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§  Will describe three analyses sensitive to nonresonant new physics 
§  Interpreted in a large variety of new physics models! 
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Final state Large extra 
dimensions 

Clockwork 
model 

Contact 
interactions 

Quantum 
black holes 

Dark matter 

γγ 
EXO-17-017 

✔ ✔ 

ee + µµ 
EXO-17-025 

✔ ✔ 

Dijet 
EXO-16-046 

✔ ✔ ✔ ✔ 

This talk will focus mostly on large extra dimensions, contact interactions and dark matter 

✔ = interpretation available in paper 



§  Analysis selection 
§  Photon pT > 75 GeV 
§  mγγ > 500 GeV 
§  Two η categories 

§  Two photons in ECAL barrel (EB) 
§  1 photon in barrel, 1 in ECAL endcap (EE) 

§  Background prediction 
§  NNLO k-factor from MCFM 8.0 applied to real 

diphoton prediction from Sherpa γγ + 3 jets at LO 
§  Both calculated with CT10 PDFs 
§  Separate k-factors for barrel-barrel and barrel-

endcap 
§  NNLO/NLO difference taken as additional 

systematic 
§  Fake photon contributions estimated from data 

sidebands 
§  Fit allows floating EB-EB and EB-EE normalizations 
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Analysis of diphoton channel 
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Prediction consistent within systematics prior to fit ⇒ perform fit 
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Post-fit γγ results 
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§  ADD model can be parameterized by convention-dependent higher dimension operator 

§  Also exclude M5 < 5 TeV in clockwork model for 
    0.2 < k < 2.0 TeV 
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Diphoton channel limits 
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Signal GRW Hewett HLZ
negative positive nED = 2 nED = 3 nED = 4 nED = 5 nED = 6 nED = 7

Expected 7.1+0.7
�0.5 5.5+0.1

�0.3 6.3+0.6
�0.4 8.4+1.3

�1.1 8.4+0.8
�0.6 7.1+0.7

�0.5 6.4+0.6
�0.5 6.0+0.6

�0.4 5.6+0.6
�0.4

Observed 7.8 5.6 7.0 9.7 9.3 7.8 7.0 6.6 6.2



§  Selection 
§  pT > 35 (53) GeV for electron (muon) candidates 
§  Search region: mℓℓ > 400 GeV 

§  Barrel-barrel and barrel-endcap combinations considered 
§  Drell-Yan k-factor calculated with FEWZ 3.1b2 applied to 

mℓℓ distribution 
§  Calculated relative to POWHEG V2
§  Uses PDF4LHC15 PDFs + LUX photon PDFs 

§  Jets misreconstructed as leptons evaluated from data 
§  Other backgrounds from MC normalized to SM cross section 

§  ttbar – at NNLO + NNLL  
§  Wt – NNLL 
§  Other – up to NNLO with MCFM 6.6 
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Dilepton channel background 
prediction 
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§  No significant discrepancy between data observation and prediction 
§  In muon channel, data below prediction above mµµ > 1.6 TeV (2.9σ local, 1.8σ global) 
§  Dominant uncertainties electron energy scale and PDFs 
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§  Limits set assuming only one non-zero η 
§  Left-Left (ηLL = ± 1), Left-Right (ηLR = ± 1), Right-Right (ηRR = ± 1) 
§  Destructive and constructive interference 
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Limits on contact interactions 
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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:

dsX!``

dm``
=

dsDY

dm``
+ hXI(m``) + h2

XS(m``), (1)

where m`` is the invariant mass of the two leptons, dsDY/dm`` is the SM Drell–Yan (DY) dif-
ferential cross section, hX 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 L, 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 L would be on the order of at least sev-
eral TeV. For parton interactions at a center-of-mass energy

p
ŝ much lower than L, 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` =
g

2
contact
L2

"
hLL(qLgµqL)(`Lgµ`L) + hRR(qRgµqR)(`Rgµ`R)

+hLR(qLgµqL)(`Rgµ`R) + hRL(qRgµqR)(`Lgµ`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, g

2
contact/4p = 1 and the helicity parameters hij are taken to have unit

magnitude. The compositeness scale, represented by L, 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 (LLL, LRR, and LLR), 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 hij can be related to the form factor in
the differential cross section in Eq. (1) by

hX = �
hij

L2
ij

, (3)

where both constructive (hij < 0) and destructive (hij > 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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§  Assuming electron-muon universality, no significant discrepancy between data and pred. 
§  Observed 95% CL limits from ΛLL > 20 TeV (destr. case) to ΛRR > 32 TeV (const. case)  
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Combined ee + µµ limits on 
contact interactions 
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§  Combined limits significantly exceed 8 TeV results, comparable to 13 TeV diphoton limits 
§  Signal model assumes NLO k-factor and truncation of mγγ spectrum above ΛT (MS) 
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Combined ee+µµ limits on 
ADD model 
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§  Expected limits improve with γγ + ℓℓ combination 
§  Observed limits sometimes weaker due to stronger than expected γγ limit 
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Combination of diphoton and 
dilepton constraints on extra 
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§  Uses additional background rejection variable 

§  Exploits fact that new physics is likely to be more 
central than QCD background 

§  Bin with Mjj > 6.0 TeV most sensitive 
§  Six lower mass bins starting at 2.4 TeV 
§  Lower-mass bins also help to constrain 

systematic uncertainties 
§  Predictions based on NLOJET++ 4.13 
§  Jet energy scale (µF and µR scales) are the dominant 

experimental (theoretical) uncertainties 
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Dijet channel 
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1 Introduction
Pairs of highly energetic jets (dijets) are produced at high rates in proton-proton collisions at
the CERN LHC through pointlike scattering of quarks and gluons. Despite its enormous suc-
cess, the shortcomings of the standard model (SM) are well known. Many theories of physics
beyond the standard model (BSM) that alter the interaction of quarks and gluons from that
predicted by perturbative quantum chromodynamics (QCD) give rise to narrow or wide res-
onances or even to nonresonant dijet signatures. Examples that have received widespread at-
tention include models with dark matter (DM) [1–5], quark compositeness [6–8], extra spatial
dimensions [9, 10], and quantum black holes [11–15]. Resonances with an intrinsic width of
the order of the experimental resolution can be constrained by searches in the dijet invariant
mass spectrum [16–18]. These searches, however, are not very sensitive to wide resonances or
nonresonant signatures; a more effective strategy to constrain such signatures is the study of
dijet angular distributions [19].

The angular distribution of dijets relative to the beam direction is sensitive to the dynamics of
the scattering process. Furthermore, since the angular distributions of the dominant underlying
QCD processes of qg ! qg, qq0 ! qq0, qq ! qq, gg ! gg, are all similar [20], the dijet angular
distribution is insensitive to uncertainties in the parton distribution functions (PDFs). The dijet
angular distribution is typically expressed in terms of cdijet = exp(|y1 � y2|), where y1 and
y2 are the rapidities of the two jets with the highest transverse momentum pT (the leading
jets). For collinear massless parton scattering, cdijet takes the form cdijet = (1 + |cos q⇤|)/(1 �
|cos q⇤|), where q⇤ is the polar scattering angle in the parton-parton center-of-mass (CM) frame.
The choice of cdijet, rather than q⇤, to measure the dijet angular distribution is motivated by the
fact that in Rutherford scattering, where only t-channel scattering contributes to the partonic
cross section, the cdijet distribution is independent of |y1 � y2| [20]. In contrast, BSM processes
may have scattering angle distributions that are closer to being isotropic than those given by
QCD processes and can be identified by an excess of events at small values of cdijet. Previous
measurements of dijet angular distributions at the LHC have been reported by the ATLAS [17,
21–25] and CMS [26–29] Collaborations.

In a simplified model of interactions between DM particles and quarks [1–4, 30, 31], the spin-1
(vector or axial-vector) DM mediator particle with unknown mass MMed is assumed to decay
only to pairs of quarks or pairs of DM particles, with mass mDM, and with a universal quark
coupling gq and a DM coupling gDM. In this model, the relative width of the DM mediator
increases monotonically with increasing gq. In a scenario where gq = 0.25 and in which the
relative widths for vector and axial-vector mediators in the dark matter decay channels are
negligible, values of MMed below 3.0 TeV were excluded by narrow dijet resonance searches [17,
18]. A search for narrow and broad dijet resonances set constraints on mediator widths up to
30% (gq < 0.75) and masses up to 4 TeV [32]. Searches for invisible particles produced in
association with quarks or bosons [33–35] have excluded vector and axial-vector mediators
below 1.8 (2.1) TeV for gq = 0.25 (gq = 1.0) and gDM = 1.0 [34].

A common signature of quark compositeness [6–8], at energies well below the characteristic
mass scale L for new interactions between quark constituents, is the four-fermion contact in-
teraction (CI). The most stringent limits on quark CIs come from searches in dijet angular dis-
tributions at large dijet invariant masses (Mjj) [17, 29], and in inclusive jet pT distributions [36].
The publication from the ATLAS Collaboration [17] provides lower limits on the quark CI scales
from 13.1 to 29.5 TeV, depending on the details of the model.

The Arkani–Hamed–Dimopoulos–Dvali (ADD) model [9, 10] of compactified large extra di-
mensions (EDs) provides a possible solution to the hierarchy problem of the standard model.
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The publication from the ATLAS Collaboration [17] provides lower limits on the quark CI scales
from 13.1 to 29.5 TeV, depending on the details of the model.

The Arkani–Hamed–Dimopoulos–Dvali (ADD) model [9, 10] of compactified large extra di-
mensions (EDs) provides a possible solution to the hierarchy problem of the standard model.

Mjj > 6.0 TeV 

Data unfolded to particle level 
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Mmed exclusion range has little  
dependence on mDM for 2mDM << Mmed 

 
 

Largest significance 2.7-2.8σ  
for Mmed = 4.5-6 TeV and gq = 1 

Small differences between exclusion limits 
for vector and axial-vector mediators 

Vector  
mediator 

Axial-vector  
mediator 

5.4 QBH prediction 63

Table 4: Pythia8 parameters for the generation of ADD virtual graviton exchange.
parameter value description

HardQCD:all off custom dijet processes
ExtraDimensionsLED:dijets on use extra dimensions

ExtraDimensionsLED:CutOffmode 0 GRW convention
ExtraDimensionsLED:LambdaT LT energy scale parameter

ExtraDimensionsLED:nQuarkNew 5 outgoing mass-less quark flavours
ExtraDimensionsLED:opMode 1 use GRW convention

The limits set on the GRW predictions can be translated to the HLZ convention with MS =398

LT(2/(nED � 2))1/4 for nED > 2. For nED = 2 the HLZ prediction can be assembled from the399

GRW predictions using MS = LT(ln(M2
S/s))1/4.400

5.4 QBH prediction401

We use QBH 3.0 generator [67] to simulate the QBH productions at matrix element level. We402

interface QBH generator with Pythia8 to add non-perturbative effect (such as multiple parton403

interactions and hadronizations) to the matrix element level predictions. QBH generator pa-404

rameters are given in Table 5. The QBH production cross sections are added to NLO QCD405

predictions with EWK corrections.406

Table 5: QBH parameters for QBH productions
parameter value description
setQscale true QCD scale for PDFs to be inverse gravitational radius

setLHAglue 10042 CTEQ6L1 PDF
setPlanckdef 3 definition of Planck Scale to be PDF definition

setSM false Allow violation of stardard model global symmetry
setHiggs true Include higgs as QBH decay product

setGraviton true Include Graviton as QBH decay product
setChiral false Neutrinos are only left-handed

setMajorana false Neutrinos are Dirac particles

5.5 Dark Matter prediction407

Interactions of quarks and dark matter particles with vector and axial-vector mediators in a
simplified model [46, 47] are generated using MADDM version 2.0.6 [68, 69]. As described
in Section 1, the Lagrangians of the simplified dark matter models for spin-1 mediator are as
following

Lvector = �gDMZ0
µc̄gµc � gq Â

q=u,d,s,c,b,t
Z0

µq̄gµq, (6)

Laxial�vector = �gDMZ0
µc̄gµg5c � gq Â

q=u,d,s,c,b,t
Z0

µq̄gµg5q, (7)

where Z’ stands for the mediators and c stands for dark matter particles. The dark matter408

predictions are simulated at fixed gDM and mDM values, where gDM = 1.0 and mDM = 1 GeV.409

For mediator masses with 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0, and 7.0 TeV, samples with gq = 0.01,410

0.05, 0.1, 0.2, 0.3, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, and 3 are generated.411
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Model Observed lower limit ( TeV) Expected lower limit ( TeV)
CI L+

LL/RR 12.8 14.6± 0.8
L�

LL/RR 17.5 23.5± 3.0
L+

VV 14.6 16.4± 0.8
L�

VV 22.4 30.7± 3.7
L+

AA 14.7 16.5± 0.8
L�

AA 22.3 30.6± 3.8
L+

(V�A) 9.2 11.5± 1.0
L�

(V�A) 9.3 11.8± 1.1

ADD LT (GRW) 10.1 11.4± 0.9
MS (HLZ) nED = 2 10.7 12.4± 1.0
MS (HLZ) nED = 3 12.0 13.6± 1.1
MS (HLZ) nED = 4 10.1 11.4± 0.9
MS (HLZ) nED = 5 9.1 10.3± 0.8
MS (HLZ) nED = 6 8.5 9.6± 0.8

QBH MQBH (ADD nED = 6) 8.2 8.5± 0.4
MQBH (RS nED = 1) 5.9 6.3± 0.7

DM Vector/Axial-vector MMed 2.0 – 4.6 2.0 – 5.5

Observed limits 
~2σ lower 
than expected 

4

data into independent training and testing samples. The training sample was used to derive a
response matrix and the smeared cdijet distributions from the test sample were unfolded using
this response matrix. No significant difference was observed between the generated and un-
folded cdijet distributions in the test sample. The effects of migrations between cdijet bins are
negligible. The unfolding procedure is based on matrix inversion, while the procedure used
in previous publications of dijet angular distributions [28, 29] was based on the D’Agostini it-
erative method [53]. We have compared these two methods by deriving limits from unfolded
data, and the limits vary by less than 5%.

4 Theoretical predictions
We compare the unfolded normalized dijet angular distributions with the predictions of per-
turbative QCD at NLO, available in NLOJET++ 4.1.3 [54] in the FASTNLO 2.1 framework [55].
EW corrections for dijet production [56] change the predicted normalized distributions by up
to 1% (5%) for the lowest cdijet bins in small (large) values of Mjj. The factorization (µf) and
renormalization (µr) scales are set to the average pT of the two jets, hpTi = (pT1 + pT2)/2, and
the PDFs are taken from the CT14 set [57]. The use of a more flexible statistical combination
of multiple PDF sets as in PDF4LHC15 100 [57–62] exhibited small differences as compared
to the CT14 PDF set. We evaluated the impact of nonperturbative effects from hadronization
and multiple parton interactions on the QCD predictions using PYTHIA with the CUETP8M1
tune [63] and HERWIG++ 2.7.1 [64] with tune EE5C [65]. The effects are found to be less than
1% and negligible for both MC generators.

The production and decay of the DM mediators in the simplified DM model are generated
at LO using MADDM version 2.0.6 [66, 67] at fixed gDM and mDM values, where gDM = 1.0
and mDM = 1 GeV. For these values of gDM and mDM, the differences between vector and axial-
vector mediators in the cross sections and in the acceptances are negligible in the analysis phase
space.

BSM physics signatures from CIs with flavor-diagonal color-singlet couplings among quarks
are described by the effective Lagrangian [7, 8]:

Lqq =
2p

L2

⇥
hLL(qLgµqL)(qLgµqL) + hRR(qRgµqR)(qRgµqR) + 2hRL(qRgµqR)(qLgµqL)

⇤
,

where the subscripts L and R refer to the left and right chiral projections of the quark fields, re-
spectively, and hLL, hRR, and hRL are taken to be 0, +1, or �1 for the different combinations that
correspond to different CI models. The following CI possibilities with color-singlet couplings
among quarks are investigated:

Model (hLL, hRR, hRL)
L±

LL (±1, 0, 0)
L±

RR ( 0,±1, 0)
L±

VV (±1,±1,±1)
L±

AA (±1,±1,⌥1)
L±

(V�A) ( 0, 0,±1)

The models with positive (negative) hLL or hRR lead to destructive (constructive) interference
with the QCD terms, and consequently a lower (higher) cross section, respectively. In all CI
models discussed in this paper, NLO QCD corrections are employed to calculate the cross sec-
tions. In proton-proton collisions, the L±

LL and L±
RR models result in identical lowest order

cross sections and NLO corrections, and consequently lead to the same sensitivity. For L±
VV

Strongest CMS 
limits on the  
ADD scenario 

Limits derived by comparison 
of detector-level quantities 

Quantum black holes 



§  New physics explored in diphoton, dilepton and dijet final states 
§  Limits set on a variety of models 

§  Contact interactions 
§  ADD model of extra dimensions 
§  Clockwork model 
§  Quantum black holes 
§  Dark matter 

§  No significant deviations from SM 
§  But full Run II dataset is 3.8 times that shown here! 
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§  Highest invariant mass diphoton mass recorded in 2016 in EB-EB category 
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§  Consistent with SM prediction 
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§  Dominant pre-fit uncertainty 
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Diphoton analysis  
scale uncertainties 
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§  Signal term from ADD model rescaled by 
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Diphoton channel: first limits 
on clockwork model 

Chris West | Pheno 2019 

k (TeV)
1 2 3 4 5

 (T
eV

)
5

M

1

10

210
  (13 TeV)-135.9 fbCMS Supplementary

 space595% CL exclusion limits on k-M
Observed limit
Expected limit

 1 std dev±
 2 std dev±

)
5
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6

(HLZ) [39], and by Hewett [40], expressed as:

F =

8
>>>><

>>>>:

1 (GRW),

log
⇣

M
2
S

ŝ

⌘
, if nED = 2

2
nED�2 , if nED > 2
± 2

p (Hewett),

(HLZ), (1)

where
p

ŝ is the center-of-mass energy of the colliding partons.

Signal model assumptions from different conventions but with the same value of hG are equiv-
alent, reducing the number of distinct scenarios allowed by Eq. (1). All possible choices of
model parameters can be made equivalent to the signals produced using either the convention
by GRW, HLZ assuming nED = 2, or Hewett using F = �2/p. Twelve model points for each
choice are generated in the range 3 < MS < 11 TeV. For each model point, the CMS detector
response is simulated using GEANT4 [41] and includes the effects of multiple proton-proton
collisions occurring within the same LHC bunch crossing, known as ‘pileup’.

No additional samples are needed to generate the clockwork signal; instead the ADD signal
samples are reinterpreted to produce the clockwork prediction. In the clockwork model, the
KK modes are all on shell, so there is no interference effect, while the ADD prediction includes
both a direct term and an interference term. The GRW and negative Hewett models have oppo-
site signs for the interference term, so the direct term can be isolated by linearly adding, with
appropriate weights, the predictions assuming the GRW and negative Hewett conventions.
The direct term is then rescaled by Eq. (2), provided by the authors of Ref. [14]:

q(mgg � k)
30M

8
S

283pM
3
5

s

1 � k2

m2
gg

1
m5

gg

"
1 +

(52)(7)(17)
(283)(28)

⇣
1 � k

mgg

⌘9
r

mgg

k

#�1

. (2)

Here, MS is defined in the GRW convention, M5 is the fundamental scale of the gravitational
interactions, and k is the ‘clockwork spring’, which, phenomenologically, controls the energy
scale at which the KK modes can be excited. To solve the hierarchy problem, M5 should be
close to the electroweak scale. Demanding perturbativity of the theory imposes the constraint
k < M5.

For resonant diphoton production, the signal distribution in mgg is determined from the con-
volution of the intrinsic shape of the resonance and the ECAL detector response. The intrinsic
shapes of both the spin-0 and spin-2 resonant signals were derived using the PYTHIA 8.2 [42]
event generator with the NNPDF2.3 [43] set of PDFs and the CUETP8M1 [44] underlying event
tune. The spin-0 signal corresponds to a heavy SM-like Higgs boson, while the spin-2 sig-
nal corresponds to the RS graviton. Three signal width hypotheses are considered: GX/mX =
1.4 ⇥ 10�4, 1.4 ⇥ 10�2, and 5.6 ⇥ 10�2, corresponding to a width narrower than, comparable to,
and wider than the detector resolution, respectively. These three width hypotheses correspond,
in the case of an RS graviton, to k̃ = 0.01, 0.1, and 0.2, respectively. A set of signal samples was
simulated excluding the detector response, forming a fine grid of mass points with 125 GeV
spacing. These samples are used to measure the signal kinematic acceptance and generator-
level mass shape. The resulting shapes are interpolated to intermediate mass points using a
parametric description of the distribution. The detector response was determined using signal
samples simulated with GEANT4, and includes the effects of pileup. These samples were gen-
erated assuming small intrinsic width, with additional Gaussian smearing, determined using
dielectron events, applied to correct the simulated resolution to that of data. Nine equidis-
tant mass hypotheses in the range 500–4500 GeV were employed. The signal mass resolution,



§  Combined limits significantly exceed 8 TeV results, comparable to 13 TeV diphoton limits 
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Limits on ADD model: muon 
and electron channel 
combined 
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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)%
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GRW Hewett HLZ
Order LT[TeV] MS[TeV] MS[TeV]

l = +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 gg for m`` > 1.8 TeV and mgg > 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)



§  𝜒dijet < 16 dijet < 16 
§  yboost = |y1 + y2|/2 < 1.11 
§  Mjj > 2.4 TeV 
§  These selections result in: 

§  |y1| < 2.5 
§  |y2| < 2.5 
§  Jet pT > 200 GeV 
§  Trigger efficiency > 99% 
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Mjj selection [TeV] Yield 

2.4—3.0  353025 

3.0—3.6 71832 

3.6—4.2 16712 

4.2—4.8 4287 

4.8—5.4 1153 

5.4—6.0 330 

> 6.0 95 
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bins 
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Source of uncertainty 2.4 < Mjj < 3.0 TeV Mjj > 6.0 TeV

Statistical 0.7 27

JES 3.6 9.2

Jet pT resolution (core) 1.0 1.0

Jet pT resolution (tails) 1.0 1.5

Detector response model 0.5 1.0

Unfolding, model dependence 0.2 1.5

Total experimental 4.1 29

QCD NLO scale (6 changes in µr and µf)
+8.5

�3.0

+19

�5.8

PDF (CT14 eigenvectors) 0.2 0.6

Total theoretical 8.5 19



§  Motivated by models of quark and lepton compositeness 

§  May interfere constructively or destructively with SM contribution 
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1

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:

dsX!``

dm``
=

dsDY

dm``
+ hXI(m``) + h2

XS(m``), (1)

where m`` is the invariant mass of the two leptons, dsDY/dm`` is the SM Drell–Yan (DY) dif-
ferential cross section, hX 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 L, 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 L would be on the order of at least sev-
eral TeV. For parton interactions at a center-of-mass energy

p
ŝ much lower than L, 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` =
g

2
contact
L2

"
hLL(qLgµqL)(`Lgµ`L) + hRR(qRgµqR)(`Rgµ`R)

+hLR(qLgµqL)(`Rgµ`R) + hRL(qRgµqR)(`Lgµ`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, g

2
contact/4p = 1 and the helicity parameters hij are taken to have unit

magnitude. The compositeness scale, represented by L, 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 (LLL, LRR, and LLR), 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 hij can be related to the form factor in
the differential cross section in Eq. (1) by

hX = �
hij

L2
ij

, (3)

where both constructive (hij < 0) and destructive (hij > 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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data into independent training and testing samples. The training sample was used to derive a
response matrix and the smeared cdijet distributions from the test sample were unfolded using
this response matrix. No significant difference was observed between the generated and un-
folded cdijet distributions in the test sample. The effects of migrations between cdijet bins are
negligible. The unfolding procedure is based on matrix inversion, while the procedure used
in previous publications of dijet angular distributions [28, 29] was based on the D’Agostini it-
erative method [53]. We have compared these two methods by deriving limits from unfolded
data, and the limits vary by less than 5%.

4 Theoretical predictions
We compare the unfolded normalized dijet angular distributions with the predictions of per-
turbative QCD at NLO, available in NLOJET++ 4.1.3 [54] in the FASTNLO 2.1 framework [55].
EW corrections for dijet production [56] change the predicted normalized distributions by up
to 1% (5%) for the lowest cdijet bins in small (large) values of Mjj. The factorization (µf) and
renormalization (µr) scales are set to the average pT of the two jets, hpTi = (pT1 + pT2)/2, and
the PDFs are taken from the CT14 set [57]. The use of a more flexible statistical combination
of multiple PDF sets as in PDF4LHC15 100 [57–62] exhibited small differences as compared
to the CT14 PDF set. We evaluated the impact of nonperturbative effects from hadronization
and multiple parton interactions on the QCD predictions using PYTHIA with the CUETP8M1
tune [63] and HERWIG++ 2.7.1 [64] with tune EE5C [65]. The effects are found to be less than
1% and negligible for both MC generators.

The production and decay of the DM mediators in the simplified DM model are generated
at LO using MADDM version 2.0.6 [66, 67] at fixed gDM and mDM values, where gDM = 1.0
and mDM = 1 GeV. For these values of gDM and mDM, the differences between vector and axial-
vector mediators in the cross sections and in the acceptances are negligible in the analysis phase
space.

BSM physics signatures from CIs with flavor-diagonal color-singlet couplings among quarks
are described by the effective Lagrangian [7, 8]:

Lqq =
2p

L2

⇥
hLL(qLgµqL)(qLgµqL) + hRR(qRgµqR)(qRgµqR) + 2hRL(qRgµqR)(qLgµqL)

⇤
,

where the subscripts L and R refer to the left and right chiral projections of the quark fields, re-
spectively, and hLL, hRR, and hRL are taken to be 0, +1, or �1 for the different combinations that
correspond to different CI models. The following CI possibilities with color-singlet couplings
among quarks are investigated:

Model (hLL, hRR, hRL)
L±

LL (±1, 0, 0)
L±

RR ( 0,±1, 0)
L±

VV (±1,±1,±1)
L±

AA (±1,±1,⌥1)
L±

(V�A) ( 0, 0,±1)

The models with positive (negative) hLL or hRR lead to destructive (constructive) interference
with the QCD terms, and consequently a lower (higher) cross section, respectively. In all CI
models discussed in this paper, NLO QCD corrections are employed to calculate the cross sec-
tions. In proton-proton collisions, the L±

LL and L±
RR models result in identical lowest order

cross sections and NLO corrections, and consequently lead to the same sensitivity. For L±
VV
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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

M
2+n

D = M
2
Pl/L

n, (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 LT 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
hX is replaced by hG in Eq. (1), which depends on the chosen convention:

GRW: hG =
1

L4
T

; (5)

Hewett: hG =
2
p

l

M
4
S

with l = ±1; (6)

HLZ: hG =

8
<

:
ln

�
M

2
S/ŝ

� 1
M

4
S

for n = 2
2

n�2
1

M
4
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 (L = +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 LT 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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(HLZ) [39], and by Hewett [40], expressed as:

F =

8
>>>><

>>>>:

1 (GRW),

log
⇣

M
2
S

ŝ

⌘
, if nED = 2

2
nED�2 , if nED > 2
± 2

p (Hewett),

(HLZ), (1)

where
p

ŝ is the center-of-mass energy of the colliding partons.

Signal model assumptions from different conventions but with the same value of hG are equiv-
alent, reducing the number of distinct scenarios allowed by Eq. (1). All possible choices of
model parameters can be made equivalent to the signals produced using either the convention
by GRW, HLZ assuming nED = 2, or Hewett using F = �2/p. Twelve model points for each
choice are generated in the range 3 < MS < 11 TeV. For each model point, the CMS detector
response is simulated using GEANT4 [41] and includes the effects of multiple proton-proton
collisions occurring within the same LHC bunch crossing, known as ‘pileup’.

No additional samples are needed to generate the clockwork signal; instead the ADD signal
samples are reinterpreted to produce the clockwork prediction. In the clockwork model, the
KK modes are all on shell, so there is no interference effect, while the ADD prediction includes
both a direct term and an interference term. The GRW and negative Hewett models have oppo-
site signs for the interference term, so the direct term can be isolated by linearly adding, with
appropriate weights, the predictions assuming the GRW and negative Hewett conventions.
The direct term is then rescaled by Eq. (2), provided by the authors of Ref. [14]:

q(mgg � k)
30M

8
S

283pM
3
5

s

1 � k2

m2
gg

1
m5

gg

"
1 +

(52)(7)(17)
(283)(28)

⇣
1 � k

mgg

⌘9
r

mgg

k

#�1

. (2)

Here, MS is defined in the GRW convention, M5 is the fundamental scale of the gravitational
interactions, and k is the ‘clockwork spring’, which, phenomenologically, controls the energy
scale at which the KK modes can be excited. To solve the hierarchy problem, M5 should be
close to the electroweak scale. Demanding perturbativity of the theory imposes the constraint
k < M5.

For resonant diphoton production, the signal distribution in mgg is determined from the con-
volution of the intrinsic shape of the resonance and the ECAL detector response. The intrinsic
shapes of both the spin-0 and spin-2 resonant signals were derived using the PYTHIA 8.2 [42]
event generator with the NNPDF2.3 [43] set of PDFs and the CUETP8M1 [44] underlying event
tune. The spin-0 signal corresponds to a heavy SM-like Higgs boson, while the spin-2 sig-
nal corresponds to the RS graviton. Three signal width hypotheses are considered: GX/mX =
1.4 ⇥ 10�4, 1.4 ⇥ 10�2, and 5.6 ⇥ 10�2, corresponding to a width narrower than, comparable to,
and wider than the detector resolution, respectively. These three width hypotheses correspond,
in the case of an RS graviton, to k̃ = 0.01, 0.1, and 0.2, respectively. A set of signal samples was
simulated excluding the detector response, forming a fine grid of mass points with 125 GeV
spacing. These samples are used to measure the signal kinematic acceptance and generator-
level mass shape. The resulting shapes are interpolated to intermediate mass points using a
parametric description of the distribution. The detector response was determined using signal
samples simulated with GEANT4, and includes the effects of pileup. These samples were gen-
erated assuming small intrinsic width, with additional Gaussian smearing, determined using
dielectron events, applied to correct the simulated resolution to that of data. Nine equidis-
tant mass hypotheses in the range 500–4500 GeV were employed. The signal mass resolution,
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from Z ! e+e� events, with the electrons reconstructed as photons, using the procedure de-
scribed in Ref. [28]. The corrections are derived in eight categories defined in terms of the R9
variable (defined as the ratio of the energy deposited in the central 3⇥3 crystal matrix and the
full cluster energy) and the location of the photon within the detector along the h direction.

The size of the energy scale corrections derived from Z ! e+e� events is of the order of 0.5%,
while the additional Gaussian smearing needed to match the energy resolution of simulated
events with that in data varies between 0.8 and 1.5% for photon candidates in the EB region
and between 2 and 2.5% for photon candidates in the EE regions.

The diphoton mass resolution has contributions from the measurements of the photon energies
and from the resolution of the measurement between the two photons. If the z position of the
vertex from which the photons originate is known to within about 10 mm, then the experimen-
tal angular resolution between the photons makes a negligible contribution to the mass resolu-
tion. Correctly associating the diphoton candidate with one of the vertices reconstructed from
the charged-particle tracks in the event satisfies the above requirements since the positions of
these vertices are measured with far greater precision. The interaction vertex associated with
the diphoton system is selected using the algorithm described in Refs. [32, 33]. Because photons
do not deposit ionization energy in the tracker, the assignment of the diphoton candidate to a
vertex can only be done indirectly by exploiting the properties of each reconstructed vertex.
Three discriminating variables are calculated for each reconstructed vertex: the p

2
T sum of the

charged-particle tracks associated with the vertex, and two variables that quantify the vector
and scalar balance of pT between the diphoton system and the tracks associated with the vertex.
In addition, if either photon has an associated track that has been identified as originating from
a photon conversion to an electron-positron pair, the conversion information is used. These
variables provide the inputs to a multivariate classifier based on a boosted decision tree used
to select the reconstructed vertex of the diphoton system. For signal events with diphoton in-
variant masses above 500 GeV, the fraction of events in which the interaction vertex is correctly
assigned is approximately 90%.

4 Signal simulation
The ADD signal samples used in this analysis were produced at leading order (LO) using the
Monte Carlo (MC) event generator SHERPA 2.1.1 [34] with the CT10 set of parton distribution
functions (PDFs) [35, 36]. These simulations include the effect of interference between the ADD
signal and the SM diphoton processes, which can be large. To be able to set limits on possible
deviations from the SM, additional SM-only samples are generated identically, and the differ-
ence between these and the ADD samples therefore encompasses the combined effects of the
ADD signal and the interference.

The implementation of the ADD model within SHERPA is parametrized by the ultraviolet string
cutoff scale MS, which is related to the fundamental Planck scale and the number of extra di-
mensions nED. Since the ADD model is an effective theory only valid below the cutoff scale, the
generated diphoton mass spectra are truncated at the chosen value of MS. The amplitude for
a process involving virtual graviton exchange involves a sum over the KK tower of graviton
mass states. This process can be represented by a higher-dimensional operator with coeffi-
cients suppressed by some mass scale [37], which can be parametrized by hG = F/M

4
S, where

F is a dimensionless parameter for which several conventions exist in the literature. We con-
sider the conventions by Giudice, Rattazzi, and Wells (GRW) [38], by Han, Lykken, and Zhang


