY+jets background in the 1b and 2b final states
to cover the deviations of data from prediction, and to take into account any bias because of
the low number of events for the DY+jets process in these categories.

Background sources with nonprompt leptons and jets misidentified as leptons make very
small contributions (1–3%), to both the ee and µµ channels. These backgrounds, jointly
represented as “Jets” background in the following, are estimated using data CRs enriched
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Figure 8. Comparison between data and various SM processes in DY+jets CR as a function of the
number of b jets in the ee (left) and µµ (right) channels. The lower panel of each plot shows the ratio
of data to predicted background yields. The hatched band in the lower panels indicates both the
statistical and systematic uncertainty in the simulated background prediction.

in multijet events [51] by loosening the lepton identification requirements, in bins of pT and
η separately for the barrel and endcap regions. The fake rate is then applied to events in
the SR where one or both leptons fail the tight identification but pass the preselection, after
subtracting other background contributions estimated from simulation and correcting for
double counting in dijet events. The method is validated in same-sign dilepton CRs for
both the ee and µµ channels. To account for possible mismodeling of fake contributions,
a conservative 50% systematic uncertainty is assigned to the “Jets” background estimate.
Even though the uncertainty in these estimates is high, these backgrounds have a negligible
effect on the results owing to their small contribution.

8 Systematic uncertainties

The main experimental systematic uncertainties considered in this analysis include the
uncertainty in the integrated luminosity, the modeling of pileup interactions, the lepton
reconstruction, identification, and trigger efficiencies, as well as the energy scale and resolution
of jets and the b tagging efficiencies. Additional uncertainties affecting the background
estimates, such as scale factors derived in CRs, are also included.

The systematic uncertainty in the integrated luminosity measurement is 1.2% for 2016
data, 2.3% for 2017 data, and 2.5% for 2018 data, with an uncertainty of 1.6% for the
combined sum of the three years [52–54]. Since the dominant background processes are
normalized in data CRs, this uncertainty mainly affects the signal simulation. Systematic
uncertainties related to the pileup reweighting were assessed by recalculating the weights,
with the assumed value of the total inelastic cross section shifted up and down by 4.6%
with respect to the nominal value [55]. The effect of this uncertainty is very small on signal
and background (<1%).
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The effect of the JES uncertainty on the estimated event yields is ≈ 2% for signal and
background in the 1b final state and is around 2–4% in the 2b final state, whereas the
effect of jet energy resolution (JER) uncertainty is negligible compared to the statistical
uncertainty of the simulation. Uncertainties in the b tagging efficiency are estimated by
varying the associated SFs by one standard deviation (SD) and computing the impact on
the estimated event yields for background and signal. The SF depends on the flavor of the
parton that originated the jet and the uncertainties are estimated for heavy-flavor (b and
c) jets and light-flavor quark or gluon jets separately. The effect of this uncertainty is less
than 5% for both signal and background.

Systematic effects due to imprecise knowledge of the PDFs in the SR are determined
by reweighting the simulated mass distributions according to the replicas of the NNPDF3.1
next-to-NLO PDF set and computing the 68% interval of the observed changes, using the
PDF4LHC prescription [56]. In addition to the PDF variations, uncertainties from variations
of the renormalization and factorization scales are also evaluated by varying the scales by
factors of 0.5 and 2.0, respectively. The contribution of the PDF and scale uncertainties at
low mass (<1500 GeV) is ≈ 2% and at high mass is ≈ 5% for the DY+jets simulation. The
uncertainty is significant for the subdominant tt̄ background, since it is initiated predominantly
by gluon fusion, resulting in an uncertainty of around 30% at high mass. The combined PDF
and scale uncertainty for signal samples is around 2% at high masses.

The overall event selection efficiency including trigger, reconstruction, identification, and
isolation is assigned a relative uncertainty of 6 (8)% for barrel-barrel (barrel-endcap) events
in the ee channel, whereas an uncertainty of 1–2% is assigned everywhere in the µµ channel.

The uncertainty in the electron energy scale is 2% in the barrel and 1% for the endcap
region for all three years of data taking. The uncertainty in the ee mass resolution is negligible.

Potential biases in the muon momentum scale, particularly at high pT, have been studied
using the generalized endpoint method [43]. No bias has been found within the statistical
uncertainties in the method. These uncertainties are hence assigned as systematic uncertainties
in the muon pT scale. The impact of this uncertainty is 1–2% for background events at high
mass (3000–4000 GeV); whereas it is as large as 5% for signal events.

The uncertainty in the trigger prefiring rate in the forward region of the ECAL endcap
in 2016 and 2017 is 20%, resulting in a 2–3% uncertainty in the acceptance for ee events. The
effect of trigger prefiring rate on the acceptance of µµ events is less than 1%.

The statistical uncertainties associated with the SFs measured in DY+jets and tt̄ CRs
are assigned as systematic uncertainties to the corresponding background estimates in the
SR and are less than 1% in all cases. Additionally, the systematic uncertainty in the tt̄
estimation is derived from the deviations observed in the tt̄ VR in data and simulation after
applying the DNN selection. Moreover, the systematic uncertainty based on shape differences
between the tt̄ VR and SR is also considered. These uncertainties are applied in bins of
dilepton invariant mass and range from 10–40%.

The systematic uncertainties in the highest two mass bins of dilepton mass distribution
for DY+jets background are shown in table 4 (5) for the ee (µµ) channels, respectively.
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1100–1900 GeV >1900 GeV
DY+jets normalization 1–10% 1–10%
Electron trigger 3.2% 3.2%
Electron identification and isolation 3.7% 3.7%
Electron energy scale 8.4% 11.5%
L1 prefiring <0.1% <0.1%
Pileup 0.4% 0.2%
PDF 2.8% 4.7%
JES 2.0% 2.0%
JER 0.5% 0.5%
b tagging heavy-flavor SF 3.0% 4.0%
b tagging light-flavor/gluon SF 2.8% 2.9%

Table 4. Systematic uncertainties for the DY+jets background prediction in the highest two mass
bins for the ee channel. The values shown are post-fit, with all background scale factors applied. The
uncertainties are evaluated inclusively across the b jet multiplicity and |η| regions. The dominant
sources of uncertainty remain consistent across the different categories.

1100–1900 GeV >1900 GeV
DY+jets normalization 1–10% 1–10%
Muon trigger 1.6% 2.0%
Muon reconstruction 0.8% 1.0%
Muon identification 0.7% 0.9%
Muon isolation 0.7% 0.9%
Muon mass scale 4.8% 5.5%
Muon resolution 0.1% 0.4%
L1 prefiring 0.1% 0.1%
Pileup 0.2% 0.1%
PDF 2.8% 4.7%
JES 2.0% 2.0%
JER 0.5% 0.5%
b tagging heavy-flavor SF 3.0% 4.0%
b tagging light-flavor/gluon SF 2.8% 2.9%

Table 5. Systematic uncertainties for the DY+jets background prediction in the highest two mass
bins for the µµ channel. The values shown are post-fit, with all background scale factors applied. The
uncertainties are evaluated inclusively across the b jet multiplicity and |η| regions. The dominant
sources of uncertainty remain consistent across the different categories.

9 Results

The invariant mass distributions in the ee and µµ channels in the 0b, 1b, and 2b final states
are shown in figures 9–11, respectively. For illustration, the invariant mass distributions are
overlaid for bbℓℓ signals with Λ = 6 and 18 TeV, with the LL chirality configuration and
constructive interference. To obtain the background predictions shown in these figures, a
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Figure 9. Observed mℓℓ distributions in the data, and the post-fit backgrounds (stacked histograms),
in the SR for ee+0b (left) and µµ+0b (right) channels. The lower panels show ratios of the data to
the pre-fit background prediction and post-fit background yield as red open squares and blue points,
respectively. The hatched band in the lower panels indicates the systematic component of the post-fit
uncertainty. The solid lines in the upper panels correspond to the bbℓℓ signal expectations, for Λ = 6
and 18 TeV in the LL constructive interference model.
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Figure 10. Observed mℓℓ distributions in the data, and the post-fit backgrounds (stacked histograms),
in the SR for ee+1b (left) and µµ+1b (right) channels. The lower panels show ratios of the data to
the pre-fit background prediction and post-fit background yield as red open squares and blue points,
respectively. The hatched band in the lower panels indicates the systematic component of the post-fit
uncertainty. The solid lines in the upper panels correspond to the bbℓℓ signal expectations, for Λ = 6
and 18 TeV in the LL constructive interference model.

simultaneous background-only maximum-likelihood fit is performed across all SRs, separated
by b-tagged jet multiplicity and lepton η categories. The parameter of interest is the
background normalization, with signal strength fixed to zero. The observed mass spectra
shown in the plots are consistent with the SM predictions. A slight excess, with a significance
of less than 2 SD, is seen in the ee channel for masses above 1.9 TeV (figure 9 left). This is
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Figure 11. Observed mℓℓ distributions in the data, and the post-fit backgrounds (stacked histograms),
in the SR for ee+2b (left) and µµ+2b (right) channels. The lower panels show ratios of the data to
the pre-fit background prediction and post-fit background yield as red open squares and blue points,
respectively. The hatched band in the lower panels indicates the systematic component of the post-fit
uncertainty. The solid lines in the upper panel correspond to the bbℓℓ signal expectations, for Λ = 6
and 18 TeV in the LL constructive interference model.

ee channel µµ channel
mℓℓ [GeV] Observed yield Total background Observed yield Total background
200–300 108 042 107 890 ± 940 161 236 161 000 ± 440
300–400 26 639 26 640 ± 240 40 982 41 700 ± 120
400–500 9 004 9 093 ± 84 14 135 14 370 ± 53
500–700 5 482 5 536 ± 53 8 530 8 738 ± 39
700–1100 1 885 1 910 ± 21 2 762 2 852 ± 16
1100–1900 323 325.6 ± 4.4 429 457.6 ± 4.7
>1900 29 21.01 ± 0.55 30 33.0 ± 1.4

Table 6. Post-fit event yields for ee and µµ channels in the 0b final state, in the SR. The uncertainties
include both statistical and systematic contributions.

compatible with the previous measurement, without a b-tagged jet requirement, performed
with the Run 2 data set by the CMS experiment [1], which showed a slight excess of events
in the ee channel for masses above 1.8 TeV.

Tables 6–8 show the number of events for various mass ranges for the ee and µµ channels
in the 0b, 1b, and 2b final states. The uncertainty in the total background is calculated
taking into account correlations in the uncertainties among the different background sources.
All values are post-fit and correspond to the SR.

The analysis also tests for lepton flavor universality by measuring the ratio of the
differential production cross sections in the µµ and ee channels (Rµ+µ−/e+e−) as a function
of the dilepton invariant mass. The ee and µµ mass distributions are not directly comparable
because of the differences in the detector acceptance and lepton efficiencies, as well as the
differences in mass scale and resolution between the final states. To address these limitations,
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ee channel µµ channel
mℓℓ [GeV] Observed yield Total background Observed yield Total background
200–300 44 52.8 ± 4.3 127 116 ± 6.3
300–400 35 31.4 ± 2.9 49 47 ± 4.2
400–500 11 16.0 ± 1.7 26 28 ± 2.7
500–700 28 20.2 ± 2.5 39 30 ± 2.9
700–1100 17 11.4 ± 1.2 27 22 ± 2.0
1100–1900 4 2.76 ± 0.41 6 4.65 ± 0.51
>1900 0 0.28 ± 0.11 1 0.58 ± 0.40

Table 7. Post-fit event yields for ee and µµ channels in the 1b final state, in the SR. The uncertainties
include both statistical and systematic contributions.

ee channel µµ channel
mℓℓ [GeV] Observed yield Total background Observed yield Total background
200–400 2 2.03 ± 0.95 4 2.53 ± 0.68
400–600 2 1.3 ± 1.2 0 0.94 ± 0.31
600–900 2 2.20 ± 0.95 1 1.90 ± 0.27
>900 1 0.81 ± 0.35 2 1.46 ± 0.08

Table 8. Post-fit event yields for ee and µµ channels in the 2b final state, in the SR. The uncertainties
include both statistical and systematic contributions.

the measurement is performed by first correcting the bin-by-bin migration effects due to
mass scale and resolution in the ee and µµ reconstruction-level mass distributions using the
TUnfold package [57] and then correcting the resulting corrected distribution for detector
acceptance and lepton efficiency differences.

The bin-by-bin migration effects are corrected from the reconstruction-level distribution
to generator level by using a 2-dimensional histogram of reconstructed versus generated
mass (response matrix). The response matrices are obtained from the DY+jets MC events
passing the full SR selections for each b-tagged multiplicity region, eta category, data-taking
year, and lepton flavor. For the lepton flavor ratio study, the 1b and 2b final states are
merged, as the event yields in the 2b region are limited and combining the two improves
the statistical precision of the measurement. The reconstructed mass distribution in data
after subtracting all SM backgrounds except for DY+jets in each channel is corrected by
applying the inverted response matrices. Since the off-diagonal elements of the response
matrices are typically at the level of 5–10% relative to the diagonal entries, no regularization
is necessary. The resulting corrected mass distribution is compared with the generator-level
mass spectra for validation and is in good agreement.

To account for the differences in detector acceptance and lepton efficiencies between the
electron and muon channels, a normalization factor is derived, assuming no signal is present
in the 200–400 GeV mass range, by taking the ratio of the corrected µµ mass distribution
to the corrected ee mass distribution in data. Similarly, a normalization factor is derived
for the DY+jets simulation using the ratio of µµ and ee events in the corrected simulated
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Figure 12. Ratio of the differential dilepton production cross section in the µµ and ee channels as
a function of dilepton mass in the 0b (left) and ≥1b (right) final states. The ratio is obtained after
correcting the µµ and ee reconstructed mass spectra for bin-by-bin migration effects due to mass scale
and resolution. The upper panel shows the observed flavor ratio in data and the DY+jets simulation.
The lower panel shows the flavor ratio observed in data and in DY+jets simulation after correcting for
the residual differences in acceptance and efficiency as a function of mass. The error bars include both
statistical and systematic uncertainties. The shaded band represents the systematic uncertainties in
the estimation.

DY+jets mass distribution after full SR selections. Since this normalization is dependent on
the jet multiplicity, we derive it for 0b and ≥1b jet final states separately, and independently
for each data-taking year and η category. The uncertainty in the factor is taken from the
statistical uncertainty of a degree-0 polynomial fit in the 200–400 GeV range and propagated
as an additional uncertainty in the ratio. The observed flavor ratio from the corrected mass
distributions in data and DY+jets simulation is then corrected with their corresponding
normalization factors to obtain the final flavor ratio from data and the DY+jets simulation.
As detector acceptance and lepton efficiency differences increase with dilepton invariant mass,
the flavor ratio for DY+jets simulation deviates from unity at higher masses as expected.

Most of the systematic uncertainties such as the choice of PDF set, background-specific
CR SFs, JES, JER, and b tagging scale factors cancel in the ratio, whereas the remaining
systematic uncertainties affecting the mass due to modeling of the mass resolution and scale
are propagated to the bin-by-bin migration correction step by obtaining additional response
matrices with reconstructed mass values shifted by the uncertainty. The uncertainties in the
detector acceptance and lepton efficiencies are propagated to the final flavor ratio via the
acceptance and efficiency corrections. In addition, the uncertainties in the normalization
factor are also propagated to the final flavor ratio. The dominant systematic contributions
across all final states arise from the modeling of the lepton energy scale and resolution,
while in the ≥1b jet final state, the limited number of data events provides the largest
overall source of uncertainty.

The observed lepton flavor ratio in the 0b final state is shown in figure 12 (left). The
upper panel shows the observed flavor ratio in data and in DY+jets simulation. The deviation
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of the DY+jets simulation flavor ratio from the SM expectation is due to the difference in
the acceptance and efficiency of ee and µµ events as a function of mass. The observed flavor
ratio is in good agreement with the DY+jets simulation. The small deviation visible at high
mass is caused by the slight excess of ee events noted in figure 9, which affects the highest
bin of the measured flavor ratio. The lower panel shows the ratio of flavor ratios observed in
data and in the DY+jets simulation to correct for the residual differences in acceptance and
efficiencies as a function of mass. The observed lepton flavor ratio from corrected ee and µµ

mass spectra in the ≥1b jet final state can be found in figure 12 (right). Because of limited
event counts in the 2b final state, the ratio is estimated by combining the 1b and 2b final
states. The observed ratio is consistent with that from the DY+jets simulation. A χ2 test
for the mass range above 400 GeV is performed to quantify the agreement of the observed
result with the measurement from the DY+jets simulation. The resulting χ2/dof value in
the 0b final state is 10.86/5, and the one-sided p-value is 0.05. For the ≥1b jet final state,
the χ2/dof value is 0.99/3, giving the one-sided p-value as 0.80.

10 Statistical interpretation

Lower limits on the energy scale Λ are obtained by comparing the upper limits on the
signal cross section with the prediction calculated with MadGraph5_amc@nlo at LO. The
upper limits on the cross section are computed at 95% confidence level (CL) with Bayesian
techniques using the CMS Combine tool [58]. The limits are estimated separately for ee
and µµ channels, each time combining all data-taking years and |η| categories. The b jet
categories are treated differently for the two signals. For the signal cross section a uniform
prior is used, whereas the nuisance parameters are modeled with log-normal priors. A binned
template based approach is used where the likelihoods are constructed in bins of mℓℓ. For
the models with destructive interference, the signal yield is obtained after subtracting the
pure LO DY+jets contribution. The interference term becomes dominant for lower mass bins
and higher Λ values, therefore the limits are estimated using events above a certain dilepton
invariant mass threshold. This mass threshold is optimized to obtain the best expected limits
and is found to be 1000 GeV. A combination of the ee and µµ channels is also performed,
assuming identical branching fractions into electrons and muons for both signal models.

For the bbℓℓ signal, the results for the 0b, 1b, and 2b final states are combined in the limit
calculation for a particular channel. Figure 13 (upper left) shows the observed lower limits
on Λ for the bbℓℓ signal in the ee final state with constructive and destructive interference
and different chirality assumptions. The exclusion for the different chirality and interference
assumptions varies within 1 SD. The observed lower limits on Λ for the same model in the
µµ channel are shown in figure 13 (upper right). Here, we can see that the exclusions vary
within 2 SDs for different chirality and interference assumptions. The difference in observed
and expected limits in the ee and µµ channels is due to the slight excess in the 1b final state
mass spectra as shown in figure 10. Since the 1b final state is the most sensitive channel,
followed by the 0b and 2b channels, this leads to the lower observed limit in both the channels
as shown in figure 13. The observed lower limits on Λ for the same model with combined
channels are shown in figure 13 (lower plot). The expected and observed lower limits on Λ in
the bbℓℓ signal are summarized in table 9. The limits in the bbℓℓ signal are stronger than the
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Figure 13. The 95% CL expected and observed lower limits on the energy scale Λ for the bbℓℓ model
with different chirality and interference assumptions, namely constructive left-left (ConLL), left-right
(ConLR), right-left (ConRL), right-right (ConRR), destructive left-left (DesLL), left-right (DesLR),
right-left (DesRL), and right-right (DesRR) in the ee (upper left), µµ (upper right) channels, and
the combination (lower) with ≥0 b-tagged jets. The shaded bands correspond to the 68% and 95%
quantiles for the expected limits.

ConLL ConLR ConRL ConRR DesLL DesLR DesRL DesRR

ee Expected [TeV] 9.8 8.4 8.9 9.2 7.4 8.1 7.7 7.9
Observed [TeV] 9.1 7.9 8.3 8.6 6.9 7.5 7.2 7.4

µµ
Expected [TeV] 10.0 8.7 9.3 9.6 7.8 8.7 8.5 8.3
Observed [TeV] 8.2 7.6 7.8 7.9 7.4 8.4 8.0 8.0

Combined Expected [TeV] 11.0 9.3 10.0 10.4 8.3 9.4 9.2 8.7
Observed [TeV] 9.0 8.3 8.5 8.6 7.7 8.6 8.2 8.2

Table 9. Lower limits at 95% CL on the energy scale Λ in the bbℓℓ signal model in TeV for constructive
left-left (ConLL), left-right (ConLR), right-left (ConRL), right-right (ConRR), destructive left-left
(DesLL), left-right (DesLR), right-left (DesRL), and right-right (DesRR) chirality and interference
assumptions in the ee and µµ channels and the combination of the two.

LEP (e+e− → bb̄) bounds [59, 60] for the RR/LR/RL chiral structures and both constructive
and destructive interference, while for the LL scenario the LEP constraints are tighter.

For the bsℓℓ signal, the limit is calculated using the 0b and 1b final states. Figure 14
shows the observed limit as a function of Λ/g∗ for the ee+0b (left) and µµ+0b (right) channels.
Figure 15 shows the observed limit as a function of Λ/g∗ for the ee+1b (left) and µµ+1b
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Figure 14. Upper limits at 95% CL on the production cross section for the bsℓℓ signal in the ee
(left) and µµ (right) channels for 0 b-tagged jets. The shaded bands correspond to the 68% and 95%
quantiles for the expected limits. The red line corresponds to the theoretical prediction for the bsℓℓ
signal [13].

0b 1b combined (0b + 1b)

ee Expected [TeV] 2.0 2.2 2.3
Observed [TeV] 2.1 2.0 2.2

µµ
Expected [TeV] 2.1 2.3 2.4
Observed [TeV] 2.2 1.9 2.2

Combined Expected [TeV] 2.2 2.5 2.6
Observed [TeV] 2.4 2.0 2.4

Table 10. Lower limits at 95% CL on Λ/g∗ in the bsℓℓ signal model in TeV for 0b, 1b, and combined
(0b + 1b) channels. Shown are the expected and observed limits in the ee and µµ channels and the
combination of the two.

(right) channels. An observed lower limit on Λ/g∗ of 2.1 (2.0) TeV is found for the ee+0b (1b)
channel. For the µµ+0b (1b) channel, a lower limit of 2.2 (1.9) TeV is observed on Λ/g∗. A 1
(2) SD nonresonant excess in the ee (µµ)+1b channel is observed for the bsℓℓ signal. This
slight excess arises because of an increased number of data events, as shown in figure 10,
which remain consistent with the predicted background within statistical and systematic
uncertainties. The lower limits on Λ/g∗ in this model for the 0b, 1b, and combined 0b and
1b channels are summarized in table 10 for the ee, µµ, and combined channels. A value of
2.4 TeV is found as the observed lower limit on Λ/g∗ for the combination of the two channels.
This result is comparable to the existing limits from the LHC experiments [4].
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Figure 15. Upper limits at 95% CL on the production cross section for the bsℓℓ signal in the ee
(left) and µµ (right) channels for 1 b-tagged jets. The shaded bands correspond to the 68% and 95%
quantiles for the expected limits. The red line corresponds to the theoretical prediction for the bsℓℓ
signal [13].

11 Summary

A search for new physics in the high-mass dilepton final state produced in association with
b-tagged jets, focusing on nonresonant phenomena, has been performed using the proton-
proton collision data collected during 2016–2018, corresponding to an integrated luminosity
of 138 fb−1. Two models of nonresonant signatures have been considered. For a four-fermion
contact interaction in bbℓℓ (ℓℓ, electrons or muons) production, lower limits on the scale
of new physics (Λ) are set depending on the chirality structure of the interaction and the
sign of its interference with the standard model Drell-Yan background. The observed limits
are in the range from 6.9 to 9.0 TeV for the bbℓℓ signal based on different chirality and
interference assumptions. These results represent the first LHC constraints on the bbℓℓ

model, significantly extending the sensitivity beyond the limits previously set at LEP. In
the bsℓℓ model, lower limits on the ratio of the energy scale of new physics to the coupling
(Λ/g∗) range from 1.9 to 2.2 TeV depending on the channel and 2.4 TeV for the combination
of all the channels. Additionally, the ee and µµ invariant mass spectra are compared at
the TeV scale. No significant deviation in the lepton flavor ratio from the standard model
expectation is observed.
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