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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``) + η2XS(m``), (1.1)

where m`` is the invariant mass of the two leptons, dσDY/dm`` is the SM Drell-Yan (DY)

differential 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 consider 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

“preons”. 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). Below 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
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present limits on the substructure of quarks and leptons, it is expected that Λ would be on

the order of at least several 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]. Assuming quarks and leptons share common constituents,

the Lagrangian for the CI process qq→ ``, where ` is a charged lepton, can be expressed as

Lq` =
g2contact

Λ2

[
ηLL(qLγ

µqL)(`Lγµ`L) + ηRR(qRγ
µqR)(`Rγµ`R)

+ηLR(qLγ
µqL)(`Rγµ`R) + ηRL(qRγ

µqR)(`Lγµ`L)

]
, (1.2)

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,

respectively. By convention, g2contact/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. (1.2), 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. (1.1) by

ηX = − ηij
Λ2
ij

, (1.3)

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 exten-

sively [4]. The model with large extra dimensions developed by Arkani-Hamed, Dimopou-

los, and Dvali (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 between 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/L
n, (1.4)

can then be probed at the TeV scale. The aforementioned compactification of the ad-

ditional 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
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additional dimensions n in conjunction with MS in the Han-Lykken-Zhang (HLZ) conven-

tion [7]. The generic form factor ηX is replaced by ηG in eq. (1.1), which depends on the

chosen convention:

GRW: ηG =
1

Λ4
T

; (1.5)

Hewett: ηG =
2

π

λ

M4
S

withλ = ±1; (1.6)

HLZ: ηG =

ln
(
M2

S/ŝ
)

1
M4

S
forn = 2

2
n−2

1
M4

S
forn > 2.

(1.7)

Of the three, only the Hewett convention allows both constructive and destructive inter-

ference 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 production 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 descrip-

tion of quantum gravity becomes 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.

2 The CMS detector

The central feature of the CMS detector is a superconducting solenoid providing an axial

magnetic field of 3.8 T and enclosing a silicon strip and pixel tracker, an electromagnetic

calorimeter (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 encompasses 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].

– 3 –



J
H
E
P
0
4
(
2
0
1
9
)
1
1
4

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 calorimeters 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, respectively. 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

interaction 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 cluster 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 calorimeter 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, 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 re-

quirements 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,
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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

aforementioned requirements, the pair with the highest pT sum is chosen.

The search region (m`` > 400 GeV) is divided into two categories, depending on the

location 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 production cross section is calculated up to NNLO, including leading-log effects for soft

gluon 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 simulated inclusively at leading order (LO) with pythia, using the nnpdf 2.3 [41] PDF

set. Production 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.
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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 mis-

reconstructed 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

dedicated 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 factor 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 crossings (“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 observed 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

corresponding relative uncertainty in the event yield is given separately for the electron

and muon channels. 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 sim-

ulated 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 corresponding 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 (q/pT, where q is the electric charge of the muon) distribution in data

is compared to that obtained from simulation for different η and φ ranges. The measured

bias is consistent with zero, and, along with the corresponding uncertainty, is propagated to
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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)%

Table 1. Systematic uncertainties in the predicted SM yields for the electron and the muon

channels, 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.

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 simulated backgrounds are normalized using data at the Z boson peak, and a system-

atic uncertainty is assigned to cover the observed difference between data and simulation

before normalization. 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 un-

certainties 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 precision 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.

The systematic uncertainties in the signal yields are largely the same as for the back-

ground, 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 lumi-

nosity measurement 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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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 back-

ground. The gray band gives the fractional uncertainty (statistical and systematic) in the prediction.

6 Mass spectra and statistical analysis

The resulting dilepton invariant mass spectra for both the electron and muon channels

are shown in figure 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 distribution is then scaled to fit the observed data yield around the Z

boson peak (60 < m`` < 120 GeV).

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 statistically 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 expected 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. Expected and observed lower limits on Λ are determined from the intersection of the

curves for the predicted cross section and the expected and observed upper limits on the CI
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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) interference.

cross section as a function of Λ. This is illustrated in figure 3 for the left-left constructive

model, where the electron and muon channels are combined.

The 95% confidence level (CL) exclusion limits on the CI model parameter Λ are

shown in figure 2 for the six helicity and interference models described in the introduc-

tion. The limits are more stringent for models with constructive interference than those

with destructive interference. The expected limits are comparable for the electron and

muon channels, which are shown separately. The observed limits are more stringent for the

muon channel than for the electron channel, but are consistent within statistical fluc-

tuation. Assuming a universal contact interaction for electrons and muons, exclusion

limits can be determined for the combined data sets. These limits, shown in figure 3,

range from ΛLL > 20 TeV for destructive interference to ΛRR > 32 TeV for construc-

tive interference.
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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 between 3 TeV and ΛT, beyond which all signal contributions are set to 0. Dif-

ferentiating 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. Fig-

ure 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 sec-

tion in the GRW model is shown in figure 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 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 statistical 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 framework [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 uncorrelated 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 factor 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 underfluctuation 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.

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

interference 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, val-

ues of the ultraviolet cutoff parameter ΛT (in the Giudice-Rattazzi-Wells, GRW, conven-

tion) below 6.9 TeV have been excluded at the 95% confidence level. This corresponds
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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].
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Figure 5. Combined dilepton 95% CL exclusion limit on the cross section in the GRW convention

(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 section 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].

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 analysis [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
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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.

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)

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.

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 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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R. Leonardia,b, E. Manonia, G. Mantovania,b, V. Mariania,b, M. Menichellia, A. Rossia,b,

A. Santocchiaa,b, D. Spigaa
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S. Belfortea, V. Candelisea,b, M. Casarsaa, F. Cossuttia, A. Da Rolda,b, G. Della Riccaa,b,

F. Vazzolera,b, A. Zanettia

Kyungpook National University, Daegu, Korea

D.H. Kim, G.N. Kim, M.S. Kim, J. Lee, S. Lee, S.W. Lee, C.S. Moon, Y.D. Oh, S.I. Pak,

S. Sekmen, D.C. Son, Y.C. Yang

Chonnam National University, Institute for Universe and Elementary Particles,

Kwangju, Korea

H. Kim, D.H. Moon, G. Oh

Hanyang University, Seoul, Korea

B. Francois, J. Goh32, T.J. Kim

Korea University, Seoul, Korea

S. Cho, S. Choi, Y. Go, D. Gyun, S. Ha, B. Hong, Y. Jo, K. Lee, K.S. Lee, S. Lee, J. Lim,

S.K. Park, Y. Roh

Sejong University, Seoul, Korea

H.S. Kim

Seoul National University, Seoul, Korea

J. Almond, J. Kim, J.S. Kim, H. Lee, K. Lee, K. Nam, S.B. Oh, B.C. Radburn-Smith,

S.h. Seo, U.K. Yang, H.D. Yoo, G.B. Yu

University of Seoul, Seoul, Korea

D. Jeon, H. Kim, J.H. Kim, J.S.H. Lee, I.C. Park

Sungkyunkwan University, Suwon, Korea

Y. Choi, C. Hwang, J. Lee, I. Yu

– 24 –



J
H
E
P
0
4
(
2
0
1
9
)
1
1
4

Vilnius University, Vilnius, Lithuania

V. Dudenas, A. Juodagalvis, J. Vaitkus

National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur,

Malaysia

Z.A. Ibrahim, M.A.B. Md Ali33, F. Mohamad Idris34, W.A.T. Wan Abdullah, M.N. Yusli,

Z. Zolkapli

Universidad de Sonora (UNISON), Hermosillo, Mexico

J.F. Benitez, A. Castaneda Hernandez, J.A. Murillo Quijada

Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico

H. Castilla-Valdez, E. De La Cruz-Burelo, M.C. Duran-Osuna, I. Heredia-De La Cruz35,

R. Lopez-Fernandez, J. Mejia Guisao, R.I. Rabadan-Trejo, M. Ramirez-Garcia,

G. Ramirez-Sanchez, R. Reyes-Almanza, A. Sanchez-Hernandez

Universidad Iberoamericana, Mexico City, Mexico

S. Carrillo Moreno, C. Oropeza Barrera, F. Vazquez Valencia

Benemerita Universidad Autonoma de Puebla, Puebla, Mexico

J. Eysermans, I. Pedraza, H.A. Salazar Ibarguen, C. Uribe Estrada

Universidad Autónoma de San Luis Potośı, San Luis Potośı, Mexico
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