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√
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is then extrapolated to a high-mass signal region to obtain the expected background there.

No significant deviation from the expected background is observed in the data. Upper
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1 Introduction

Signatures with dilepton (dielectron and dimuon) final states have been central in shap-

ing the Standard Model (SM) over many years, from discoveries of new particles [1–5],

through many precision measurements [6–9], and in searches for new physics beyond the

SM (BSM) [10–13]. This has been the case owing to the clean and fully reconstructable

experimental signature with excellent detection efficiency. This paper presents a novel

search for new phenomena in final states with two electrons or two muons in 139 fb−1

of data collected in proton-proton (pp) collisions at the LHC at a center-of-mass energy√
s = 13 TeV between 2015 and 2018. The work presented here complements the ATLAS

search for heavy resonances [10] using the same dataset and selection criteria. The new

physics signature investigated is a broad, non-resonant excess of events over a smoothly

falling dilepton invariant-mass spectrum, which is dominated by the Drell-Yan (DY) pro-

cess. The search results in this paper are provided in a model-independent format. These

results are further interpreted in the context of the frequently tested benchmark models

with effective four-fermion ‘contact’ interactions (CI) [14, 15].

A number of changes are introduced with respect to the previous ATLAS result with an

integrated luminosity of 36.1 fb−1 [13]. The result presented here is the first non-resonant

dilepton search at the LHC to use a background estimate from the data using a functional
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form. The signals considered are expected to manifest themselves only as a deviation from

the expected gradient of the high-mass tail of the dilepton mass spectrum. Therefore, the

background at high masses is estimated from a low-mass control region (CR) where the

signal contribution is expected to be negligible. Contrary to previous ATLAS searches for

non-resonant signals in dilepton final states, this search is performed in a single-bin high-

mass signal region (SR). Both the function and region choices are optimised to maximise

the expected sensitivity to observe CI processes. The extrapolated background is integrated

in the SR to provide an estimate of the expected number of background events. The signal

would be seen as an excess over this expected background estimate. This CR/SR approach

is essential in the case of (typically small) non-resonant signals, as when the entire mass

range is fit, similar to ref. [10], a non-resonant signal can be absorbed into the background

model. Moreover, the choice of a single-bin signal region removes the dependence on the

shape of the mass distribution and simplifies the entire search, while at the same time

providing model-independent results.

Further, this analysis has been moved from a Bayesian statistical framework to a fre-

quentist statistical framework, which removes the dependence on signal priors. In the

case where the interference between signal and SM processes is not negligible, e.g. for CI,

the choice of one prior over another is less justified [13, 16]. With respect to the previ-

ous study [13] that used simulation to estimate the background, the approach presented

here reduces the dependence on simulation by estimating the background from the data.

A comparison showed little difference in sensitivity between the two approaches.

Finally, the transition to a background estimation from the data exchanges the system-

atic uncertainties in the predictions from simulation for statistical uncertainties in data.

The dominant uncertainty in the expected background in the new analysis is due to sta-

tistical fluctuations in the CR. Next in importance is the uncertainty in the degree to

which the extrapolation from the CR can produce a background estimate different from

the underlying distribution, leading to a signal-like deflection in the SR. This uncertainty

is quantified using the simulated background and its uncertainties. The uncertainty third

in importance is due to a possible signal contamination in the CR.

2 Contact interactions

In the SM, it is assumed that quarks and leptons are fundamental point-like particles and

hence have no structure. However, if quarks and leptons are composite, with at least one

common constituent, the interaction of these constituents could manifest itself through an

effective four-fermion contact interaction at energies well below the compositeness scale [14,

15], Λ, the energy scale below which fermion constituents are bound. A broad class of CI

models can be described by the CI Lagrangian of the form of eq. (2.1):

L =
g2

2Λ2

{
ηLL (q̄LγµqL)

(
¯̀
Lγ

µ`L
)

+

ηRR (q̄RγµqR)
(
¯̀
Rγ

µ`R
)

+

ηLR (q̄LγµqL)
(
¯̀
Rγ

µ`R
)

+

ηRL (q̄RγµqR)
(
¯̀
Lγ

µ`L
)}
,

(2.1)
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where g is a coupling constant chosen such that g2/4π = 1, γ are the 4×4 Dirac matrices and

the spinors ψL,R (ψ = q, `) are the left-handed and right-handed fermion fields, respectively.

The parameters ηij , where i and j are L or R, define the chiral structure (left or right) of

the new interaction. Specific models are chosen by assigning the parameters to be −1, 0

or +1.

In the context of CI searches with dilepton final states at the LHC, the terms in

eq. (2.1) take the form of ηij (q̄iγµqi)
(
¯̀
jγ
µ`j
)
, where qi and `j are the quark and lepton

fields, respectively. The differential cross-section for the process qq̄ → `+`−, in the presence

of CI, can be separated into the SM DY term plus terms involving the CI. This separation

can be seen in eq. (2.2):

dσ

dm``
=

dσDY

dm``
− ηij

FI

Λ2
+
FC

Λ4
, (2.2)

where the first term accounts for the DY process, the second term corresponds to the

interference between the DY and CI processes, and the third term corresponds to the pure

CI contribution. The latter two terms include FI and FC, respectively, which are functions

of the differential cross-section with respect to m`` with no dependence on Λ [14]. The

interference can be constructive or destructive and it is determined by the sign of ηij .

Previously, the ATLAS and CMS experiments have searched for CI with the partial

Run 2 datasets at
√
s = 13 TeV [12, 13]. The most stringent exclusion limits for qq̄`+`−

CI, in which all quark flavours contribute, come from the previous ATLAS non-resonant

dilepton analysis conducted using 36 fb−1 at
√
s = 13 TeV. The observed lower limits on

Λ range from 24 to 40 TeV depending on the specific signal model [13].

3 ATLAS detector

ATLAS [17–19] is a multipurpose detector with a forward-backward symmetric cylindrical

geometry with respect to the LHC beam axis.1 The innermost layers consist of tracking

detectors in the pseudorapidity range |η| < 2.5. This inner detector (ID) is surrounded by a

thin superconducting solenoid that provides a 2 T axial magnetic field. It is enclosed by the

electromagnetic and hadronic calorimeters, which cover |η| < 4.9. The outermost layers of

ATLAS consist of an external muon spectrometer (MS) with |η| < 2.7, incorporating three

large toroidal magnetic assemblies with eight coils each. The field integral of the toroids

ranges between 2.0 and 6.0 Tm for most of the acceptance. The MS includes precision

tracking chambers and fast detectors for triggering. A two-level trigger system [20] selects

events to be recorded at an average rate of 1 kHz.

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in

the center of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the center

of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, φ) are used in the transverse

plane, φ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar

angle θ as η = − ln tan(θ/2). Angular distance is measured in units of ∆R ≡
√

(∆η)2 + (∆φ)2.
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Background Process ME Generator and ME PDFs PS and non-perturbative effect with PDFs

NLO Drell-Yan Powheg-Box [27, 28], CT10 [29], Photos Pythia v8.186 [30], CTEQ6L1 [31, 32], EvtGen1.2.0

tt̄ Powheg-Box, NNPDF3.0NLO [33] Pythia v8.230, NNPDF23LO [34], EvtGen1.6.0

Single top s-channel, Wt Powheg-Box, NNPDF3.0NLO Pythia v8.230, NNPDF23LO, EvtGen1.6.0

Single top t-channel Powheg-Box, NNPDF3.04fNLO, MadSpin Pythia v8.230, NNPDF23LO, EvtGen1.6.0

Diboson (WW , WZ and ZZ) Sherpa 2.1.1 [35], CT10 Sherpa 2.1.1, CT10

Signal Process

LO Drell-Yan Pythia v8.186, NNPDF23LO Pythia v8.186, NNPDF23LO, EvtGen1.2.0

LO CI Pythia v8.186, NNPDF23LO Pythia v8.186, NNPDF23LO, EvtGen1.2.0

Table 1. The programs and PDFs used to generate the hard-scatter matrix element (ME) and to

simulate parton showering (PS) in the signal and background processes. The top-quark mass is set

to 172.5 GeV.

4 Data and simulation

The data and simulated event samples used in this analysis are the same as those used in

ref. [10]. The integrated luminosity of the dataset is determined to be 139.0±2.4 fb−1, fol-

lowing a methodology similar to that detailed in ref. [21]. The uncertainty in the combined

2015–2018 integrated luminosity is 1.7% [22], obtained using the LUCID-2 detector [23] for

the primary luminosity measurements.

Similarly to ref. [10], this search relies on background estimated from the data. Sim-

ulated events for the signal and background processes are used to select the fit functions,

study background compositions, estimate part of the uncertainties and evaluate the signal

efficiencies. All simulation-based background contributions are scaled by their respective

cross-sections and summed to obtain the simulated background m`` distribution. The main

simulated backgrounds in decreasing order of contribution to the full mass spectrum are:

Drell–Yan (DY), top-quark pair (tt̄), single-top-quark and diboson production. The multi-

jet and W+jets processes in the dielectron channel are estimated from the data using the

matrix method similarly to ref. [13]. The contribution of such processes to the analysis is

estimated using a likelihood fit. The same processes in the dimuon channel, as well as pro-

cesses with τ -leptons in both channels, have a negligible impact and are not considered. The

Monte Carlo (MC) event generators for the hard-scattering process and the programs used

for parton showering are listed in table 1 with their respective parton distribution functions

(PDFs). ‘Afterburner’ generators such as Photos [24] for the final-state photon radiation

(FSR) modeling, MadSpin [25] to preserve top-quark spin correlations, and EvtGen [26]

for the modeling of c- and b-hadron decays, are also included in the simulation.

The DY [36] and diboson [37] samples were generated in slices of dilepton mass to in-

crease the sample statistics in the high-mass region. Next-to-next-to-leading-order (NNLO)

corrections in quantum chromodynamic (QCD) theory, and next-to-leading-order (NLO)

corrections in electroweak (EW) theory, were calculated and applied to the DY events. The

corrections were computed with VRAP v0.9 [38] and the CT14 NNLO PDF set [39] in

the case of QCD effects, whereas they were computed with MCSANC [40] in the case of

quantum electrodynamic effects due to initial-state radiation, interference between initial-

and final-state radiation and Sudakov logarithm single-loop corrections. These are calcu-
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lated as mass-dependent K-factors, and reweight simulated events before reconstruction.

The top-quark samples [41] are normalised to the cross-sections calculated at NNLO in

QCD including resummation of the next-to-next-to-leading logarithmic soft gluon terms as

provided by Top++2.0 [42].

All fully simulated event samples include the effect of multiple pp interactions in the

same or neighbouring bunch crossings. These effects are collectively referred to as pile-

up. The simulation of pile-up collisions was performed with Pythia v8.186 using the

ATLAS A3 set of tuned parameters [43] and the NNPDF23LO PDF set, and weighted

to reproduce the average number of pile-up interactions per bunch crossing observed in

data. The generated events were passed through a full detector simulation [44] based on

Geant 4 [45].

In order to reduce statistical uncertainties, a large additional DY sample is used where

the detector response is modeled by smearing the dilepton invariant-mass with mass-

dependent corrections for the acceptance and efficiency, instead of using the CPU-intensive

Geant 4 simulation. The relative dilepton mass resolution used in the smearing procedure

is defined as (m``−mtrue
`` )/mtrue

`` , where mtrue
`` is the generated dilepton mass at Born level

before FSR. The mass resolution is parameterised as a sum of a Gaussian distribution,

which describes the detector response, and a Crystal Ball function composed of a secondary

Gaussian distribution with a power-law low-mass tail, which accounts for bremsstrahlung

effects or for the effect of poor resolution in the muon momentum at high pT. The parame-

terisation of the relative dilepton mass resolution as a function of mtrue
`` is determined by a

fit of the function described above to simulated DY events at NLO. A similar procedure is

used to produce a mass-smeared tt̄ sample. These two samples replace the equivalent ones

produced with the full detector simulation wherever applicable in the remainder of the anal-

ysis. The number of events in these samples is more than 55 times the number of events in

data. These samples would have been difficult to produce with the full detector simulation

because of the large number of events required and the limited computing resources.

Signal m`` distribution shapes are obtained by a matrix-element reweighting [13] of

the leading-order (LO) DY samples generated in slices of dilepton mass. This reweighting

includes the full interference between the non-resonant signal and the background DY

process. The weight function is the ratio of the analytical matrix-elements of the full CI

(including the DY component) and the DY process only, both at LO. It takes as an input

the generated dilepton mass at Born level before FSR, the incoming quarks’ flavour and

the CI model parameters (Λ, chirality states and the interference structure). These weights

are applied to the LO DY events to transform these into the CI signal shapes, in steps of

2 TeV between Λ = 12 TeV and Λ = 100 TeV. Dilepton mass-dependent higher-order QCD

production corrections for the signals are computed with the same methodology as for the

DY background, correcting from LO to NNLO. Similarly, electroweak corrections for the

signals are applied in the CI reweighting along with the interference effects, correcting from

LO to NLO. These signal shapes are used for optimisations as well as for calculations of

the cross-section and acceptance times efficiency.

The statistical analysis used in this work requires a continuous description of the CI

signal shape between the fixed (reweighted) signal shapes, for the values of Λ mentioned
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above. A bin-by-bin morphing procedure is used to obtain a smooth description as a func-

tion of Λ, linearly interpolating between the fixed signal shapes from simulation. In the case

of constructive interference the morphing is almost redundant since the signal behaviour

between different Λ values can be approximated with a relatively simple relationship be-

tween the signal strength and Λ. However, in the case of destructive interference there is

no straightforward relationship between the signal strength and Λ, and so the morphing

approach is essential. The morphing is only performed for values of Λ inside the range of

the reweighted signals described above.

5 Object reconstruction and event selection

A complete description of the object definition and event selection is given in ref. [10].

These criteria are identical to the ones used in this work and a brief description follows.

The dataset was collected during LHC Run 2 in stable beam conditions, with all detector

systems operating normally and while fulfilling all quality requirements. Events in the

dielectron channel were recorded using a dielectron trigger, while events in the dimuon

channel were required to pass at least one of two single-muon triggers. Further, it is required

that at least one pp interaction vertex be reconstructed in the event. The events are required

to contain at least two same-flavour charged leptons consistent with the primary vertex.

The object definitions, single-lepton selection and corrections are given in ref. [10]. The

reconstruction of the same energy deposits as multiple objects is resolved using overlap-

removal procedures. If more than two leptons are present in the event, the two leptons with

the largest ET (pT) in the electron (muon) channel are selected to form the dilepton pair.

In events with a dielectron pair and a dimuon pair, the dielectron pair is selected because

of the better resolution and higher efficiency for electrons. A selected muon pair must

contain oppositely charged muons. For an electron pair, the opposite-charge requirement

is not applied because of the higher probability of charge misidentification for high-ET

electrons. The reconstructed mass of the dilepton system after the full analysis selection,

m``, is required to be above 130 GeV to avoid the Z boson peak region, which cannot be

described by the same parameterisation as the high-mass part of the dilepton distributions.

6 Background modeling

The dilepton invariant mass distribution in data is fit by a parametric background-model

function in a low-mass control region (CR). The resulting background model is then

extrapolated from the CR to higher-mass single-bin signal regions (SRs). The normalisation

of the background model in the CR is determined by the number of data events in the CR

only. All fits are performed within the RooFit [46] framework. Different choices of CR and

SR are considered in order to maximise the expected sensitivity for each lepton channel and

for different choices of the CI model parameters. In the destructive interference cases, if a

CR includes a significant part of the destructive component of the signal shape, the integral

of the number of expected signal events in the SR is reduced. Therefore, the optimisation

procedure allows a gap between the CR and SR to avoid the cancellation due to the range
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Figure 1. A schematic illustration of a possible set of mass ranges in this analysis. The mono-

tonically falling total background shape is shown by the solid black line, while an example of a

CI signal plus the total background shape is shown by the dotted red line. This CI signal shape

corresponds to the last two terms in eq. (2.2) for a destructive interference case. The two axes in

the figure are shown in logarithmic scale. The data is fit in a low-mass control region (shaded blue

area) where a potential bias from the presence of a signal is negligible. The resulting background

shape is extrapolated from the control region into the high-mass signal region (shaded red area).

The gap illustrated between the CR and the SR is found to be the preferred case for the destructive

interference cases only.

where the signal contributes destructively. The final CR and SR choices are checked to

ensure that the possible presence of a non-resonant signal does not bias the background

estimation in the CR and consequently also in the SR. An illustration of the division into

CR and SR is shown in figure 1.

An optimisation procedure is performed in two consecutive steps. In the first step, the

fit function is chosen out of about 50 initial functions, which are all checked in a set of

about 15 potential CR and SR configurations. Once the function choice is fixed, the CR

and SR choice is optimised in a second step using this function. The description of these

two steps is given below.

The procedure to determine the functional form of the background is as follows. The

smooth functional form used to model the background is chosen from about 50 candidate

functions. Each function is fit to the dilepton mass background template, consisting of the

sum of all the simulated background contributions, in a variety of CRs and extrapolated

to the respective SRs. The data and simulation are both fit using a binned-likelihood

maximisation with a bin width of 1 GeV. The distribution of the pulls, defined as (fit-

simulation)/fit for each bin, is obtained for each potential configuration of CR and SR.

A function that results in pulls below 3 across all the ranges considered (CRs and SRs)

is marked as acceptable. This requirement is particularly important in the SRs to veto
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functions that exhibit unphysical behaviour at the tail. Additionally, it is important to

ensure a good description of the simulated background template in the CRs. Out of about

50 initial functions, five are found to satisfy this requirement equally well. The residual

mis-modeling by the selected function is measured later and taken as an uncertainty. The

final function is chosen to be the same one used in ref. [10] and it is given in eq. (6.1):

fb(m``) = fBW,Z(m``) · (1− xc)b · x
∑3

i=0 pi log(x)
i
, (6.1)

where x = m``/
√
s. The first term, fBW,Z(m``), is a non-relativistic Breit-Wigner function

with mZ = 91.1876 GeV and ΓZ = 2.4952 GeV [47]. The second term, (1 − xc)b, ensures

that the background shape evaluates to zero at x→ 1. The parameters b and c are fixed to

values obtained from fits to the simulated background. In the third term, the parameters

pi with i = 0, .., 3 are left free in the fits. The function fb(m``) is treated as a probability

density function in the fits performed in the CR. This function is then normalised in the

CR to NCR, the number of events in the CR in data (or simulation where applicable),

where it is assumed that the CR is completely dominated by background events.

After the function choice has been made, the procedure to define the CR and SR is

as follows. The two boundaries of the CR (CRmin and CRmax) and the lower boundary of

the SR (SRmin) are chosen to optimise the expected sensitivity for each of the CI signals

considered. The CRmin value is varied between 160 GeV (well above the Z peak) and

500 GeV, while CRmax is varied between 1 TeV and 2.9 TeV. The CR is not wide enough

to constrain the fit for CRmax values below 1 TeV, while above 2.9 TeV the possible new

signals contribute significantly. In all cases, the upper boundary of the SR is fixed to

6 TeV, beyond the highest-mass events expected in data, while SRmin can lie at any point

above CRmax. The boundaries of the CR are varied to test for a possible dependence of

the background estimation in the SR and it is found that the estimation remains stable

against these variations.

To avoid a bias from possible signal contamination in the CR, the CR and SR choice is

validated using a signal injection test for each of the configurations tested. The signals are

injected in the range 18 TeV ≤ Λ ≤ 40 TeV. A collection of background+signal distribu-

tions are produced by simulation for various Λ values of interest. An extension of eq. (6.1),

with an added signal component, is used to fit these distributions:

fb+s(m``,Λ) = Nb · fb(m``) +Ns(Λ) · fs(m``,Λ), (6.2)

where fs(m``,Λ) is the signal probability density function and Ns(Λ) is the number of

signal events in the CR. Both fs(m``,Λ) and Ns(Λ) are determined from simulation. The

parameter Nb is the number of background events in the CR with the constraint Nb +

Ns(Λ) = NCR. The full shape is fitted in the CR using the background+signal model and

compared with the nominal case, where there is no signal injected and where the fit model

is the background-only one. If a significant difference is found between the background

estimated with the injected signal fit and the nominal background-only fit, the configuration

is excluded. The difference between these two background estimates is assessed to be

significant when it is larger than the systematic uncertainty of the background component in

– 8 –
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Channel
Constructive interference Destructive interference

CRmin CRmax SRmin CRmin CRmax SRmin

e+e− 280 2200 2200 310 1450 2770

µ+µ− 310 2070 2070 320 1250 2570

Table 2. CR and SR ranges (in units of GeV). For all configurations SRmax = 6000 GeV.

the background+signal model. This procedure is repeated iteratively while varying two out

of the three mass boundary parameters (CRmin, CRmax and SRmin). It is found that the

background component of the background+signal model does not differ significantly from

the simulated background, both in the presence and absence of an injected signal.

Each chirality choice of the CI model is tested with an independent CR and SR con-

figuration. It is found that for models with destructive interference a mass gap between

the CR and SR of ∼ 1300 GeV is preferred by the optimisation procedure, while in the

case of constructive interference the optimal choice is where SRmin coincides with CRmax.

The resulting ranges for the different chirality options are similar at the level of a few tens

of GeV. The final result is insensitive to the choice of CR within these small differences,

and therefore these are merged as listed in table 2 to simplify the subsequent procedures.

The function given in eq. (6.1) is the only background model used to estimate the final

expected background in the SR for each of these configurations.

7 Uncertainties

Uncertainties related to the background modeling in the SR result from three main sources

as discussed below. For all background variations discussed, where the extrapolation pro-

cedure is performed, it is verified that the χ2/NDoF of the fits to each of the background

variations in the CR is close to unity. The uncertainties related to the signal model are

also presented.

7.1 Statistical uncertainty of the expected background

Statistical fluctuations in the data lead to variations of the fitted background model in the

CR. This in turn has an impact on the extrapolated background in the SR. To estimate

the impact of this statistical uncertainty, σStatb , the following procedure is performed for

each region configuration. First, the data is fit in the CR, extrapolated, and integrated in

the SR, giving the nominal background expectation in the SR. The nominal background

m`` distribution shape in the CR is then used as a probability density function from which

an ensemble of pseudo-datasets can be generated. The normalisation of this function

corresponds to that of the observed data in the CR. Finally, the background model is fit to

each of the pseudo-datasets in the ensemble individually, extrapolated, and integrated in

the SR. The distribution of the pseudo-background expectations is confirmed to be centerd

around the nominal background expectation, indicating no bias. The standard deviation

of the distribution is taken as the statistical uncertainty. For the dielectron and dimuon
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channels, the statistical uncertainty ranges from 14% to 20% (34% to 60%) of the nominal

background for the constructive (destructive) SRs of the analysis.

7.2 Induced spurious-signal uncertainty in the expected background

The second uncertainty in the expected background corresponds to the degree to which

the background model can induce a signal-like excess or deficit when extrapolated to the

SR. This uncertainty is hereafter called ‘induced spurious-signal’ (σISSb ). This uncertainty

results from the extrapolation procedure and it is measured on the nominal simulated

background and its systematic variations.

The uncertainties associated with the simulated background shape are derived from

simulated variations on the background shape. These uncertainties are used to generate

an ensemble of possible (pseudo-) background shapes. Each pseudo-background shape is

constructed from the nominal simulated background shape, summed with weighted uncer-

tainties. The weight for each uncertainty is randomly sampled from a normal distribution,

with a mean of zero and standard deviation of one, in the range of [−1, 1]. The result-

ing background shape is used to generate a pseudo-dataset that is fit and extrapolated to

the SR.

The difference in expected background between the fit and the pseudo-background SR

integral is then taken as the induced spurious-signal per pseudo-background. The mean

and standard deviation of the distribution from all pseudo-backgrounds are summed in

quadrature and the result is taken as σISSb . The mean is considered to take into account a

possible systematic shift in the estimate besides its spread.

The variations considered are due to theoretical and experimental uncertainties in

the simulated background as well as the uncertainties in the backgrounds from multi-jet

and W+jets processes. The largest source of uncertainty in the simulated background is

theoretical, and it is particularly large at the high end of the dilepton mass spectrum. The

second largest source of uncertainty in the simulated background is experimental, and is

mostly due to high-pT muon identification in the dimuon channel. The third largest source

is the uncertainty in the multi-jet and W+jets background components, and is estimated

from the data.

The following variations are considered for the theoretical uncertainties for the DY com-

ponent only: the eigenvector variations of the nominal PDF set, variations of PDF scales,

the strong coupling (αS(MZ)), electroweak corrections, photon-induced corrections [48],

as well as the effect of choosing different PDF sets. For all PDF variations, the modified

DY component is used along with the other nominal background components. These the-

oretical uncertainties are the same for both dilepton channels at generator level, but they

result in different uncertainties at reconstruction level due to the different resolutions of the

dielectron and dimuon channels. Further details of this procedure can be found in ref. [13].

The size of these uncertainties in the total simulated background is ≤ 19% (≤ 15%) below

4000 GeV for the dielectron (dimuon) channel.

Among the experimental uncertainty sources in the dielectron channel, the dominant

ones are the electron identification at low dielectron masses (≤ 5%, below ∼ 2000 GeV) and

the uncertainty in the electromagnetic energy scale at higher dielectron masses (≤ 15%).
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In the muon channel, the dominant experimental uncertainties arise from the muon re-

construction efficiency at low dimuon masses (≤ 20%, below ∼ 4000 GeV) and from the

identification of high-pT muons at higher dimuon masses (≤ 50%).

The relative uncertainty of the simulated background due to the multi-jet and W+jets

component rises from ∼ 1% at 1 TeV to ∼ 10% at 4 TeV. For the multi-jet and W+jets

component variations, the modified shape is used each time along with the other nominal

background components from simulation. This contribution is the smallest amongst all

other variations in the CR.

The σISSb uncertainty is ∼ 4% (∼ 6%) for the constructive e+e− (µ+µ−) channels, and

is ∼ 7% (∼ 24%) for the destructive channels. The large difference between the µ+µ− and

e+e− channels in the destructive case is owing to the smaller CR in the µ+µ− case as can

be seen in table 2. Consequently, the µ+µ− background fit in the CR is less constrained,

allowing for more freedom in the extrapolation to the SR.

7.3 CR bias uncertainty in the expected background

Finally, the ‘CR bias uncertainty’ (σCRB
b ) in the expected background is a measure of

the residual difference between the two fit models, with and without a signal component.

A possible signal may bias the background estimation from the background-only model,

while the background estimation from the background+signal model should remain unbi-

ased. In simulation, this difference is negligible by construction owing to the optimisation

of the CR boundaries. When fitting the data with the two models, however, a small dif-

ference between the background-only model and the background component of the back-

ground+signal model can still exist. This difference is taken as an additional uncertainty.

To measure it, the background+signal model from eq. (6.2) is fit to the data in the CR

and the background component is extrapolated to the SR. After the extrapolation and

integration in the SR, the resulting background estimation is compared with the one re-

sulting from the background-only model from eq. (6.1). The differences are taken as an

uncertainty only in the case of the CI interpretation since it is model-dependent. The σCRB
b

uncertainty is smaller than 4% of the nominal background for all SRs of the analysis.

7.4 Uncertainties in the signal yield

The expected number of simulated CI signal events in the SR is also affected by theoretical

and experimental uncertainties. The signal yield is obtained by integrating the simulated

signal in the single-bin SR. This is also performed for all theoretical and experimental

systematic variations of the signal. The uncertainty in the signal yield is obtained from

the sum in quadrature of the differences between the yields obtained in all variations

and the nominal yield. Both the theoretical and experimental components of the signal

uncertainty are determined as discussed above for the background in the context of σISSb .

The theoretical uncertainties, σTheory
s , are presented for reference in table 3, but are not

used in the statistical analysis. The experimental uncertainties of the signal are ≤ 9% for

the electron channel and ≤ 22% for the muon channel.

The breakdown of the relative uncertainty in both the background estimate and the

expected signal yield is shown in table 3, sorted by impact. For all cases, the relative

– 11 –
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Channel Interference
Background uncertainties Signal uncertainties

σStatb σISSb σCRB
b σExperiment

s σTheory
s

e+e− Constructive 14% 4% 2% 8%
+11

–10

%

%

e+e− Destructive 34% 7% 1% 8%
+14

–13

%

%

µ+µ− Constructive 21% 6% 2%
+20

–17

%

%

+10

–9

%

%

µ+µ− Destructive 58% 24% 4%
+27

–22

%

%

+13

–12

%

%

Table 3. Summary of the relative uncertainties in the background estimate and signal in each

SR, where σStat
b is the ‘statistical uncertainty’, σISS

b is the ‘induced spurious-signal uncertainty’ and

σCRB
b is the ‘control region bias uncertainty’. Experimental and theoretical uncertainties are shown

as well, with the latter averaged across CI chirality scenarios and quoted for Λ = 30 TeV only.

uncertainties in the destructive SRs are larger than those in the constructive SRs. This

is due to both the smaller size of the SR leading to less background and hence larger

relative uncertainty, and the smaller size of the CR leading to a weaker constraint on the

background model.

8 Results

The dilepton invariant-mass distributions for events that pass the full analysis selection

are shown in figure 2. The candidate with the highest reconstructed mass is a dielectron

candidate with mee = 4.06 TeV. The candidate with the highest reconstructed mass in the

dimuon channel has an invariant mass of mµµ = 2.75 TeV.

For the statistical analysis, a likelihood function is constructed using a single-bin Pois-

sonian counting-experiment approach. The uncertainties are accounted for as Gaussian

constraints taken as nuisance parameters. The compatibility of finding the observed data

and the background-only hypothesis is tested by fitting the data with the background

model. The p-value of each observation is defined as the probability, given the background-

only hypothesis, of observing an excess at least as large as that seen in the data. The

significance is the Gaussian cumulative density function of the p-value. In the absense

of an excess, upper limits at 95% confidence level (CL) on the number of signal events

in the SR are determined using the profile-likelihood-ratio test statistic [49] with the CLs

method [50, 51]. These limits are converted to lower limits on the CI scale, Λ. The CLs is

computed using 400,000 pseudo-experiments, appropriate for the case where the expected

background is small. The statistical uncertainty, due to the observed number of events in

data and σStatb , has the largest impact on the search sensitivity. The combined likelihood

of the e+e− and µ+µ− measurements given the expected background is the product of

the likelihood of the individual channel measurements. The signal expectation for both

– 12 –
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Figure 2. Distributions of the invariant mass of dilepton pairs passing the full selection for

dielectrons (left) and dimuons (right), and showing CR and SR for constructive interference (top)

and destructive interference (bottom). Figures (c) and (d) show the region between the SR and

CR, but this is not used by the fit. The data points are plotted at the center of each bin as

the number of events divided by the bin width, which is constant in log (m``). The error bars

indicate statistical uncertainties only. A few CI benchmark signal shapes are shown, scaled to the

data luminosity and superimposed by subtracting the LO DY component and adding the resulting

shape to the background shape obtained from the fit. These signals have LL chirality with Λ =

18, 22, and 26 TeV for the constructive case and Λ =16, 20, and 26 TeV for the destructive case.

The background-only fit is shown in solid red, with the light red area being its uncertainty. The

boundaries of the CR and SR corresponding to the signals used are shown in dotted vertical lines

for reference and marked by arrows. The differences between the data and the fit results in units

of standard deviations of the statistical uncertainty are shown in the bottom panels.
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SR Data Background Significance

e+e− Const. 19 12.4±1.9 1.28

e+e− Dest. 2 3.1±1.1 −0.72

µ+µ− Const. 6 9.6±2.1 −0.99

µ+µ− Dest. 1 1.4±0.9 −0.58

Table 4. The dielectron and dimuon event yields for the data, the expected background and the

respective significance in the different SRs used in the analysis. The p-value of each observation

is defined as the probability, given the background-only hypothesis, of an observation at least as

large as that seen in the data. The significance is the Gaussian cumulative density function of the

p-value, and negative significances correspond to deficits.
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Figure 3. Model-independent upper limits at 95% CL on the number of signal events in the

(constructive/destructive interference) SRs used in the analysis for dielectrons and dimuons.

channels is determined by a shared Λ value while the nuisance parameters for each channel

remain independent.

The number of events in the SR for the data and the background, and the corresponding

significance is given in table 4. No significant excess is observed. The upper limits on the

visible cross-section times branching fraction (σvis × B) and the number of signal events

(Nsig) in different SRs are given in table 5 and are shown in figure 3. The expected yields

of a few signals, as well as their values of the acceptance times efficiency in the SR, are

also given in table 5. Figure 4 and table 6 summarise the lower limits on Λ for the different

SRs used in the analysis. The observed limit on Λ ranges from 22.3 TeV to 35.8 TeV.

More information is given in the supplemental material.2 This includes information

concerning the signal shape and its yields, the fit function parameter values, a comparison

of the resulting background with the background from simulation and, finally, the evolution

2https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-16/.
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SR

Limit on σvis × B [fb] Limit on Nsig Signal (LL chirality only)

Exp. Obs. Exp. Obs.
Λ = 20 TeV Λ = 30 TeV Λ = 40 TeV

Nsig A× εsig [%] Nsig A× εsig [%] Nsig A× εsig [%]

e+e− Const. 0.067 0.115 9.3 16.0 39.1 69 10.3 69 4.4 69

e+e− Dest. 0.036 0.032 5.0 4.4 9.6 70 1.0 70 −0.1 69

µ+µ− Const. 0.057 0.042 8.0 5.8 28.5 43 7.7 43 3.4 43

µ+µ− Dest. 0.029 0.027 4.0 3.8 7.1 43 0.6 42 −0.2 44

Table 5. The observed model-independent upper limit at 95% CL on the visible cross-section

times branching fraction (σvis × B) and the number of signal events (Nsig) in the dielectron and

dimuon SRs used in the analysis. The expected yields for a few CI signal points (LL chirality only)

are listed along with the values of the signal acceptance times efficiency (A× εsig) for reference.
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Figure 4. Lower limits at 95% CL on Λ for (a) the dielectron channel (b) the dimuon channel and

(c) the combined dilepton channels for different signal chiralities in the (constructive/destructive

interference) SRs of the analysis.
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Int. Channel Exp./Obs. LL LR RL RR

C
on

st
ru

ct
iv

e ee
Expected 31.1 28.9 28.7 30.9

Observed 26.1 24.7 24.6 26.0

µµ
Expected 29.2 27.1 27.0 29.0

Observed 32.7 30.0 29.8 32.6

``
Expected 37.6 34.0 33.7 37.3

Observed 35.8 32.5 32.3 35.5
D

es
tr

u
ct

iv
e ee

Expected 23.0 24.4 24.4 23.2

Observed 23.5 25.1 25.1 23.7

µµ
Expected 22.0 23.6 23.6 22.2

Observed 22.3 23.9 23.9 22.5

``
Expected 25.6 28.0 28.0 25.9

Observed 26.0 28.8 28.8 26.5

Table 6. Expected and observed lower limits at 95% CL on Λ in TeV for the dielectron and

dimuon channels separately and the combined dilepton channel and for CI signal hypotheses with

constructive and destructive interference and different chiralities.

of sensitivity to Λ for different data-taking campaigns, ranging from 5 fb−1 at 7 TeV to the

results presented here.

9 Conclusion

A search for new non-resonant signals in dielectron and dimuon final states with invariant

mass larger than 2 TeV is performed by the ATLAS experiment using the 139 fb−1 of proton-

proton collision data collected during Run 2 of the LHC at
√
s = 13 TeV. A functional form

is fitted to the dilepton low-mass distribution in data and extrapolated to higher masses to

model the contribution from background processes. No significant excess is observed above

the expected background. Upper limits are set on the number of signal events, as well as

lower limits on the CI scale Λ. The acceptance times efficiency values for the corresponding

signal shapes are provided. The strongest limits are set on the combined left-left chirality

constructive model. These observed (expected) limits exclude this model for Λ up to 35.8

(37.6) TeV at 95% CL.
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M. Düren56, A. Durglishvili158b, D. Duschinger48, B. Dutta46, D. Duvnjak1,

G.I. Dyckes136, M. Dyndal36, S. Dysch101, B.S. Dziedzic85, M.G. Eggleston49, T. Eifert8,

G. Eigen17, K. Einsweiler18, T. Ekelof171, H. El Jarrari35e, V. Ellajosyula171, M. Ellert171,

F. Ellinghaus181, A.A. Elliot93, N. Ellis36, J. Elmsheuser29, M. Elsing36,

D. Emeliyanov143, A. Emerman39, Y. Enari162, M.B. Epland49, J. Erdmann47,

A. Ereditato20, P.A. Erland85, M. Errenst36, M. Escalier65, C. Escobar173,

O. Estrada Pastor173, E. Etzion160, H. Evans66, M.O. Evans155, A. Ezhilov137,

F. Fabbri57, L. Fabbri23b,23a, V. Fabiani119, G. Facini177,

R.M. Faisca Rodrigues Pereira139a, R.M. Fakhrutdinov123, S. Falciano73a, P.J. Falke24,

S. Falke36, J. Faltova142, Y. Fang15a, Y. Fang15a, G. Fanourakis44, M. Fanti69a,69b,

M. Faraj67a,67c,q, A. Farbin8, A. Farilla75a, E.M. Farina71a,71b, T. Farooque107,

S.M. Farrington50, P. Farthouat36, F. Fassi35e, P. Fassnacht36, D. Fassouliotis9,

M. Faucci Giannelli50, W.J. Fawcett32, L. Fayard65, O.L. Fedin137,o, W. Fedorko174,

A. Fehr20, M. Feickert172, L. Feligioni102, A. Fell148, C. Feng60b, M. Feng49,

M.J. Fenton170, A.B. Fenyuk123, S.W. Ferguson43, J. Ferrando46, A. Ferrante172,

A. Ferrari171, P. Ferrari120, R. Ferrari71a, D.E. Ferreira de Lima61b, A. Ferrer173,

D. Ferrere54, C. Ferretti106, F. Fiedler100, A. Filipčič92, F. Filthaut119, K.D. Finelli25,

M.C.N. Fiolhais139a,139c,a, L. Fiorini173, F. Fischer114, J. Fischer100, W.C. Fisher107,

T. Fitschen21, I. Fleck150, P. Fleischmann106, T. Flick181, B.M. Flierl114, L. Flores136,

L.R. Flores Castillo63a, F.M. Follega76a,76b, N. Fomin17, J.H. Foo166, G.T. Forcolin76a,76b,

B.C. Forland66, A. Formica144, F.A. Förster14, A.C. Forti101, E. Fortin102, M.G. Foti134,

D. Fournier65, H. Fox90, P. Francavilla72a,72b, S. Francescato73a,73b, M. Franchini23b,23a,

S. Franchino61a, D. Francis36, L. Franco5, L. Franconi20, M. Franklin59, G. Frattari73a,73b,

A.N. Fray93, P.M. Freeman21, B. Freund110, W.S. Freund81b, E.M. Freundlich47,

D.C. Frizzell128, D. Froidevaux36, J.A. Frost134, M. Fujimoto126, C. Fukunaga163,

E. Fullana Torregrosa173, T. Fusayasu116, J. Fuster173, A. Gabrielli23b,23a, A. Gabrielli36,

S. Gadatsch54, P. Gadow115, G. Gagliardi55b,55a, L.G. Gagnon110, G.E. Gallardo134,

E.J. Gallas134, B.J. Gallop143, G. Galster40, R. Gamboa Goni93, K.K. Gan127,

S. Ganguly179, J. Gao60a, Y. Gao50, Y.S. Gao31,l, F.M. Garay Walls146a, C. Garćıa173,
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H. Jiang79, Y. Jiang60a, Z. Jiang152, S. Jiggins52, F.A. Jimenez Morales38,

J. Jimenez Pena115, S. Jin15c, A. Jinaru27b, O. Jinnouchi164, H. Jivan33e, P. Johansson148,

K.A. Johns7, C.A. Johnson66, R.W.L. Jones90, S.D. Jones155, T.J. Jones91,

J. Jongmanns61a, J. Jovicevic36, X. Ju18, J.J. Junggeburth115, A. Juste Rozas14,w,

A. Kaczmarska85, M. Kado73a,73b, H. Kagan127, M. Kagan152, A. Kahn39, C. Kahra100,

T. Kaji178, E. Kajomovitz159, C.W. Kalderon29, A. Kaluza100, A. Kamenshchikov123,

M. Kaneda162, N.J. Kang145, S. Kang79, Y. Kano117, J. Kanzaki82, L.S. Kaplan180,

D. Kar33e, K. Karava134, M.J. Kareem167b, I. Karkanias161, S.N. Karpov80,

Z.M. Karpova80, V. Kartvelishvili90, A.N. Karyukhin123, A. Kastanas45a,45b,

C. Kato60d,60c, J. Katzy46, K. Kawade149, K. Kawagoe88, T. Kawaguchi117,

T. Kawamoto144, G. Kawamura53, E.F. Kay175, S. Kazakos14, V.F. Kazanin122b,122a,

R. Keeler175, R. Kehoe42, J.S. Keller34, E. Kellermann97, D. Kelsey155, J.J. Kempster21,

J. Kendrick21, K.E. Kennedy39, O. Kepka140, S. Kersten181, B.P. Kerševan92,
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K. Wraight57, S.L. Wu180, X. Wu54, Y. Wu60a, J. Wuerzinger134, T.R. Wyatt101,

B.M. Wynne50, S. Xella40, L. Xia177, J. Xiang63c, X. Xiao106, X. Xie60a, I. Xiotidis155,

D. Xu15a, H. Xu60a, H. Xu60a, L. Xu29, T. Xu144, W. Xu106, Z. Xu60b, Z. Xu152,

B. Yabsley156, S. Yacoob33a, K. Yajima132, D.P. Yallup95, N. Yamaguchi88,

Y. Yamaguchi164, A. Yamamoto82, M. Yamatani162, T. Yamazaki162, Y. Yamazaki83,

J. Yan60c, Z. Yan25, H.J. Yang60c,60d, H.T. Yang18, S. Yang60a, T. Yang63c, X. Yang60b,58,

Y. Yang162, Z. Yang60a, W-M. Yao18, Y.C. Yap46, Y. Yasu82, E. Yatsenko60c, H. Ye15c,

J. Ye42, S. Ye29, I. Yeletskikh80, M.R. Yexley90, E. Yigitbasi25, P. Yin39, K. Yorita178,

K. Yoshihara79, C.J.S. Young36, C. Young152, J. Yu79, R. Yuan60b,h, X. Yue61a,

M. Zaazoua35e, B. Zabinski85, G. Zacharis10, E. Zaffaroni54, J. Zahreddine135,

A.M. Zaitsev123,ag, T. Zakareishvili158b, N. Zakharchuk34, S. Zambito36, D. Zanzi36,

– 33 –

https://orcid.org/0000-0002-2254-125X
https://orcid.org/0000-0002-7227-4006
https://orcid.org/0000-0001-7074-5655
https://orcid.org/0000-0003-2684-276X
https://orcid.org/0000-0001-6581-9410
https://orcid.org/0000-0001-9055-4020
https://orcid.org/0000-0003-3453-6156
https://orcid.org/0000-0002-0367-5666
https://orcid.org/0000-0001-6814-4674
https://orcid.org/0000-0002-2814-1337
https://orcid.org/0000-0001-7820-9144
https://orcid.org/0000-0001-6733-4310
https://orcid.org/0000-0002-0697-5808
https://orcid.org/0000-0002-0734-4442
https://orcid.org/0000-0003-1017-1295
https://orcid.org/0000-0001-8415-0759
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0003-1631-2714
https://orcid.org/0000-0002-5551-3546
https://orcid.org/0000-0002-9780-099X
https://orcid.org/0000-0003-0855-0958
https://orcid.org/0000-0002-1351-6757
https://orcid.org/0000-0001-5284-2451
https://orcid.org/0000-0003-1827-2955
https://orcid.org/0000-0002-5956-4244
https://orcid.org/0000-0002-2598-2659
https://orcid.org/0000-0002-3368-3413
https://orcid.org/0000-0002-3713-8033
https://orcid.org/0000-0001-7670-4563
https://orcid.org/0000-0001-8209-4757
https://orcid.org/
https://orcid.org/0000-0002-3228-6715
https://orcid.org/
https://orcid.org/0000-0002-8884-7112
https://orcid.org/0000-0003-4378-5736
https://orcid.org/0000-0002-0235-1053
https://orcid.org/0000-0002-7223-2965
https://orcid.org/0000-0002-5102-9140
https://orcid.org/0000-0002-1596-2611
https://orcid.org/0000-0002-6497-6809
https://orcid.org/0000-0002-0237-292X
https://orcid.org/0000-0002-6270-9176
https://orcid.org/0000-0002-9181-8048
https://orcid.org/0000-0002-0048-4602
https://orcid.org/
https://orcid.org/0000-0002-4839-6281
https://orcid.org/0000-0002-5338-8972
https://orcid.org/0000-0002-6779-5595
https://orcid.org/0000-0001-8832-0313
https://orcid.org/0000-0001-9156-970X
https://orcid.org/0000-0003-0097-123X
https://orcid.org/0000-0003-0672-6868
https://orcid.org/0000-0002-3429-4778
https://orcid.org/0000-0002-8399-9993
https://orcid.org/0000-0001-8899-4027
https://orcid.org/0000-0001-8757-2180
https://orcid.org/0000-0002-7110-8516
https://orcid.org/0000-0001-8474-5357
https://orcid.org/0000-0001-8178-8503
https://orcid.org/
https://orcid.org/0000-0001-5415-5225
https://orcid.org/0000-0003-4477-9733
https://orcid.org/
https://orcid.org/0000-0001-8083-0001
https://orcid.org/0000-0003-3208-9209
https://orcid.org/0000-0003-0472-3516
https://orcid.org/0000-0002-8600-9799
https://orcid.org/0000-0001-7481-2480
https://orcid.org/0000-0002-9198-5911
https://orcid.org/0000-0001-6306-1888
https://orcid.org/0000-0002-6324-8551
https://orcid.org/0000-0003-0616-7330
https://orcid.org/0000-0002-8438-7753
https://orcid.org/0000-0002-7385-6139
https://orcid.org/0000-0002-9039-8758
https://orcid.org/0000-0001-8535-4809
https://orcid.org/
https://orcid.org/0000-0002-0385-3784
https://orcid.org/
https://orcid.org/0000-0001-8972-3026
https://orcid.org/0000-0003-2482-711X
https://orcid.org/0000-0001-9116-055X
https://orcid.org/0000-0002-8487-8480
https://orcid.org/
https://orcid.org/0000-0003-3952-8139
https://orcid.org/0000-0002-3609-5625
https://orcid.org/
https://orcid.org/0000-0002-6730-1524
https://orcid.org/
https://orcid.org/0000-0002-5059-8456
https://orcid.org/0000-0001-9839-608X
https://orcid.org/0000-0001-8530-6487
https://orcid.org/0000-0002-5821-4875
https://orcid.org/0000-0002-7184-9891
https://orcid.org/0000-0001-9714-9319
https://orcid.org/0000-0002-1444-6260
https://orcid.org/0000-0003-2693-3442
https://orcid.org/0000-0002-0928-2070
https://orcid.org/0000-0002-8178-5705
https://orcid.org/0000-0002-2298-7315
https://orcid.org/0000-0002-5162-533X
https://orcid.org/0000-0002-8208-2964
https://orcid.org/0000-0002-8268-8325
https://orcid.org/0000-0001-7052-7973
https://orcid.org/0000-0002-9724-2684
https://orcid.org/0000-0002-0753-7308
https://orcid.org/0000-0003-0872-8920
https://orcid.org/0000-0002-6700-7608
https://orcid.org/0000-0002-8659-5767
https://orcid.org/0000-0002-2770-9031
https://orcid.org/0000-0003-1710-4298
https://orcid.org/0000-0002-2841-1616
https://orcid.org/0000-0002-5158-307X
https://orcid.org/0000-0003-2165-871X
https://orcid.org/0000-0002-5129-872X
https://orcid.org/0000-0002-6456-6834
https://orcid.org/0000-0003-4999-896X
https://orcid.org/0000-0002-8678-893X
https://orcid.org/0000-0003-1623-3899
https://orcid.org/0000-0002-4375-5265
https://orcid.org/0000-0002-4770-377X
https://orcid.org/0000-0001-9971-0077
https://orcid.org/0000-0002-8192-8999
https://orcid.org/
https://orcid.org/0000-0002-9383-8763
https://orcid.org/
https://orcid.org/
https://orcid.org/0000-0003-0714-1466
https://orcid.org/0000-0001-8315-9778
https://orcid.org/0000-0001-5474-4580
https://orcid.org/0000-0002-2005-3113
https://orcid.org/0000-0001-9130-6731
https://orcid.org/0000-0003-3605-3633
https://orcid.org/0000-0003-1995-9185
https://orcid.org/0000-0001-9232-4827
https://orcid.org/
https://orcid.org/0000-0001-6219-8946
https://orcid.org/0000-0002-5035-8102
https://orcid.org/0000-0002-8483-9502
https://orcid.org/0000-0002-7092-3500
https://orcid.org/
https://orcid.org/
https://orcid.org/0000-0002-4120-1453
https://orcid.org/0000-0001-5038-1399
https://orcid.org/0000-0001-9473-7836
https://orcid.org/0000-0003-0156-3801
https://orcid.org/0000-0001-8290-3200
https://orcid.org/0000-0001-9606-7688
https://orcid.org/
https://orcid.org/0000-0002-0688-3380
https://orcid.org/0000-0002-4368-9202
https://orcid.org/0000-0002-7402-369X
https://orcid.org/
https://orcid.org/0000-0001-9184-2921
https://orcid.org/0000-0002-9588-1773
https://orcid.org/0000-0001-5975-8164
https://orcid.org/0000-0002-8993-3063
https://orcid.org/0000-0002-3865-4996
https://orcid.org/0000-0003-4273-6334
https://orcid.org/0000-0003-1171-0887
https://orcid.org/0000-0002-3298-4900
https://orcid.org/0000-0001-5866-1504
https://orcid.org/0000-0001-7655-389X
https://orcid.org/0000-0002-1528-4865
https://orcid.org/0000-0002-4055-218X
https://orcid.org/0000-0001-9690-2997
https://orcid.org/0000-0001-9895-4475
https://orcid.org/0000-0002-0988-1655
https://orcid.org/0000-0003-3073-3662
https://orcid.org/
https://orcid.org/0000-0002-1344-8723
https://orcid.org/0000-0001-6473-7886
https://orcid.org/
https://orcid.org/0000-0001-6355-2767
https://orcid.org/
https://orcid.org/0000-0001-6110-2172
https://orcid.org/0000-0001-8997-3199
https://orcid.org/0000-0002-0215-6151
https://orcid.org/0000-0001-5661-1917
https://orcid.org/0000-0001-9571-3131
https://orcid.org/0000-0001-9602-4901
https://orcid.org/0000-0002-2680-0474
https://orcid.org/0000-0001-6977-3456
https://orcid.org/
https://orcid.org/0000-0003-4716-5817
https://orcid.org/0000-0002-6885-282X
https://orcid.org/0000-0002-3725-4800
https://orcid.org/0000-0002-5351-5169
https://orcid.org/
https://orcid.org/0000-0003-0411-3590
https://orcid.org/0000-0003-3710-6995
https://orcid.org/
https://orcid.org/0000-0002-2483-4937
https://orcid.org/0000-0001-7367-1380
https://orcid.org/0000-0003-3554-7113
https://orcid.org/0000-0002-0204-984X
https://orcid.org/0000-0002-4996-1924
https://orcid.org/0000-0002-9201-0972
https://orcid.org/0000-0001-8524-1855
https://orcid.org/
https://orcid.org/0000-0002-3335-1988
https://orcid.org/0000-0001-8939-666X
https://orcid.org/0000-0002-9829-2384
https://orcid.org/0000-0003-3499-3090
https://orcid.org/0000-0002-4886-9851
https://orcid.org/0000-0001-9274-707X
https://orcid.org/0000-0002-7864-4282
https://orcid.org/0000-0003-0586-7052
https://orcid.org/0000-0002-1827-9201
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0003-2174-807X
https://orcid.org/0000-0003-1988-8401
https://orcid.org/0000-0002-3656-2326
https://orcid.org/0000-0001-5858-6639
https://orcid.org/0000-0003-3268-3486
https://orcid.org/0000-0002-0398-8179
https://orcid.org/0000-0002-8452-0315
https://orcid.org/0000-0001-6956-3205
https://orcid.org/0000-0002-4105-2988
https://orcid.org/0000-0001-5626-0993
https://orcid.org/0000-0002-3156-4453
https://orcid.org/0000-0003-1714-9218
https://orcid.org/0000-0002-6932-2804
https://orcid.org/0000-0002-4961-8368
https://orcid.org/0000-0001-7909-4772
https://orcid.org/0000-0002-4963-8836
https://orcid.org/0000-0002-4499-2545
https://orcid.org/0000-0002-1222-7937


J
H
E
P
1
1
(
2
0
2
0
)
0
0
5

D.R. Zaripovas57, S.V. Zeißner47, C. Zeitnitz181, G. Zemaityte134, J.C. Zeng172,

O. Zenin123, T. Ženǐs28a, D. Zerwas65, M. Zgubič134, B. Zhang15c, D.F. Zhang15b,
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Bogotá;(b)Departamento de F́ısica, Universidad Nacional de Colombia, Bogotá, Colombia;
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55 (a)Dipartimento di Fisica, Università di Genova, Genova;(b)INFN Sezione di Genova; Italy.
56 II. Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen; Germany.
57 SUPA — School of Physics and Astronomy, University of Glasgow, Glasgow; United Kingdom.
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Andres Bello, Department of Physics, Santiago;(c)Instituto de Alta Investigación, Universidad de
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r Also at Faculty of Physics, M.V. Lomonosov Moscow State University, Moscow; Russia.
s Also at Giresun University, Faculty of Engineering, Giresun; Turkey.
t Also at Graduate School of Science, Osaka University, Osaka; Japan.
u Also at Hellenic Open University, Patras; Greece.
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