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Abstract

A search for nonresonant excesses in the invariant mass spectra of electron and muon
pairs is presented. The analysis is based on data from proton-proton collisions at
a center-of-mass energy of 13 TeV recorded by the CMS experiment in 2016, corre-
sponding to a total integrated luminosity of 36 fb−1. No significant deviation from
the standard model is observed. Limits are set at 95% confidence level on energy
scales for two general classes of nonresonant models. For a class of fermion contact
interaction models, lower limits ranging from 20 to 32 TeV are set on the character-
istic compositeness scale Λ. For the Arkani-Hamed, Dimopoulos, and Dvali model
of large extra dimensions, the first results in the dilepton final state at 13 TeV are re-
ported, and values of the ultraviolet cutoff parameter ΛT below 6.9 TeV are excluded.
A combination with recent CMS diphoton results improves this exclusion to ΛT below
7.7 TeV, providing the most sensitive limits to date in nonhadronic final states.
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1 Introduction
Nonresonant enhancements of the production rate of high invariant mass lepton pairs in proton-
proton (pp) collisions have been predicted in several models [1, 2] of phenomena beyond
the standard model (SM). In these models, the differential cross section for the production of
charged lepton pairs can be described by the equation:

dσX→``

dm``
=

dσDY

dm``
+ ηXI(m``) + η2

XS(m``), (1)

where m`` is the invariant mass of the two leptons, dσDY/dm`` is the SM Drell–Yan (DY) dif-
ferential cross section, ηX is a model specific form factor, and the signal contribution terms are
separated into an interference term (I) and a pure signal term (S). Interference between new
physical processes and the SM DY process is possible when the new process acts on the same
initial state and yields the same final state. For the analysis presented in this paper we con-
sider two nonresonant scenarios: a contact interaction arising from the existence of fermion
substructure; and the effects of virtual spin-2 gravitons as predicted by models with large extra
dimensions.

The existence of three generations of quarks and leptons has led to speculation [1] that these
particles may be composed of more fundamental constituents, which have been called “pre-
ons”. The preons would account for the properties of quarks and leptons via a new strong
gauge interaction, analogous to the color interaction in quantum chromodynamics (QCD). Be-
low a given energy scale Λ, the main effect of this QCD-like interaction is to bind the preons
into singlet states with respect to the new gauge interaction. Given the present limits on the
substructure of quarks and leptons, it is expected that Λ would be on the order of at least sev-
eral TeV. For parton interactions at a center-of-mass energy

√
ŝ much lower than Λ, the presence

of preon bound states would result in a flavor-diagonal “contact interaction” (CI) [3]. Assum-
ing quarks and leptons share common constituents, the Lagrangian for the CI process qq→ ``,
where ` is a charged lepton, can be expressed as

Lq` =
g2

contact
Λ2

[
ηLL(qLγµqL)(`Lγµ`L) + ηRR(qRγµqR)(`Rγµ`R)

+ηLR(qLγµqL)(`Rγµ`R) + ηRL(qRγµqR)(`Lγµ`L)

]
, (2)

where qL = (u, d)L is a left-handed quark doublet; qR represents a sum over the right-handed
quark singlets (u- and d-type); and `L and `R are the left- and right-handed leptons, respec-
tively. By convention, g2

contact/4π = 1 and the helicity parameters ηij are taken to have unit
magnitude. The compositeness scale, represented by Λ, is potentially different for each of
the individual terms in the Lagrangian. Therefore, the individual helicity currents for “left-
left” (LL), “right-right” (RR), and the combination of “left-right” (LR) and “right-left” (RL) in
Eq. (2), together with their scales (ΛLL, ΛRR, and ΛLR), are considered separately in this search,
and in each case all other currents are assumed to be zero. The combination of LR and RL is
referred to simply as LR throughout the paper. A given ηij can be related to the form factor in
the differential cross section in Eq. (1) by

ηX = −
ηij

Λ2
ij

, (3)

where both constructive (ηij < 0) and destructive (ηij > 0) interference with DY processes are
possible.

Theories extending the SM with additional dimensions have been studied extensively [4].
The model with large extra dimensions developed by Arkani-Hamed, Dimopoulos, and Dvali
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(ADD) [2] describes quantum gravity as an effective field theory. It has the potential to solve,
at the TeV scale, the so-called “hierarchy problem”, which arises from the large difference be-
tween the Higgs boson mass [4] and the energy scale, referred to as the Planck mass MPl, at
which gravity is expected to become strong. This is achieved via an extension of spacetime
by n additional compactified spatial dimensions of size L. In the ADD model, all SM particles
are confined to the four-dimensional subspace (the brane), while gravity can propagate to all
D = n + 4 dimensions (the bulk). If L is sufficiently large, the D-dimensional fundamental
Planck mass MD, which is related to MPl in three dimensions by

M2+n
D = M2

Pl/Ln, (4)

can then be probed at the TeV scale. The aforementioned compactification of the additional
dimensions results in periodic boundary conditions, and thus a quasi-continuous spectrum
of Kaluza–Klein graviton modes. As the interaction scale increases, more graviton modes are
excited, leading the ADD model to predict a nonresonant excess of lepton pairs at high dilepton
masses originating from the decay of virtual gravitons. These processes can be characterized
by the single energy cutoff scale ΛT in the Giudice–Rattazzi–Wells (GRW) convention [5], the
string scale MS in the Hewett convention [6], or the number of additional dimensions n in
conjunction with MS in the Han–Lykken–Zhang (HLZ) convention [7]. The generic form factor
ηX is replaced by ηG in Eq. (1), which depends on the chosen convention:

GRW: ηG =
1

Λ4
T

; (5)

Hewett: ηG =
2
π

λ

M4
S

with λ = ±1; (6)

HLZ: ηG =

ln
(

M2
S/ŝ
) 1

M4
S

for n = 2
2

n−2
1

M4
S

for n > 2.
(7)

Of the three, only the Hewett convention allows both constructive and destructive interference
with the SM DY process, but in this paper only the constructive case (Λ = +1) is considered.
Relative to CI models, interference with DY in the ADD model is more limited as the produc-
tion of virtual gravitons is dominated by gluon-induced processes. Both ΛT and MS function
as ultraviolet (UV) cutoff parameters, indicating the energy scale up to which the effective field
theory provides reliable predictions. Beyond this point, a description of quantum gravity be-
comes necessary to accurately describe particle interactions.

The analysis presented in this paper focuses on dilepton (electron or muon) events produced
in pp collisions at a center-of-mass energy of 13 TeV at the CERN LHC. The data sample was
recorded by the CMS experiment in 2016, and corresponds to an integrated luminosity of 35.9
(36.3) fb−1 for the electron (muon) channel.

For both the CI and ADD models, this paper extends previous results from CMS at 8 TeV [8],
and complements the recent CMS search at 13 TeV for resonant phenomena [9] in dilepton final
states. Additional constraints on these models from diphoton and dijet final states have been
reported by CMS [10, 11]. The ATLAS Collaboration has presented similar results for these
models in the dilepton final state, the most recent using data at 8 TeV [12] for the ADD model
and at 13 TeV [13] for the CI model.
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2 The CMS detector
The central feature of the CMS detector is a superconducting solenoid providing an axial mag-
netic field of 3.8 T and enclosing a silicon strip and pixel tracker, an electromagnetic calorime-
ter (ECAL), and a hadron calorimeter (HCAL). The silicon tracker measures charged particles
within the pseudorapidity range |η| < 2.5. The ECAL and HCAL, each composed of a barrel
and two endcap sections, extend over the range |η| < 3, while a forward calorimeter encom-
passes 3 < |η| < 5.

The muon detection system covers |η| < 2.4 with up to four layers of gas-ionization chambers
installed outside the solenoid and sandwiched between the layers of the steel flux-return yoke.
Additional detectors and upgrades of electronics were installed before the beginning of the
13 TeV data collection period in 2015, yielding improved reconstruction performance for muons
relative to the 8 TeV data collection period in 2012. 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 Ref. [14].

The CMS experiment has a two-level trigger system [15]. The level-1 (L1) trigger, composed
of custom hardware processors, selects events of interest using information from the calorime-
ters and muon detectors; the software based high-level trigger (HLT) then uses the full event
information, including that from the inner tracker, to select the events that are recorded for
analysis.

3 Lepton reconstruction and event selection
A detailed description of the reconstruction and selection of electron and muon pairs used in
this analysis can be found in Ref. [16] and is briefly summarized below.

Candidate events in the electron channel are selected first by the L1 trigger, which requires two
energy deposits (clusters) in the ECAL with transverse momentum pT > 24 (17)GeV, respec-
tively. A suite of L1 trigger algorithms, requiring single, highly energetic calorimeter clusters,
has also been used to select events for this analysis to guard against potential inefficiencies of
the primary trigger. The HLT then requires that both electron candidates have pT > 33 GeV
and pass loose identification criteria.

Electron candidates are reconstructed by matching tracks originating from the nominal in-
teraction point with ECAL energy clusters. These clusters include the energy coming from
bremsstrahlung photons. The electron candidates are required to have pT > 35 GeV and clus-
ter pseudorapidity |ηC| < 1.44 (barrel) or 1.57 < |ηC| < 2.50 (endcap). The intermediate region
is excluded because of the reduced reconstruction quality of clusters in the overlap of the barrel
and endcap components of the ECAL.

Furthermore, the candidates are required to pass a specialized selection, optimized for high-
energy electrons [17], ensuring that the electron track is well reconstructed, that the transverse
size of the ECAL cluster is consistent with that of an electron, and that there is minimal energy
leakage into the HCAL. Additionally, the electron candidate must be well isolated in the cal-
orimeter and the tracker, within a cone of radius ∆R =

√
(∆η)2 + (∆φ)2 = 0.3, where φ is the

azimuthal angle.

For events in which two or more electrons meet all of the aforementioned requirements, all
possible electron pair candidates are created. For each of the pair candidates, at least one of the
electrons is required to be in the barrel region. Should more than one pair pass the selection,
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the pair with the largest pT sum is used.

In the muon channel, events are selected by the L1 trigger requiring two muons, at least one
of which must have transverse momentum pT > 22 GeV. The HLT requires that at least one
of the muons have |η| < 2.4 and pT > 50 GeV. A separate HLT algorithm, with a threshold of
pT > 27 GeV, is used to select a large event sample at the Z boson peak (60 < mµµ < 120 GeV),
which is used to derive the normalization of the simulated backgrounds.

Muon candidates are required to have matching segments in the tracker and the muon system.
Further selection requirements are applied offline [8], among which are the requirements that
muon candidates must have |η| < 2.4 and pT > 53 GeV. Isolated muon candidates are selected
by requiring that the scalar sum of the transverse momenta of all tracks within a cone of ∆R <
0.3 around the muon must be less than 10% of the muon pT. A dedicated algorithm [18] is used
for the reconstruction of muons with pT > 200 GeV, which accounts for radiative energy losses
due to interactions of the highly energetic muons with the detector material.

Muon pairs are formed from oppositely charged muons, with one of the muons required to
match the muon that triggered the event. A χ2 fitting method is used to ensure that the
muon candidate tracks are compatible with originating from a common vertex. The three-
dimensional angle between the two muon candidates is required to be less than π − 0.02, to
suppress muons originating from cosmic rays. If more than one pair of muons pass all afore-
mentioned requirements, the pair with the highest pT sum is chosen.

The search region (m`` > 400 GeV) m`` is divided into two categories, depending on the loca-
tion of the two leptons. Events where both leptons are in the barrel region are called barrel-
barrel (BB), while events where at least one lepton is in the endcap are called barrel-endcap
(BE). For the electron channel, events where both electrons are in the endcap region are ignored.
The efficiency to trigger, reconstruct, and select a lepton pair with invariant mass around 1 TeV
is 69 (65)% in the electron channel for BB (BE) events, while it is about 93% for events in the
muon channel.

4 Background and signal estimation
The primary SM production channel for lepton pairs in this analysis is the DY process. It
is simulated with POWHEG V2 [19–24] at next-to-leading-order (NLO) in perturbative QCD,
using the NNPDF 3.0 [25] set of parton distribution functions (PDFs) and PYTHIA 8.205 [26] for
parton showering and hadronization. A mass-dependent correction factor is applied in order to
reach next-to-next-to-leading order (NNLO) accuracy in perturbative QCD, and to account for
weak effects at NLO, as well as pure quantum electrodynamics effects. This factor is derived as
the ratio of the cross sections calculated by FEWZ 3.1b2 [27] to those calculated with POWHEG,
using a combination of PDFs from PDF4LHC15 [28–30] and the LUX [31] PDF set for the photon
PDFs. This correction factor also accounts for photon-induced processes [32, 33], stemming
from γγ initial states. The effect of these processes does not exceed 5% for masses up to 2 TeV
and reaches 15–20% above 5 TeV [33]. The simulation of the detector response is performed by
GEANT4 [34].

Other background processes yielding lepton pairs in the signal region are the production of
top quark pairs, single top quarks via Wt production, and production of W boson pairs (WW).
These processes are simulated with POWHEG [19–24], using NNPDF 3.0 as the PDF set and a
mix of PYTHIA 8.205 and 8.212 for showering and hadronization. The top quark pair pro-
duction cross section is calculated up to NNLO, including leading-log effects for soft gluon
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resummation, with TOP++ 2.0 [35], while the Wt cross section has been calculated up to next-
to-next-to-leading log accuracy [36]. Cross sections for other processes have been calculated up
to NNLO with MCFM 6.6 [37–40].

In addition to the WW background produced with POWHEG, WZ and ZZ production is simu-
lated inclusively at leading order (LO) with PYTHIA, using the NNPDF 2.3 [41] PDF set. Produc-
tion of τ lepton pairs through the DY process, which then decay to electron or muon pairs, is
simulated at NLO with MADGRAPH5 aMC@NLO 2.2.2 [42], using the NNPDF 3.0 PDF set and
PYTHIA for showering and hadronization.

The overall yield from these processes is then normalized to the data in the control region
around the Z boson peak. Background from events containing jets that are misreconstructed as
isolated leptons, is estimated from data using event samples enriched in QCD multijet events,
as described in Ref. [8]. The contribution of this background to the overall event sample is
between 1–3%.

Each signal model, including interference with the DY process, is simulated at LO using
NNPDF 2.3 and PYTHIA 8.212 and 8.205 for the CI and ADD samples, respectively. A dedi-
cated PYTHIA DY sample is produced with the same generator settings and subtracted from
the signal samples to obtain the respective signal yields. No higher-order correction factor is
applied to the signal samples of the CI model; for the ADD model, a mass-independent NLO
correction factor of 1.3 is used. While NNLO QCD predictions show that this correction fac-
tor can be as large as 1.6 [43], and that it always exceeds 1.3 in the considered dilepton mass
range, NLO electroweak corrections are not taken into account. This motivates choosing the
conservative value of 1.3, which also allows a direct comparison to previous results [8].

To account for the effects of additional pp interactions within the same or nearby bunch cross-
ings (“pileup”), additional minimum bias events are overlaid on the simulated events. The
simulated events are scaled to match the recorded luminosity, using the cross sections obtained
as described above, and then reweighted so that their pileup distribution matches the one ob-
served in the data.

5 Systematic uncertainties
A summary of the systematic uncertainties in the SM background estimates is found in Table 1,
and brief descriptions of their determination are given below. For each source, the correspond-
ing relative uncertainty in the event yield is given separately for the electron and muon chan-
nels. To illustrate the mass-dependent nature of some of the uncertainties, values are shown
for two different invariant mass thresholds. All of the mass-dependent uncertainties listed in
Table 1 affect both the total number of events and the shape of the invariant mass distribution.

The efficiency of triggering, reconstructing, and selecting electrons is measured in simulated
DY events and validated using data at the Z boson peak. The uncertainty in the electron energy
scale of 2 (1)% in the barrel (endcap) region has been used to derive the resulting uncertainty
in the event yield.

The efficiency of the single-muon trigger to identify either of the two muons in the event has
been measured using a sample of Z boson candidate events, and is found to be independent
of mass. Uncertainty in the reconstruction and selection efficiency for muons leads to a corre-
sponding uncertainty in event yield. The uncertainty in muon efficiency, as a function of pT
and η, is determined from differences between data and simulation. Because a potential bias in
the muon pT measurement may result in a bias in the dimuon mass scale, the muon curvature
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(q/pT, where q is the electric charge of the muon) distribution in data is compared to that ob-
tained from simulation for different η and φ ranges. The measured bias is consistent with zero,
and, along with the corresponding uncertainty, is propagated to the dimuon mass to derive
the uncertainty in the event yield. The muon pT resolution and its uncertainty are determined
using muons from events with Lorentz-boosted Z bosons. The uncertainty in the resolution is
found to scale with pT.

The remaining uncertainties are applicable to both the electron and muon channels. The simu-
lated backgrounds are normalized using data at the Z boson peak, and a systematic uncertainty
is assigned to cover the observed difference between data and simulation before normaliza-
tion. The uncertainty in the cross section calculation of the simulated diboson and tt events is
found to be a constant 7%. Uncertainty in the PDF leads to uncertainties in the simulated DY
yields. The uncertainty is determined with the PDF4LHC procedure [28–30] using replicas of the
NNPDF 3.0 PDF set [25]. Other uncertainties in the NNLO DY cross section, such as due to the
scale of the strong coupling constant αS, have a negligible effect on the event yields. The preci-
sion in estimating the misreconstructed jet background is limited by the amount of data at high
dilepton mass, and a conservative uncertainty of 50% is assigned. The systematic uncertainty
in the simulation of pileup is derived from the 5% precision on the total inelastic pp scattering
cross section that is used in the procedure to reweight the simulated event samples. The cross
section is varied by this uncertainty and used to reweight the simulated events, resulting in a
variation in the invariant mass distribution for all simulated processes.

Table 1: Systematic uncertainties in the predicted SM yields for the electron and the muon chan-
nels, for two dilepton mass thresholds. Where noted, uncertainties are provided separately for
events where both leptons are in the barrel region (BB), or where at least one of the leptons is in
the endcap region (BE). Uncertainties that are mass-dependent affect both the event yield and
the shape of the invariant mass distribution. The systematic uncertainties in the signal yields
are largely the same as for the background, with a few exceptions as discussed in the text.

Electrons Muons
Uncertainty mee > 2 TeV mee > 4 TeV mµµ > 2 TeV mµµ > 4 TeV
Electron trigger + selection efficiency BB (BE) 6 (8)% — —
Electron energy scale BB (BE) 12.0 (6.7)% 21.7 (11.0)% — —
Muon trigger efficiency BB (BE) — — 0.3 (0.7)%
Muon ID efficiency BB (BE) — — 0.8 (4.6)% 1.7 (7.6)%
Muon pT resolution BB (BE) — — 0.8 (1.4)% 1.5 (2.3)%
Muon pT scale BB (BE) — — 0.8 (2.8)% 4.1 (12.1)%
tt/diboson cross section 7% 7%
Z boson peak normalization 1% 5%
PDF 5.7% 17.1% 5.7% 17.1%
Multijet BB (BE) 0.1 (1.3)% 0.1 (0.1)% <0.1 (4.8)% <0.1 (<0.1)%
Pileup reweighting BB (BE) 0.5 (0.7)% 0.4 (0.7)% 0.2 (0.1)% 0.2 (0.2)%
MC statistics BB (BE) 1.0 (1.8)% 0.7 (1.7)% 1.1 (1.3)% 1.0 (2.0)%

The systematic uncertainties in the signal yields are largely the same as for the background,
with a few exceptions. The signal samples are normalized to the total integrated luminosity,
rather than to the data at the Z boson peak, and the uncertainty on the luminosity measure-
ment is 2.5% [44]. Additionally, the uncertainties due to the cross sections and jet background
estimation do not apply to the simulated signal events.
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6 Mass spectra and statistical analysis
The resulting dilepton invariant mass spectra for both the electron and muon channels are
shown in Fig. 1, inclusive of the BB and BE event categories. The simulated events are weighted
by the cross section correction factors discussed in Section 4. The overall simulated mass dis-
tribution is then scaled to fit the observed data yield around the Z boson peak (60 < m`` <
120 GeV).
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Figure 1: Electron (left) and muon (right) pair invariant mass spectra for the combined barrel-
barrel and barrel-endcap event categories. Example model predictions are given for CI (left)
and ADD (right). The lower panel shows the relative difference between the data and predicted
background. The gray band gives the fractional uncertainty (statistical and systematic) in the
prediction.

Good agreement is seen between the expected and observed invariant mass distributions for
electron pairs. For the muon pair mass distribution, there is a slight deficit in the data compared
to simulation in the region mµµ > 1.6 TeV. This deficit is localized in the barrel region, with a
local significance of 2.9 standard deviations, which reduces to 1.8 when considering the full η
range. No experimental source of this deficit has been identified [9].

Results from this analysis show no significant deviation from the SM in the dilepton invariant
mass spectra for either the electron or muon channel. Exclusion limits are set on the signal cross
section, which are translated into limits on the respective parameters of interest for each model.
These limits are calculated using Bayesian inference, utilizing the framework developed for sta-
tistically combining Higgs boson searches [45], which is based on the ROOSTATS package [46].
All uncertainties are modeled with log-normal probability density functions, while a uniform
prior is used for the signal cross section.

For the CI models, two different approaches are used, depending on the signal model. A single-
bin counting experiment with a lower mass threshold of 2.2 TeV, optimized for the best ex-
pected limit, is performed for the destructive interference scenarios to remove masses where
the signal contribution is negative because of interference with the DY process. In the case of
constructive interference, an alternative approach is used. The invariant mass spectrum is split
into multiple exclusive bins, with lower bin edges of 400, 500, 700, 1100, 1900, and 3500 GeV.
The last bin has an upper edge of 5000 GeV and all bins are combined in the limit calculation.
Systematic uncertainties are treated as fully correlated among the bins. The resulting 95% confi-
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dence level (CL) exclusion limits on the model parameter Λ are shown in Fig. 2 for the electron
and muon channels, and in Fig. 3 for their combination, under the model assumption that the
preon structure is the same for electrons and muons. In the combined case, the limits range
from ΛLL > 20 TeV in case of destructive interference to ΛRR > 32 TeV for the constructive case.
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Figure 2: Dilepton exclusion limits at 95% CL on the CI scale (Λ) for the six CI models
considered for the electron (left) and muon (right) channels. The limits are obtained for
m`` > 400 (2200)GeV in the case of constructive (destructive) interference.
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Figure 3: Combined dilepton 95% CL exclusion limits on the cross section for the left-left con-
structive CI model (left), and on the CI scale (Λ) for the six different CI models considered
(right). The red curve in the left plot shows the theoretical cross section as a function of Λ. The
limits are obtained for m`` > 400 (2200)GeV in the case of constructive (destructive) interfer-
ence.

For the ADD model, the most sensitive part of the invariant mass spectrum, m`` > 1.8 TeV, is
subdivided into 400 GeV wide search regions, with the final region covering the mass range be-
tween 3 TeV and ΛT, beyond which all signal contributions are set to 0. Differentiating between
the BB and BE pseudorapidity categories enhances the sensitivity as the signal is expected to be
more central than the SM backgrounds. The most frequently studied parameter conventions,
i.e., GRW, Hewett, and HLZ, have been considered. Figure 4 shows the 95% CL exclusion
limits for the respective UV cutoff parameters in both the electron and muon channels. The
combined 95% CL exclusion limit on the cross section in the GRW model is shown in Fig. 5,
alongside the corresponding exclusion limits on the UV cutoff parameters. The lower limit on
ΛT at 95% confidence level is 6.9 TeV, which excludes a string scale MS below 6.1 TeV in the
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Hewett parameter convention. In the HLZ convention, this translates to lower limits on MS of
5.5 to 8.2 TeV, depending on the number of extra dimensions.

Utilizing the recent measurement of diphoton production [10], the overall sensitivity of the sta-
tistical analysis is further improved. Combining the data of the individual electron, muon, and
photon channels, 95% CL exclusion limits are calculated using the THETA limit-setting frame-
work [47]. As the scales of the interactions corresponding to the considered search regions,
mγγ > 500 GeV and m`` > 1.8 TeV, differ substantially, the uncertainties are taken to be un-
correlated between the diphoton and dilepton analyses. To ensure a consistent interpretation
of the exclusion limits in the combination of all three channels, no higher-order correction fac-
tor is assumed. Figure 6 shows the individual and combined limits, and the limits from the√

s = 8 TeV dilepton measurement [8] are also shown. The highest sensitivity is given by the
combination of all three channels as exhibited by the expected limits. However, an underfluc-
tuation measured in the photon channel still results in the best observed limits. A summary of
the exclusion limits on the respective UV cutoff parameters is given in Table 2. The lower limit
on ΛT increases to 7.7 TeV, while the limits on MS increase to 6.9 TeV in the Hewett convention
and 6.1 to 9.3 TeV in the HLZ convention.
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Figure 4: Exclusion limits at 95% CL on the UV cutoff for the electron (left) and muon (right)
channels with m`` > 1.8 TeV in the GRW, Hewett, and HLZ conventions for the ADD model.
Signal model cross sections are calculated up to leading order and a correction factor of 1.3 is
applied. The results are compared to the previous combined result from CMS [8].

7 Summary
A search for nonresonant excesses in the invariant mass spectra of electron and muon pairs
has been presented. The data set recorded with the CMS detector during 2016 is analyzed,
corresponding to an integrated luminosity of 35.9 (36.3) fb−1 for the electron (muon) channel.
No significant deviations from standard model expectations are observed.

A contact interaction (CI) model, taking into account both constructive and destructive inter-
ference scenarios, has been used for interpreting the experimental measurements. The 95%
confidence level exclusion limits on the compositeness scale range from ΛLL > 20 TeV for the
destructive case to ΛRR > 32 TeV for the constructive one, for the left-left and the right-right
helicity currents, respectively.

For the Arkani-Hamed–Dimopoulos–Dvali (ADD) model of large extra dimensions, values of
the ultraviolet cutoff parameter ΛT (in the Giudice–Rattazzi–Wells, GRW, convention) below
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Figure 5: Combined dilepton 95% CL exclusion limit on the cross section in the GRW conven-
tion (left) and on the UV cutoff for all parameter conventions (right) with m`` > 1.8 TeV for
the ADD model. The curves labeled ADD in the left plot show the theoretical signal cross sec-
tion calculated by PYTHIA, as a function of the cutoff parameter ΛT, and signal contributions
with m`` > ΛT are set to 0. Signal model cross sections are calculated up to leading order and,
where indicated by the appropriate label, a correction factor of 1.3 is applied. The results are
compared to previous ones from CMS [8].
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Figure 6: Individual and combined dilepton (this analysis) and diphoton [10] 95% CL expected
(left) and observed (right) exclusion limits as a summary of all parameter conventions for the
ADD model. Signal model cross sections are calculated up to leading order. The dilepton limits
from the

√
s = 8 TeV measurement [8] are also shown.

6.9 TeV have been excluded at the 95% confidence level. This corresponds to an exclusion on
the string scale MS below 6.1 TeV in the Hewett convention; in the Han–Lykken–Zhang (HLZ)
convention, lower limits are set on MS that range from 5.5 to 8.2 TeV, depending on the number
of extra dimensions. When combined with the results from the latest CMS diphoton analy-
sis [10], these limits improve to 7.7 TeV (GRW), 6.9 TeV (Hewett), and the range 6.1 to 9.3 TeV
(HLZ), respectively.

The results presented here for the CI and ADD models improve on previous CMS results at√
s = 8 TeV in the dilepton final state [8]. The CI limits on Λ are compatible with the dilepton

results reported by the ATLAS Collaboration [12, 13]. However, an exact comparison is not
possible because the ATLAS limits are based on priors for Λ, whereas the limits reported here
are based on a prior that is flat in cross section. For the ADD model, the results reported here
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Table 2: Exclusion limits at 95% CL for the electron and muon channels, their combination,
and the combination with the diphoton [10] analysis, in multiple parameter conventions of
the ADD model. Signal model cross sections are calculated up to leading order and, where
indicated by the appropriate label, a correction factor of 1.3 is applied. For each of the model
parameters, the first value is the observed limit followed by the expected limit in parentheses.

GRW Hewett HLZ
Order ΛT[TeV] MS[TeV] MS[TeV]

λ = +1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7
ee for mee > 1.8 TeV

LO 6.1 (6.4) 5.5 (5.7) 7.0 (7.5) 7.3 (7.6) 6.1 (6.4) 5.5 (5.8) 5.1 (5.4) 4.9 (5.1)
LO ×1.3 6.3 (6.5) 5.7 (5.8) 7.3 (7.7) 7.5 (7.8) 6.3 (6.5) 5.7 (5.9) 5.3 (5.5) 5.0 (5.2)

µµ for mµµ > 1.8 TeV
LO 6.7 (6.5) 6.0 (5.8) 7.9 (7.6) 7.9 (7.7) 6.7 (6.5) 6.0 (5.9) 5.6 (5.5) 5.3 (5.2)
LO ×1.3 6.8 (6.6) 6.1 (5.9) 8.1 (7.8) 8.1 (7.9) 6.8 (6.6) 6.2 (6.0) 5.7 (5.6) 5.4 (5.3)

Combined ee and µµ for m`` > 1.8 TeV
LO 6.7 (6.8) 6.0 (6.0) 7.9 (8.0) 8.0 (8.0) 6.7 (6.8) 6.1 (6.1) 5.7 (5.7) 5.4 (5.4)
LO ×1.3 6.9 (6.9) 6.1 (6.2) 8.2 (8.2) 8.2 (8.2) 6.9 (6.9) 6.2 (6.2) 5.8 (5.8) 5.5 (5.5)

Combined ee, µµ, and γγ for m`` > 1.8 TeV and mγγ > 500 GeV
LO 7.7 (7.5) 6.9 (6.7) 9.3 (8.9) 9.1 (8.9) 7.7 (7.5) 6.9 (6.8) 6.5 (6.3) 6.1 (6.0)

are the first measurements at
√

s = 13 TeV in the dilepton final state. The combination with the
CMS diphoton analysis yields the most sensitive results in nonhadronic final states to date.
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Palaiseau, France
A. Abdulsalam12, C. Amendola, I. Antropov, F. Beaudette, P. Busson, C. Charlot,
R. Granier de Cassagnac, I. Kucher, A. Lobanov, J. Martin Blanco, C. Martin Perez,
M. Nguyen, C. Ochando, G. Ortona, P. Paganini, J. Rembser, R. Salerno, J.B. Sauvan, Y. Sirois,
A.G. Stahl Leiton, A. Zabi, A. Zghiche

Université de Strasbourg, CNRS, IPHC UMR 7178, Strasbourg, France
J.-L. Agram13, J. Andrea, D. Bloch, J.-M. Brom, E.C. Chabert, V. Cherepanov, C. Collard,
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T. Lenz, J. Leonard, K. Lipka, W. Lohmann19, R. Mankel, I.-A. Melzer-Pellmann, A.B. Meyer,
M. Meyer, M. Missiroli, J. Mnich, V. Myronenko, S.K. Pflitsch, D. Pitzl, A. Raspereza, P. Saxena,
P. Schütze, C. Schwanenberger, R. Shevchenko, A. Singh, H. Tholen, O. Turkot, A. Vagnerini,
M. Van De Klundert, G.P. Van Onsem, R. Walsh, Y. Wen, K. Wichmann, C. Wissing, O. Zenaiev

University of Hamburg, Hamburg, Germany
R. Aggleton, S. Bein, L. Benato, A. Benecke, V. Blobel, T. Dreyer, A. Ebrahimi, E. Garutti,
D. Gonzalez, P. Gunnellini, J. Haller, A. Hinzmann, A. Karavdina, G. Kasieczka, R. Klanner,
R. Kogler, N. Kovalchuk, S. Kurz, V. Kutzner, J. Lange, D. Marconi, J. Multhaup, M. Niedziela,
C.E.N. Niemeyer, D. Nowatschin, A. Perieanu, A. Reimers, O. Rieger, C. Scharf, P. Schleper,
S. Schumann, J. Schwandt, J. Sonneveld, H. Stadie, G. Steinbrück, F.M. Stober, M. Stöver,
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Wigner Research Centre for Physics, Budapest, Hungary
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Laboratório de Instrumentação e Fı́sica Experimental de Partı́culas, Lisboa, Portugal
M. Araujo, P. Bargassa, C. Beirão Da Cruz E Silva, A. Di Francesco, P. Faccioli, B. Galinhas,
M. Gallinaro, J. Hollar, N. Leonardo, J. Seixas, G. Strong, O. Toldaiev, J. Varela

Joint Institute for Nuclear Research, Dubna, Russia
S. Afanasiev, P. Bunin, M. Gavrilenko, I. Golutvin, I. Gorbunov, A. Kamenev, V. Karjavine,
A. Lanev, A. Malakhov, V. Matveev37,38, P. Moisenz, V. Palichik, V. Perelygin, S. Shmatov,
S. Shulha, N. Skatchkov, V. Smirnov, N. Voytishin, A. Zarubin

Petersburg Nuclear Physics Institute, Gatchina (St. Petersburg), Russia
V. Golovtsov, Y. Ivanov, V. Kim39, E. Kuznetsova40, P. Levchenko, V. Murzin, V. Oreshkin,
I. Smirnov, D. Sosnov, V. Sulimov, L. Uvarov, S. Vavilov, A. Vorobyev

Institute for Nuclear Research, Moscow, Russia
Yu. Andreev, A. Dermenev, S. Gninenko, N. Golubev, A. Karneyeu, M. Kirsanov, N. Krasnikov,
A. Pashenkov, A. Shabanov, D. Tlisov, A. Toropin

Institute for Theoretical and Experimental Physics, Moscow, Russia
V. Epshteyn, V. Gavrilov, N. Lychkovskaya, V. Popov, I. Pozdnyakov, G. Safronov,
A. Spiridonov, A. Stepennov, V. Stolin, M. Toms, E. Vlasov, A. Zhokin

Moscow Institute of Physics and Technology, Moscow, Russia
T. Aushev



25

National Research Nuclear University ’Moscow Engineering Physics Institute’ (MEPhI),
Moscow, Russia
M. Chadeeva41, D. Philippov, E. Popova, V. Rusinov

P.N. Lebedev Physical Institute, Moscow, Russia
V. Andreev, M. Azarkin, I. Dremin38, M. Kirakosyan, A. Terkulov

Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow,
Russia
A. Belyaev, E. Boos, V. Bunichev, M. Dubinin42, L. Dudko, A. Ershov, A. Gribushin, V. Klyukhin,
O. Kodolova, I. Lokhtin, S. Obraztsov, S. Petrushanko, V. Savrin

Novosibirsk State University (NSU), Novosibirsk, Russia
A. Barnyakov43, V. Blinov43, T. Dimova43, L. Kardapoltsev43, Y. Skovpen43

Institute for High Energy Physics of National Research Centre ’Kurchatov Institute’,
Protvino, Russia
I. Azhgirey, I. Bayshev, S. Bitioukov, V. Kachanov, A. Kalinin, D. Konstantinov, P. Mandrik,
V. Petrov, R. Ryutin, S. Slabospitskii, A. Sobol, S. Troshin, N. Tyurin, A. Uzunian, A. Volkov

National Research Tomsk Polytechnic University, Tomsk, Russia
A. Babaev, S. Baidali, V. Okhotnikov

University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences, Belgrade,
Serbia
P. Adzic44, P. Cirkovic, D. Devetak, M. Dordevic, J. Milosevic
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J. Alcaraz Maestre, A. Álvarez Fernández, I. Bachiller, M. Barrio Luna, J.A. Brochero Cifuentes,
M. Cerrada, N. Colino, B. De La Cruz, A. Delgado Peris, C. Fernandez Bedoya,
J.P. Fernández Ramos, J. Flix, M.C. Fouz, O. Gonzalez Lopez, S. Goy Lopez, J.M. Hernandez,
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Universität Zürich, Zurich, Switzerland
T.K. Aarrestad, C. Amsler50, D. Brzhechko, M.F. Canelli, A. De Cosa, R. Del Burgo, S. Donato,
C. Galloni, T. Hreus, B. Kilminster, S. Leontsinis, I. Neutelings, G. Rauco, P. Robmann,
D. Salerno, K. Schweiger, C. Seitz, Y. Takahashi, A. Zucchetta

National Central University, Chung-Li, Taiwan
T.H. Doan, R. Khurana, C.M. Kuo, W. Lin, A. Pozdnyakov, S.S. Yu

National Taiwan University (NTU), Taipei, Taiwan
P. Chang, Y. Chao, K.F. Chen, P.H. Chen, W.-S. Hou, Y.F. Liu, R.-S. Lu, E. Paganis, A. Psallidas,
A. Steen

Chulalongkorn University, Faculty of Science, Department of Physics, Bangkok, Thailand
B. Asavapibhop, N. Srimanobhas, N. Suwonjandee
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46: Also at University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences,
Belgrade, Serbia
47: Also at National and Kapodistrian University of Athens, Athens, Greece
48: Also at Riga Technical University, Riga, Latvia
49: Also at Universität Zürich, Zurich, Switzerland
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