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MIP Timing Detector 
(Barrel and Endcap)

High granularity endcap 
calorimeter

Muons up to η<3.0 
Improved triggering

Trigger/DAQ HLT: 7.5 kHz
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Tracker

• New tracker up to |eta|<4

• Fast system to reject low pT track

• Enables readout at HW trigger

• Radiation hard
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Proof of Concept, Proof of Challenge

Real-life event with HL-LHC-like pileup from special run in

2016 with individual high intensity bunches
Josh Bendavid (CERN/LPC)

5-7x inst. luminosity 
14 TeV, 200PU 

10x integrated luminosity of  upcoming Run3 
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MC Chain

Courtesy of A. Salzburger

Delphes

      3        05/03/18         Basil Schneider         Delphes tuning and validation
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Delphes

Delphes

Courtesy of A. Salzburger

HL-LHC simulations need large statistics! 

parametrize detector response

efficiency track res. calo obj.

reconstruct high-level objects

P Flow jets MET

compare:

tune performance against FULLSIM

full simulation fastsim delphes

~ 1000-100 s/evt ~ 100-10 s/evt ~ 1-0.1 s/evt

Systematic scenarios: 
Same as Run2 

HLLHC estimation from 1812.07831 (many systematics reduced ~50%) 
No systematics (limit case)

Luminosity scenario: 
300/fb (~same as Run3) 

3000/fb
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Mono-Z DM Majorana nu → l + qq Dark photon with displ. mu
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Figure 1: Representative leading-order Feynman diagrams of the signal processes in the sim-
plified model with a vector mediator Z0 and DM candidate c (left), as well as the a+2HDM
model (right). In the case of the a+2HDM scenario, box diagrams without a heavy scalar parti-
cle are also taken into account, but give a sub-dominant contribution in the parameter range of
interest.

electrons or muons.

The sought-after signal topology is a well-reconstructed Z boson and large missing transverse
momentum. Missing transverse momentum is calculated as transverse component of the vec-
tor sum of all particle-flow particle momenta in an event [5]. In the following, this vector is
referred to as ~pmiss

T , while its magnitude is referred to as pmiss
T . Except for the effects of initial

state radiation, the invisible particles and the Z boson are expected to be produced back-to-back
in the laboratory frame, and the signal selection thus focuses on extracting events in a balanced
topology. The exact selection criteria are listed in Tab. 1.

In addition to the signal region (SR), the following control regions are used:

• Opposite-flavour lepton region: Same selection as SR, but using eµ instead of ee/µµ
events. This region is used to estimate nonresonant backgrounds such as tt and WW
production.

• Low-pmiss
T region: Same selection as SR, except 50 < pmiss

T < 200 GeV. This region is
used to derive the normalization for the Drell-Yan process.

• 3-lepton/4-lepton regions: Same selection as SR except requiring 3 or 4 leptons in-
stead of 2 and using emulated pmiss

T instead of the standard reconstructed pmiss
T to

evaluate all selection criteria. From all opposite-sign same-flavour combinations of
leptons, the pair with the invariant mass closest to the nominal mass of the Z boson
is used to reconstruct the Z candidate. Emulated pmiss

T is calculated by excluding the
charged leptons that are not part of the Z candidate from the pmiss

T calculation. The
goal of this procedure is to mimic the effect of not reconstructing the lepton from the
decay of the W boson (WZ) or substituting the Z boson decay mode from Z ! ``
to nn (ZZ). The emulated pmiss

T in the control regions is then representative of the
standard pmiss

T in the signal region. These regions are used to constrain the WZ and
ZZ processes.

The signal extraction is performed using a maximum-likelihood (ML) fit to the pmiss
T spectrum

in signal and control regions. The fit strategy of Ref. [4] is extended by introducing one freely
floating normalization parameter for each (emulated) pmiss

T bin. These parameters have a mul-
tiplicative effect on the yield of the WZ and ZZ background contributions and are correlated
between both processes, as well as between signal and control regions, but uncorrelated be-
tween the (emulated) pmiss

T bins. Effectively, this implementation allows the full shape of the
background distribution of (emulated) pmiss

T to be determined from data, while constraining
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Figure 3: Decay amplitude of the heavy composite Majorana neutrino to a lepton and two
quarks, for L = 5 TeV (left), L = 15 TeV (centre), and L = 25 TeV (right), as a function of its
mass, obtained with CalcHEP (v3.6) [29]. The x-axis range has been restricted to emphasize the
interplay.
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Figure 4: The Feynman diagram of the process for the production and decay of a heavy com-
posite Majorana neutrino, according to the decay chain pp ! `N` ! ``qq̄

0.

the final state signatures eeqq̄
0 and µµqq̄

0. In Fig. 4, the Feynman diagram of the entire process
pp ! `N` ! ``qq̄

0 is shown. We recall that, since particle flavor is conserved within the heavy
sector of the model, we do not foresee interference between the electron and muon channels,
and thus they are considered separately.

The direct search for a heavy Majorana neutrino within the same framework has been per-
formed by the CMS Collaboration, measuring the final state with two leptons and at least one
large-radius jet, with data from pp collisions at

p
s = 13 TeV and with an integrated luminosity

of 2.3 fb�1 [30]. Good agreement between the data and the SM expectations was observed in
the search, and the heavy composite Majorana neutrino is excluded for masses up to 4.60 TeV in
the electron channel and 4.70 TeV in the muon channel, for the representative case L = M(N`).

In the present work, we apply the selection inspired by the Run 2 data analysis within the same
theoretical scenario at

p
s = 14 TeV assuming the Phase-2 CMS detector response and a pileup

scenario that corresponds to the collection of 3 ab�1 of integrated luminosity in ten years of
data taking.

2 The CMS Phase-2 detector

The CMS detector [31] will be substantially upgraded in order to fully exploit the physics po-
tential offered by the increase in luminosity at the HL-LHC [32], and to cope with the demand-
ing operational conditions at the HL-LHC [33–37]. The upgrade of the first level hardware
trigger (L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, re-

2

efficiency than the SA algorithm, for highly displaced muons (see Fig. 8.12 of the Muon TDR
[2]). The DSA algorithm improves the transverse impact parameter (d0) and the transverse
momentum (pT) resolution for displaced muons compared to the SA muon algorithm [7].

4 Signal model
In Dark SUSY models, in addition to supersymmetric fields, a dark sector of fermions and
gauge fields is introduced. The gauge boson corresponding to the additional UD(1) symmetry
is called the dark photon (gD) [3, 4], which can have a kinetic mixing with the SM photon. The
dark photon acquires a mass after UD(1) symmetry breaking. In such models, the dark photon
couples to SM charged particles in the same way as a photon, except that the couplings are
scaled by a parameter e that gives the strength of the kinetic mixing. The dark photon lifetime
is proportional to 1/e2, and since e can be very small, the dark photon lifetime can be long. If
this is the case and if the dark photon has non-zero momentum, it can have a macroscopically
long decay length.

Dark photons can be produced in cascade decays of the SM Higgs boson that would first decay
to a pair of MSSM-like lightest neutralinos (n1), each of which, in Dark SUSY models, can decay
further to a dark sector neutralino (nD) and the dark photon, as shown in Fig. 1.

For the branching fraction BR(H ! 2gD + X), where X denotes the particles produced in the
decay of the SM Higgs boson apart from the dark photons, 20% is used. This value is in agree-
ment with recent Run-2 studies [8] and taking into account the upper limit on invisible/non-
conventional decays of the SM Higgs boson [9]. We assume neutralino masses m(n1) = 50 GeV
and m(nD) = 1 GeV, and explore the search sensitivity for dark photon masses and lifetimes
in the following ranges: m(gD) = (1, 5, 10, 20, 30) GeV and ct = (10, 102, 103, 5 ⇥ 103, 104) mm.
Final states with two and four muons are included in the analysis. In the former case, one dark
photon decays to a pair of muons while the other dark photon decays to some other fermions
(2-muon final state). In the latter case, both dark photons decay to muon pairs (4-muon final
state). Both decay chains are shown in Fig. 1. The assumed Higgs production cross section via
gluon-gluon fusion is 49.97 pb [10].

(a) (b)

Figure 1: Feynman diagram of the decay of SM Higgs boson to a final state containing two
or more muons in Dark SUSY models [11]. (a) Decay chain leading to a final state containing
exactly two muons. (b) Decay chain leading to a final state containing exactly four muons.

The branching ratio of dark photons decaying to muons as a function of the dark photon mass
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Figure 2: Spectrum of pmiss
T in the signal region. The summed background spectrum is overlaid
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diction correspond to the YR18 uncertainty scenario described in the text and are shown both
before and after applying a background-only maximum-likelihood fit to the Asimov dataset in
signal and control regions (“prefit” and “postfit”, respectively).
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Figure 3: Expected discovery significance (left) and signal strength exclusion limits (right) for
the vector-mediated DM signal as a function of Lint and for different values of the mediator
mass. The results are shown for the three systematic uncertainty scenarios described in the text,
with the scenario labeled as “Run 2” corresponding to Ref. [4]. The significance is calculated
for unity signal strength.
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DM scenario as a function of Lint and for different values of the mediator mass. The results are
shown for the three systematic uncertainty scenarios described in the text, with the scenario
labeled as “Run 2” corresponding to Ref. [4]. Note that no limit can be set if the sensitivity for
a given point is too low. For increasing values of gq and gDM, the product of cross section and
branching fraction eventually reaches a plateau and does not increase further with an increase
in one of the couplings. Due to this effect, no coupling limits can be set for mmed = 2 TeV.
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Figure 5: Expected 95% CL exclusion limits on the signal strength of vector-mediated DM
production in the plane of mediator and dark matter masses. The results are shown for the
three systematic uncertainty scenarios described in the text, with the scenario labeled as “Run
2” corresponding to Ref. [4]. The mmed = 2 ⇥ mDM diagonal, which is the kinematic boundary
for decay of an on-shell mediator to DM particles, is indicated as a grey line. The white line
indicates parameter combinations for which the observed DM relic density in the universe can
be reproduced [33]. Points below (above) this line have relic densities that are larger (smaller)
than the observed value of Wh2

= 0.12 [34].
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Figure 1: Representative leading-order Feynman diagrams of the signal processes in the sim-
plified model with a vector mediator Z0 and DM candidate c (left), as well as the a+2HDM
model (right). In the case of the a+2HDM scenario, box diagrams without a heavy scalar parti-
cle are also taken into account, but give a sub-dominant contribution in the parameter range of
interest.

electrons or muons.

The sought-after signal topology is a well-reconstructed Z boson and large missing transverse
momentum. Missing transverse momentum is calculated as transverse component of the vec-
tor sum of all particle-flow particle momenta in an event [5]. In the following, this vector is
referred to as ~pmiss

T , while its magnitude is referred to as pmiss
T . Except for the effects of initial

state radiation, the invisible particles and the Z boson are expected to be produced back-to-back
in the laboratory frame, and the signal selection thus focuses on extracting events in a balanced
topology. The exact selection criteria are listed in Tab. 1.

In addition to the signal region (SR), the following control regions are used:

• Opposite-flavour lepton region: Same selection as SR, but using eµ instead of ee/µµ
events. This region is used to estimate nonresonant backgrounds such as tt and WW
production.

• Low-pmiss
T region: Same selection as SR, except 50 < pmiss

T < 200 GeV. This region is
used to derive the normalization for the Drell-Yan process.

• 3-lepton/4-lepton regions: Same selection as SR except requiring 3 or 4 leptons in-
stead of 2 and using emulated pmiss

T instead of the standard reconstructed pmiss
T to

evaluate all selection criteria. From all opposite-sign same-flavour combinations of
leptons, the pair with the invariant mass closest to the nominal mass of the Z boson
is used to reconstruct the Z candidate. Emulated pmiss

T is calculated by excluding the
charged leptons that are not part of the Z candidate from the pmiss

T calculation. The
goal of this procedure is to mimic the effect of not reconstructing the lepton from the
decay of the W boson (WZ) or substituting the Z boson decay mode from Z ! ``
to nn (ZZ). The emulated pmiss

T in the control regions is then representative of the
standard pmiss

T in the signal region. These regions are used to constrain the WZ and
ZZ processes.

The signal extraction is performed using a maximum-likelihood (ML) fit to the pmiss
T spectrum

in signal and control regions. The fit strategy of Ref. [4] is extended by introducing one freely
floating normalization parameter for each (emulated) pmiss

T bin. These parameters have a mul-
tiplicative effect on the yield of the WZ and ZZ background contributions and are correlated
between both processes, as well as between signal and control regions, but uncorrelated be-
tween the (emulated) pmiss

T bins. Effectively, this implementation allows the full shape of the
background distribution of (emulated) pmiss

T to be determined from data, while constraining

4

Table 1: Requirements for the signal region selection. The requirements fall in three categories:
Lepton selection, vetoes based on the multiplicities of hadronic objects, dilepton candidate
selection, and high-pmiss

T back-to-back topology requirements. The requirements are identical to
those of Ref. [4], except for the pmiss

T requirement, which has been increased to remove increased
background contributions at low pmiss

T due to degraded pmiss
T resolution at high PU. Jets are

clustered using the anti-kT algorithm [23] implemented in the FastJet program [24] with a radius
parameter of 0.4. Bottom quark jets are identified using the CSVv2 algorithm [25]. The dilepton
angular separation is defined as DR =

p
(h(`1)� h(`2))2 + (f(`1)� f(`2))2.

Quantity Requirement
Number of charged leptons = 2, with opposite charge, same flavour
Muon pT > 20 GeV
Leading (trailing) Electron pT > 25(20)GeV

Jet multiplicity  1 jet with pT > 30 GeV
b Jet multiplicity No b jet pT > 20 GeV
Hadronic t multiplicity No t with pT > 18 GeV

Dilepton mass |M(``)� mZ| < 15 GeV
Dilepton pT > 60 GeV
Dilepton DR < 1.8

pmiss
T > 200 GeV

Df(~pT
``, ~pT

miss
) > 2.6

|pmiss
T � p``T |/p``T < 0.4

Df(~pT
j, ~pT

miss
) > 0.5 rad

pTmiss>200GeV

pT(mu)>20GeV or 
pT(e)>25,20GeV
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Figure 5: Distribution of the variable M(``J) of backgrounds (stacked plots) and expected sig-
nal (lines) in the signal region, considering the model parameters L = M(N`) = 6 TeV, for the
eeqq̄

0 channel (left) and for the µµqq̄
0 channel (right). The background statistical and systematic

uncertainties have been combined.

TeV. The expected discovery sensitivity of a heavy composite Majorana neutrino, produced in
association with a lepton, and decaying into a same-flavor lepton and two jets, is shown in
Figure 6. The CMS Phase-2 detector will be able to find evidence for a composite neutrino with
mass below M(N`) = 7.6 TeV.
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Figure 6: The expected statistical significance for both the eeqq̄
0 (red line) and µµqq̄

0 (blue line)
channel for the case L = M(N`). The gray solid (dotted) line represents 5 (3) standard devia-
tions, respectively.

Expected exclusion limits on the mass of the heavy neutrino are also evaluated. An asymptotic
CLs criterion [51, 52] is used to set an upper limit at 95% confidence level on the cross sec-
tion of the heavy composite Majorana neutrino produced in association with a lepton times its
branching fraction to a same-flavor lepton and two quarks, s(pp ! `N`)⇥ B(N` ! `qq̄

0). The
M(``J) distributions from MC simulations of signal and SM backgrounds are used as input
in the limit computation together with the systematic uncertainties, as discussed in Ref. [30].
The systematic uncertainties, listed in Table 2, are evaluated in accordance with the most recent
recommendations [53] and assumed to be independent of mass. The results are presented in
Fig. 7 for the eeqq̄

0 channel and for the µµqq̄
0 channel for different values of the compositeness

scale: L = 12, 24, 35 TeV and L = M(N`). Figure 8 displays the corresponding upper limits
on the (L, M(N`)) plane for both of the final states considered. The extrapolation is similar for

Majorana nu → l + qq
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Figure 3: Decay amplitude of the heavy composite Majorana neutrino to a lepton and two
quarks, for L = 5 TeV (left), L = 15 TeV (centre), and L = 25 TeV (right), as a function of its
mass, obtained with CalcHEP (v3.6) [29]. The x-axis range has been restricted to emphasize the
interplay.
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Figure 4: The Feynman diagram of the process for the production and decay of a heavy com-
posite Majorana neutrino, according to the decay chain pp ! `N` ! ``qq̄

0.

the final state signatures eeqq̄
0 and µµqq̄

0. In Fig. 4, the Feynman diagram of the entire process
pp ! `N` ! ``qq̄

0 is shown. We recall that, since particle flavor is conserved within the heavy
sector of the model, we do not foresee interference between the electron and muon channels,
and thus they are considered separately.

The direct search for a heavy Majorana neutrino within the same framework has been per-
formed by the CMS Collaboration, measuring the final state with two leptons and at least one
large-radius jet, with data from pp collisions at

p
s = 13 TeV and with an integrated luminosity

of 2.3 fb�1 [30]. Good agreement between the data and the SM expectations was observed in
the search, and the heavy composite Majorana neutrino is excluded for masses up to 4.60 TeV in
the electron channel and 4.70 TeV in the muon channel, for the representative case L = M(N`).

In the present work, we apply the selection inspired by the Run 2 data analysis within the same
theoretical scenario at

p
s = 14 TeV assuming the Phase-2 CMS detector response and a pileup

scenario that corresponds to the collection of 3 ab�1 of integrated luminosity in ten years of
data taking.

2 The CMS Phase-2 detector

The CMS detector [31] will be substantially upgraded in order to fully exploit the physics po-
tential offered by the increase in luminosity at the HL-LHC [32], and to cope with the demand-
ing operational conditions at the HL-LHC [33–37]. The upgrade of the first level hardware
trigger (L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, re-
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Figure 5: Distribution of the variable M(``J) of backgrounds (stacked plots) and expected sig-
nal (lines) in the signal region, considering the model parameters L = M(N`) = 6 TeV, for the
eeqq̄

0 channel (left) and for the µµqq̄
0 channel (right). The background statistical and systematic

uncertainties have been combined.

TeV. The expected discovery sensitivity of a heavy composite Majorana neutrino, produced in
association with a lepton, and decaying into a same-flavor lepton and two jets, is shown in
Figure 6. The CMS Phase-2 detector will be able to find evidence for a composite neutrino with
mass below M(N`) = 7.6 TeV.
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channel for the case L = M(N`). The gray solid (dotted) line represents 5 (3) standard devia-
tions, respectively.

Expected exclusion limits on the mass of the heavy neutrino are also evaluated. An asymptotic
CLs criterion [51, 52] is used to set an upper limit at 95% confidence level on the cross sec-
tion of the heavy composite Majorana neutrino produced in association with a lepton times its
branching fraction to a same-flavor lepton and two quarks, s(pp ! `N`)⇥ B(N` ! `qq̄

0). The
M(``J) distributions from MC simulations of signal and SM backgrounds are used as input
in the limit computation together with the systematic uncertainties, as discussed in Ref. [30].
The systematic uncertainties, listed in Table 2, are evaluated in accordance with the most recent
recommendations [53] and assumed to be independent of mass. The results are presented in
Fig. 7 for the eeqq̄

0 channel and for the µµqq̄
0 channel for different values of the compositeness

scale: L = 12, 24, 35 TeV and L = M(N`). Figure 8 displays the corresponding upper limits
on the (L, M(N`)) plane for both of the final states considered. The extrapolation is similar for
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the theoretical predictions for L values ranging from 12 to 35 TeV.
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4. Event selection 5

For all of the MC samples the hadronization of partons is simulated with PYTHIA 8 [43] and the
expected response of the upgraded CMS detector with the fast-simulation package DELPHES [44].
The object reconstruction and identification efficiencies, as well as the detector response and
resolution, are parameterized in DELPHES using the detailed simulation of the upgraded CMS
detector based on the GEANT4 package [45, 46]. The contribution from 200 additional pileup
events has been included in the simulation as well.

4 Event selection

Final state objects are reconstructed by the particle flow (PF) algorithm [47]. The PF algorithm
combines information from all CMS subdetectors and reconstructs individual particles in the
event such as electrons, muons, photons, neutral hadrons and charged hadrons. The event
selection of the present analysis is based on exploiting some specific kinematic features of the
leptons and of the large-radius jet in the signal samples in order to minimize the contamination
from the SM backgrounds.

The transverse momentum pT of the leading lepton is required to be greater than 110 GeV,
while the pT of the subleading lepton must be greater than 40 GeV. All lepton candidates are
required to be in the pseudorapidity range |h| < 2.4. Restricting to the high-mass region given
by M(`, `) > 300 GeV, where M(`, `) is the dilepton invariant mass, allows reducing the DY
background and part of the TTtW background, without affecting the signal acceptance. The
large-radius jets, i.e. clustered with a size parameter R = 0.8 (”AK8 jets”), are reconstructed
using the anti-kT algorithm [48], implemented in the FASTJET package [49]. The large-radius
jets are analyzed using the Pileup-per-particle-identification (PUPPI) mitigation algorithm [50].
This algorithm is designed to remove PU using event information both at the global and local
level, identifying pileup at the particle level. The AK8 jets are required to have a minimum pT of
200 GeV, to be within a pseudorapidity region with |h| < 2.4 and to be separated from leptons
by a distance DR =

p
(Dh)2 + (Df)2 > 0.8. The process under consideration has a fairly central

distribution of its final state particles. A study of the effect of increasing the pseudo-rapidity
acceptance for the final state objects, made possible by the Phase-2 CMS detector upgrade, has
shown that the increased background contribution would spoil the advantage given by the
larger efficiency, lowering the overall sensitivity. Hence the more central selection, |h| < 2.4,
has been kept for both leptons and large-radius jets. Requiring one or more large-radius jets
is suitable regardless of whether N` decays through gauge or contact interactions. In fact,
for gauge mediated decays of the heavy composite neutrino, the two quarks are expected to
overlap and thus form a large-radius jet, while in the case of contact-mediated decays, the two
quarks are well separated, but form two large-radius jets because of the overlap with final state
radiation. The signal region is therefore defined by requiring two same-flavor isolated leptons
(electrons or muons) and at least one large-radius jet. With this selection, the total efficiency for
the signal is about 55% in the eeqq̄

0 channel and 65% in the µµqq̄
0 channel, for heavy neutrinos

with masses greater than 3 TeV.

A shape-based analysis is performed investigating the invariant mass, M(``J), of the two lep-
tons and the leading large-radius jet. As shown in Fig. 5, this variable provides a good discrim-
ination between the signal and the SM backgrounds.

5 Results

Figure 5 shows the distribution of the variable M(``J) for both the SM backgrounds and the
signal for a particular benchmark choice of the model parameters, namely L = M(N`) = 6

AK8 jet, pT>200 GeV 
|eta|<2.4

m(l,l,jet) 
discriminating variable

Mass limit 8 TeV 5sigma discovery reach: 7.2 TeV
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Figure 3: Decay amplitude of the heavy composite Majorana neutrino to a lepton and two
quarks, for L = 5 TeV (left), L = 15 TeV (centre), and L = 25 TeV (right), as a function of its
mass, obtained with CalcHEP (v3.6) [29]. The x-axis range has been restricted to emphasize the
interplay.

q̄0

q `+

N`

`+

q

q̄0

Figure 4: The Feynman diagram of the process for the production and decay of a heavy com-
posite Majorana neutrino, according to the decay chain pp ! `N` ! ``qq̄

0.

the final state signatures eeqq̄
0 and µµqq̄

0. In Fig. 4, the Feynman diagram of the entire process
pp ! `N` ! ``qq̄

0 is shown. We recall that, since particle flavor is conserved within the heavy
sector of the model, we do not foresee interference between the electron and muon channels,
and thus they are considered separately.

The direct search for a heavy Majorana neutrino within the same framework has been per-
formed by the CMS Collaboration, measuring the final state with two leptons and at least one
large-radius jet, with data from pp collisions at

p
s = 13 TeV and with an integrated luminosity

of 2.3 fb�1 [30]. Good agreement between the data and the SM expectations was observed in
the search, and the heavy composite Majorana neutrino is excluded for masses up to 4.60 TeV in
the electron channel and 4.70 TeV in the muon channel, for the representative case L = M(N`).

In the present work, we apply the selection inspired by the Run 2 data analysis within the same
theoretical scenario at

p
s = 14 TeV assuming the Phase-2 CMS detector response and a pileup

scenario that corresponds to the collection of 3 ab�1 of integrated luminosity in ten years of
data taking.

2 The CMS Phase-2 detector

The CMS detector [31] will be substantially upgraded in order to fully exploit the physics po-
tential offered by the increase in luminosity at the HL-LHC [32], and to cope with the demand-
ing operational conditions at the HL-LHC [33–37]. The upgrade of the first level hardware
trigger (L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, re-
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Figure 5: Distribution of the variable M(``J) of backgrounds (stacked plots) and expected sig-
nal (lines) in the signal region, considering the model parameters L = M(N`) = 6 TeV, for the
eeqq̄

0 channel (left) and for the µµqq̄
0 channel (right). The background statistical and systematic

uncertainties have been combined.

TeV. The expected discovery sensitivity of a heavy composite Majorana neutrino, produced in
association with a lepton, and decaying into a same-flavor lepton and two jets, is shown in
Figure 6. The CMS Phase-2 detector will be able to find evidence for a composite neutrino with
mass below M(N`) = 7.6 TeV.
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0 (red line) and µµqq̄
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channel for the case L = M(N`). The gray solid (dotted) line represents 5 (3) standard devia-
tions, respectively.

Expected exclusion limits on the mass of the heavy neutrino are also evaluated. An asymptotic
CLs criterion [51, 52] is used to set an upper limit at 95% confidence level on the cross sec-
tion of the heavy composite Majorana neutrino produced in association with a lepton times its
branching fraction to a same-flavor lepton and two quarks, s(pp ! `N`)⇥ B(N` ! `qq̄

0). The
M(``J) distributions from MC simulations of signal and SM backgrounds are used as input
in the limit computation together with the systematic uncertainties, as discussed in Ref. [30].
The systematic uncertainties, listed in Table 2, are evaluated in accordance with the most recent
recommendations [53] and assumed to be independent of mass. The results are presented in
Fig. 7 for the eeqq̄

0 channel and for the µµqq̄
0 channel for different values of the compositeness

scale: L = 12, 24, 35 TeV and L = M(N`). Figure 8 displays the corresponding upper limits
on the (L, M(N`)) plane for both of the final states considered. The extrapolation is similar for
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0 (bottom) final states, as a function
of the mass of the heavy composite Majorana neutrino. The corresponding green and yellow
bands represent the expected variation of the limit to one and two standard deviation(s). The
solid blue curve indicates the theoretical prediction of L = M(N`). The textured curves give
the theoretical predictions for L values ranging from 12 to 35 TeV.
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4. Event selection 5

For all of the MC samples the hadronization of partons is simulated with PYTHIA 8 [43] and the
expected response of the upgraded CMS detector with the fast-simulation package DELPHES [44].
The object reconstruction and identification efficiencies, as well as the detector response and
resolution, are parameterized in DELPHES using the detailed simulation of the upgraded CMS
detector based on the GEANT4 package [45, 46]. The contribution from 200 additional pileup
events has been included in the simulation as well.

4 Event selection

Final state objects are reconstructed by the particle flow (PF) algorithm [47]. The PF algorithm
combines information from all CMS subdetectors and reconstructs individual particles in the
event such as electrons, muons, photons, neutral hadrons and charged hadrons. The event
selection of the present analysis is based on exploiting some specific kinematic features of the
leptons and of the large-radius jet in the signal samples in order to minimize the contamination
from the SM backgrounds.

The transverse momentum pT of the leading lepton is required to be greater than 110 GeV,
while the pT of the subleading lepton must be greater than 40 GeV. All lepton candidates are
required to be in the pseudorapidity range |h| < 2.4. Restricting to the high-mass region given
by M(`, `) > 300 GeV, where M(`, `) is the dilepton invariant mass, allows reducing the DY
background and part of the TTtW background, without affecting the signal acceptance. The
large-radius jets, i.e. clustered with a size parameter R = 0.8 (”AK8 jets”), are reconstructed
using the anti-kT algorithm [48], implemented in the FASTJET package [49]. The large-radius
jets are analyzed using the Pileup-per-particle-identification (PUPPI) mitigation algorithm [50].
This algorithm is designed to remove PU using event information both at the global and local
level, identifying pileup at the particle level. The AK8 jets are required to have a minimum pT of
200 GeV, to be within a pseudorapidity region with |h| < 2.4 and to be separated from leptons
by a distance DR =

p
(Dh)2 + (Df)2 > 0.8. The process under consideration has a fairly central

distribution of its final state particles. A study of the effect of increasing the pseudo-rapidity
acceptance for the final state objects, made possible by the Phase-2 CMS detector upgrade, has
shown that the increased background contribution would spoil the advantage given by the
larger efficiency, lowering the overall sensitivity. Hence the more central selection, |h| < 2.4,
has been kept for both leptons and large-radius jets. Requiring one or more large-radius jets
is suitable regardless of whether N` decays through gauge or contact interactions. In fact,
for gauge mediated decays of the heavy composite neutrino, the two quarks are expected to
overlap and thus form a large-radius jet, while in the case of contact-mediated decays, the two
quarks are well separated, but form two large-radius jets because of the overlap with final state
radiation. The signal region is therefore defined by requiring two same-flavor isolated leptons
(electrons or muons) and at least one large-radius jet. With this selection, the total efficiency for
the signal is about 55% in the eeqq̄

0 channel and 65% in the µµqq̄
0 channel, for heavy neutrinos

with masses greater than 3 TeV.

A shape-based analysis is performed investigating the invariant mass, M(``J), of the two lep-
tons and the leading large-radius jet. As shown in Fig. 5, this variable provides a good discrim-
ination between the signal and the SM backgrounds.

5 Results

Figure 5 shows the distribution of the variable M(``J) for both the SM backgrounds and the
signal for a particular benchmark choice of the model parameters, namely L = M(N`) = 6
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Figure 5: Distribution of the variable M(``J) of backgrounds (stacked plots) and expected sig-
nal (lines) in the signal region, considering the model parameters L = M(N`) = 6 TeV, for the
eeqq̄

0 channel (left) and for the µµqq̄
0 channel (right). The background statistical and systematic

uncertainties have been combined.

TeV. The expected discovery sensitivity of a heavy composite Majorana neutrino, produced in
association with a lepton, and decaying into a same-flavor lepton and two jets, is shown in
Figure 6. The CMS Phase-2 detector will be able to find evidence for a composite neutrino with
mass below M(N`) = 7.6 TeV.
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channel for the case L = M(N`). The gray solid (dotted) line represents 5 (3) standard devia-
tions, respectively.

Expected exclusion limits on the mass of the heavy neutrino are also evaluated. An asymptotic
CLs criterion [51, 52] is used to set an upper limit at 95% confidence level on the cross sec-
tion of the heavy composite Majorana neutrino produced in association with a lepton times its
branching fraction to a same-flavor lepton and two quarks, s(pp ! `N`)⇥ B(N` ! `qq̄

0). The
M(``J) distributions from MC simulations of signal and SM backgrounds are used as input
in the limit computation together with the systematic uncertainties, as discussed in Ref. [30].
The systematic uncertainties, listed in Table 2, are evaluated in accordance with the most recent
recommendations [53] and assumed to be independent of mass. The results are presented in
Fig. 7 for the eeqq̄

0 channel and for the µµqq̄
0 channel for different values of the compositeness

scale: L = 12, 24, 35 TeV and L = M(N`). Figure 8 displays the corresponding upper limits
on the (L, M(N`)) plane for both of the final states considered. The extrapolation is similar for
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efficiency than the SA algorithm, for highly displaced muons (see Fig. 8.12 of the Muon TDR
[2]). The DSA algorithm improves the transverse impact parameter (d0) and the transverse
momentum (pT) resolution for displaced muons compared to the SA muon algorithm [7].

4 Signal model
In Dark SUSY models, in addition to supersymmetric fields, a dark sector of fermions and
gauge fields is introduced. The gauge boson corresponding to the additional UD(1) symmetry
is called the dark photon (gD) [3, 4], which can have a kinetic mixing with the SM photon. The
dark photon acquires a mass after UD(1) symmetry breaking. In such models, the dark photon
couples to SM charged particles in the same way as a photon, except that the couplings are
scaled by a parameter e that gives the strength of the kinetic mixing. The dark photon lifetime
is proportional to 1/e2, and since e can be very small, the dark photon lifetime can be long. If
this is the case and if the dark photon has non-zero momentum, it can have a macroscopically
long decay length.

Dark photons can be produced in cascade decays of the SM Higgs boson that would first decay
to a pair of MSSM-like lightest neutralinos (n1), each of which, in Dark SUSY models, can decay
further to a dark sector neutralino (nD) and the dark photon, as shown in Fig. 1.

For the branching fraction BR(H ! 2gD + X), where X denotes the particles produced in the
decay of the SM Higgs boson apart from the dark photons, 20% is used. This value is in agree-
ment with recent Run-2 studies [8] and taking into account the upper limit on invisible/non-
conventional decays of the SM Higgs boson [9]. We assume neutralino masses m(n1) = 50 GeV
and m(nD) = 1 GeV, and explore the search sensitivity for dark photon masses and lifetimes
in the following ranges: m(gD) = (1, 5, 10, 20, 30) GeV and ct = (10, 102, 103, 5 ⇥ 103, 104) mm.
Final states with two and four muons are included in the analysis. In the former case, one dark
photon decays to a pair of muons while the other dark photon decays to some other fermions
(2-muon final state). In the latter case, both dark photons decay to muon pairs (4-muon final
state). Both decay chains are shown in Fig. 1. The assumed Higgs production cross section via
gluon-gluon fusion is 49.97 pb [10].

(a) (b)

Figure 1: Feynman diagram of the decay of SM Higgs boson to a final state containing two
or more muons in Dark SUSY models [11]. (a) Decay chain leading to a final state containing
exactly two muons. (b) Decay chain leading to a final state containing exactly four muons.

The branching ratio of dark photons decaying to muons as a function of the dark photon mass

7. Event selection 7

Figure 6: Distribution of the distance of the closest approach of the displaced muon track to the
primary interaction vertex, RMuon�1, for signal and background samples after the final event
selection. The distance of the highest pT muon is shown.

Table 1: Signal and background event yields with statistical uncertainties in different search
regions after the final event selection. The systematic uncertainties can be found in Sec. 8.

Search Region [cm]

Event Yield
Signal Background

mgD
[GeV]

ct[mm] 1 5 10 20 30 tt̄ Drell-Yan QCD
>80 10000 0.00 ± 0.00 0.18 ± 0.15 0.22 ± 0.20 8.9 ± 2.2 29.8 ± 4.8 0.95 ± 0.19 2.06 ± 0.47 3.76 ± 0.78
>80 5000 0.04 ± 0.03 0.83 ± 0.37 0.79 ± 0.56 35.3 ± 6.3 75.6 ± 10.4 0.95 ± 0.19 2.06 ± 0.47 3.76 ± 0.78
>80 1000 0.06 ± 0.03 2.53 ± 0.89 12.8 ± 3.7 87.0 ± 13.3 132 ± 16 0.95 ± 0.19 2.06 ± 0.47 3.76 ± 0.78
>10 100 0.96 ± 0.14 5.6 ± 0.7 11.7 ± 1.7 16.7 ± 2.4 12.9 ± 1.7 31.7 ± 1.2 215 ± 5 174 ± 5
>1 10 4.02 ± 0.25 13.6 ± 0.8 10.5 ± 0.5 13.7 ± 0.8 9.3 ± 0.6 1020 ± 6 13320 ± 30 1150 ± 10

9. Results 9

upper limits at 95% confidence level (CL) are obtained on a signal event yield with respect to
the one expected for the considered model. We use the Bayesian method with a uniform prior
for the signal event rate. The nuisance parameters associated with the systematic uncertainties
are modeled with log-normal distributions. In presence of the expected signal, significance of
the corresponding event excess over the expected background is assessed using the likelihood
method.

The resulting limits for the Dark SUSY models are depicted in Fig. 7. While the results shown
in Fig. 7 (a) are for a dark photon with a decay length of 1 m as a function of the dark photon
mass, Fig. 7 (b) shows the results for a dark photon mass of 20 GeV as a function of the decay
length.
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Figure 7: 95% CL upper limits on production cross section s/stheory for various dark pho-
ton mass hypotheses and a fixed decay length of ct = 1000 mm (a) and a fixed mass of
MgD

= 20 GeV as a function of the dark photon decay length (b). Green and yellow shaded
bands show the one and two sigma range of variation of the expected 95% CL limits, respec-
tively. Phase-2 results with 3000 fb�1 (red) are compared to results obtained with 300 fb�1

(violet) of integrated luminosity, which corresponds to the end of Phase-1 data taking. Another
median of an excluded limit is shown here which represents the scenario with the reduced stan-
dalone reconstruction efficiency with 3000 fb�1 (black) of integrated luminosity. Additionally,
Phase-2 results with 3000 fb�1 are determined without any systematic uncertainties (blue). The
theoretical Dark SUSY cross section for 14 TeV is shown as a solid line. The gray lines indicate
the regions of narrow hadronic resonances where the analysis does not claim any sensitivity
(see Fig. 2).

Another presentation of the limits can be done in a parameter scan of the two-dimensional e �
mgD

plane. The closed area in Fig. 8 (b) shows the excluded region along with the region of dis-
covery of dark photons compared to existing results (Fig. 8 (a)). Besides the searches at the LHC
provided by ATLAS [27] and CMS [28] at a center-of-mass energy of

p
s = 8(13) TeV, there are

constraints from low-energy electron-positron colliders (KLOE [29], BaBar [30]), heavy ion col-
liders (PHENIX [31]) as well as from cosmological observations [32].
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Figure 3: Event display of a tt̄ event with high pileup. All reconstructed muons fulfilling
pT > 1 GeV are shown. Muons from pileup are predominantly in the forward region of the
detector. The tracks going horizontally through detector with no origin at the center of the
detector are muons from beam halo. Both types of muons, from pileup and beam halo, are
very low-pT objects and are rejected by the muon pT criterion applied in the analysis.

Since requiring two muons to pass this criterion leaves very few events in the QCD background
sample, we opt for assuming that the selection efficiency on two muons is factorizable and
weight events following the procedure used in Ref. [21].

For each event, we require to have at least two DSA muons fulfilling the requirements men-
tioned above. If there are more than two selected muons, the ones with the highest pT are
chosen. The two muons must have opposite charge (qµ,1 · qµ,2 = �1) and must be separated
by DR =

p
Df2 + Dh2 > 0.05. The three-dimensional angle between the two displaced muons

is required to be less than p � 0.05 (not back-to-back) in order to suppress cosmic ray back-
grounds. Additionally, p

miss
T � 50 GeV is imposed to account for the dark neutralinos escaping

the detector without leaving any signal.

In order to discriminate between background and signal, the three-dimensional distance from
the primary vertex to the point of closest approach of the extrapolated displaced muon track,
called RMuon, is used. A sketch illustrating RMuon for the two selected muons is shown in Fig.
5. The event yield after full event selection of both selected muons as a function of RMuon�1 and
RMuon�2 is used to search for the signal. Figure 6 shows RMuon�1 of the first selected muon for
signal and background samples.

Dedicated search regions are defined using these distances symmetrically for both muons by
summing up all events above a sliding lower threshold. With increasing threshold, the signal-
to-background ratio improves due to the suppression of the backgrounds. The lower thresholds
are optimized for every possible lifetime ct. By varying the lower bound, the sensitivity reaches
its maximum at some point. This is taken as the predefined lower bound for the statistical
interpretation of the results: 1 cm for ct = 10 mm, 10 cm for ct = 100 mm and 80 cm for
ct = 103, 5 ⇥ 103, 104 mm. The signal and background event yields for the different search
regions after full selection are summarized in Tab. 1.
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6 Backgrounds
A number of SM processes may yield the signal signature of two displaced muons and missing
transverse momentum. The following three dominant processes are included in this study:

• The dominant background consists of QCD multijets events. Displaced muons can
be produced in the decay of heavy quarks and neutrinos can be the source of missing
transverse momentum.

• Similarly, tt̄ production can lead to displaced muons and neutrinos that contribute
to missing transverse momentum.

• Drell-Yan processes (DY ! µµ) can appear as signal due to the misidentification
of prompt muons as displaced. The missing transverse momentum can arise from
instrumental effects.

Given the displaced signature, other sources of background besides the SM processes may
contribute. However, they can be sufficiently suppressed, as described below.

• Beam halo: The protons of the LHC beam can collide with leftover molecules in the
beam pipe. During these collisions, muons can be produced and can travel through
the detector from one side to the other (see horizontal red lines in Fig. 3). These
muons can have a large displacement from the primary interaction vertex. The
amount of such beam halo muons scales with luminosity and exceeds the current
conditions for the HL-LHC. However, these tracks can be identified by their very
low transverse momentum (see Fig. 14 (b) in Ref. [20]). In 2% of the signal events
simulated with PU200, a signature consistent with beam halo muons is observed be-
fore event selection. By selecting displaced muons with pT > 15 GeV, muons from
beam halo are completely suppressed.

• Cosmic ray muons: Cosmic ray muons traverse the detector usually from top to
bottom and may be reconstructed as two displaced muon tracks. The contribution of
cosmic ray muons is suppressed by rejecting displaced muon pairs which are back-
to-back (Sec. 7). A suppression factor of 10�9 is calculated for a sample of cosmic ray
muon events taken in 2017 with the active LHC clock while pp collisions are absent.
As the rate of cosmic ray muons is independent of the collider conditions, this value
is also valid for HL operation.

7 Event selection
In the context of the Phase-2 CMS detector and the HL-LHC, various studies have been per-
formed to tackle the issue of triggering on displaced muons [2]. We use those results to set
benchmark trigger scenarios in this analysis. We assume a dedicated displaced single-muon
trigger with pT > 20 GeV. For the Phase-2 upgraded CMS, such a trigger is expected to have
90% efficiency even for largely displaced muons [2].

For the offline selection, we require the DSA muons to have pT � 15 GeV and |h|  2.8. For
the muon with the highest transverse momentum, pT � 20 GeV is imposed to account for
the displaced muon trigger threshold. To select muons of good quality, the fit of the hits in
the muon chambers to build each muon track should meet the condition that the chi-squared
divided by the number of degrees of freedom c2/ndof  2.0. The corresponding track of the
displaced muon has to have at least 17 muon hits for |h|  2.4 and 6 hits in the region of the
new ME0 station 2.4  |h|  2.8 that are well associated with the track. Selected displaced
muons should have a transverse impact parameter significance |d0|/s(d0) � 5.0 (see Fig. 4).
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Leptoquarks pair → t + lept Leptoquark→ b + tau e*, mu* → ll+gamma

exotic leptons

1. Introduction 1

1 Introduction
Leptoquarks (LQs) are hypothetical particles that carry both baryon and lepton quantum num-
bers. They are color-triplets and carry fractional electric charge. Their possible quantum num-
bers can be restricted by the assumption that their interactions with standard model (SM)
fermions are renormalizable and gauge invariant [1]. The spin of an LQ state is either 0 (scalar
LQ) or 1 (vector LQ). LQs appear in theories beyond the SM such as grand unified theories [2–
4], technicolor models [5, 6], or compositeness scenarios [7, 8]. Models [9–20] proposing the
existence of LQs as an explanation for the tension between the SM prediction and experimen-
tal data in flavor observables, such as the ratios RD(⇤) [21–28] and RK(⇤) [29–32], or the muon
anomalous magnetic moment aµ [33, 34] favor large couplings of the LQ to third-generation
quarks and masses at the TeV scale.

At the CERN LHC, LQs can be produced in pairs via gluon-gluon fusion and quark-antiquark
annihilation. The pair production cross section depends on the mass of the LQ. For scalar LQs,
it is known at next-to-leading (NLO) order precision in perturbative quantum chromodynam-
ics [35]. The production of a single LQ coupled exclusively to top quarks is suppressed, as it
requires a top quark in the initial state.

A study is presented of the expected sensitivity of searches for pair-produced scalar LQs de-
caying into top quarks and charged leptons with the high luminosity LHC (HL-LHC) [36]. The
analysis is based on published CMS results of the t + µ [37] and t + t [38] LQ decay channels,
which have been carried out using 35.9 fb�1 of proton-proton collision data collected in the
year 2016 with a center-of-mass energy of

p
s = 13 TeV. The analysis strategies are kept un-

changed with respect to the ones in Refs. [37, 38], only different total integrated luminosities,
the higher center-of-mass energy of 14 TeV, and different scenarios of systematic uncertainties
are considered.

2 Summary of the analyses of the 2016 dataset
The analysis strategies of Refs. [37, 38] are briefly summarized in the following. The results
from these searches are used for estimating the expected sensitivity with the HL-LHC by scal-
ing the predictions for the SM backgrounds, the LQ signals, and the corresponding uncertain-
ties to higher integrated luminosities. Feynman diagrams of the two signal processes under
consideration are shown in Fig. 1.
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Figure 1: Feynman diagrams of the gluon-induced production and the subsequent decay of a
pair of LQs into top quarks and muons (left) and into top quarks and t leptons with a subse-
quent decay of the two top quarks into the `+jets final state (right), where ` denotes an electron
or muon.

1. Introduction 1

1 Introduction
Leptoquarks (LQs) are hypothetical color-triplet bosons which carry both baryon and lepton
quantum numbers and have fractional electric charge. They are predicted by many exten-
sions of the standard model (SM) of particle physics, such as theories invoking grand unifi-
cation [1–8], technicolor [9–11], or compositeness [12]. To satisfy experimental constraints on
flavour changing neutral currents and other rare processes [13, 14], it is generally assumed that
there are three types of LQs, each type coupling only to leptons and quarks of a single genera-
tion.

Third-generation scalar LQs have recently received considerable interest from the theory com-
munity, as the existence of leptoquarks with large couplings can explain the anomaly in the B !
Dtn and B ! D⇤tn decay rates reported by the BaBar [15, 16], Belle [17–22], and LHCb [23] Col-
laborations. These decay rates collectively deviate from the SM predictions by about four stan-
dard deviations [24]. Such LQs could also provide a consistent explanation for other anomalies
in B physics reported by LHCb [25–30] and Belle [31].

The production cross sections and decay widths of LQs in proton-proton (pp) collisions are
determined by the LQ mass mLQ, its branching fraction b to a charged lepton and a quark,
and the Yukawa coupling l of the LQ-lepton-quark vertex. Leptoquarks can be produced in
pairs via gluon fusion or quark-antiquark annihilation, and singly via quark-gluon fusion. The
LQ pair production cross section does not depend on l, while that for single production does,
and thus the sensitivity of searches for singly produced LQs depends on l. For l = 1, at lower
masses, the cross section for pair production is greater than that of single production. However,
the single-LQ production cross section decreases more slowly with increasing mLQ, eventually
exceeding that of pair production. For a third-generation LQ to explain the observed B physics
anomalies, l has to be large (l ⇠ mLQ measured in TeV). For such l, the single production
cross section is larger than the pair production cross section when mLQ is greater than 1.0-1.5
TeV [32]. Feynman diagrams of the signal processes at leading order (LO) are shown in Fig. 1.
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Figure 1: Leading order Feynman diagrams for the production of a third-generation LQ in the
single production s-channel (left) and the pair production channel via gluon fusion (center) and
quark fusion (right).

The most stringent limits on the production cross section of a third-generation LQ decaying to
a t lepton and a bottom quark come from a search by the CMS Collaboration, in which a scalar
LQ with mass below 1 TeV is excluded at 95% confidence level (CL) in a search for LQ pair
production in the ttbb final state [33]. Limits on the LQ mass are set at 740 GeV for the single
production channel [34]. Another type of third-generation scalar LQ decaying to a t lepton and
a top quark is excluded by the CMS Collaboration for masses up to 900 GeV [35].

The analysis described in this document calculates the future discovery and exclusion prospects
for singly and pair produced third-generation scalar LQs, each decaying to a hadronically de-
caying t (65% of the t decays [36]), denoted as th, and a bottom quark. Signal is separated

1. Introduction 1

1 Introduction
The standard model (SM) provides a very precise description of many phenomena in parti-
cle physics observed over the last half century. Notwithstanding its huge success, it does not
explain the origin of the mass hierarchy and the existence of three generations of quarks and
leptons. As an attempt to answer such fundamental questions, compositeness of quarks and
leptons is introduced in many models [1–10]. These compositeness models suggest that quarks
and leptons are made of more fundamental constituents that are bound by a new strong inter-
action with a characteristic energy scale L (called the compositeness scale).

Compositeness models predict the existence of excited states of quarks and leptons. In proton-
proton (pp) collisions, excited fermions could be produced via contact interactions (CI) gov-
erned and decay either through SM gauge interactions or via CI to SM fermions. The contact
interaction can be described by an effective Lagrangian:

LCI =
g
⇤2

2L2
m

j
µ

jµ (1)

where g
⇤2 is chosen to be 4p, j

µ is the fermion current and Lm is the energy scale of the sub-
structure, assumed to be equal to or larger than the excited lepton mass. An illustration of the
production decay mode is shown in Fig. 1.

This analysis presents a search for excited leptons (`⇤ = e⇤, µ⇤) in ``g (` = e, µ) final states
where the excited lepton decays to a SM lepton and a photon (`⇤ ! `g) in an upgraded CMS
detector at the High-Luminosity LHC (HL-LHC).

γq

q e/µ

e/µ

e∗/µ∗

Λ

Figure 1: The Feynman diagram of the production of excited leptons in ``g final states.

The upgraded CERN HL-LHC is expected to deliver a peak instantaneous luminosity of up to
7.5 ⇥ 1034 cm�2 s�1 [11], which is an increase in instantaneous luminosity of about four times
with respect to the LHC Run 2 conditions. With this increase in instantaneous luminosity,
the number of overlapping proton-proton interactions per bunch crossing, or pileup (PU), is
expected to increase from its mean value of about 40 at the LHC to a mean value of up to 200
at the HL-LHC. Similarly, the levels of radiation are expected to significantly increase in all
regions of the detector, in particular in its forward regions.

The CMS detector will be substantially upgraded in order to fully exploit the physics potential
offered by the increase in luminosity, and to cope with the demanding operational conditions
at the HL-LHC [12–16]. In particular, in order to sustain the increased PU rate and associated
increase in flux of particles, the upgrade will provide the detector with: higher granularity to
reduce the average channel occupancy, increased bandwidth to accommodate the higher data
rates, and improved trigger capability to keep the trigger rate at an acceptable level without
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1 Introduction
Leptoquarks (LQs) are hypothetical particles that carry both baryon and lepton quantum num-
bers. They are color-triplets and carry fractional electric charge. Their possible quantum num-
bers can be restricted by the assumption that their interactions with standard model (SM)
fermions are renormalizable and gauge invariant [1]. The spin of an LQ state is either 0 (scalar
LQ) or 1 (vector LQ). LQs appear in theories beyond the SM such as grand unified theories [2–
4], technicolor models [5, 6], or compositeness scenarios [7, 8]. Models [9–20] proposing the
existence of LQs as an explanation for the tension between the SM prediction and experimen-
tal data in flavor observables, such as the ratios RD(⇤) [21–28] and RK(⇤) [29–32], or the muon
anomalous magnetic moment aµ [33, 34] favor large couplings of the LQ to third-generation
quarks and masses at the TeV scale.

At the CERN LHC, LQs can be produced in pairs via gluon-gluon fusion and quark-antiquark
annihilation. The pair production cross section depends on the mass of the LQ. For scalar LQs,
it is known at next-to-leading (NLO) order precision in perturbative quantum chromodynam-
ics [35]. The production of a single LQ coupled exclusively to top quarks is suppressed, as it
requires a top quark in the initial state.

A study is presented of the expected sensitivity of searches for pair-produced scalar LQs de-
caying into top quarks and charged leptons with the high luminosity LHC (HL-LHC) [36]. The
analysis is based on published CMS results of the t + µ [37] and t + t [38] LQ decay channels,
which have been carried out using 35.9 fb�1 of proton-proton collision data collected in the
year 2016 with a center-of-mass energy of

p
s = 13 TeV. The analysis strategies are kept un-

changed with respect to the ones in Refs. [37, 38], only different total integrated luminosities,
the higher center-of-mass energy of 14 TeV, and different scenarios of systematic uncertainties
are considered.

2 Summary of the analyses of the 2016 dataset
The analysis strategies of Refs. [37, 38] are briefly summarized in the following. The results
from these searches are used for estimating the expected sensitivity with the HL-LHC by scal-
ing the predictions for the SM backgrounds, the LQ signals, and the corresponding uncertain-
ties to higher integrated luminosities. Feynman diagrams of the two signal processes under
consideration are shown in Fig. 1.
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Figure 1: Feynman diagrams of the gluon-induced production and the subsequent decay of a
pair of LQs into top quarks and muons (left) and into top quarks and t leptons with a subse-
quent decay of the two top quarks into the `+jets final state (right), where ` denotes an electron
or muon.
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Figure 3: Expected upper limits on the LQ pair production cross section at the 95% CL for an
LQ decaying exclusively to top quarks and muons (left) or t leptons (right) as a function of
the LQ mass and for different integrated luminosities in the ”YR18 syst.” (solid) and ”stat.
only” (dotted) scenarios. All results were obtained with templates for

p
s = 13 TeV that were

scaled to
p

s = 14 TeV. The LQ pair production cross section was calculated at NLO [35], its
uncertainty takes into account PDF and scale variations.
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Figure 4: Expected significances (left) and expected upper limits on the LQ pair-production
cross section at the 95% CL (right) as a function of the LQ mass and the branching fraction at
3000 fb�1 in the ”YR18 syst.” and the ”stat. only” scenarios. Color-coded lines represent lines
of a constant expected significance or cross section limit, respectively. The red lines indicate the
5s discovery level (left) and the mass exclusion limit (right).

integrated luminosity of 3000 fb�1 in the two different scenarios. These results were obtained
from the combination of the LQ ! tµ and LQ ! tt analyses. For all values of B, LQ masses
up to approximately 1200 GeV and 1400 GeV are expected to be in reach for a discovery at the
5s level and a 95% CL exclusion, respectively.

5 Summary
Projections for searches for pair production of scalar leptoquarks decaying into top quarks
and muons or t leptons at the high-luminosity LHC have been presented. They are based
on published analyses of the dataset recorded by the CMS experiment in 2016. The effect of
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Figure 3: Expected upper limits on the LQ pair production cross section at the 95% CL for an
LQ decaying exclusively to top quarks and muons (left) or t leptons (right) as a function of
the LQ mass and for different integrated luminosities in the ”YR18 syst.” (solid) and ”stat.
only” (dotted) scenarios. All results were obtained with templates for

p
s = 13 TeV that were

scaled to
p

s = 14 TeV. The LQ pair production cross section was calculated at NLO [35], its
uncertainty takes into account PDF and scale variations.
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of a constant expected significance or cross section limit, respectively. The red lines indicate the
5s discovery level (left) and the mass exclusion limit (right).

integrated luminosity of 3000 fb�1 in the two different scenarios. These results were obtained
from the combination of the LQ ! tµ and LQ ! tt analyses. For all values of B, LQ masses
up to approximately 1200 GeV and 1400 GeV are expected to be in reach for a discovery at the
5s level and a 95% CL exclusion, respectively.
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Figure 2: Expected significances for an LQ decaying exclusively to top quarks and muons (left)
or t leptons (right) as a function of the LQ mass and for different integrated luminosities in
the ”YR18 syst.” (solid) and ”stat. only” (dotted) scenarios. All results were obtained with
templates for

p
s = 13 TeV that were scaled to

p
s = 14 TeV.

the shift in the momentum fractions of the initial-state partons and the resulting change in
the differential production cross section of each simulated sample. As a result, the production
cross sections of the backgrounds and, in particular, the LQ signal increase, especially for events
with high momentum transfer, leading to an overall gain in sensitivity of O(5%) compared to
p

s = 13 TeV. The object reconstruction under HL-LHC conditions in combination with the
upgraded CMS detector is assumed to be sufficiently robust against additional interactions in
the same bunch crossing in order not to introduce additional systematic uncertainties.

Figure 2 presents the expected significances of the analyses as a function of the LQ mass scaled
to different assumed integrated luminosities in the ”YR18 syst.” and ”stat. only” scenarios. The
significances were computed from a log-likelihood ratio with the THETA [39] package, based on
the final distributions of the LQ ! tµ (left) and LQ ! tt (right) analyses, respectively, that are
also used for setting expected limits. Increasing the target integrated luminosity from L

target
int =

35.9 fb�1 up to L
target
int = 3000 fb�1 greatly increases the discovery potential of both analyses.

The LQ mass corresponding to a discovery at 5s significance with a dataset corresponding to
3000 fb�1 increases by more than 500 GeV, from about 1200 GeV to roughly 1700 GeV, in the
LQ ! tµ decay channel. For LQs decaying exclusively to top quarks and t leptons, a gain of
400 GeV is expected, pushing the LQ mass in reach for a 5s discovery from 800 GeV to 1200 GeV.

In Fig. 3, the expected projected limits are shown for the ”YR18 syst.” and the ”stat. only”
scenarios. They were obtained from the final distributions of the LQ ! tµ (left) and LQ !

tt (right) analyses, respectively. The kink in the ”YR18 syst.” scenarios at high integrated
luminosities in Fig. 3 (left) is related to category A in the LQ ! tµ analysis becoming limited
by systematic uncertainties. Leptoquarks decaying only to top quarks and muons are expected
to be excluded below masses of 1900 GeV at 3000 fb�1, which is a gain of 500 GeV compared
to the limit of 1420 GeV obtained in the published analysis of the 2016 dataset [37] with data
corresponding to 35.9 fb�1. The mass below which LQs decaying exclusively to top quarks and
t leptons are expected to be excluded increases by 500 GeV, from 900 GeV to approximately
1400 GeV.

Figure 4 shows the expected significances and upper limits on the pair-production cross section
of scalar LQs allowed to decay to top quarks and muons or t leptons at the 95% CL as a function
of the LQ mass and a variable branching fraction B(LQ ! tµ) = 1 � B(LQ ! tt) for an

FTR-18-008 and arxiv:1812.07831

Run2 HLLHC



Leptoquark→ b + tau.
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1 Introduction
Leptoquarks (LQs) are hypothetical color-triplet bosons which carry both baryon and lepton
quantum numbers and have fractional electric charge. They are predicted by many exten-
sions of the standard model (SM) of particle physics, such as theories invoking grand unifi-
cation [1–8], technicolor [9–11], or compositeness [12]. To satisfy experimental constraints on
flavour changing neutral currents and other rare processes [13, 14], it is generally assumed that
there are three types of LQs, each type coupling only to leptons and quarks of a single genera-
tion.

Third-generation scalar LQs have recently received considerable interest from the theory com-
munity, as the existence of leptoquarks with large couplings can explain the anomaly in the B !
Dtn and B ! D⇤tn decay rates reported by the BaBar [15, 16], Belle [17–22], and LHCb [23] Col-
laborations. These decay rates collectively deviate from the SM predictions by about four stan-
dard deviations [24]. Such LQs could also provide a consistent explanation for other anomalies
in B physics reported by LHCb [25–30] and Belle [31].

The production cross sections and decay widths of LQs in proton-proton (pp) collisions are
determined by the LQ mass mLQ, its branching fraction b to a charged lepton and a quark,
and the Yukawa coupling l of the LQ-lepton-quark vertex. Leptoquarks can be produced in
pairs via gluon fusion or quark-antiquark annihilation, and singly via quark-gluon fusion. The
LQ pair production cross section does not depend on l, while that for single production does,
and thus the sensitivity of searches for singly produced LQs depends on l. For l = 1, at lower
masses, the cross section for pair production is greater than that of single production. However,
the single-LQ production cross section decreases more slowly with increasing mLQ, eventually
exceeding that of pair production. For a third-generation LQ to explain the observed B physics
anomalies, l has to be large (l ⇠ mLQ measured in TeV). For such l, the single production
cross section is larger than the pair production cross section when mLQ is greater than 1.0-1.5
TeV [32]. Feynman diagrams of the signal processes at leading order (LO) are shown in Fig. 1.
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Figure 1: Leading order Feynman diagrams for the production of a third-generation LQ in the
single production s-channel (left) and the pair production channel via gluon fusion (center) and
quark fusion (right).

The most stringent limits on the production cross section of a third-generation LQ decaying to
a t lepton and a bottom quark come from a search by the CMS Collaboration, in which a scalar
LQ with mass below 1 TeV is excluded at 95% confidence level (CL) in a search for LQ pair
production in the ttbb final state [33]. Limits on the LQ mass are set at 740 GeV for the single
production channel [34]. Another type of third-generation scalar LQ decaying to a t lepton and
a top quark is excluded by the CMS Collaboration for masses up to 900 GeV [35].

The analysis described in this document calculates the future discovery and exclusion prospects
for singly and pair produced third-generation scalar LQs, each decaying to a hadronically de-
caying t (65% of the t decays [36]), denoted as th, and a bottom quark. Signal is separated
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Figure 1: Leading order Feynman diagrams for the production of a third-generation LQ in the
single production s-channel (left) and the pair production channel via gluon fusion (center) and
quark fusion (right).

The most stringent limits on the production cross section of a third-generation LQ decaying to
a t lepton and a bottom quark come from a search by the CMS Collaboration, in which a scalar
LQ with mass below 1 TeV is excluded at 95% confidence level (CL) in a search for LQ pair
production in the ttbb final state [33]. Limits on the LQ mass are set at 740 GeV for the single
production channel [34]. Another type of third-generation scalar LQ decaying to a t lepton and
a top quark is excluded by the CMS Collaboration for masses up to 900 GeV [35].

The analysis described in this document calculates the future discovery and exclusion prospects
for singly and pair produced third-generation scalar LQs, each decaying to a hadronically de-
caying t (65% of the t decays [36]), denoted as th, and a bottom quark. Signal is separated

4

each of the two t leptons considered in the selection.
Uncertainty LQ tt̄ - single top DY QCD Diboson

Integrated luminosity 1%
t identification 5%

b tagging 1% - -
b misidentification - - 5%

stop - 2.75% - - -

sDY
300 fb�1 - - 10.4% - -
3000 fb�1 - - 3.3% - -

sQCD
300 fb�1 - - - 10.4% -
3000 fb�1 - - - 3.3% -
sdiboson - - - - 3%

Table 1: Summary of the main systematic uncertainties, where sbkg represents the uncertainty
in the cross section of the background bkg. Uncertainty in b misidentification refers to the
tagging of light jets as b jets.

6 Results
Signal extraction is based on a binned maximum likelihood fit to the distribution of the scalar
pT sum ST. This variable is defined as the sum of the transverse momenta of the two selected t
leptons and either the highest-pT jet in the case of single LQ production, or the two highest-pT
jets in the case of LQ pair production. The two versions of this variable are shown in Fig. 2, for
the HL-LHC 3000 fb�1 scenario.

Figure 2: (left) Scalar sum of the pT of the two selected t leptons and the highest-pT jet in the
single LQ selected sample. (right) Scalar sum of the pT of the two selected t leptons and the
two highest-pT jets in the LQ pair selected sample. The considered backgrounds are shown as
stacked histograms, while empty histograms for signals for the single LQ and LQ pair channels
(for mLQ = 1000 GeV) are overlaid to illustrate the sensitivity. Both signal and backround are
normalized to a luminosity of 3000 fb�1.

The uncertainties described in Table 1 are represented by nuisance parameters in the fit. We set
an upper limit at 95% confidence level (CL) on the cross section times branching fraction b as
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The uncertainties described in Table 1 are represented by nuisance parameters in the fit. We set
an upper limit at 95% confidence level (CL) on the cross section times branching fraction b as

6. Results 5

a function of mLQ by using the asymptotic CLs modified frequentist criterion [51–54]. Upper
limits are calculated considering two different scenarios. The first one, hereafter abbreviated as
”stat. only”, considers only statistical uncertainties, to observe how the results are affected by
the increase of the integrated luminosity. The second scenario, hereafter abbreviated as ”stat. +
syst.”, also includes the best estimate of the systematic uncertainties at the HL-LHC, as defined
in Table 1. Two projections are calculated, one for an integrated luminosity of 300 fb�1 (Run
3) and another one for 3000 fb�1 (HL-LHC). The limits are shown in Fig. 3 for both single LQ
(left) and LQ pair production (right) channels, together with the theoretical prediction for the
cross section [47] assuming l = 1 and b = 1, for both the stat. only and stat. + syst. scenarios.
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Figure 3: Expected limits at 95% CL on the product of the cross section s and the branching
fraction b for the single (left) and pair (right) LQ production channels. Note that, in the case
of pair LQ production, the limit is calculated for s ⇥ b2. Limits are calculated as a function of
the LQ mass, for the two high luminosity projections, 300 fb�1 (red) and 3000 fb�1 (orange), for
both the stat. only (dashed lines) and the stat. +syst. scenarios (solid lines). This is shown in
conjunction with the theoretical predictions at NLO [47], in cyan.

Comparing these expected limits with the theoretical predictions, projected limits on the LQ
mass are calculated, as shown in Table 2.

Production channel Uncertainty
scenario

LQ mass [GeV]
300 fb�1 3000 fb�1

single LQ stat. only 784 1135
stat. + syst. 732 1130

LQ pair stat. only 1253 1520
stat. + syst. 1249 1518

Table 2: Lower limits on the LQ mass for each considered production mechanism, uncertainty
scenario, and integrated luminosity hypothesis considered in the analysis.

Since the single-LQ signal cross section scales with l2, it is straightforward to recast the results
presented in Fig. 3 in terms of expected upper limits on l as a function of mLQ, as shown in
Fig. 4. Values of l up to 3 are considered, so that the width of the LQ signal stays narrow
compared to detector resulution and constraints from electroweak precision measurements are
satisfied [55]. We have used the assumption that the shape of the ST distribution does not
change as a function of l, which has been verified based on the simulation for the l range
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Figure 5: Expected local significance of a signal-like excess as a function of the LQ mass, for the
two high luminosity projections, 300 fb�1 (red) and 3000 fb�1 (orange), assuming the theoretical
prediction for the LQ cross section at NLO [47], calculated with l = 1 and b = 1. Projections
are calculated for both single LQ (left) and LQ pair production (right).

7 Summary
Expected limits on the cross section for singly and pair produced third-generation scalar lepto-
quarks (LQ), each of which decays to a t lepton and a bottom quark, have been presented as a
function of the LQ mass. Projections have been made using DELPHES simulated samples at 14
TeV, for two luminosity scenarios at 300 fb�1 and 3000 fb�1.

Comparing the limits with theoretical predictions assuming unit Yukawa coupling l = 1,
third-generation scalar leptoquarks are expected to be excluded at 95% confidence level for LQ
masses below 732 and 1130 GeV for the single LQ production channel for the 300 and 3000 fb�1

scenarios, considering both statistical and systematic uncertainties. The corresponding limits
for LQ pair production are 1249 GeV and 1518 GeV.

Limits on l are also placed as a function of the leptoquark mass. For the 300 (3000) fb�1 lu-
minosity scenario, the leptoquark pair production channel is more sensitive if l < 2.7 (2.3),
while the single leptoquark production dominant otherwise. These results show that future
LQ searches under higher luminosity conditions are promising, as they are expected to greatly
increase the reach of the search. They also show that the pair production channel is expected
to be the most sensitive. A significance of 5s is projected for LQ masses below 800 (1000) GeV
for the single production channels and 1200 (1500) GeV for the pair production channel in the
300 (3000) fb�1 scenario.
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4. Event selection 3

chromodynamics (QCD), single top quark production, Z or W boson+jets and diboson pro-
duction (WW, WZ, ZZ). The generated signal and background events are processed with the
fast-simulation package DELPHES [48] in order to simulate the expected response of the up-
graded CMS detector.

4 Event selection
Similar event selections are used in both the singly and pair produced LQ searches, except for
the requirement on the number of jets. In the search for single production, the presence of at
least one reconstructed jet is required, while at least two are required in the search for pair
production. Jets are reconstructed using FASTJET [49], using the anti-kT algorithm [50], with a
distance parameter of 0.4.

Since no precise th identification efficiency or hadron misidentification rate is predefined in
the DELPHES software package, a parameterization is used to emulate the t identification
efficiency. Jets that match generator-level t are selected as reconstructed taus with an efficiency
of 61%, independent of jet pT. Reconstructed jets that do not match generator-level t can be
misidentified as t jets, with a misidentification probability that depends on the jet pT. The
average misidentification rate is 1%, ranging from 1.9% for a pT of 50 GeV to 0.5% for a pT of
150 GeV.

In both channels, two reconstructed t leptons with opposite sign are required, each with trans-
verse momentum pT,t > 50 GeV and a maximum pseudorapidity |ht| < 2.3. We utilize recon-
structed jets with pT,jet > 50 GeV and |hjet| < 2.4. We require at least one such jet for the ttb
channel and 2 for the ttbb channel. These jets are required to be neither generator-level t nor
jets misidentified as t.

To reduce background due to Drell-Yan (particularly Z! tt) events, the di-t invariant mass of
the two t leptons mtt is required to be > 95 GeV.

We require that at least one of the previously selected jets is b-tagged, with pT > 50 GeV and not
considering jets labelled as t as eligible, neither if they come from generator-level t leptons or
if they are misidentified jets. Finally, we reject any events with identified and isolated electrons
(muons), with pT > 10 GeV and |h| < 2.4 (2.5).

After applying these selections, and considering the branching ratio for a t lepton to decay
hadronically, a signal efficiency of 4.9% (11%) is obtained for the single (pair) production.

5 Systematic uncertainties
The systematic uncertainties considered in the study are summarized in Table 1. They are calcu-
lated by scaling the current experimental uncertainties. For uncertainties limited by statistics,
including the uncertainty on the DY and QCD cross sections, a scale factor of 1/

p
L/35.9 is ap-

plied, where L is the integrated luminosity in fb�1. For uncertainties coming from theoretical
calculations, a scale factor of 1/2 is applied with respect to current uncertainties, as is the case
for the uncertainties on the cross sections for top or diboson events.

Other experimental systematic uncertainties are scaled by the square root of the integrated
luminosity until the uncertainty reaches a minimum value based on estimates of the achiev-
able accuracy with the upgraded detector [44]. Uncertainties on the integrated luminosity, t
identification and b tagging/misidentification are examples of experimental systematic uncer-
tainties, which are expected to reach the minimum value for both luminosity scenarios. The
uncertainty of 5% on the t identification efficiency arises from the sum of the uncertainties of
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1 Introduction
Leptoquarks (LQs) are hypothetical color-triplet bosons which carry both baryon and lepton
quantum numbers and have fractional electric charge. They are predicted by many exten-
sions of the standard model (SM) of particle physics, such as theories invoking grand unifi-
cation [1–8], technicolor [9–11], or compositeness [12]. To satisfy experimental constraints on
flavour changing neutral currents and other rare processes [13, 14], it is generally assumed that
there are three types of LQs, each type coupling only to leptons and quarks of a single genera-
tion.

Third-generation scalar LQs have recently received considerable interest from the theory com-
munity, as the existence of leptoquarks with large couplings can explain the anomaly in the B !
Dtn and B ! D⇤tn decay rates reported by the BaBar [15, 16], Belle [17–22], and LHCb [23] Col-
laborations. These decay rates collectively deviate from the SM predictions by about four stan-
dard deviations [24]. Such LQs could also provide a consistent explanation for other anomalies
in B physics reported by LHCb [25–30] and Belle [31].

The production cross sections and decay widths of LQs in proton-proton (pp) collisions are
determined by the LQ mass mLQ, its branching fraction b to a charged lepton and a quark,
and the Yukawa coupling l of the LQ-lepton-quark vertex. Leptoquarks can be produced in
pairs via gluon fusion or quark-antiquark annihilation, and singly via quark-gluon fusion. The
LQ pair production cross section does not depend on l, while that for single production does,
and thus the sensitivity of searches for singly produced LQs depends on l. For l = 1, at lower
masses, the cross section for pair production is greater than that of single production. However,
the single-LQ production cross section decreases more slowly with increasing mLQ, eventually
exceeding that of pair production. For a third-generation LQ to explain the observed B physics
anomalies, l has to be large (l ⇠ mLQ measured in TeV). For such l, the single production
cross section is larger than the pair production cross section when mLQ is greater than 1.0-1.5
TeV [32]. Feynman diagrams of the signal processes at leading order (LO) are shown in Fig. 1.
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Figure 1: Leading order Feynman diagrams for the production of a third-generation LQ in the
single production s-channel (left) and the pair production channel via gluon fusion (center) and
quark fusion (right).

The most stringent limits on the production cross section of a third-generation LQ decaying to
a t lepton and a bottom quark come from a search by the CMS Collaboration, in which a scalar
LQ with mass below 1 TeV is excluded at 95% confidence level (CL) in a search for LQ pair
production in the ttbb final state [33]. Limits on the LQ mass are set at 740 GeV for the single
production channel [34]. Another type of third-generation scalar LQ decaying to a t lepton and
a top quark is excluded by the CMS Collaboration for masses up to 900 GeV [35].

The analysis described in this document calculates the future discovery and exclusion prospects
for singly and pair produced third-generation scalar LQs, each decaying to a hadronically de-
caying t (65% of the t decays [36]), denoted as th, and a bottom quark. Signal is separated
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cation [1–8], technicolor [9–11], or compositeness [12]. To satisfy experimental constraints on
flavour changing neutral currents and other rare processes [13, 14], it is generally assumed that
there are three types of LQs, each type coupling only to leptons and quarks of a single genera-
tion.
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munity, as the existence of leptoquarks with large couplings can explain the anomaly in the B !
Dtn and B ! D⇤tn decay rates reported by the BaBar [15, 16], Belle [17–22], and LHCb [23] Col-
laborations. These decay rates collectively deviate from the SM predictions by about four stan-
dard deviations [24]. Such LQs could also provide a consistent explanation for other anomalies
in B physics reported by LHCb [25–30] and Belle [31].

The production cross sections and decay widths of LQs in proton-proton (pp) collisions are
determined by the LQ mass mLQ, its branching fraction b to a charged lepton and a quark,
and the Yukawa coupling l of the LQ-lepton-quark vertex. Leptoquarks can be produced in
pairs via gluon fusion or quark-antiquark annihilation, and singly via quark-gluon fusion. The
LQ pair production cross section does not depend on l, while that for single production does,
and thus the sensitivity of searches for singly produced LQs depends on l. For l = 1, at lower
masses, the cross section for pair production is greater than that of single production. However,
the single-LQ production cross section decreases more slowly with increasing mLQ, eventually
exceeding that of pair production. For a third-generation LQ to explain the observed B physics
anomalies, l has to be large (l ⇠ mLQ measured in TeV). For such l, the single production
cross section is larger than the pair production cross section when mLQ is greater than 1.0-1.5
TeV [32]. Feynman diagrams of the signal processes at leading order (LO) are shown in Fig. 1.
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Figure 1: Leading order Feynman diagrams for the production of a third-generation LQ in the
single production s-channel (left) and the pair production channel via gluon fusion (center) and
quark fusion (right).

The most stringent limits on the production cross section of a third-generation LQ decaying to
a t lepton and a bottom quark come from a search by the CMS Collaboration, in which a scalar
LQ with mass below 1 TeV is excluded at 95% confidence level (CL) in a search for LQ pair
production in the ttbb final state [33]. Limits on the LQ mass are set at 740 GeV for the single
production channel [34]. Another type of third-generation scalar LQ decaying to a t lepton and
a top quark is excluded by the CMS Collaboration for masses up to 900 GeV [35].

The analysis described in this document calculates the future discovery and exclusion prospects
for singly and pair produced third-generation scalar LQs, each decaying to a hadronically de-
caying t (65% of the t decays [36]), denoted as th, and a bottom quark. Signal is separated
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each of the two t leptons considered in the selection.
Uncertainty LQ tt̄ - single top DY QCD Diboson

Integrated luminosity 1%
t identification 5%

b tagging 1% - -
b misidentification - - 5%

stop - 2.75% - - -

sDY
300 fb�1 - - 10.4% - -
3000 fb�1 - - 3.3% - -

sQCD
300 fb�1 - - - 10.4% -
3000 fb�1 - - - 3.3% -
sdiboson - - - - 3%

Table 1: Summary of the main systematic uncertainties, where sbkg represents the uncertainty
in the cross section of the background bkg. Uncertainty in b misidentification refers to the
tagging of light jets as b jets.

6 Results
Signal extraction is based on a binned maximum likelihood fit to the distribution of the scalar
pT sum ST. This variable is defined as the sum of the transverse momenta of the two selected t
leptons and either the highest-pT jet in the case of single LQ production, or the two highest-pT
jets in the case of LQ pair production. The two versions of this variable are shown in Fig. 2, for
the HL-LHC 3000 fb�1 scenario.

Figure 2: (left) Scalar sum of the pT of the two selected t leptons and the highest-pT jet in the
single LQ selected sample. (right) Scalar sum of the pT of the two selected t leptons and the
two highest-pT jets in the LQ pair selected sample. The considered backgrounds are shown as
stacked histograms, while empty histograms for signals for the single LQ and LQ pair channels
(for mLQ = 1000 GeV) are overlaid to illustrate the sensitivity. Both signal and backround are
normalized to a luminosity of 3000 fb�1.

The uncertainties described in Table 1 are represented by nuisance parameters in the fit. We set
an upper limit at 95% confidence level (CL) on the cross section times branching fraction b as
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Figure 2: (left) Scalar sum of the pT of the two selected t leptons and the highest-pT jet in the
single LQ selected sample. (right) Scalar sum of the pT of the two selected t leptons and the
two highest-pT jets in the LQ pair selected sample. The considered backgrounds are shown as
stacked histograms, while empty histograms for signals for the single LQ and LQ pair channels
(for mLQ = 1000 GeV) are overlaid to illustrate the sensitivity. Both signal and backround are
normalized to a luminosity of 3000 fb�1.

The uncertainties described in Table 1 are represented by nuisance parameters in the fit. We set
an upper limit at 95% confidence level (CL) on the cross section times branching fraction b as
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a function of mLQ by using the asymptotic CLs modified frequentist criterion [51–54]. Upper
limits are calculated considering two different scenarios. The first one, hereafter abbreviated as
”stat. only”, considers only statistical uncertainties, to observe how the results are affected by
the increase of the integrated luminosity. The second scenario, hereafter abbreviated as ”stat. +
syst.”, also includes the best estimate of the systematic uncertainties at the HL-LHC, as defined
in Table 1. Two projections are calculated, one for an integrated luminosity of 300 fb�1 (Run
3) and another one for 3000 fb�1 (HL-LHC). The limits are shown in Fig. 3 for both single LQ
(left) and LQ pair production (right) channels, together with the theoretical prediction for the
cross section [47] assuming l = 1 and b = 1, for both the stat. only and stat. + syst. scenarios.
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Figure 3: Expected limits at 95% CL on the product of the cross section s and the branching
fraction b for the single (left) and pair (right) LQ production channels. Note that, in the case
of pair LQ production, the limit is calculated for s ⇥ b2. Limits are calculated as a function of
the LQ mass, for the two high luminosity projections, 300 fb�1 (red) and 3000 fb�1 (orange), for
both the stat. only (dashed lines) and the stat. +syst. scenarios (solid lines). This is shown in
conjunction with the theoretical predictions at NLO [47], in cyan.

Comparing these expected limits with the theoretical predictions, projected limits on the LQ
mass are calculated, as shown in Table 2.

Production channel Uncertainty
scenario

LQ mass [GeV]
300 fb�1 3000 fb�1

single LQ stat. only 784 1135
stat. + syst. 732 1130

LQ pair stat. only 1253 1520
stat. + syst. 1249 1518

Table 2: Lower limits on the LQ mass for each considered production mechanism, uncertainty
scenario, and integrated luminosity hypothesis considered in the analysis.

Since the single-LQ signal cross section scales with l2, it is straightforward to recast the results
presented in Fig. 3 in terms of expected upper limits on l as a function of mLQ, as shown in
Fig. 4. Values of l up to 3 are considered, so that the width of the LQ signal stays narrow
compared to detector resulution and constraints from electroweak precision measurements are
satisfied [55]. We have used the assumption that the shape of the ST distribution does not
change as a function of l, which has been verified based on the simulation for the l range
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Figure 5: Expected local significance of a signal-like excess as a function of the LQ mass, for the
two high luminosity projections, 300 fb�1 (red) and 3000 fb�1 (orange), assuming the theoretical
prediction for the LQ cross section at NLO [47], calculated with l = 1 and b = 1. Projections
are calculated for both single LQ (left) and LQ pair production (right).

7 Summary
Expected limits on the cross section for singly and pair produced third-generation scalar lepto-
quarks (LQ), each of which decays to a t lepton and a bottom quark, have been presented as a
function of the LQ mass. Projections have been made using DELPHES simulated samples at 14
TeV, for two luminosity scenarios at 300 fb�1 and 3000 fb�1.

Comparing the limits with theoretical predictions assuming unit Yukawa coupling l = 1,
third-generation scalar leptoquarks are expected to be excluded at 95% confidence level for LQ
masses below 732 and 1130 GeV for the single LQ production channel for the 300 and 3000 fb�1

scenarios, considering both statistical and systematic uncertainties. The corresponding limits
for LQ pair production are 1249 GeV and 1518 GeV.

Limits on l are also placed as a function of the leptoquark mass. For the 300 (3000) fb�1 lu-
minosity scenario, the leptoquark pair production channel is more sensitive if l < 2.7 (2.3),
while the single leptoquark production dominant otherwise. These results show that future
LQ searches under higher luminosity conditions are promising, as they are expected to greatly
increase the reach of the search. They also show that the pair production channel is expected
to be the most sensitive. A significance of 5s is projected for LQ masses below 800 (1000) GeV
for the single production channels and 1200 (1500) GeV for the pair production channel in the
300 (3000) fb�1 scenario.
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chromodynamics (QCD), single top quark production, Z or W boson+jets and diboson pro-
duction (WW, WZ, ZZ). The generated signal and background events are processed with the
fast-simulation package DELPHES [48] in order to simulate the expected response of the up-
graded CMS detector.

4 Event selection
Similar event selections are used in both the singly and pair produced LQ searches, except for
the requirement on the number of jets. In the search for single production, the presence of at
least one reconstructed jet is required, while at least two are required in the search for pair
production. Jets are reconstructed using FASTJET [49], using the anti-kT algorithm [50], with a
distance parameter of 0.4.

Since no precise th identification efficiency or hadron misidentification rate is predefined in
the DELPHES software package, a parameterization is used to emulate the t identification
efficiency. Jets that match generator-level t are selected as reconstructed taus with an efficiency
of 61%, independent of jet pT. Reconstructed jets that do not match generator-level t can be
misidentified as t jets, with a misidentification probability that depends on the jet pT. The
average misidentification rate is 1%, ranging from 1.9% for a pT of 50 GeV to 0.5% for a pT of
150 GeV.

In both channels, two reconstructed t leptons with opposite sign are required, each with trans-
verse momentum pT,t > 50 GeV and a maximum pseudorapidity |ht| < 2.3. We utilize recon-
structed jets with pT,jet > 50 GeV and |hjet| < 2.4. We require at least one such jet for the ttb
channel and 2 for the ttbb channel. These jets are required to be neither generator-level t nor
jets misidentified as t.

To reduce background due to Drell-Yan (particularly Z! tt) events, the di-t invariant mass of
the two t leptons mtt is required to be > 95 GeV.

We require that at least one of the previously selected jets is b-tagged, with pT > 50 GeV and not
considering jets labelled as t as eligible, neither if they come from generator-level t leptons or
if they are misidentified jets. Finally, we reject any events with identified and isolated electrons
(muons), with pT > 10 GeV and |h| < 2.4 (2.5).

After applying these selections, and considering the branching ratio for a t lepton to decay
hadronically, a signal efficiency of 4.9% (11%) is obtained for the single (pair) production.

5 Systematic uncertainties
The systematic uncertainties considered in the study are summarized in Table 1. They are calcu-
lated by scaling the current experimental uncertainties. For uncertainties limited by statistics,
including the uncertainty on the DY and QCD cross sections, a scale factor of 1/

p
L/35.9 is ap-

plied, where L is the integrated luminosity in fb�1. For uncertainties coming from theoretical
calculations, a scale factor of 1/2 is applied with respect to current uncertainties, as is the case
for the uncertainties on the cross sections for top or diboson events.

Other experimental systematic uncertainties are scaled by the square root of the integrated
luminosity until the uncertainty reaches a minimum value based on estimates of the achiev-
able accuracy with the upgraded detector [44]. Uncertainties on the integrated luminosity, t
identification and b tagging/misidentification are examples of experimental systematic uncer-
tainties, which are expected to reach the minimum value for both luminosity scenarios. The
uncertainty of 5% on the t identification efficiency arises from the sum of the uncertainties of
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1 Introduction
The standard model (SM) provides a very precise description of many phenomena in parti-
cle physics observed over the last half century. Notwithstanding its huge success, it does not
explain the origin of the mass hierarchy and the existence of three generations of quarks and
leptons. As an attempt to answer such fundamental questions, compositeness of quarks and
leptons is introduced in many models [1–10]. These compositeness models suggest that quarks
and leptons are made of more fundamental constituents that are bound by a new strong inter-
action with a characteristic energy scale L (called the compositeness scale).

Compositeness models predict the existence of excited states of quarks and leptons. In proton-
proton (pp) collisions, excited fermions could be produced via contact interactions (CI) gov-
erned and decay either through SM gauge interactions or via CI to SM fermions. The contact
interaction can be described by an effective Lagrangian:

LCI =
g
⇤2

2L2
m

j
µ

jµ (1)

where g
⇤2 is chosen to be 4p, j

µ is the fermion current and Lm is the energy scale of the sub-
structure, assumed to be equal to or larger than the excited lepton mass. An illustration of the
production decay mode is shown in Fig. 1.

This analysis presents a search for excited leptons (`⇤ = e⇤, µ⇤) in ``g (` = e, µ) final states
where the excited lepton decays to a SM lepton and a photon (`⇤ ! `g) in an upgraded CMS
detector at the High-Luminosity LHC (HL-LHC).

γq

q e/µ

e/µ

e∗/µ∗

Λ

Figure 1: The Feynman diagram of the production of excited leptons in ``g final states.

The upgraded CERN HL-LHC is expected to deliver a peak instantaneous luminosity of up to
7.5 ⇥ 1034 cm�2 s�1 [11], which is an increase in instantaneous luminosity of about four times
with respect to the LHC Run 2 conditions. With this increase in instantaneous luminosity,
the number of overlapping proton-proton interactions per bunch crossing, or pileup (PU), is
expected to increase from its mean value of about 40 at the LHC to a mean value of up to 200
at the HL-LHC. Similarly, the levels of radiation are expected to significantly increase in all
regions of the detector, in particular in its forward regions.

The CMS detector will be substantially upgraded in order to fully exploit the physics potential
offered by the increase in luminosity, and to cope with the demanding operational conditions
at the HL-LHC [12–16]. In particular, in order to sustain the increased PU rate and associated
increase in flux of particles, the upgrade will provide the detector with: higher granularity to
reduce the average channel occupancy, increased bandwidth to accommodate the higher data
rates, and improved trigger capability to keep the trigger rate at an acceptable level without
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Figure 5: Exclusion limits for excited electrons (left) and muons (right) on the product of cross
section and branching fraction.
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limits on the `⇤ production cross sections, which are computed with the modified frequentist
CLs method [38, 39], with a likelihood ratio used as a test statistic. The systematic uncertainties
are treated as nuisance parameters with log-normal priors.

The discovery potential as a function of excited lepton mass shown in Fig. 4, indicates that 3s
evidence (5s discovery) is possible for both excited electrons and muons with masses up to 5.5
(5.1) TeV.

Fig. 5 shows the result of the expected upper limits for e⇤ (left) and µ⇤ (right). The expected
exclusion of the excited leptons is m`⇤ < 5.8 TeV for both e⇤ and µ⇤ in the case where m`⇤ = L.
While the electron channel has a lower signal yield than the muon channel, it also has lower
background, and the net result is that the excluded cross sections differ only by about 10%,
producing a similar exclusion limit on the excited lepton mass.
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Figure 4: Discovery significance for excited electrons (left) and muons (right) with 3000 fb�1 at
the HL-LHC.

6 Summary
The search for excited leptons in final states with two leptons and a photon in proton-proton
collisions at the High-Luminosity LHC (HL-LHC) was studied. The HL-LHC environment (a
centre of mass energy of 14 TeV and an integrated luminosity of 3 ab�1) allows for an exten-
sion of the discovery potential for excited leptons. The results were optimised for HL-LHC
conditions, and it was found that excited leptons masses up to 5.5 (5.1) TeV can be excluded
(discovered), for both excited electrons and excited muon states. Excited leptons could be ex-
cluded for masses below 5.8 TeV, at 95% confidence level.
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compromising physics potential. The upgrade will also provide an improved radiation hard-
ness to withstand the increased radiation levels.

A detailed overview of the CMS detector upgrade program, known as ‘Phase-2’ is presented
in Ref. [12–16]. The expected performance of the reconstruction algorithms and PU mitigation
with the CMS detector is summarised in Ref. [17].

In this search, a clear signature of an opposite-sign same-flavour (SF) lepton pair and a photon
allows highly efficient signal selection to assess the CMS upgrade physics reach. However, an
ambiguity between the lepton from the excited lepton decay and the lepton from CI makes it
challenging to identify the reconstructed mass of the excited lepton between invariant masses
of two possible pairings of a lepton and the photon. For this search, information of both invari-
ant masses is used to discriminate the excited lepton signal from SM background processes. We
consider a benchmark model based on the formalism described in Ref. [8]. Because the excited
lepton is produced in association with a SM lepton, there are two leptons in the final state.

Searches for excited leptons have been previously performed by the ATLAS [18–20] and CMS [21–
23] Collaborations, the LEP [24–27], HERA [28], and Tevatron [29–32] colliders. No evidence
for their existence was found in the searches so far and excited electrons (muons) are excluded
for m`⇤ < 3.8(3.9)TeV by the CMS 13 TeV results [23].

For this HL-LHC sensitivity projection, we use an analysis strategy and procedure similar to
the previous CMS data analysis [23]. The following scenario is considered: a centre-of-mass
energy 14 TeV, an integrated luminosity of 3000 fb�1 accumulated at the end of the HL-LHC
program, and an increased average PU of 200 under the Phase-2 CMS detector upgrade.

2 Simulated samples and event selection
The signal samples are generated with PYTHIA 8.205 [33] at L = 10 TeV for `⇤ masses rang-
ing from 3.5 TeV to 6.5 TeV in steps of 250 GeV. The simulated signal samples are generated
at leading order (LO) in perturbative quantum chromodynamics and corrected by using a
mass dependent k-factor for next-to-leading-order (NLO) normalisation, ranging from 1.28 to
1.46. The main background is the SM Zg process, which is generated at NLO using the MAD-
GRAPH5 aMC@NLO 2.3.3 [34]. The generated signal and background samples are interfaced
to DELPHES [35], which is a parametric simulation of the CMS Phase-2 detector at the particle
level. All simulated samples used in this analysis include a simulation with 200 average PU.

The signature of the signal event in this search has a SF lepton pair and a photon. The leptons
and photon from the signal event are produced centrally for m`⇤ > 3.5 TeV and therefore they
are separated from the PU which is more significant in the high h region. We select events hav-
ing two isolated electrons or muons and a photon with requirements as follows. Electron and
photon candidates are required to have pseudorapidity |h| < 2.5 and transverse momentum
pT > 35 GeV, and they are excluded in the electromagnetic calorimeter barrel-endcap transition
region (1.44 < |h| < 1.57). Muon candidates should be isolated with |h| < 2.4 and pT > 35 GeV.
The leptons are required to have opposite charge and the selected electrons and muons must
be separated from the photon by DR =

p
Dh2 + Df2 > 0.7. In addition, the invariant mass

of the two SF leptons m`` is required to be larger than 116 GeV in order to suppress the dom-
inant background contribution from real Z boson production (Z resonance veto criteria). The
detailed criteria are based on the definitions used in the 2016 `⇤ search [23].
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Figure 5: Exclusion limits for excited electrons (left) and muons (right) on the product of cross
section and branching fraction.
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1 Introduction
The standard model (SM) provides a very precise description of many phenomena in parti-
cle physics observed over the last half century. Notwithstanding its huge success, it does not
explain the origin of the mass hierarchy and the existence of three generations of quarks and
leptons. As an attempt to answer such fundamental questions, compositeness of quarks and
leptons is introduced in many models [1–10]. These compositeness models suggest that quarks
and leptons are made of more fundamental constituents that are bound by a new strong inter-
action with a characteristic energy scale L (called the compositeness scale).

Compositeness models predict the existence of excited states of quarks and leptons. In proton-
proton (pp) collisions, excited fermions could be produced via contact interactions (CI) gov-
erned and decay either through SM gauge interactions or via CI to SM fermions. The contact
interaction can be described by an effective Lagrangian:

LCI =
g
⇤2

2L2
m

j
µ

jµ (1)

where g
⇤2 is chosen to be 4p, j

µ is the fermion current and Lm is the energy scale of the sub-
structure, assumed to be equal to or larger than the excited lepton mass. An illustration of the
production decay mode is shown in Fig. 1.

This analysis presents a search for excited leptons (`⇤ = e⇤, µ⇤) in ``g (` = e, µ) final states
where the excited lepton decays to a SM lepton and a photon (`⇤ ! `g) in an upgraded CMS
detector at the High-Luminosity LHC (HL-LHC).

γq

q e/µ

e/µ

e∗/µ∗

Λ

Figure 1: The Feynman diagram of the production of excited leptons in ``g final states.

The upgraded CERN HL-LHC is expected to deliver a peak instantaneous luminosity of up to
7.5 ⇥ 1034 cm�2 s�1 [11], which is an increase in instantaneous luminosity of about four times
with respect to the LHC Run 2 conditions. With this increase in instantaneous luminosity,
the number of overlapping proton-proton interactions per bunch crossing, or pileup (PU), is
expected to increase from its mean value of about 40 at the LHC to a mean value of up to 200
at the HL-LHC. Similarly, the levels of radiation are expected to significantly increase in all
regions of the detector, in particular in its forward regions.

The CMS detector will be substantially upgraded in order to fully exploit the physics potential
offered by the increase in luminosity, and to cope with the demanding operational conditions
at the HL-LHC [12–16]. In particular, in order to sustain the increased PU rate and associated
increase in flux of particles, the upgrade will provide the detector with: higher granularity to
reduce the average channel occupancy, increased bandwidth to accommodate the higher data
rates, and improved trigger capability to keep the trigger rate at an acceptable level without
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limits on the `⇤ production cross sections, which are computed with the modified frequentist
CLs method [38, 39], with a likelihood ratio used as a test statistic. The systematic uncertainties
are treated as nuisance parameters with log-normal priors.

The discovery potential as a function of excited lepton mass shown in Fig. 4, indicates that 3s
evidence (5s discovery) is possible for both excited electrons and muons with masses up to 5.5
(5.1) TeV.

Fig. 5 shows the result of the expected upper limits for e⇤ (left) and µ⇤ (right). The expected
exclusion of the excited leptons is m`⇤ < 5.8 TeV for both e⇤ and µ⇤ in the case where m`⇤ = L.
While the electron channel has a lower signal yield than the muon channel, it also has lower
background, and the net result is that the excluded cross sections differ only by about 10%,
producing a similar exclusion limit on the excited lepton mass.
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Figure 4: Discovery significance for excited electrons (left) and muons (right) with 3000 fb�1 at
the HL-LHC.

6 Summary
The search for excited leptons in final states with two leptons and a photon in proton-proton
collisions at the High-Luminosity LHC (HL-LHC) was studied. The HL-LHC environment (a
centre of mass energy of 14 TeV and an integrated luminosity of 3 ab�1) allows for an exten-
sion of the discovery potential for excited leptons. The results were optimised for HL-LHC
conditions, and it was found that excited leptons masses up to 5.5 (5.1) TeV can be excluded
(discovered), for both excited electrons and excited muon states. Excited leptons could be ex-
cluded for masses below 5.8 TeV, at 95% confidence level.
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compromising physics potential. The upgrade will also provide an improved radiation hard-
ness to withstand the increased radiation levels.

A detailed overview of the CMS detector upgrade program, known as ‘Phase-2’ is presented
in Ref. [12–16]. The expected performance of the reconstruction algorithms and PU mitigation
with the CMS detector is summarised in Ref. [17].

In this search, a clear signature of an opposite-sign same-flavour (SF) lepton pair and a photon
allows highly efficient signal selection to assess the CMS upgrade physics reach. However, an
ambiguity between the lepton from the excited lepton decay and the lepton from CI makes it
challenging to identify the reconstructed mass of the excited lepton between invariant masses
of two possible pairings of a lepton and the photon. For this search, information of both invari-
ant masses is used to discriminate the excited lepton signal from SM background processes. We
consider a benchmark model based on the formalism described in Ref. [8]. Because the excited
lepton is produced in association with a SM lepton, there are two leptons in the final state.

Searches for excited leptons have been previously performed by the ATLAS [18–20] and CMS [21–
23] Collaborations, the LEP [24–27], HERA [28], and Tevatron [29–32] colliders. No evidence
for their existence was found in the searches so far and excited electrons (muons) are excluded
for m`⇤ < 3.8(3.9)TeV by the CMS 13 TeV results [23].

For this HL-LHC sensitivity projection, we use an analysis strategy and procedure similar to
the previous CMS data analysis [23]. The following scenario is considered: a centre-of-mass
energy 14 TeV, an integrated luminosity of 3000 fb�1 accumulated at the end of the HL-LHC
program, and an increased average PU of 200 under the Phase-2 CMS detector upgrade.

2 Simulated samples and event selection
The signal samples are generated with PYTHIA 8.205 [33] at L = 10 TeV for `⇤ masses rang-
ing from 3.5 TeV to 6.5 TeV in steps of 250 GeV. The simulated signal samples are generated
at leading order (LO) in perturbative quantum chromodynamics and corrected by using a
mass dependent k-factor for next-to-leading-order (NLO) normalisation, ranging from 1.28 to
1.46. The main background is the SM Zg process, which is generated at NLO using the MAD-
GRAPH5 aMC@NLO 2.3.3 [34]. The generated signal and background samples are interfaced
to DELPHES [35], which is a parametric simulation of the CMS Phase-2 detector at the particle
level. All simulated samples used in this analysis include a simulation with 200 average PU.
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Figure 1: The vector boson fusion mode of production of a resonance X decaying to a pair of
Higgs bosons H, with both Higgs bosons decaying to bb pairs.

and simulations are described, followed by the event selection in Section 3 and the estimation of
the backgrounds in Section 4. The projections of the search sensitivity are presented in Section 5
followed by the summary in Section 6.

2 The CMS detector and simulations
A detailed description of the CMS detector with the associated coordinate system and relevant
kinematic variables can be found in Ref. [29]. The CMS experiment will be upgraded [30–33]
(Phase 2) in order to cope with the challenges during data taking at HL-LHC, which primarily
includes a large number of simultaneous pp collisions (pileup), up to 200, in the detector. In or-
der to maintain or even improve trigger, reconstruction and identification capabilities, several
new detector technologies will be used to upgrade the currently used detector subsystems. A
simulation of the upgraded Phase 2 CMS detector was used for this study.

Signal events for bulk gravitons were simulated using at leading order MADGRAPH5 aMC@NLO
2.4.2 [34] event generator for masses in the range 1500-3000 GeV and for a width of 1% of the
mass. The NNPDF3.0 leading order parton distribution functions (PDFs) [35], taken from the
LHAPDF6 PDF set [36–39], with the four-flavour scheme, were used. The main background are
events comprised uniquely of jets arising from the SM strong interaction (multijet events). This
background was simulated using PYTHIA 8.212 [40], for events containing two hard partons,
with the invariant mass of the two partons required to be greater than 1000 GeV.

For both the signal and the background processes, the showering and hadronization of partons
was simulated with PYTHIA 8. The pileup events contribute to the overall event activity in the
detector, the effect of which was included in the simulations assuming a pileup distribution
averaging to 200, as anticipated at the HL-LHC beam conditions. All generated samples were
processed through a GEANT4-based [41, 42] simulation of the upgraded CMS detector.

3 Event selection
The simulated particle hits in the CMS detector elements are reconstructed using the particle-
flow (PF) algorithm [43] into physics objects (charged and neutral hadrons, electrons, muons,
and photons), which are used for further reconstruction and analysis.

1. Introduction 1

1 Introduction
Many models of new physics predict heavy resonances with enhanced couplings to the third
generation of fermions in the standard model (SM) [1–9]. Thus, the study of the top quark can
provide important insights into the validity of such models. This analysis considers top quark
pair production to search for the presence of heavy resonances. In particular, we focus on the
production of a Randall–Sundrum Kaluza–Klein gluon (RSG) [8].

This note presents projections for the search for resonant tt production with simulated events
at center-of-mass energies of 14 and 27 TeV and the upgraded Phase-2 CMS detector in the all-
jets and lepton-plus-jets final states. The average number of proton-proton (pp) interactions
per bunch crossing (pileup) is assumed to be 200. In the high mass ranges accessible at the
High-Luminosity LHC (HL-LHC) with

p
s = 14 TeV and the High-Energy LHC (HE-LHC) withp

s = 27 TeV, reconstructing the event topology of tt production requires special techniques.
Jet substructure variables and top quark identification algorithms are used to handle the case
where the hadronic decay products of the top quark are fully merged into a single jet. This is
likely to occur if a hypothetical RSG resonance has a mass larger than 1 TeV. Figure 1 shows a
schematic representation of a fully hadronic tt event, where each top quark decays as t ! Wb.
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Figure 1: Leading order Feynman diagrams showing pair production and decays of top quark
with (left) single-lepton and (right) fully hadronic final states.

The results of the search will be presented as a combination of the all-jets and single-lepton
plus jets final states with boosted topologies. The single-lepton final state considers a single
electron or a single muon. A search for tt resonances in all-hadronic final states was previously
performed by CMS at

p
s = 7 TeV [10], 8 TeV [11], and 13 TeV [12].

The dominant background for the all-jets final state, given that dijet events are selected, is
quantum chromodynamics (QCD) multijet production. In analyses that use observed data, this
contribution is determined by a data-based method, called the modified mass procedure [12],
in which the top-tagging misidentification rate is derived in a QCD-enriched sideband. How-
ever, for this study the contribution will be estimated from simulated events. The systematic
uncertainties associated to this background, nevertheless, will be estimated assuming that the
modified mass procedure is used. Background contributions from standard model tt produc-
tion, the most dominant background source in the single-lepton final state, are also determined
from simulation. The second most dominant background for the single-lepton final state is
represented by production of a W boson in association with one or more jets. Additional back-
ground sources are due to Drell-Yan processes, diboson production, and single top quark pro-
duction.

1. Introduction 1

1 Introduction

New heavy gauge bosons are predicted by various extensions of the standard model (SM). The
charged version of such heavy gauge bosons is generally referred to as W0. This note describes
a sensitivity study for a W0 boson decaying to a tau lepton (t) and a neutrino (nt) at the High-
Luminosity LHC (HL-LHC) [1] with 3000 fb�1 of expected data at a proton-proton (pp) center-
of-mass energy of 14 TeV. The performance of the upgraded Phase-2 CMS detector is simulated
with DELPHES [2] following the recently established performance parameters summarised in
Ref. [3].

Figure 1: Illustration of the production and decay of the W0 boson with the subsequent hadronic
decay of tau (th).

The signature of a W0 boson is similar to a high mass W boson, yielding in the decay W ! tnt a
single tau lepton, of which we consider the hadronic decay (th), and missing energy due to the
neutrinos. The hadronic decay of the tau lepton gives rise to tau-jets, which are experimentally
distinctive because of their low charged hadron multiplicity, unlike quantum chromodynamics
(QCD) multi-jets, which have high charged hadron multiplicity, or other leptonic W0 boson
decays, which yield no jet in the decay.

This Phase-2 study follows closely the recently published Run 2 result [4], which used proton-
proton collision data collected by the CMS experiment at the LHC at a center-of-mass energyp

s = 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1. The results are inter-
preted in the context of the sequential standard model (SSM) [5]. In addition, variations in the
coupling strength are studied, and a model-independent cross section limit is provided.

2 The upgraded CMS detector

The CMS detector [6] will be substantially upgraded in order to fully exploit the physics po-
tential offered by the increase in luminosity at the HL-LHC, and to cope with the demanding
operational conditions at the HL-LHC [7–11]. The upgrade of the first level hardware trigger
(L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, respectively,
and the high-level software trigger is expected to reduce the rate by about a factor of 100 to
7.5 kHz. The entire pixel and strip tracker detectors will be replaced to increase the granular-
ity, reduce the material budget in the tracking volume, improve the radiation hardness, and
extend the geometrical coverage and provide efficient tracking up to pseudorapidities of about
|h| = 4. The muon system will be enhanced by upgrading the electronics of the existing cath-
ode strip chambers, resistive plate chambers (RPC), and drift tubes. New muon detectors based
on improved RPC and gas electron multiplier technologies will be installed to add redundancy,
increase the geometrical coverage up to about |h| = 2.8, and improve the trigger and recon-
struction performance in the forward region. The barrel electromagnetic calorimeter will fea-
ture the upgraded front-end electronics that will be able to exploit the information from single
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and simulations are described, followed by the event selection in Section 3 and the estimation of
the backgrounds in Section 4. The projections of the search sensitivity are presented in Section 5
followed by the summary in Section 6.

2 The CMS detector and simulations
A detailed description of the CMS detector with the associated coordinate system and relevant
kinematic variables can be found in Ref. [29]. The CMS experiment will be upgraded [30–33]
(Phase 2) in order to cope with the challenges during data taking at HL-LHC, which primarily
includes a large number of simultaneous pp collisions (pileup), up to 200, in the detector. In or-
der to maintain or even improve trigger, reconstruction and identification capabilities, several
new detector technologies will be used to upgrade the currently used detector subsystems. A
simulation of the upgraded Phase 2 CMS detector was used for this study.

Signal events for bulk gravitons were simulated using at leading order MADGRAPH5 aMC@NLO
2.4.2 [34] event generator for masses in the range 1500-3000 GeV and for a width of 1% of the
mass. The NNPDF3.0 leading order parton distribution functions (PDFs) [35], taken from the
LHAPDF6 PDF set [36–39], with the four-flavour scheme, were used. The main background are
events comprised uniquely of jets arising from the SM strong interaction (multijet events). This
background was simulated using PYTHIA 8.212 [40], for events containing two hard partons,
with the invariant mass of the two partons required to be greater than 1000 GeV.

For both the signal and the background processes, the showering and hadronization of partons
was simulated with PYTHIA 8. The pileup events contribute to the overall event activity in the
detector, the effect of which was included in the simulations assuming a pileup distribution
averaging to 200, as anticipated at the HL-LHC beam conditions. All generated samples were
processed through a GEANT4-based [41, 42] simulation of the upgraded CMS detector.

3 Event selection
The simulated particle hits in the CMS detector elements are reconstructed using the particle-
flow (PF) algorithm [43] into physics objects (charged and neutral hadrons, electrons, muons,
and photons), which are used for further reconstruction and analysis.
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Figure 2: The estimated multijet background and the signal mjj distributions for bulk gravitons
(BG) of masses 1500, 2000, and 3000 GeV, assuming a signal cross section of 1 fb. The distribu-
tions on the left are for the 3b and those on the right are for the 4b subjet b-tagged categories
and for an average pileup of 200.

5 Projections
The expected significance of the signal, assuming a production cross section of 1 fb is estimated.

Several systematic uncertainties are considered. The uncertainty in the jet energy scale amounts
to 1%. The uncertainty in the subjet b-tagging efficiency difference between the data and sim-
ulations is taken to be 1%. An uncertainty of 1% is assigned to the integrated luminosity mea-
surement. These uncertainties are based on the projected values for the full data set at the
HL-LHC.

In addition, several measurement uncertainties are considered based on the 2016 search for a
resonance decaying to a pair of boosted Higgs bosons [25], scaled by 0.5. The H jet selection
uncertainties include the uncertainties in the H jet mass scale and resolution (1%), the uncer-
tainty in the data to simulation difference in the selection on t21 (13%), and the uncertainty in
the showering and hadronization model for the H jet (3.5%). The uncertainties in the signal
acceptance because of the parton distribution functions (1%) and the simulation of the pileup
(1%) are also taken into account

The expected signal significance of a bulk graviton of mass between 1500 and 3000 GeV, pro-
duced through vector boson fusion, and decaying into a pair of Higgs bosons, each of which
decays to a bb pair, is given in Fig. 3 for an integrated luminosity of 3 ab�1.

6 Summary
The vector boson fusion production mode for diboson resonances is extremely challenging to
probe using the current data because of its small cross section. The search for these processes
are however feasible at the high luminosity LHC, and we present here the search for a massive
spin-2 bulk graviton decaying to two Higgs bosons. The bulk gravitons are predicted in vari-
ous new physics scenarios like the warped extradimensional models, which aim to explain the
so-called hierarchy problem of the standard model. The search focuses on the final state where
both the Higgs bosons decay to b quark-antiquark pairs that are boosted, thus forming Higgs
jets. Assuming a signal production cross section of 1 fb, with a data set corresponding to an
integrated luminosity of 3 ab�1 in proton-proton collisions at the at a centre-of-mass of 14 TeV,
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Figure 3: The expected signal significance for Bulk Gravitons of masses 1500, 2000, and
3000 GeV, assuming a production cross section of 1 fb. The data set corresponds to an inte-
grated luminosity of 3 ab�1 and with a pileup of 200.

the CMS experiment should be able to find the evidence for the presence of a bulk graviton
of mass between 1500 and 3000 GeV. It is expected that future advances in the event recon-
struction and physics object identification techniques, spurred on by the Phase 2 CMS detector
design, will help improve these projections even further.
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3. Event selection 3

Among the many collision vertices in an event, the primary interaction vertex for pp collisions
is taken to be the one with the highest Â p

2
T of the associated clusters of physics objects. The

physics objects are the jets, clustered using the anti-kT jet finding algorithm [44, 45], with a
distance parameter of 0.4, having the tracks assigned to the vertex as inputs, and the associated
missing transverse momentum, taken as the negative vector sum of the pT of those jets. The
other interaction vertices are considered to be pileup vertices.

The contribution of pileup collisions in the event is mitigated using the pileup per particle iden-
tification (PUPPI) algorithm [46]. This algorithm removes charged particles originating from
pileup vertices, while retaining those from the primary vertex. Neutral particles are assigned a
weight between zero or one, with a higher value indicating a higher likelihood of the particle
to be from the primary vertex. Particles from the PF algorithm are clustered into jets using
the anti-kT algorithm with a distance parameter of 0.8 (AK8 jets) or 0.4 (AK4 jets). The vector
sum of the momenta of all clustered particles, weighted by their PUPPI weights, is taken to be
the jet momentum. Jet energy corrections are applied as a function of jet h and pT [47, 48] to
compensate for the nonlinear response of the detector to the collected energy.

The two leading-pT AK8 jets, J1 and J2, respectively, in the event are required to have transverse
momenta pT > 300 GeV and a pseudorapidity range |h| < 3.0. To identify the two leading-pT
AK8 jets with the boosted H ! bb candidates from the X ! HH decay (H tagging), these
jets are first groomed [49] to remove soft and wide-angle radiation using the modified mass
drop algorithm [50, 51], with the soft radiation fraction parameter z set to 0.1 and the angular
exponent parameter b set to 0, also known as the soft-drop algorithm [52, 53]. The soft-drop
algorithm gives two subjets each, for J1 and J2, by undoing the last stage of the jet clustering.
The invariant mass of the two subjets is the soft-drop mass of each AK8 jet, which has a dis-
tribution with a peak near the Higgs boson mass mH = 125 GeV [54, 55], and a width of about
10%. The soft-drop mass window selection was optimized using a figure of merit of S/

p
B and

is required to be in the range 90–140 GeV for both J1 and J2.

The N-subjettiness algorithm identifies substructures arising from hard partons inside a jet to
distinguish a two-pronged H ! bb decay from the background of jets arising from a single
quark or a gluon, using inclusive jet shape variables t1 and t2 [53, 56, 57]. The ratio t21 ⌘ t2/t1
has a value much smaller than unity for a jet with two subjets, and hence, for signal selection,
J1 and J2 is required to have t21 < 0.6 following an optimization of the above figure of merit.

The H tagging of J1 and J2 further requires identifying the subjet pairs from each of J1 and J2
to be b tagged using the DeepCSV algorithm [58], which combines information from tracks
and secondary vertices associated to the subjets into a multivariate discriminator using deep
machine learning techniques. The output of the DeepCSV algorithm can be interpreted as
the probability of a jet to belong to one of five flavour categories, defined by whether the jet
contains exactly one or two b hadrons, exactly one or two c hadrons in the absence of any
b hadrons, or no b or c hadrons [58]. In this search, b-tagged subjets are required to have a
probability of about 49% to contain at least one b hadron, and a corresponding probability of
about 1% of having no b or c hadrons. Events are classified into two categories: those having
exactly three out of the four b-tagged subjets (3b category), and those that have all four subjets
b-tagged (4b category).

An event is required to have at least two AK4 jets (j1 and j2), which are separated from the H
jets by DR > 1.2, in the pseudorapidity-azimuthal angle plane, with pT > 50 GeV and |h| < 5.
To pass the VBF selections, these jets must lie in opposite h regions of the detector, and the
pseudorapidity separation between them |Dh(j1, j2)| > 5. The invariant mass mjj reconstructed
using these AK4 jets is required to pass mjj > 300 GeV.
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is required to be in the range 90–140 GeV for both J1 and J2.

The N-subjettiness algorithm identifies substructures arising from hard partons inside a jet to
distinguish a two-pronged H ! bb decay from the background of jets arising from a single
quark or a gluon, using inclusive jet shape variables t1 and t2 [53, 56, 57]. The ratio t21 ⌘ t2/t1
has a value much smaller than unity for a jet with two subjets, and hence, for signal selection,
J1 and J2 is required to have t21 < 0.6 following an optimization of the above figure of merit.

The H tagging of J1 and J2 further requires identifying the subjet pairs from each of J1 and J2
to be b tagged using the DeepCSV algorithm [58], which combines information from tracks
and secondary vertices associated to the subjets into a multivariate discriminator using deep
machine learning techniques. The output of the DeepCSV algorithm can be interpreted as
the probability of a jet to belong to one of five flavour categories, defined by whether the jet
contains exactly one or two b hadrons, exactly one or two c hadrons in the absence of any
b hadrons, or no b or c hadrons [58]. In this search, b-tagged subjets are required to have a
probability of about 49% to contain at least one b hadron, and a corresponding probability of
about 1% of having no b or c hadrons. Events are classified into two categories: those having
exactly three out of the four b-tagged subjets (3b category), and those that have all four subjets
b-tagged (4b category).

An event is required to have at least two AK4 jets (j1 and j2), which are separated from the H
jets by DR > 1.2, in the pseudorapidity-azimuthal angle plane, with pT > 50 GeV and |h| < 5.
To pass the VBF selections, these jets must lie in opposite h regions of the detector, and the
pseudorapidity separation between them |Dh(j1, j2)| > 5. The invariant mass mjj reconstructed
using these AK4 jets is required to pass mjj > 300 GeV.
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Figure 3: The distributions of mtt in events with (top) zero or (bottom) one t-tagged jets for (left)
single-electron or (right) single-muon samples. The statistical uncertainties are scaled down by
the square root of the projected luminosity. Variable sized bins are used for each category so
that the statistical uncertainty on the total background in each bin is less than 10%. The bin
contents of the distributions are divided by their bin width. The overflow events are added to
the last bin and its content is also divided by the width of the last bin.
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1 Introduction
Many models of new physics predict heavy resonances with enhanced couplings to the third
generation of fermions in the standard model (SM) [1–9]. Thus, the study of the top quark can
provide important insights into the validity of such models. This analysis considers top quark
pair production to search for the presence of heavy resonances. In particular, we focus on the
production of a Randall–Sundrum Kaluza–Klein gluon (RSG) [8].

This note presents projections for the search for resonant tt production with simulated events
at center-of-mass energies of 14 and 27 TeV and the upgraded Phase-2 CMS detector in the all-
jets and lepton-plus-jets final states. The average number of proton-proton (pp) interactions
per bunch crossing (pileup) is assumed to be 200. In the high mass ranges accessible at the
High-Luminosity LHC (HL-LHC) with

p
s = 14 TeV and the High-Energy LHC (HE-LHC) withp

s = 27 TeV, reconstructing the event topology of tt production requires special techniques.
Jet substructure variables and top quark identification algorithms are used to handle the case
where the hadronic decay products of the top quark are fully merged into a single jet. This is
likely to occur if a hypothetical RSG resonance has a mass larger than 1 TeV. Figure 1 shows a
schematic representation of a fully hadronic tt event, where each top quark decays as t ! Wb.
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Figure 1: Leading order Feynman diagrams showing pair production and decays of top quark
with (left) single-lepton and (right) fully hadronic final states.

The results of the search will be presented as a combination of the all-jets and single-lepton
plus jets final states with boosted topologies. The single-lepton final state considers a single
electron or a single muon. A search for tt resonances in all-hadronic final states was previously
performed by CMS at

p
s = 7 TeV [10], 8 TeV [11], and 13 TeV [12].

The dominant background for the all-jets final state, given that dijet events are selected, is
quantum chromodynamics (QCD) multijet production. In analyses that use observed data, this
contribution is determined by a data-based method, called the modified mass procedure [12],
in which the top-tagging misidentification rate is derived in a QCD-enriched sideband. How-
ever, for this study the contribution will be estimated from simulated events. The systematic
uncertainties associated to this background, nevertheless, will be estimated assuming that the
modified mass procedure is used. Background contributions from standard model tt produc-
tion, the most dominant background source in the single-lepton final state, are also determined
from simulation. The second most dominant background for the single-lepton final state is
represented by production of a W boson in association with one or more jets. Additional back-
ground sources are due to Drell-Yan processes, diboson production, and single top quark pro-
duction.
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modified mass procedure is used. Background contributions from standard model tt produc-
tion, the most dominant background source in the single-lepton final state, are also determined
from simulation. The second most dominant background for the single-lepton final state is
represented by production of a W boson in association with one or more jets. Additional back-
ground sources are due to Drell-Yan processes, diboson production, and single top quark pro-
duction.
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4. Object reconstruction 3

Phase-2 CMS detector simulation and the reconstruction of physics objects are performed with
the Delphes software package [31].

4 Object reconstruction
The particle flow (PF) algorithm [32] is used together with the pileup per particle identification
(PUPPI) [33] method to reconstruct the final state objects such as electrons, muons, jets, and
missing transverse momentum. The leptons, small-radius jets, and missing tranverse momen-
tum are used only for the single-lepton final state. The large-radius jets are used for both final
states.

The events are required to have at least one primary reconstructed vertex. The reconstructed
vertex with the largest value of summed physics-object p

2
T is taken to be the primary pp inter-

action vertex. The physics objects are the jets, clustered using the jet finding algorithm [34, 35]
with the tracks assigned to the vertex as inputs, and the associated missing transverse momen-
tum, taken as the negative vector sum of the pT of those jets.

The “medium” working point for electron identification criteria (ID) and the “tight” working
point for muon ID are used. The electrons are selected if they have pT > 80 GeV and |h| < 3.
The muons are required to have pT > 55 GeV and |h| < 3. Exactly one lepton is required in
the single-lepton final state. The selected leptons are not required to be isolated because of the
boosted final state that often places them near other particles.

Jets are clustered from the reconstructed PF candidates using the anti-kT algorithm [34] with
the Fastjet 3.1 software package [35] with a size parameter of 0.4 (AK4). Jets which overlap
with the selected lepton have the lepton energy subtracted. We consider only AK4 jets that
have pT > 30 GeV and |h| < 4. The single-lepton final state requires at least two AK4 jets. The
jets are ordered by their pT values; the first jet is required to have pT > 185 (150)GeV and the
second jet is required to have pT > 50 (50)GeV in the electron (muon) channel.

The missing transverse momentum (~pmiss
T ) is defined as the negative of the vector sum of the

pT of all reconstructed PF candidates in an event and its magnitude is denoted as p
miss
T . In the

single-lepton final state, p
miss
T is required to be greater than 120 (50) GeV in the electron (muon)

channel.

Both final states use large-radius anti-kT jets with a size parameter of 0.8 (AK8). PF candidates
weighted by the PUPPI algorithm are used as input for the AK8 jet clustering. The AK8 jet mass
is computed from the jet components remaining after the soft-drop grooming procedure [36]
is applied with b = 0 and zcut = 0.1. For this choice of parameters, the soft-drop algorithm
is identical to the modified mass-drop procedure from [37]. This is called the soft-drop mass
(mSD). Additionally, the N-subjettiness (tN) jet substructure variables [38] are computed. In
particular, the ratio t3/t2 provides the best discrimination between jets from top quarks and
jets from light-flavored quarks (u, d, s, c) or gluons (g). The implementation of these algo-
rithms as provided in the Delphes package is used. In the single-lepton final state, the AK8
jets are required to be separated from the selected lepton by DR(lepton, AK8 jet) > 0.8, where
DR =

p
(Df)2 + (Dh)2 and f is the azimuthal angle. In the fully hadronic final state, the soft-

drop subjets are tagged as originating from the production of a b quark by using the deep
combined secondary vertex (DeepCSV) algorithm [39]. The efficiency for tagging true b jets is
around 49% and probability for mis-tagging light quarks is roughly 1%. The subjet b tagging
is used to categorize events in the fully hadronic final state.
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construct the mass of the tt system. We first find the z-component of the neutrino momentum
using a W boson mass constraint, assuming the W boson is produced on-shell. All solutions
are considered in the mass reconstruction. In the cases where there are only complex solutions,
the real part is taken to be the only solution. The mass reconstruction procedure is then split
into two cases:

• Events with zero t-tagged AK8 jets: all possible assignments of the selected AK4 jets
to either a leptonically decaying top quark, a hadronically decaying top quark, or
neither case are considered.

• Events with exactly one t-tagged AK8 jet: the tagged AK8 jet is taken as the hadron-
ically decaying top quark, and all possible assignments of the selected AK4 jets to a
leptonically decaying top quark or no top quark are considered. In this case, for an
AK4 jet to be assigned to the leptonic decay, it is required to be separated from the
AK8 jet by DR(AK8, AK4) > 1.2.

Among all possible hypotheses built as described above, we choose the hypothesis that gives
the smallest c2, defined by

c2 = c2
lep + c2

had =

"
Mlep � Mlep

sMlep

#2

+


Mhad � Mhad

sMhad

�2

.

Here, for events with zero (one) t-tagged AK8 jets, Mlep = 175 (175)GeV, Mhad = 177 (173)GeV,
sMlep = 19 (19)GeV, and sMhad = 16 (15)GeV. Further requirements are applied based on the
reconstructed top quarks: c2
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had < 30 and DR(tlep, thad) > 1, where tlep (thad) and c2

lep
(c2

had) are the reconstructed leptonically (hadronically) decaying top quark and the correspond-
ing c2 value, respectively.

In order to improve the sensitivity, the events are categorized based on the lepton flavor (elec-
tron or muon) and the number of t-tagged (zero or one) AK8 jets. In total, there are four analysis
categories. Figure 3 shows the reconstructed mass distributions of the tt system (mtt) in each
analysis category, and these correspond to the templates used for the statistical interpretation
of the analysis.

5.2 Fully hadronic final state

The following selection is used in the all-hadronic final state. The first two AK8 jets must have
pT > 400 GeV, |h| < 4, and mSD > 50 GeV. To obtain the final templates, stricter selection crite-
ria are used, in addition to the above. The first two AK8 jets must have 105 < mSD < 210 GeV,
t3/t2 < 0.65, HT > 1.2 TeV, where HT is the scalar pT sum of the two AK8 jets, and Df > 2.1.
These are the same selection criteria used in Ref. [12], except for the extended pseudorapidity
range. The pseudorapidity selection follows the recommendations for objects for the Yellow
Report [40].

The following categories are considered, as in Ref. [12]:

• 0 b-tagged jets, |Dy(j1, j2)| < 1
• 1 b-tagged jets, |Dy(j1, j2)| < 1
• 2 b-tagged jets, |Dy(j1, j2)| < 1
• 0 b-tagged jets, |Dy(j1, j2)| > 1
• 1 b-tagged jets, |Dy(j1, j2)| > 1
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4. Object reconstruction 3

Phase-2 CMS detector simulation and the reconstruction of physics objects are performed with
the Delphes software package [31].

4 Object reconstruction
The particle flow (PF) algorithm [32] is used together with the pileup per particle identification
(PUPPI) [33] method to reconstruct the final state objects such as electrons, muons, jets, and
missing transverse momentum. The leptons, small-radius jets, and missing tranverse momen-
tum are used only for the single-lepton final state. The large-radius jets are used for both final
states.

The events are required to have at least one primary reconstructed vertex. The reconstructed
vertex with the largest value of summed physics-object p

2
T is taken to be the primary pp inter-

action vertex. The physics objects are the jets, clustered using the jet finding algorithm [34, 35]
with the tracks assigned to the vertex as inputs, and the associated missing transverse momen-
tum, taken as the negative vector sum of the pT of those jets.

The “medium” working point for electron identification criteria (ID) and the “tight” working
point for muon ID are used. The electrons are selected if they have pT > 80 GeV and |h| < 3.
The muons are required to have pT > 55 GeV and |h| < 3. Exactly one lepton is required in
the single-lepton final state. The selected leptons are not required to be isolated because of the
boosted final state that often places them near other particles.

Jets are clustered from the reconstructed PF candidates using the anti-kT algorithm [34] with
the Fastjet 3.1 software package [35] with a size parameter of 0.4 (AK4). Jets which overlap
with the selected lepton have the lepton energy subtracted. We consider only AK4 jets that
have pT > 30 GeV and |h| < 4. The single-lepton final state requires at least two AK4 jets. The
jets are ordered by their pT values; the first jet is required to have pT > 185 (150)GeV and the
second jet is required to have pT > 50 (50)GeV in the electron (muon) channel.

The missing transverse momentum (~pmiss
T ) is defined as the negative of the vector sum of the

pT of all reconstructed PF candidates in an event and its magnitude is denoted as p
miss
T . In the

single-lepton final state, p
miss
T is required to be greater than 120 (50) GeV in the electron (muon)

channel.

Both final states use large-radius anti-kT jets with a size parameter of 0.8 (AK8). PF candidates
weighted by the PUPPI algorithm are used as input for the AK8 jet clustering. The AK8 jet mass
is computed from the jet components remaining after the soft-drop grooming procedure [36]
is applied with b = 0 and zcut = 0.1. For this choice of parameters, the soft-drop algorithm
is identical to the modified mass-drop procedure from [37]. This is called the soft-drop mass
(mSD). Additionally, the N-subjettiness (tN) jet substructure variables [38] are computed. In
particular, the ratio t3/t2 provides the best discrimination between jets from top quarks and
jets from light-flavored quarks (u, d, s, c) or gluons (g). The implementation of these algo-
rithms as provided in the Delphes package is used. In the single-lepton final state, the AK8
jets are required to be separated from the selected lepton by DR(lepton, AK8 jet) > 0.8, where
DR =

p
(Df)2 + (Dh)2 and f is the azimuthal angle. In the fully hadronic final state, the soft-

drop subjets are tagged as originating from the production of a b quark by using the deep
combined secondary vertex (DeepCSV) algorithm [39]. The efficiency for tagging true b jets is
around 49% and probability for mis-tagging light quarks is roughly 1%. The subjet b tagging
is used to categorize events in the fully hadronic final state.
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8 Results
We use the Theta package [41] to derive the expected cross section limits at 95% confidence level
(CL) on the production of an RSG decaying to tt. The limits are computed using the asymptotic
CLs approach. A binned likelihood fit to the distributions of the reconstructed mtt is performed
in both the single-lepton and fully hadronic final states. The systematic uncertainties are in-
cluded as nuisance parameters with log-normal probability density functions. The results are
limited by the statistical uncertainties in the background estimates. These uncertainties are
scaled down by the projected integrated luminosity and are treated using the Barlow–Beeston
light method [42, 43]. The expected limits at 95% CL and the discovery potential at 3s and
5s significance for resonance masses from 2 to 12 TeV and two different projected integrated
luminosities for the combined single-lepton and fully hadronic final states are listed in Table 3.
The production of an RSG with a mass up to 6.6 TeV is excluded at 95% CL for a projected in-
tegrated luminosity of 3 ab�1, as shown in Fig. 7. An RSG with a mass up to 5.7 TeV could be
discovered at 5s significance.
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Figure 7: 95% CL expected upper limits (left) and 3s and 5s discovery reaches (right) for an
RSG decaying to tt at 300 fb�1 (top) and 3 ab�1 (bottom) for the combined single-lepton and
fully hadronic final states. The LO signal theory cross sections are scaled to NLO using a k

factor of 1.3 [44].

Figure 8 shows a comparison of the expected limits for RSG with corresponding results us-
ing exclusively the statistical uncertainties. Figure 8 also shows a comparison of the expected
sensitivity contribution from each final state.

The expected limits at 95% CL and the discovery potential at
p

s = 27 TeV for resonance masses
from 4 to 12 TeV and a projected integrated luminosity of 15 ab�1 for the combined single-
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Figure 8 shows a comparison of the expected limits for RSG with corresponding results us-
ing exclusively the statistical uncertainties. Figure 8 also shows a comparison of the expected
sensitivity contribution from each final state.
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1 Introduction
Many models of new physics predict heavy resonances with enhanced couplings to the third
generation of fermions in the standard model (SM) [1–9]. Thus, the study of the top quark can
provide important insights into the validity of such models. This analysis considers top quark
pair production to search for the presence of heavy resonances. In particular, we focus on the
production of a Randall–Sundrum Kaluza–Klein gluon (RSG) [8].

This note presents projections for the search for resonant tt production with simulated events
at center-of-mass energies of 14 and 27 TeV and the upgraded Phase-2 CMS detector in the all-
jets and lepton-plus-jets final states. The average number of proton-proton (pp) interactions
per bunch crossing (pileup) is assumed to be 200. In the high mass ranges accessible at the
High-Luminosity LHC (HL-LHC) with

p
s = 14 TeV and the High-Energy LHC (HE-LHC) withp

s = 27 TeV, reconstructing the event topology of tt production requires special techniques.
Jet substructure variables and top quark identification algorithms are used to handle the case
where the hadronic decay products of the top quark are fully merged into a single jet. This is
likely to occur if a hypothetical RSG resonance has a mass larger than 1 TeV. Figure 1 shows a
schematic representation of a fully hadronic tt event, where each top quark decays as t ! Wb.

q

q

g

t

t

+W

b

−W

b

−l

ν

q'

q q

q

g

t

t

+W

b

−W

b

q'

q

q'

q

Figure 1: Leading order Feynman diagrams showing pair production and decays of top quark
with (left) single-lepton and (right) fully hadronic final states.

The results of the search will be presented as a combination of the all-jets and single-lepton
plus jets final states with boosted topologies. The single-lepton final state considers a single
electron or a single muon. A search for tt resonances in all-hadronic final states was previously
performed by CMS at

p
s = 7 TeV [10], 8 TeV [11], and 13 TeV [12].

The dominant background for the all-jets final state, given that dijet events are selected, is
quantum chromodynamics (QCD) multijet production. In analyses that use observed data, this
contribution is determined by a data-based method, called the modified mass procedure [12],
in which the top-tagging misidentification rate is derived in a QCD-enriched sideband. How-
ever, for this study the contribution will be estimated from simulated events. The systematic
uncertainties associated to this background, nevertheless, will be estimated assuming that the
modified mass procedure is used. Background contributions from standard model tt produc-
tion, the most dominant background source in the single-lepton final state, are also determined
from simulation. The second most dominant background for the single-lepton final state is
represented by production of a W boson in association with one or more jets. Additional back-
ground sources are due to Drell-Yan processes, diboson production, and single top quark pro-
duction.
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4. Object reconstruction 3

Phase-2 CMS detector simulation and the reconstruction of physics objects are performed with
the Delphes software package [31].

4 Object reconstruction
The particle flow (PF) algorithm [32] is used together with the pileup per particle identification
(PUPPI) [33] method to reconstruct the final state objects such as electrons, muons, jets, and
missing transverse momentum. The leptons, small-radius jets, and missing tranverse momen-
tum are used only for the single-lepton final state. The large-radius jets are used for both final
states.

The events are required to have at least one primary reconstructed vertex. The reconstructed
vertex with the largest value of summed physics-object p

2
T is taken to be the primary pp inter-

action vertex. The physics objects are the jets, clustered using the jet finding algorithm [34, 35]
with the tracks assigned to the vertex as inputs, and the associated missing transverse momen-
tum, taken as the negative vector sum of the pT of those jets.

The “medium” working point for electron identification criteria (ID) and the “tight” working
point for muon ID are used. The electrons are selected if they have pT > 80 GeV and |h| < 3.
The muons are required to have pT > 55 GeV and |h| < 3. Exactly one lepton is required in
the single-lepton final state. The selected leptons are not required to be isolated because of the
boosted final state that often places them near other particles.

Jets are clustered from the reconstructed PF candidates using the anti-kT algorithm [34] with
the Fastjet 3.1 software package [35] with a size parameter of 0.4 (AK4). Jets which overlap
with the selected lepton have the lepton energy subtracted. We consider only AK4 jets that
have pT > 30 GeV and |h| < 4. The single-lepton final state requires at least two AK4 jets. The
jets are ordered by their pT values; the first jet is required to have pT > 185 (150)GeV and the
second jet is required to have pT > 50 (50)GeV in the electron (muon) channel.

The missing transverse momentum (~pmiss
T ) is defined as the negative of the vector sum of the

pT of all reconstructed PF candidates in an event and its magnitude is denoted as p
miss
T . In the

single-lepton final state, p
miss
T is required to be greater than 120 (50) GeV in the electron (muon)

channel.

Both final states use large-radius anti-kT jets with a size parameter of 0.8 (AK8). PF candidates
weighted by the PUPPI algorithm are used as input for the AK8 jet clustering. The AK8 jet mass
is computed from the jet components remaining after the soft-drop grooming procedure [36]
is applied with b = 0 and zcut = 0.1. For this choice of parameters, the soft-drop algorithm
is identical to the modified mass-drop procedure from [37]. This is called the soft-drop mass
(mSD). Additionally, the N-subjettiness (tN) jet substructure variables [38] are computed. In
particular, the ratio t3/t2 provides the best discrimination between jets from top quarks and
jets from light-flavored quarks (u, d, s, c) or gluons (g). The implementation of these algo-
rithms as provided in the Delphes package is used. In the single-lepton final state, the AK8
jets are required to be separated from the selected lepton by DR(lepton, AK8 jet) > 0.8, where
DR =

p
(Df)2 + (Dh)2 and f is the azimuthal angle. In the fully hadronic final state, the soft-

drop subjets are tagged as originating from the production of a b quark by using the deep
combined secondary vertex (DeepCSV) algorithm [39]. The efficiency for tagging true b jets is
around 49% and probability for mis-tagging light quarks is roughly 1%. The subjet b tagging
is used to categorize events in the fully hadronic final state.
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weighted by the PUPPI algorithm are used as input for the AK8 jet clustering. The AK8 jet mass
is computed from the jet components remaining after the soft-drop grooming procedure [36]
is applied with b = 0 and zcut = 0.1. For this choice of parameters, the soft-drop algorithm
is identical to the modified mass-drop procedure from [37]. This is called the soft-drop mass
(mSD). Additionally, the N-subjettiness (tN) jet substructure variables [38] are computed. In
particular, the ratio t3/t2 provides the best discrimination between jets from top quarks and
jets from light-flavored quarks (u, d, s, c) or gluons (g). The implementation of these algo-
rithms as provided in the Delphes package is used. In the single-lepton final state, the AK8
jets are required to be separated from the selected lepton by DR(lepton, AK8 jet) > 0.8, where
DR =
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(Df)2 + (Dh)2 and f is the azimuthal angle. In the fully hadronic final state, the soft-

drop subjets are tagged as originating from the production of a b quark by using the deep
combined secondary vertex (DeepCSV) algorithm [39]. The efficiency for tagging true b jets is
around 49% and probability for mis-tagging light quarks is roughly 1%. The subjet b tagging
is used to categorize events in the fully hadronic final state.
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construct the mass of the tt system. We first find the z-component of the neutrino momentum
using a W boson mass constraint, assuming the W boson is produced on-shell. All solutions
are considered in the mass reconstruction. In the cases where there are only complex solutions,
the real part is taken to be the only solution. The mass reconstruction procedure is then split
into two cases:

• Events with zero t-tagged AK8 jets: all possible assignments of the selected AK4 jets
to either a leptonically decaying top quark, a hadronically decaying top quark, or
neither case are considered.

• Events with exactly one t-tagged AK8 jet: the tagged AK8 jet is taken as the hadron-
ically decaying top quark, and all possible assignments of the selected AK4 jets to a
leptonically decaying top quark or no top quark are considered. In this case, for an
AK4 jet to be assigned to the leptonic decay, it is required to be separated from the
AK8 jet by DR(AK8, AK4) > 1.2.

Among all possible hypotheses built as described above, we choose the hypothesis that gives
the smallest c2, defined by
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Here, for events with zero (one) t-tagged AK8 jets, Mlep = 175 (175)GeV, Mhad = 177 (173)GeV,
sMlep = 19 (19)GeV, and sMhad = 16 (15)GeV. Further requirements are applied based on the
reconstructed top quarks: c2

lep + c2
had < 30 and DR(tlep, thad) > 1, where tlep (thad) and c2

lep
(c2

had) are the reconstructed leptonically (hadronically) decaying top quark and the correspond-
ing c2 value, respectively.

In order to improve the sensitivity, the events are categorized based on the lepton flavor (elec-
tron or muon) and the number of t-tagged (zero or one) AK8 jets. In total, there are four analysis
categories. Figure 3 shows the reconstructed mass distributions of the tt system (mtt) in each
analysis category, and these correspond to the templates used for the statistical interpretation
of the analysis.

5.2 Fully hadronic final state

The following selection is used in the all-hadronic final state. The first two AK8 jets must have
pT > 400 GeV, |h| < 4, and mSD > 50 GeV. To obtain the final templates, stricter selection crite-
ria are used, in addition to the above. The first two AK8 jets must have 105 < mSD < 210 GeV,
t3/t2 < 0.65, HT > 1.2 TeV, where HT is the scalar pT sum of the two AK8 jets, and Df > 2.1.
These are the same selection criteria used in Ref. [12], except for the extended pseudorapidity
range. The pseudorapidity selection follows the recommendations for objects for the Yellow
Report [40].

The following categories are considered, as in Ref. [12]:

• 0 b-tagged jets, |Dy(j1, j2)| < 1
• 1 b-tagged jets, |Dy(j1, j2)| < 1
• 2 b-tagged jets, |Dy(j1, j2)| < 1
• 0 b-tagged jets, |Dy(j1, j2)| > 1
• 1 b-tagged jets, |Dy(j1, j2)| > 1
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Phase-2 CMS detector simulation and the reconstruction of physics objects are performed with
the Delphes software package [31].

4 Object reconstruction
The particle flow (PF) algorithm [32] is used together with the pileup per particle identification
(PUPPI) [33] method to reconstruct the final state objects such as electrons, muons, jets, and
missing transverse momentum. The leptons, small-radius jets, and missing tranverse momen-
tum are used only for the single-lepton final state. The large-radius jets are used for both final
states.

The events are required to have at least one primary reconstructed vertex. The reconstructed
vertex with the largest value of summed physics-object p
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action vertex. The physics objects are the jets, clustered using the jet finding algorithm [34, 35]
with the tracks assigned to the vertex as inputs, and the associated missing transverse momen-
tum, taken as the negative vector sum of the pT of those jets.

The “medium” working point for electron identification criteria (ID) and the “tight” working
point for muon ID are used. The electrons are selected if they have pT > 80 GeV and |h| < 3.
The muons are required to have pT > 55 GeV and |h| < 3. Exactly one lepton is required in
the single-lepton final state. The selected leptons are not required to be isolated because of the
boosted final state that often places them near other particles.

Jets are clustered from the reconstructed PF candidates using the anti-kT algorithm [34] with
the Fastjet 3.1 software package [35] with a size parameter of 0.4 (AK4). Jets which overlap
with the selected lepton have the lepton energy subtracted. We consider only AK4 jets that
have pT > 30 GeV and |h| < 4. The single-lepton final state requires at least two AK4 jets. The
jets are ordered by their pT values; the first jet is required to have pT > 185 (150)GeV and the
second jet is required to have pT > 50 (50)GeV in the electron (muon) channel.
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channel.

Both final states use large-radius anti-kT jets with a size parameter of 0.8 (AK8). PF candidates
weighted by the PUPPI algorithm are used as input for the AK8 jet clustering. The AK8 jet mass
is computed from the jet components remaining after the soft-drop grooming procedure [36]
is applied with b = 0 and zcut = 0.1. For this choice of parameters, the soft-drop algorithm
is identical to the modified mass-drop procedure from [37]. This is called the soft-drop mass
(mSD). Additionally, the N-subjettiness (tN) jet substructure variables [38] are computed. In
particular, the ratio t3/t2 provides the best discrimination between jets from top quarks and
jets from light-flavored quarks (u, d, s, c) or gluons (g). The implementation of these algo-
rithms as provided in the Delphes package is used. In the single-lepton final state, the AK8
jets are required to be separated from the selected lepton by DR(lepton, AK8 jet) > 0.8, where
DR =

p
(Df)2 + (Dh)2 and f is the azimuthal angle. In the fully hadronic final state, the soft-

drop subjets are tagged as originating from the production of a b quark by using the deep
combined secondary vertex (DeepCSV) algorithm [39]. The efficiency for tagging true b jets is
around 49% and probability for mis-tagging light quarks is roughly 1%. The subjet b tagging
is used to categorize events in the fully hadronic final state.
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8 Results
We use the Theta package [41] to derive the expected cross section limits at 95% confidence level
(CL) on the production of an RSG decaying to tt. The limits are computed using the asymptotic
CLs approach. A binned likelihood fit to the distributions of the reconstructed mtt is performed
in both the single-lepton and fully hadronic final states. The systematic uncertainties are in-
cluded as nuisance parameters with log-normal probability density functions. The results are
limited by the statistical uncertainties in the background estimates. These uncertainties are
scaled down by the projected integrated luminosity and are treated using the Barlow–Beeston
light method [42, 43]. The expected limits at 95% CL and the discovery potential at 3s and
5s significance for resonance masses from 2 to 12 TeV and two different projected integrated
luminosities for the combined single-lepton and fully hadronic final states are listed in Table 3.
The production of an RSG with a mass up to 6.6 TeV is excluded at 95% CL for a projected in-
tegrated luminosity of 3 ab�1, as shown in Fig. 7. An RSG with a mass up to 5.7 TeV could be
discovered at 5s significance.
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Figure 7: 95% CL expected upper limits (left) and 3s and 5s discovery reaches (right) for an
RSG decaying to tt at 300 fb�1 (top) and 3 ab�1 (bottom) for the combined single-lepton and
fully hadronic final states. The LO signal theory cross sections are scaled to NLO using a k

factor of 1.3 [44].

Figure 8 shows a comparison of the expected limits for RSG with corresponding results us-
ing exclusively the statistical uncertainties. Figure 8 also shows a comparison of the expected
sensitivity contribution from each final state.

The expected limits at 95% CL and the discovery potential at
p

s = 27 TeV for resonance masses
from 4 to 12 TeV and a projected integrated luminosity of 15 ab�1 for the combined single-
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Figure 7: 95% CL expected upper limits (left) and 3s and 5s discovery reaches (right) for an
RSG decaying to tt at 300 fb�1 (top) and 3 ab�1 (bottom) for the combined single-lepton and
fully hadronic final states. The LO signal theory cross sections are scaled to NLO using a k

factor of 1.3 [44].

Figure 8 shows a comparison of the expected limits for RSG with corresponding results us-
ing exclusively the statistical uncertainties. Figure 8 also shows a comparison of the expected
sensitivity contribution from each final state.
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Figure 3: The distributions of mtt in events with (top) zero or (bottom) one t-tagged jets for (left)
single-electron or (right) single-muon samples. The statistical uncertainties are scaled down by
the square root of the projected luminosity. Variable sized bins are used for each category so
that the statistical uncertainty on the total background in each bin is less than 10%. The bin
contents of the distributions are divided by their bin width. The overflow events are added to
the last bin and its content is also divided by the width of the last bin.
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1 Introduction

New heavy gauge bosons are predicted by various extensions of the standard model (SM). The
charged version of such heavy gauge bosons is generally referred to as W0. This note describes
a sensitivity study for a W0 boson decaying to a tau lepton (t) and a neutrino (nt) at the High-
Luminosity LHC (HL-LHC) [1] with 3000 fb�1 of expected data at a proton-proton (pp) center-
of-mass energy of 14 TeV. The performance of the upgraded Phase-2 CMS detector is simulated
with DELPHES [2] following the recently established performance parameters summarised in
Ref. [3].

Figure 1: Illustration of the production and decay of the W0 boson with the subsequent hadronic
decay of tau (th).

The signature of a W0 boson is similar to a high mass W boson, yielding in the decay W ! tnt a
single tau lepton, of which we consider the hadronic decay (th), and missing energy due to the
neutrinos. The hadronic decay of the tau lepton gives rise to tau-jets, which are experimentally
distinctive because of their low charged hadron multiplicity, unlike quantum chromodynamics
(QCD) multi-jets, which have high charged hadron multiplicity, or other leptonic W0 boson
decays, which yield no jet in the decay.

This Phase-2 study follows closely the recently published Run 2 result [4], which used proton-
proton collision data collected by the CMS experiment at the LHC at a center-of-mass energyp

s = 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1. The results are inter-
preted in the context of the sequential standard model (SSM) [5]. In addition, variations in the
coupling strength are studied, and a model-independent cross section limit is provided.

2 The upgraded CMS detector

The CMS detector [6] will be substantially upgraded in order to fully exploit the physics po-
tential offered by the increase in luminosity at the HL-LHC, and to cope with the demanding
operational conditions at the HL-LHC [7–11]. The upgrade of the first level hardware trigger
(L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, respectively,
and the high-level software trigger is expected to reduce the rate by about a factor of 100 to
7.5 kHz. The entire pixel and strip tracker detectors will be replaced to increase the granular-
ity, reduce the material budget in the tracking volume, improve the radiation hardness, and
extend the geometrical coverage and provide efficient tracking up to pseudorapidities of about
|h| = 4. The muon system will be enhanced by upgrading the electronics of the existing cath-
ode strip chambers, resistive plate chambers (RPC), and drift tubes. New muon detectors based
on improved RPC and gas electron multiplier technologies will be installed to add redundancy,
increase the geometrical coverage up to about |h| = 2.8, and improve the trigger and recon-
struction performance in the forward region. The barrel electromagnetic calorimeter will fea-
ture the upgraded front-end electronics that will be able to exploit the information from single
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The discriminating variable is the mT distribution. The expected background distribution after
applying all selection criteria is shown in Fig. 2, along with predicted signal distributions for
different values of the mass of the W0 boson. The product of the signal efficiency and acceptance
for SSM W0 ! tn events depends on the W0 boson mass. It reaches about 18% for values of the
W0 boson mass in the range of 3-4 TeV, and decreases to about 11% for higher and lower values
of 8 TeV and 1 TeV, respectively. The signal efficiency decreases for higher W0 boson masses,
as off-shell production increases yielding more events in the low mT region (similar to lower
masses), where the kinematic cuts apply. Overall, this signal efficiency is about 5% lower than
the Run 2 signal efficiency due to the less efficient DELPHES tau identification. Due to this and
much higher pileup, more events are expected in this final state, mainly in the low mT region.

6 Results

The sensitivity at a center-of-mass energy of 14 TeV at HL-LHC is studied based on the mT dis-
tribution in Fig. 2. Upper limits on the product of the production cross section and branching
fraction, s(pp ! W0) ⇥ B(W0 ! tn), are determined using a Bayesian method [25] with a
uniform positive prior probability distribution for the signal cross section. All limits presented
here are at 95% confidence level (CL). For every bin the signal expectation is compared to the
sum of all background processes thus considering the full shape information of the mT distri-
bution. This procedure is performed for different values of parameters of each signal, to obtain
limits in terms on these parameters, such as the W0 boson mass. Signal events are expected
to be particularly prominent at the upper end of the mT distribution, where the expected SM
background is low.

The nuisance parameters associated with the systematic uncertainties are modeled through log-
normal distributions for uncertainties in the normalization. Systematic uncertainties related to
object performance follow the recommendation for upgrade analyses [3], with the uncertainty
values for tau identification (2.5%), tau energy scale (3%), and for jet and p

miss
T energy scale

(2.5%) and resolution (3%), respectively. Uncertainties on the SM background cross sections
are reduced by a factor 1/2 with respect to Run 2. The uncertainty on the integrated luminosity
is expected to be 1%. In the high-mass region, the expected number of background events is
consistent with zero, the effect of the systematic uncertainty on the exclusion limits is negligi-
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With 3000 fb�1 of the integrated luminosity during Phase-2, the W0 mass reach for a potential
observation increases to 6.9 TeV and 6.4 TeV for evidence with a significance exceeding three
standard deviations (3 s) and discovery with 5 s, respectively, as shown in Fig. 3 (left). The
sensitivity is shown for 3000 fb�1 and 200 PU as expected during the HL operation, along with
the reach for 300 fb�1 corresponding to the LHC Phase-1 operation. In the absence of a signal
in the data, the existence of SSM W0 bosons with a mass up to 7.0 TeV can be excluded at
95% confidence level (CL) as depicted in Fig. 3 (right), improving significantly the present
sensitivity [4], which excludes SSM W0 bosons decaying to tau and p

miss
T up to 4.0 TeV in mass.
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Figure 3: Sensitivity for a SSM W0 boson for 300 fb�1 and 3000 fb�1. Discovery significance
(left) and expected exclusion limit on the SSM W0 boson mass at 95% CL (right).
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While the SSM assumes SM-like couplings of the fermions, the couplings could be weaker if
further decay channels occur. The HL-LHC has a good sensitivity to study the coupling ratio
gW0/gW. The sensitivity to smaller values for the couplings extends significantly, as shown in
Fig. 4 (left) as a function of the W0 boson mass. In Fig. 4 (right) additionally the limit on the
cross section is represented by the color code.

To allow further interpretations, a model-independent cross section limit is determined. A ma-
jor difference with respect to the SSM limit is the fact that this limit has to be calculated as a
single bin ranging from a lower threshold m

min
T to infinity. For this reason, fluctuations in the
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gW0/gW from 0.01 to 3 were simulated with MADGRAPH. These signals exhibit different widths
as well as different cross sections. They were reweighted to take into account the decay width
dependence, thus providing the appropriate reconstructed mT distributions for gW0/gW 6= 1.

4 Background simulation

The dominant background appears in the off-shell tail of the mT distribution of the SM W bo-
son. This background is generated at LO using MADGRAPH5 aMC@NLO including a dedicated
sample of high mass (m(t + n) > 400 GeV) events to sufficiently model the background in the
signal region. Subleading background contributions arise from tt and QCD multijet events. The
number of background events are reduced by the event selection. These backgrounds primarily
arise as a consequence of jets misidentified as th candidates and populate the lower transverse
masses while the signal exhibits an excess of events at high mT. Multijet (QCD) background is
simulated with PYTHIA in nine bins of pT ranging from 50 GeV to infinity. Other background
processes are: Z/g⇤ ! `` generated with MADGRAPH5 aMC@NLO, diboson processes gen-
erated with PYTHIA 8.212, and top quark processes generated with POWHEG 2.0 [15–20] and
MADGRAPH5 aMC@NLO.

As for the signal, the detector performance is simulated with DELPHES. For all the processes,
parton fragmentation and hadronization are performed with PYTHIA 8.212 and the underlying
event tune CUETP8M1. All simulated event samples are normalized to the expected luminosity
of 3000 fb�1, using the theoretical cross section values. Additional pp collisions during the
same bunch crossing (pileup) are taken into account by superimposing simulated minimum
bias interactions onto all events. The average pileup value at the HL-LHC is expected to be
200.

5 Object reconstruction and event selection

The strategy of this analysis is to select a heavy charged boson candidate decaying almost
at rest to a hadronic jet consistent with a th candidate and neutrinos, the latter manifesting
themselves as p

miss
T . Hadronically decaying tau leptons are selected since the corresponding

branching fraction, about 60%, is the largest among all t lepton decays.

Since no precise th identification efficiency or hadron misidentification rate is predefined in
DELPHES, a parameterization is used to emulate the th identification efficiency. In a first step,
jets are reconstructed using the anti-kT algorithm [21, 22], with a distance parameter of 0.4.
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as th is pT dependent, for example 0.16% for pT = 100 GeV and 0.1% for pT > 190 GeV, nearly
independent of h. If, after these selections, zero or more than one th candidates are found in the
event, the event is discarded. To avoid overlaps with possible W0 boson searches in the electron
or muon channel, events are rejected if they contain a loosely identified electron or muon.

The following event selection is identical to the Run 2 analysis [4]. Events with one hadronically
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crystals in the L1 trigger system, to accommodate trigger latency and bandwidth requirements,
and to provide 160 MHz sampling allowing high precision timing capability for photons. The
hadronic calorimeter, consisting in the barrel region of brass absorber plates and plastic scin-
tillator layers, will be read out by silicon photomultipliers. The endcap electromagnetic and
hadron calorimeters will be replaced with a new combined sampling calorimeter that will pro-
vide highly-segmented spatial information in both transverse and longitudinal directions, as
well as high-precision timing information. Finally, the addition of a new timing detector for
minimum ionizing particles in both barrel and endcap region is envisaged to provide capa-
bility for 4-dimensional reconstruction of interaction vertices that will allow to significantly
offset the CMS performance degradation due to the large number of pp interactions per bunch
crossing (pileup, PU).

A detailed overview of the CMS detector upgrade program is presented in Refs. [7–11], while
the expected performance of the reconstruction algorithms and pileup mitigation with the CMS
detector is summarised in Ref. [3].

3 Physics model and signal simulation

The presence of a W0 boson signal over the SM background could be observed in the distribu-
tion of the transverse mass (mT) of the transverse momentum of the th (p

t
T

) and the missing
transverse momentum (p

miss
T ):

mT =
q

2p
t
T

p
miss
T (1 � cos Df(~pt

T,~pmiss
T )). (1)

Unlike the leptonic search channels, the signal shape of W0 boson with hadronically decaying
tau leptons does not show a Jacobian peak structure, because of the presence of two neutrinos
in the final state. Despite the multi-particle final state, the decay appears as a typical two-body
one. The axis of the hadronic tau jet is back to back with ~pmiss

T and the magnitude of both is
comparable such that their ratio is about unity.

The SSM is a benchmark model used as a reference point for experimental searches of W0

bosons for more than two decades. In the SSM, the W0 boson, as shown in Fig. 1, is consid-
ered to be a heavy analogue of the SM W boson, with similar decay modes and branching
fractions. These are modified by the presence of the tb decay channel, which is accessible for
W0 boson masses above 180 GeV. The resulting branching fraction for the tau channel is 8.5%,
and the width of a 1 TeV W0 boson would be about 33 GeV.

The SSM W0 signal was simulated with MADGRAPH5 aMC@NLO [12] at leading order (LO)
and hadronized using Pythia 8.212 [13] with the underlying event tune CUETP8M1 [14]. The
detector simulation was performed with DELPHES Version 3.4.1. Samples for eight values of
the W0 boson mass were simulated at intervals of 1 TeV, ranging from masses of 1 TeV up to
8 TeV with a coupling as suggested by the SSM.

In addition, a range of weaker couplings was also simulated and studied. The W0 boson cou-
pling strength, gW0 , is given in terms of the SM weak coupling strength gW = e/ sin2 qW ⇡ 0.65.
Here, qW is the weak mixing angle. If the W0 boson is a heavier copy of the SM W boson, its
coupling ratio is gW0/gW = 1 and the SSM W0 boson theoretical cross sections, signal shapes,
and widths apply. However, different couplings are possible. Because of the dependence of the
width of a particle on its coupling, and the consequent effect on the mT distribution, a limit can
also be set on the coupling strength. Samples for a range of values for the ratio of the couplings
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With 3000 fb�1 of the integrated luminosity during Phase-2, the W0 mass reach for a potential
observation increases to 6.9 TeV and 6.4 TeV for evidence with a significance exceeding three
standard deviations (3 s) and discovery with 5 s, respectively, as shown in Fig. 3 (left). The
sensitivity is shown for 3000 fb�1 and 200 PU as expected during the HL operation, along with
the reach for 300 fb�1 corresponding to the LHC Phase-1 operation. In the absence of a signal
in the data, the existence of SSM W0 bosons with a mass up to 7.0 TeV can be excluded at
95% confidence level (CL) as depicted in Fig. 3 (right), improving significantly the present
sensitivity [4], which excludes SSM W0 bosons decaying to tau and p

miss
T up to 4.0 TeV in mass.
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Figure 3: Sensitivity for a SSM W0 boson for 300 fb�1 and 3000 fb�1. Discovery significance
(left) and expected exclusion limit on the SSM W0 boson mass at 95% CL (right).
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W0 boson mass. The theory line of the SSM W0 boson is shown in blue. The 2D graph on the
right includes additionally the limit on the cross section represented by the color code.

While the SSM assumes SM-like couplings of the fermions, the couplings could be weaker if
further decay channels occur. The HL-LHC has a good sensitivity to study the coupling ratio
gW0/gW. The sensitivity to smaller values for the couplings extends significantly, as shown in
Fig. 4 (left) as a function of the W0 boson mass. In Fig. 4 (right) additionally the limit on the
cross section is represented by the color code.

To allow further interpretations, a model-independent cross section limit is determined. A ma-
jor difference with respect to the SSM limit is the fact that this limit has to be calculated as a
single bin ranging from a lower threshold m

min
T to infinity. For this reason, fluctuations in the
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1 Introduction

New heavy gauge bosons are predicted by various extensions of the standard model (SM). The
charged version of such heavy gauge bosons is generally referred to as W0. This note describes
a sensitivity study for a W0 boson decaying to a tau lepton (t) and a neutrino (nt) at the High-
Luminosity LHC (HL-LHC) [1] with 3000 fb�1 of expected data at a proton-proton (pp) center-
of-mass energy of 14 TeV. The performance of the upgraded Phase-2 CMS detector is simulated
with DELPHES [2] following the recently established performance parameters summarised in
Ref. [3].

Figure 1: Illustration of the production and decay of the W0 boson with the subsequent hadronic
decay of tau (th).

The signature of a W0 boson is similar to a high mass W boson, yielding in the decay W ! tnt a
single tau lepton, of which we consider the hadronic decay (th), and missing energy due to the
neutrinos. The hadronic decay of the tau lepton gives rise to tau-jets, which are experimentally
distinctive because of their low charged hadron multiplicity, unlike quantum chromodynamics
(QCD) multi-jets, which have high charged hadron multiplicity, or other leptonic W0 boson
decays, which yield no jet in the decay.

This Phase-2 study follows closely the recently published Run 2 result [4], which used proton-
proton collision data collected by the CMS experiment at the LHC at a center-of-mass energyp

s = 13 TeV, corresponding to an integrated luminosity of 35.9 fb�1. The results are inter-
preted in the context of the sequential standard model (SSM) [5]. In addition, variations in the
coupling strength are studied, and a model-independent cross section limit is provided.

2 The upgraded CMS detector

The CMS detector [6] will be substantially upgraded in order to fully exploit the physics po-
tential offered by the increase in luminosity at the HL-LHC, and to cope with the demanding
operational conditions at the HL-LHC [7–11]. The upgrade of the first level hardware trigger
(L1) will allow for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, respectively,
and the high-level software trigger is expected to reduce the rate by about a factor of 100 to
7.5 kHz. The entire pixel and strip tracker detectors will be replaced to increase the granular-
ity, reduce the material budget in the tracking volume, improve the radiation hardness, and
extend the geometrical coverage and provide efficient tracking up to pseudorapidities of about
|h| = 4. The muon system will be enhanced by upgrading the electronics of the existing cath-
ode strip chambers, resistive plate chambers (RPC), and drift tubes. New muon detectors based
on improved RPC and gas electron multiplier technologies will be installed to add redundancy,
increase the geometrical coverage up to about |h| = 2.8, and improve the trigger and recon-
struction performance in the forward region. The barrel electromagnetic calorimeter will fea-
ture the upgraded front-end electronics that will be able to exploit the information from single
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The discriminating variable is the mT distribution. The expected background distribution after
applying all selection criteria is shown in Fig. 2, along with predicted signal distributions for
different values of the mass of the W0 boson. The product of the signal efficiency and acceptance
for SSM W0 ! tn events depends on the W0 boson mass. It reaches about 18% for values of the
W0 boson mass in the range of 3-4 TeV, and decreases to about 11% for higher and lower values
of 8 TeV and 1 TeV, respectively. The signal efficiency decreases for higher W0 boson masses,
as off-shell production increases yielding more events in the low mT region (similar to lower
masses), where the kinematic cuts apply. Overall, this signal efficiency is about 5% lower than
the Run 2 signal efficiency due to the less efficient DELPHES tau identification. Due to this and
much higher pileup, more events are expected in this final state, mainly in the low mT region.

6 Results

The sensitivity at a center-of-mass energy of 14 TeV at HL-LHC is studied based on the mT dis-
tribution in Fig. 2. Upper limits on the product of the production cross section and branching
fraction, s(pp ! W0) ⇥ B(W0 ! tn), are determined using a Bayesian method [25] with a
uniform positive prior probability distribution for the signal cross section. All limits presented
here are at 95% confidence level (CL). For every bin the signal expectation is compared to the
sum of all background processes thus considering the full shape information of the mT distri-
bution. This procedure is performed for different values of parameters of each signal, to obtain
limits in terms on these parameters, such as the W0 boson mass. Signal events are expected
to be particularly prominent at the upper end of the mT distribution, where the expected SM
background is low.

The nuisance parameters associated with the systematic uncertainties are modeled through log-
normal distributions for uncertainties in the normalization. Systematic uncertainties related to
object performance follow the recommendation for upgrade analyses [3], with the uncertainty
values for tau identification (2.5%), tau energy scale (3%), and for jet and p

miss
T energy scale

(2.5%) and resolution (3%), respectively. Uncertainties on the SM background cross sections
are reduced by a factor 1/2 with respect to Run 2. The uncertainty on the integrated luminosity
is expected to be 1%. In the high-mass region, the expected number of background events is
consistent with zero, the effect of the systematic uncertainty on the exclusion limits is negligi-

6. Results 5

ble.

With 3000 fb�1 of the integrated luminosity during Phase-2, the W0 mass reach for a potential
observation increases to 6.9 TeV and 6.4 TeV for evidence with a significance exceeding three
standard deviations (3 s) and discovery with 5 s, respectively, as shown in Fig. 3 (left). The
sensitivity is shown for 3000 fb�1 and 200 PU as expected during the HL operation, along with
the reach for 300 fb�1 corresponding to the LHC Phase-1 operation. In the absence of a signal
in the data, the existence of SSM W0 bosons with a mass up to 7.0 TeV can be excluded at
95% confidence level (CL) as depicted in Fig. 3 (right), improving significantly the present
sensitivity [4], which excludes SSM W0 bosons decaying to tau and p

miss
T up to 4.0 TeV in mass.
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Figure 3: Sensitivity for a SSM W0 boson for 300 fb�1 and 3000 fb�1. Discovery significance
(left) and expected exclusion limit on the SSM W0 boson mass at 95% CL (right).
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Figure 4: Sensitivity to the coupling ratio gW0/gW of a W0 boson using 3000 fb�1 of integrated
luminosity at the HL-LHC. On the left, the coupling ratio gW0/gW is shown as a function of the
W0 boson mass. The theory line of the SSM W0 boson is shown in blue. The 2D graph on the
right includes additionally the limit on the cross section represented by the color code.

While the SSM assumes SM-like couplings of the fermions, the couplings could be weaker if
further decay channels occur. The HL-LHC has a good sensitivity to study the coupling ratio
gW0/gW. The sensitivity to smaller values for the couplings extends significantly, as shown in
Fig. 4 (left) as a function of the W0 boson mass. In Fig. 4 (right) additionally the limit on the
cross section is represented by the color code.

To allow further interpretations, a model-independent cross section limit is determined. A ma-
jor difference with respect to the SSM limit is the fact that this limit has to be calculated as a
single bin ranging from a lower threshold m

min
T to infinity. For this reason, fluctuations in the
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gW0/gW from 0.01 to 3 were simulated with MADGRAPH. These signals exhibit different widths
as well as different cross sections. They were reweighted to take into account the decay width
dependence, thus providing the appropriate reconstructed mT distributions for gW0/gW 6= 1.

4 Background simulation

The dominant background appears in the off-shell tail of the mT distribution of the SM W bo-
son. This background is generated at LO using MADGRAPH5 aMC@NLO including a dedicated
sample of high mass (m(t + n) > 400 GeV) events to sufficiently model the background in the
signal region. Subleading background contributions arise from tt and QCD multijet events. The
number of background events are reduced by the event selection. These backgrounds primarily
arise as a consequence of jets misidentified as th candidates and populate the lower transverse
masses while the signal exhibits an excess of events at high mT. Multijet (QCD) background is
simulated with PYTHIA in nine bins of pT ranging from 50 GeV to infinity. Other background
processes are: Z/g⇤ ! `` generated with MADGRAPH5 aMC@NLO, diboson processes gen-
erated with PYTHIA 8.212, and top quark processes generated with POWHEG 2.0 [15–20] and
MADGRAPH5 aMC@NLO.

As for the signal, the detector performance is simulated with DELPHES. For all the processes,
parton fragmentation and hadronization are performed with PYTHIA 8.212 and the underlying
event tune CUETP8M1. All simulated event samples are normalized to the expected luminosity
of 3000 fb�1, using the theoretical cross section values. Additional pp collisions during the
same bunch crossing (pileup) are taken into account by superimposing simulated minimum
bias interactions onto all events. The average pileup value at the HL-LHC is expected to be
200.

5 Object reconstruction and event selection

The strategy of this analysis is to select a heavy charged boson candidate decaying almost
at rest to a hadronic jet consistent with a th candidate and neutrinos, the latter manifesting
themselves as p

miss
T . Hadronically decaying tau leptons are selected since the corresponding

branching fraction, about 60%, is the largest among all t lepton decays.

Since no precise th identification efficiency or hadron misidentification rate is predefined in
DELPHES, a parameterization is used to emulate the th identification efficiency. In a first step,
jets are reconstructed using the anti-kT algorithm [21, 22], with a distance parameter of 0.4.
This study uses PUPPI jets [23] with pT > 30 GeV and |h| < 2.7. Jets matching generator-level
hadronically decaying tau leptons are selected with an efficiency of the medium working point
with 45% (independent of pT). This working point has been tuned such that the misidentifica-
tion rate is about a factor two within the Run 2 values [24]. The fraction of jets misidentified
as th is pT dependent, for example 0.16% for pT = 100 GeV and 0.1% for pT > 190 GeV, nearly
independent of h. If, after these selections, zero or more than one th candidates are found in the
event, the event is discarded. To avoid overlaps with possible W0 boson searches in the electron
or muon channel, events are rejected if they contain a loosely identified electron or muon.

The following event selection is identical to the Run 2 analysis [4]. Events with one hadronically
decaying t lepton and p
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crystals in the L1 trigger system, to accommodate trigger latency and bandwidth requirements,
and to provide 160 MHz sampling allowing high precision timing capability for photons. The
hadronic calorimeter, consisting in the barrel region of brass absorber plates and plastic scin-
tillator layers, will be read out by silicon photomultipliers. The endcap electromagnetic and
hadron calorimeters will be replaced with a new combined sampling calorimeter that will pro-
vide highly-segmented spatial information in both transverse and longitudinal directions, as
well as high-precision timing information. Finally, the addition of a new timing detector for
minimum ionizing particles in both barrel and endcap region is envisaged to provide capa-
bility for 4-dimensional reconstruction of interaction vertices that will allow to significantly
offset the CMS performance degradation due to the large number of pp interactions per bunch
crossing (pileup, PU).

A detailed overview of the CMS detector upgrade program is presented in Refs. [7–11], while
the expected performance of the reconstruction algorithms and pileup mitigation with the CMS
detector is summarised in Ref. [3].

3 Physics model and signal simulation

The presence of a W0 boson signal over the SM background could be observed in the distribu-
tion of the transverse mass (mT) of the transverse momentum of the th (p

t
T

) and the missing
transverse momentum (p

miss
T ):

mT =
q

2p
t
T

p
miss
T (1 � cos Df(~pt

T,~pmiss
T )). (1)

Unlike the leptonic search channels, the signal shape of W0 boson with hadronically decaying
tau leptons does not show a Jacobian peak structure, because of the presence of two neutrinos
in the final state. Despite the multi-particle final state, the decay appears as a typical two-body
one. The axis of the hadronic tau jet is back to back with ~pmiss

T and the magnitude of both is
comparable such that their ratio is about unity.

The SSM is a benchmark model used as a reference point for experimental searches of W0

bosons for more than two decades. In the SSM, the W0 boson, as shown in Fig. 1, is consid-
ered to be a heavy analogue of the SM W boson, with similar decay modes and branching
fractions. These are modified by the presence of the tb decay channel, which is accessible for
W0 boson masses above 180 GeV. The resulting branching fraction for the tau channel is 8.5%,
and the width of a 1 TeV W0 boson would be about 33 GeV.

The SSM W0 signal was simulated with MADGRAPH5 aMC@NLO [12] at leading order (LO)
and hadronized using Pythia 8.212 [13] with the underlying event tune CUETP8M1 [14]. The
detector simulation was performed with DELPHES Version 3.4.1. Samples for eight values of
the W0 boson mass were simulated at intervals of 1 TeV, ranging from masses of 1 TeV up to
8 TeV with a coupling as suggested by the SSM.

In addition, a range of weaker couplings was also simulated and studied. The W0 boson cou-
pling strength, gW0 , is given in terms of the SM weak coupling strength gW = e/ sin2 qW ⇡ 0.65.
Here, qW is the weak mixing angle. If the W0 boson is a heavier copy of the SM W boson, its
coupling ratio is gW0/gW = 1 and the SSM W0 boson theoretical cross sections, signal shapes,
and widths apply. However, different couplings are possible. Because of the dependence of the
width of a particle on its coupling, and the consequent effect on the mT distribution, a limit can
also be set on the coupling strength. Samples for a range of values for the ratio of the couplings
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With 3000 fb�1 of the integrated luminosity during Phase-2, the W0 mass reach for a potential
observation increases to 6.9 TeV and 6.4 TeV for evidence with a significance exceeding three
standard deviations (3 s) and discovery with 5 s, respectively, as shown in Fig. 3 (left). The
sensitivity is shown for 3000 fb�1 and 200 PU as expected during the HL operation, along with
the reach for 300 fb�1 corresponding to the LHC Phase-1 operation. In the absence of a signal
in the data, the existence of SSM W0 bosons with a mass up to 7.0 TeV can be excluded at
95% confidence level (CL) as depicted in Fig. 3 (right), improving significantly the present
sensitivity [4], which excludes SSM W0 bosons decaying to tau and p

miss
T up to 4.0 TeV in mass.
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Figure 3: Sensitivity for a SSM W0 boson for 300 fb�1 and 3000 fb�1. Discovery significance
(left) and expected exclusion limit on the SSM W0 boson mass at 95% CL (right).
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Figure 4: Sensitivity to the coupling ratio gW0/gW of a W0 boson using 3000 fb�1 of integrated
luminosity at the HL-LHC. On the left, the coupling ratio gW0/gW is shown as a function of the
W0 boson mass. The theory line of the SSM W0 boson is shown in blue. The 2D graph on the
right includes additionally the limit on the cross section represented by the color code.

While the SSM assumes SM-like couplings of the fermions, the couplings could be weaker if
further decay channels occur. The HL-LHC has a good sensitivity to study the coupling ratio
gW0/gW. The sensitivity to smaller values for the couplings extends significantly, as shown in
Fig. 4 (left) as a function of the W0 boson mass. In Fig. 4 (right) additionally the limit on the
cross section is represented by the color code.

To allow further interpretations, a model-independent cross section limit is determined. A ma-
jor difference with respect to the SSM limit is the fact that this limit has to be calculated as a
single bin ranging from a lower threshold m

min
T to infinity. For this reason, fluctuations in the
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Fig. 7.2: A summary of the expected mass reach for 5� discovery and 95% C.L. exclusion at the HL/HE-LHC, as
presented in Sections 5 and 6.

factor of ⇠ 3 better than the 36 fb�1 Run-2 constraints. The case of 2HDMa models is complemented
by 4-top final states, searched in events with two same-charge leptons, or with at least three leptons.
While searches using 36 fb�1 Run-2 data have limited sensitivity considering the most favourable sig-
nal scenarios (e.g. tan� = 0.5), HL-LHC will probe possible evidence of a signal with tan� = 1,
mH = 600 GeVand mixing angle of sin ✓ = 0.35, assuming ma masses between 400 GeV and 1 TeV,
and will allow exclusion for all 200 GeV < ma < 1 TeV. For DM produced in association with bot-
tom or top quarks, where a (pseudo)scalar mediator decays to a DM pair, the HL-LHC will improve the
sensitivity to mediator masses by a factor of 3� 8 relative to the Run-2 searches with 36 fb�1.

A compelling scenario in the search for portals between the visible and dark sectors is that of
the dark photon A0. Prospects for an inclusive search for dark photons decaying into muon or electron
pairs indicate that the HL-LHC could cover a large fraction of the theoretically favoured ✏�m

A
0 space,

where ✏ is the kinetic mixing between the photon and the dark photon and m
A

0 the dark photon mass.

Resonances
Several studies of resonance searches, in a variety of final states, have been performed and were

presented here. A right-handed gauge boson with SM couplings, decaying as WR ! bt(! b`⌫), can be
excluded (discovered) for masses up to 4.9 (4.3) TeV, 1.8 TeV larger than the 36 fb�1 Run-2 result. For
a sequential SM W 0 boson in `⌫ final states (` = e, µ), the mass reach improves by more than 2 TeV
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• HL-LHC: push the limits of the LHC program 
5-7x inst. luminosity 
14 TeV, 200PU 
10x integrated luminosity of  upcoming Run3


• CMS Phase 2: ambitious hardware upgrade 
necessary to cope with radiation damage and 200PU 
new tracker up to eta=4, track trigger 
high granularity forward calorimeter


• Most searches will greatly benefit the increased luminosity and the 
improved detector. 
5sigma discovery achievable for multi-TeV resonances 
Some resonance searches reaching the limits of the phase space
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